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Fern spore is a good single-cell model for studying the
sophisticated molecular networks in asymmetric cell di-
vision, differentiation, and polar growth. Osmunda cinna-
momea L. var. asiatica is one of the oldest fern species
with typical separate-growing trophophyll and sporophyll.
The chlorophyllous spores generated from sporophyll can
germinate without dormancy. In this study, the spore ul-
trastructure, antioxidant enzyme activities, as well as pro-
tein and gene expression patterns were analyzed in the
course of spore germination at five typical stages (i.e.
mature spores, rehydrated spores, double-celled spores,
germinated spores, and spores with protonemal cells).
Proteomic analysis revealed 113 differentially expressed
proteins, which were mainly involved in photosynthesis,
reserve mobilization, energy supplying, protein synthesis
and turnover, reactive oxygen species scavenging, signal-
ing, and cell structure modulation. The presence of mul-
tiple proteoforms of 25 differentially expressed proteins
implies that post-translational modification may play im-
portant roles in spore germination. The dynamic patterns
of proteins and their encoding genes exhibited specific
characteristics in the processes of cell division and rhi-
zoid tip growth, which include heterotrophic and au-
totrophic metabolisms, de novo protein synthesis and
active protein turnover, reactive oxygen species and hor-

mone (brassinosteroid and ethylene) signaling, and vesi-
cle trafficking and cytoskeleton dynamic. In addition, the
function skew of proteins in fern spores highlights the
unique and common mechanisms when compared with
evolutionarily divergent spermatophyte pollen. These find-
ings provide an improved understanding of the typical sin-
gle-celled asymmetric division and polar growth during fern
spore germination. Molecular & Cellular Proteomics 14:
10.1074/mcp.M114.047225, 2510–2534, 2015.

Plant cell polar establishment and tip growth are crucial for
plant growth and development. Pollen tubes and root hairs have
been well studied as models of polar growth. Germinating fern
spores constitute a new single-cell model for investigating mo-
lecular networks underlying asymmetric cell division, differenti-
ation, and polar growth (1). Fern spores contain a center nucleus
and are usually surrounded by a thick two-layer spore coat,
which is composed of a thin cellulose-contained intine and a
thick decorated extine of sporopollenin (2). Fern spore coat has
a characteristic trilete or monolete aperture, a region where the
rhizoid emerges when the spore starts to germinate (3). In most
ferns, spores are rehydrated in darkness, and then the nucleus
migrates from the center to the proximal part of spores in the
direction of gravity (4, 5). After exposure to light, fern spores
perform first asymmetric mitosis, resulting in the formation of a
small rhizoidal cell and a large protonemal cell (4). Subse-
quently, the two cells develop along divergent pathways. The
small cell elongates out of the spore aperture to form the rhi-
zoid by tip growth, and the large protonemal cell divides again
to give rise to the photosynthetic prothallus of fern gametophyte
(4). When compared with the germination of spermatophyte
pollen, spore germination of diverse fern species is somewhat
more complex and dependent on various environmental fac-
tors, including light quality/intensity, gravity, calcium, phytohor-
mones (e.g. auxin, gibberellin, abscisic acid, jasmonic acid, and
ethylene), temperature, as well as spore density and nutrient in
the culture medium (6).

Some common genes were found in fern spores and Ara-
bidopsis pollen and seeds, and they reveal conserved fea-
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tures of fern spore germination (7, 8, 9). The establishment of
spore polarity is oriented by gravity and regulated by several
genes of phytochromes (PHYs) and cryptochromes (CRYs) (9,
10, 11), as well as dark-germinating 1 gene (12). Importantly,
G protein-mediated Ca2� signaling and nitric oxide (NO) sig-
naling pathways are proved to be crucial in gravity response
and the polarity establishment upon spore germination (1, 7,
13). In addition, several genes (e.g. plasma membrane (PM)-
type Ca2�-ATPase, calmodulin-2, no pollen germination 1, Rop
GTPase, and phospholipase D) are supposed to function in
Ca2� and NO signaling pathways (1, 7, 14). Moreover, the Rop
GTPase 1 was shown to regulate F-actin assembly, and an
annexin-like protein was involved in tip-oriented exocytosis in a
calcium-dependent manner during the initiation and growth of
fern rhizoids (15). This result implies the dynamics of cytoskel-
eton and vesicle trafficking are critical for spore germination. In
addition, the changes of several genes encoding RNA localiza-
tion-related protein, transcription factor, ribosome protein,
translation initiation factor, and ubiquitin-related protein indicate
that specific gene expression, protein synthesis and turnover
are active in the germinating spores (8, 16). Some induced
genes/proteins in germinating spores from several fern species,
such as a vicilin-like gene in Matteuccia struthiopteris (17), a
aconitase gene in Ceratopteris richardii (2), and two glyoxylate
cycle-related enzymes (isocitrate lyase and malate synthase) in
Onoclea sensibilis and Anemia phyllitidis (18, 19), imply that
reserve (e.g. storage globulin and lipid) mobilization is crucial for
energy and material supply during spore germination (19).

We suspect the fine-tuned process of fern spore germina-
tion is more complex than the germination of pollen and
seeds. Especially, the germination of chlorophyll-containing
spores is a sophisticated cellular process on the basis of both
heterotrophic and autotrophic metabolisms. Ferns represent
a class of ancient groups, which typically have much higher
chromosome number and larger genome than spermato-
phyte, leading to the difficulty of obtaining mutants (20). In
addition, many ferns have exceedingly long generation time,
which made the genetic analysis difficult (21). Although it has
been proposed that dormant fern spores have presynthesized
mRNAs and proteins in storage for the early stage of spore
germination (4), our knowledge about the detailed genetic and
molecular mechanism of fern spore germination is still lacking.
Osmunda cinnamomea L. var. asiatica belongs to the Osmun-
daceae family, which is one of the oldest fern groups. O.
cinnamomea L. plant has the separate-growing trophophyll
and sporophyll. Mature spores (MSs) generated from sporo-
phyll contain a number of chlorophylls and germinate imme-
diately without dormancy (22). It is a good material for the
study of chlorophyll-containing spore germination.

State-of-the-art proteomics technologies have enabled
high throughput and sensitive analyses using single cell types
of plants, such as pollen grains, eggs, guard cells, trichomes,
and root hairs (23). Especially, proteomics have been applied
to the investigation of pollen and seed germination, which

have provided comprehensive information for understanding
the cellular processes of polar growth and reserve mobiliza-
tion in germination systems (24–29). In the present study, we
aim to discover the molecular mechanisms for understanding
the cytological and physiological features of mature and
germinating spores of O. cinnamomea L. using proteomic
approaches. Our results provide novel insights into the mo-
lecular processes including photosynthesis, reserve mobiliza-
tion, reactive oxygen species (ROS) homeostasis, cytoskele-
ton dynamic, vesicle trafficking, and protein synthesis and
turnover in the course of spore germination.

EXPERIMENTAL PROCEDURES

Collection and In Vitro Germination of Mature O. cinnamomea
Spores—O. cinnamomea L. var. asiatica grew naturally in Yabuli
Village of Shangzhi County, Heilongjiang Province, China. About 10
days before spore maturation, plants with root matrix were collected
from the field and cultured in pots in a growth chamber. MSs were
collected directly when they were released from sporangium of spo-
rophyll. The fresh MSs were stored at 4 °C until used. Spores (0.03 g)
were sown and germinated in 10 ml of modified Knop’s sterile liquid
medium. The medium contained 0.8 g Ca(NO3)2�4H2O, 0.2 g KNO3,
0.2 g KH2PO4, and 0.2 g MgSO4�7H2O per liter of distilled water.
Illumination (photon flux of 55–60 �mol�m�2�s�1) was initiated right
after the spores were allowed to imbibe in darkness for 12 h in order
to synchronize spore germination. The cultures were maintained at
25 � 2 °C with a relative humidity of 50–70%.

Observation of Fern Spore Microstructure and Ultrastructure—To
monitor cytological changes of fern spore germination, the mature
and germinating spores were stained with toluidine blue and exam-
ined under light microscope. In addition, the spores at the different
germination stages were stained with 0.2 �g/�l 4,6-diamidino-2-
phenylindole (DAPI)1 (Molecular Probes, Eugene, OR) for 25–30 min,
followed by the observation of nucleus changes during spore germi-

1 The abbreviations used are: DAPI, 4,6-diamidino-2-phenylindole;
2-DE, two-dimensional gel electrophoresis; ACC, 1-aminocyclopro-
pane-1-carboxylic acid; ACO, aminocyclopropanecarboxylate oxi-
dase; ACS, 1-aminocyclopropane-1-carboxylic acid synthase; APX,
ascorbate peroxidase; AsA, ascorbate; BAK, brassinosteroid LRR
receptor kinase; BR, brassinosteroid; CAT, catalase; CRY, crypto-
chrome; DCSs, double-celled spores; DEP, differentially expressed
protein; DHA, dehydroascorbate; DHAR, dehydroascorbate reduc-
tase; eIF4A, eukaryotic initiation factor 4A; FtsH, FtsH protease; GlnS,
glutamine synthase; GLO, glyoxalase; GPX, glutathione peroxidase;
GR, glutathione reductase; GSA-AT, glutamate-1-semialdehyde ami-
notransferase; GSH, glutathione; GSs, germinated spores; GSSG,
oxidized glutathione; GST, glutathione S-transferase; IDs, identities;
LAP, leucine aminopeptidase; M6PR, mannose-6-phosphate reduc-
tase; MDH, malate dehydrogenase; MDHA, monodehydroascorbate;
MDHAR, monodehydroascorbate reductase; MetS, methionine syn-
thase; Mg-chelatase, Mg-protoporphyrin IX chelatase; MS, mass
spectrometry; MSs, mature spores; NO, nitric oxide; NQO, NADH-
quinone oxidoreductase; PHY, phytochrome; PM, plasma membrane;
POD, peroxidase; PRK, phosphoribulokinase; PSII, photosystem II;
RBP, ribulose-1,5-bisphosphate carboxylase large subunit-binding
protein; ROS, reactive oxygen species; RSs, rehydrated spores; SAM,
S-adenosylmethionine; SAMS, S-adenosylmethionine synthetase;
SOD, superoxide dismutase; SPCs, spores with protonemal cells; SV,
secretory vesicle; TCA, tricarboxylic acid; TGN, trans-Golgi network;
Trx, thioredoxin; UBQ5, Ubiquitin 5; VHA, vacuolar H�-ATPase.
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nation under fluorescence microscopy (Axioskop 40 fluorescence
microscope, Zeiss, Jena, Germany).

For ultrastructure observation, mature and germinating spores
were prefixed in 3% glutaraldehyde, and then fixed with 2% osmic
acid for 2 h in darkness at room temperature. After being rinsed in
0.1 M phosphate buffer, samples were dehydrated in acetone, and
then embedded in Spurr (Sigma-Aldrich, St. Louis, MO) according to
a previous method (30). Sections were cut on an Ultracut E ultrami-
crotome using a diamond knife and stained with uranyl acetate and
lead citrate. Finally, the stained specimens were observed under a
transmission electron microscopy (Hitachi 600, Tokyo, Japan).

Biomass and Chlorophyll Content Analysis—For the biomass anal-
ysis of spores at different germination stages, fresh weight was mea-
sured right after harvesting, and dry weight was determined after
dehydration at 60 °C until reaching a constant weight. Water content
was estimated as the difference between fresh weight and dry weight
divided by the fresh weight (31). The chlorophyll contents were de-
termined using a method described by Lichtenthaler and Wellburn
(32).

H2O2 Content Detection and Antioxidant Enzyme Activity Assay—
For H2O2 content detection, spore samples were homogenized on ice
in 0.1% trichloroacetic acid buffer, and centrifuged at 15,000 � g for
20 min at 4 °C. The supernatant was used for H2O2 content assay.
After reacting with potassium iodide, the absorbance was measured
at 390 nm. The H2O2 content was determined and calculated accord-
ing to a standard curve.

For antioxidant enzyme activity assay, spore samples were ground
to a fine powder in liquid nitrogen and resuspended in 50 mM phos-
phate buffer (pH 7.8). After being centrifuged at 15,000 � g for 20 min
at 4 °C, the supernatant was collected for enzyme activity assay. The
activities of superoxide dismutase (SOD), catalase (CAT), peroxidase
(POD), ascorbate peroxidase (APX), glutathione reductase (GR), and
glutathione S-transferase (GST) were assayed as previously de-
scribed (33). The activities of monodehydroascorbate reductase (MD-
HAR), dehydroascorbate reductase (DHAR), and glutathione peroxi-
dase (GPX) were measured by recording the absorbance changes at
340 nm because of oxidation of NADH (� � 6.22 mM�1�cm�1), at 265
nm because of the production of oxidized glutathione (GSSG) (� � 14
mM�1�cm�1), and at 340 nm because of the oxidation of NADPH (� �
6.22 mM�1�cm�1), respectively. Their activities were subsequently
expressed as the amount of NADH oxidized, GSSG produced, and
NADPH oxidized per minute per milligram protein, respectively.

Protein Sample Preparation—Spores at various stages of germina-
tion were ground to powder in liquid nitrogen with chilled mortar and
pestle. After 10 ml of Tris pH 8.8 buffered phenol and 10 ml of
extraction buffer (0.1 M Tris-HCl, pH 8.8, 0.9 M sucrose, 10 mM EDTA,
0.4% �-mercaptoethanol) were added, the samples were homoge-
nized for 15 min. The supernatant was collected by centrifugation at
18,000 � g for 20 min at 4 °C, and then precipitated by adding
ammonium acetate in methanol and incubated overnight at �20 °C.
The precipitant was collected by centrifugation at 20,000 � g for 20
min at 4 °C and rinsed with ammonium acetate in methanol and cold
acetone. The resulting pellets were dissolved in a lysis buffer (7 M

urea, 2 M thiourea, 4% Nonidet P-40, 13 mM DTT, 2% pharmalyte of
pH 4–7) and used for two-dimensional gel electrophoresis (2-DE)
immediately or stored at �80 °C. Protein samples were prepared
from three independent biological replicates, and protein concentra-
tion was determined using a Quant-kit according to the manufactur-
er’s instructions (GE Healthcare, Salt Lake City, UT).

2-DE, Gel Staining, and Image Analysis—Protein samples prepared
from spores were diluted in a rehydration buffer containing 7 M urea,
2 M thiourea, 2% Nonidet P-40, 13 mM DTT, 0.5% IPG buffer, pH 4–7,
and 0.002% bromphenol blue for gel electrophoresis using a 24 cm,
pH 4–7 linear gradient IPG strip (GE Healthcare). IEF was performed

using the Ettan IPGphor isoelectric focusing system, following the
manufacturer’s protocols. The strips were equilibrated with a reduc-
tion buffer (6 M urea, 2% SDS, 50 mM Tris-HCl, 30% glycerol, 0.002%
bromphenol blue, and 1% DTT) for 15 min, and then with an alkylation
buffer (6 M urea, 2% SDS, 50 mM Tris-HCl, 30% glycerol, 0.002%
bromphenol blue, and 2.5% iodoacetamide) for 15 min. The second-
dimension separations were carried out on 12.5% SDS-PAGE gels
using an Ettan DALT Six electrophoresis unit. Low molecular mass
protein markers (Fermentas, Burlington, Canada) were co-electro-
phoresed as molecular mass standards. The experiments were re-
peated three times using protein samples independently prepared
from different samples. The proteins in gels were visualized by Coo-
massie Brilliant Blue staining, and images were acquired by scanning
each stained gel using an ImageScanner III (GE Healthcare) at a
resolution of 300 dpi, and then analyzed with ImageMaster 2D soft-
ware (version 5.0) (GE Healthcare). For quantitative analysis, the
volume of each spot was normalized against the total valid spots.
Protein spots from three biological replicates with reproducible and
statistically significant changes in intensity (greater than 1.5-fold and
p � 0.05) were considered to be differentially expressed proteins
(DEPs) (26).

Protein Identification and Database Searching— DEP spots were
excised from the 2-DE gels and digested with trypsin, according to Dai
et al. (26). The MS and MS/MS spectra were acquired on ESI-Q-TOF
MS (QSTAR XL, AB Sciex, Framingham, MA) as previously described
(33). The peaklist of MS/MS spectra were generated via ProteinPilot
2.0 (AB Sciex), and then were searched against the National Center
for Biotechnology Information nonredundant (NCBInr) protein data-
base (http://www.ncbi.nlm.nih.gov/) (5,222,402 sequence entries in
NCBI) using the search engine MASCOT (Matrix Science, London,
UK) (http://www.matrixscience.com). The taxonomic category was
green plants (385,707 sequences). The searching criteria include
mass tolerance for precursor ions of 0.3 Da, mass tolerance for
fragment ions of 100 ppm, one missed cleavage allowed, carbam-
idomethylation of cysteine as a fixed modification, and oxidation of
methionine as a variable modification. To obtain high confident iden-
tification, proteins had to meet the following criteria: the top hits on
the database searching report, a probability-based MOWSE score
greater than 43 (p � 0.01), and more than two peptides matched with
nearly complete y-ion series and complementary b-ion series present.

Protein Classification and Hierarchical Clustering Analysis—Protein
functional domains were predicted using the PSI and PHI-BLAST
programs (http://www.ncbi.nlm.nih.gov/BLAST/). Combined BLAST
alignments with Gene Ontology and knowledge from literatures, pro-
teins were classified into different categories. Self-organizing maps
clustering analysis of the protein expression profiles was performed
based on the standardization of each data to a mean of 0 and
variance of 1 across all samples using GeneCluster software (version
2.0) (Massachusetts Institute of Technology, Cambridge, MA).

Protein Subcellular Location and Protein–Protein Interaction Anal-
ysis—The subcellular locations of the DEPs were determined using
five internet tools: YLoc (http://abi.inf.uni-tuebingen.de/Services/
YLoc/webloc.cgi); LocTree3 (https://rostlab.org/services/loctree3/);
ngLOC (http://genome.unmc.edu/ngLOC/index.html); TargetP (http://
www.cbs.dtu.dk/services/TargetP/); and Plant-mPLoc (http://www.
csbio.sjtu.edu.cn/bioinf/plant-multi/).

The protein–protein interactions were predicted using the web-tool
STRING 9.1 (http://string-db.org). The DEP homologs in Arabidopsis
were found by sequence BLASTing in TAIR database (http://
www.arabidopsis.org/Blast/index.jsp), and then the homologs were
subjected to the molecular interaction tool of STRING 9.1 for creating
the proteome-scale interaction network.

Total RNA Extraction, Reverse Transcription, and qReal-Time
(qRT)-PCR Analysis—Total RNA was isolated from 100 mg homoge-
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nized spores using the pBiozol plant total RNA extraction reagent
according to the manufacturer’s instructions (BioFlux, Hangzhou,
China). A 1% agarose gel was run to preliminarily indicate the integrity
of the RNA. All RNA samples were quantified and examined for
protein contamination (A260 nm/A280 nm ratios) and DNA contami-
nation (A260 nm/A230 nm ratios) using an Eppendorf Biophotometer
(Eppendorf, Hamburg, Germany). A first-strand cDNA was prepared
from 1 �g of total RNA from each sample using a PrimeScript® RT
reagent kit with gDNA Eraser according to the protocols of the man-
ufacturer (Takara Bio, Inc., Otsu, Japan).

The sequence of candidate genes were selected as the best match
from the Osmunda lancea EST database (http://blast.ncbi.nlm.
nih.gov/Blast/) using a BLASTn program. Specific primer pairs used in
qRT-PCR were designed using Primer Premier 5.0 software (Premier
Biosoft International, Palo Alto, CA) (supplemental Table S1). qRT-
PCR amplification was performed on a 7500 real time PCR system
(Applied Biosystems, Foster City, CA) using the UltraSYBR mixture
(with Rox I) (CWBio. Co., Ltd., Beijing, China). The amplifications were
subjected to an initial denaturation step of 95 °C for 10 min, followed
by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. A temperature
ramp step was added to the end of the amplification for melting curve
analysis, with an initial temperature of 60 °C and a final temperature of
95 °C. The expression levels of different genes were normalized to the
constitutive expression level of Ubiquitin 5 (UBQ5). Each qRT-PCR
experiment with different primer pairs and/or different templates was
replicated three times. The relative gene expression levels were cal-
culated by the 2���t method (34).

Statistical Analysis—All results were presented as means � S.E. of
at least three replicates. Data were analyzed by one-way ANOVA
using the statistical software SPSS 18.0 (SPSS Inc., Chicago, IL). The
treatment mean values were compared by least significant difference

post-hoc test. A p value less than 0.05 was considered statistically
significant.

RESULTS

The Spore Germination Process—O. cinnamomea L. var.
asiatica spores are chlorophyll-containing spores with trilete
aperture. To better understand the process of spore germi-
nation, fresh MSs were inoculated on Knop’s medium. After
12 h dark imbibition, 81.3% spores were fully rehydrated (Fig.
1). The rehydrated spores (RSs) were enlarged and its trilete
aperture was open for rhizoid emerging. Under continuous
illumination, the spores initiated cell division rapidly. After 23 h
illumination, 82.7% spores completed first asymmetric mito-
sis to form a small cell and a large cell. The germinating
spores at this stage were called double-celled spores (DCSs)
(Fig. 1). Subsequently, the two cells in spores differentiated
along divergent ways. The small cell elongated out of spore
from trilete aperture, forming the primary rhizoids by polar
growth. After 37 h illumination, 77.3% spores exhibited rhi-
zoids emergence. The spores at this stage were defined as
germinated spores (GSs) (Fig. 1). The large cell differentiated
as the protonemal cell, which will divide again to give rise to
the photosynthetic prothallus. After 57 h light irradiation, 91%
spores finished second cell division and grew to a prothallus
with two photosynthetic cells and a rhizoid. The spores at this
stage were defined as spores with protonemal cells (SPCs)

FIG. 1. Germination time course of spores from Osmunda cinnamomea L. var. asiatica. Mature spores (MSs) were cultured on Knop’s
medium. After 12 h dark imbibition, 81.3% spores completed rehydration, and the rehydrated spores (RSs) were enlarged with a trilete aperture
opened. Then spores were continuously illuminated. At 23 h after illumination (HAI), 82.7% spores completed first asymmetric mitosis to form
a small cell and a large cell, and they were defined as double-celled spores (DCSs). At 37 HAI, 77.3% spores exhibited rhizoids emergence,
which were called germinated spores (GSs). Subsequently, 91% spores finished the second cell division at 57 HAI, being defined as spores
with protonemal cells (SPCs). In this time course, the spore germination rate was increased gradually and reached to 95% at the stage of SPCs.
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(Fig. 1). During this germination process, the spore germina-
tion rate was increased gradually and reached to 95% at
SPCs stage.

Structural Characteristics of Germinating Spores—During
the process of fern spore germination, a series of important
morphological events and cytological changes took place. We
observed the microstructure and ultrastructure of mature and
germinating spores using toluidine blue/DAPI staining and
uranyl acetate and lead citrate staining under optical/fluores-
cence and transmission electron microscopes, respectively.
The cellular features of spores were observed, including nu-
clear movement and division, variation in the number of chlo-
roplasts and small vesicles, as well as the concentration of
starch at different germination stages (Figs. 2 and 3).

MSs were subglobose and green, and measured 40 to 50
�m in diameter. The pale-taupe spore coat was composed of
an intimate intine and a short rods modified exine. The spores
had a trilete aperture running along the proximal face. A
centrally located nucleus with a single nucleolus was sur-
rounded by a thick layer of close packed chloroplasts. The
peripheral cytoplasm contained numerous small vesicles (Fig.
2A, 2F, 2K, and 2P).

After 12 h dark imbibition, spores were completely imbibed
for germination. RSs were enlarged to a diameter of about 60
�m. The cellular nucleus was also enlarged, migrating toward
the gravity direction. Nucleus in a number of RSs has begun
to divide, but was not completely separated. The spore coat
was ruptured at the trilete aperture (Fig. 2B, 2G, 2L, and 2Q).
The plastids in spores were arranged in a ring around the
nucleus, and almost every chloroplast contained several
starch grains in the chloroplast lamellae. In addition, numer-
ous dense mitochondria were localized closely to the nucleus,
and scattered endoplasmic reticulum showed connections
with the double nuclear membrane. Several vesicles were
localized in the peripheral cytoplasm (Fig. 3A, 3B, and 3C).

At DCSs stage, nucleus migrated from the center to the
proximal part of spore. After this movement, the nucleus was
adjacent to the trilete aperture and divided into two equal
daughter nuclei. Importantly, nuclear division was followed by
an uneven division of the cytoplasm (Fig. 2C, 2H, 2M, and 2R).
The asymmetric cell division generated a large protonemal
cell and a small rhizoidal cell, with plasmalemma emerging
between them. Shortly thereafter, the protonemal cell nucleus
enlarged with the contents became more diffuse and moved
back to the center of the protonemal cell, whereas the rhizoi-
dal cell nucleus was relatively compact (Fig. 3D, 3E, and 3F).
The intine layer of spore coat was still intact, and the proto-
plast was still restricted in size and shape by the intine (Fig.
2C, 2H, 2M, and 2R). Plastids in spores began to move toward
protoplast periphery, but still occupied most space of spore
cytoplasm. Starch synthesis increased considerably, leading
to numerous ellipsoidal or spindle-like starch grains within
chloroplasts. The starch grains were variable in size and

shape, and became abundant during the late stage of DCSs
(Fig. 3D, 3E, and 3F).

At the GSs stage, the spore coat was completely opened at
the trilete aperture. The small rhizoid cell was enlarged and
grew out of spores, and the protonemal cell was expanded by
an increase of vacuolation (Fig. 2D, 2I, 2N, and 2S). As the
emerging of the rhizoid, the intine ruptured along the trilete
aperture. The cytoplasm of the protonemal cell was filled with
plastids and a number of mitochondria. However, few chlo-
roplasts were incorporated into the tip region of rhizoidal cell,
and the starch grains in protonemal cell and rhizoidal cell were
all decreased (Fig. 3G, 3H, and 3I).

At the SPCs stage, the rhizoid kept elongating and its length
was over the spore diameter (Fig. 2E, 2J, 2O, and 2T). The
rhizoid contained a large number of vesicles, mitochondria,
Golgi bodies, and chloroplasts, being concentrated at the tip
region of the rhizoid. The nucleus in rhizoidal cell was often
behind the extending rhizoid tip, and became spindle-shaped
as rhizoid growth. At the same time, the protonemal cell of
spores divided again, giving rise to two cells for protonema.
Large vesicles occurred at the basal end of the protonemal
cell (near the rhizoid cell), and a few mitochondria and plastids
randomly distributed in the cytoplasm (Fig. 3K).

Water and Chlorophyll Contents in Germinating Spores—
After imbibition, the water content in spores was increased
significantly. The water contents in RSs, DCSs, GSs, and
SPCs were all over 80% (Fig. 4A). The contents of chlorophyll
a, chlorophyll b, and total chlorophyll were gradually reduced
during spore germination, and the ratio of chlorophyll a/b was
also decreased at the stages of DCSs and SPCs (Fig. 4B and
4C).

H2O2 Level and Activities of Antioxidant Enzymes in Germi-
nating Spores—To evaluate the ROS level and the dynamics
of ROS scavenging system in germinating spores, the H2O2

content and the activities of nine antioxidant enzymes were
detected. These enzymes include SOD, CAT, POD, APX, MD-
HAR, DHAR, GR, GPX, and GST, and they are involved in
superoxide dismutation, CAT/POD pathway, glutathione
(GSH)-ascorbate (AsA) cycle, and GPX pathway, respectively
(Fig. 4D–4I).

The H2O2 content declined during spore germination (Fig
4D). SOD catalyzes the dismutation of O2

� into oxygen and
H2O2, and the activity of SOD was clearly induced during
spore germination (Fig. 4E). The conversion of H2O2 to H2O is
catalyzed by CAT and POD. The CAT activity was decreased,
but the POD activity was increased drastically in germinating
spores (Fig. 4E and 4F). H2O2 can also be removed through
the GSH-AsA cycle. In this cycle, H2O2 is reduced to H2O
catalyzed by APX using AsA as the electron donor, and the
oxidized AsA (monodehydroascorbate, MDHA) can be re-
duced back to AsA by MDHAR, or be converted into dehy-
droascorbate (DHA) spontaneously. DHA can also be reduced
to AsA by DHAR at the expense of GSH, generating GSSG.
Furthermore, GSSG is reduced by GR using NADPH as elec-
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FIG. 2. Morphology of mature and germinating spores from O. cinnamomea L. var. asiatica under optical and fluorescence
microscopes. A, F, K, P, Mature spores. B, G, L, Q, Rehydrated spores. C, H, M, R, Double-celled spores. D, I, N, S, Germinated spores. E,
J, O, T, Spores with protonemal cells. A–J, The spores without staining. A–E, Bar � 30 �m. F–J, Bar � 10 �m. K–O, The spores stained with
DAPI, bar � 10 �m. P–T, Cross section of spores stained with toluidine blue, bar � 6.5 �m. Arrows in A and B are showing the opening trilete,
and arrows in F–T are showing the nucleus. P, plastid; SG, starch grain; Ve, vesicle.
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FIG. 3. Ultrastructure of germinating spores from O. cinnamomea L. var. asiatica. A, Rehydrated spores (RSs), bar � 1 �m. B, Partial
magnification of the circled area in A, showing chloroplasts and starch grains, bar � 0.2 �m. C, Plastid in RSs, bar � 0.2 �m. D, Double-celled spores
(DCSs), bar � 3.2 �m. E, The large cell of DCSs, showing the nucleus and plastids, bar � 1.8 �m. F, The small cell of DCSs, bar � 1.25 �m. G,
Germinated spores (GSs), bar � 3.2 �m. H, The large cell of GSs, showing the nucleus, plastids, and vesicles, bar � 1.8 �m. I, Partial magnification of
circled area in H, bar � 0.8 �m. J, Small cell elongation image of GSs, bar � 1.25 �m. K, Overview of the spores with protonemal cells, bar � 3 �m.
ER, Endoplasmic reticulum; G, Golgi body; M, Mitochondria; N, Nucleus; Nus, Nucleolus; P, Plastid; Pl, Plasmalemma; SG, Starch grain; Ve, Vesicle.
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tron donor. In our results, the activities of APX, DHAR, and GR
were all increased, but the activity of MDHAR was decreased
(Fig. 4F, 4G, and 4H). In addition, H2O2 can be reduced to
H2O by GPX with the consumption of GSH, and GST can
catalyze the reduction of organic hydroperoxides using GSH
as a cosubstrate or coenzyme. The activities of GPX and GST
were all induced during spore germination (Fig. 4H and 4I).

Identification of DEPs—To investigate the DEPs upon spore
germination, the protein profiles of spores at five germination
stages (MSs, RSs, DCSs, GSs, and SPCs) were obtained
using 2-DE analysis with a pI range of 4–7. On the gels of
each sample, more than 1400 Coomassie Brilliant Blue-
stained spots were detected (Fig. 5, supplemental Figs. S1
and S2). After gel image analysis on the base of the calculated
average Vol% values of each matched protein spot, 198
reproducibly matched spots showed at least a 1.5-fold
change in abundance (p � 0.05). All of the 198 DEP spots
were subjected to in-gel digestion and protein identification
using mass spectrometry (MS). A total of 139 DEP spots were
identified using ESI-Q-TOF MS/MS and Mascot database
searching with stringent criteria. Among 139 protein identities
(IDs), only 113 IDs contained a single protein each (Fig. 5,
Table I, and supplemental Table S2). The remaining 26 IDs
contained more than one protein each (supplemental Table

S3). In this case, it is difficult to determine which protein
changed in abundance. Therefore, our analyses were focused
on the 113 IDs.

Annotation, Proteoform Analysis, and Functional Categori-
zation of DEPs—Among the 113 IDs, 17 IDs are originally
annotated as unknown, hypothetical proteins, or without an-
notation. They were all re-annotated according to their func-
tion domains by BLAST. The obtained annotation information
indicated that these proteins were mainly involved in photo-
synthesis, carbohydrate and energy metabolism, stress and
defense, protein synthesis, folding, and turnover, and other
metabolisms (Table I, and supplemental Table S4).

Interestingly, the 113 IDs only represented 95 unique pro-
teins. Twenty-five proteins had proteoforms, which were in-
volved in photosynthesis, carbohydrate and energy metabo-
lism, other metabolisms, stress and defense, membrane and
transport, and protein synthesis, folding, and turnover (Table
I, and supplemental Table S5). These proteoforms might be
generated from alternative splicing and various post-transla-
tional modifications.

Based on Gene Ontology, BLAST alignments, and informa-
tion from literature, the 113 IDs were classified into eight
functional categories, including photosynthesis, carbohydrate
and energy metabolism, other metabolisms, stress and de-

FIG. 4. Water content, chlorophyll content, H2O2 level, and activities of antioxidant enzymes in mature and germinating spores from
O. cinnamomea L. var. asiatica. A, Water content. B, Chlorophyll a and chlorophyll b contents. C, Total chlorophyll content and chlorophyll
a/b. D, H2O2 content. E, Activities of superoxide dismutase (SOD) and catalase (CAT). F, Activities of peroxidase (POD) and ascorbate
peroxidase (APX). G, Activities of monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase (DHAR). H, Activities of
glutathione reductase (GR) and glutathione peroxidase (GPX). I, Glutathione S-transferase (GST) activity. The values were determined in mature
spores (MSs), rehydrated spores (RSs), double-celled spores (DCSs), germinated spores (GSs), and spores with protonemal cells (SPCs), and
presented as means � S.E. (n � 3). Different letters indicate significant differences among different type of spores (p � 0.05).
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fense, signaling, membrane and transport, cell structure, and
protein synthesis, folding, and turnover (Fig. 6A, Table I, and
supplemental Table S2). Among them, proteins involved in
photosynthesis (35%), carbohydrate and energy metabolism
(15%), other metabolisms (14%), protein synthesis, folding,
and turnover (21%) were over-represented (Fig. 6A, and Table
I). The 40 photosynthesis-related DEPs included photosystem
II (PSII) proteins, cytochrome f, proteins involved in carbon
assimilation and Calvin cycle, as well as chlorophyll synthe-
sis-related proteins. The protein profiles are in line with the
chlorophyll measurement results, which suggest that photo-
synthesis becomes more active after rhizoid emergence than
at the early germination stages (RSs and DCSs) (Table I). In
addition, 17 DEPs were involved in carbohydrate and energy
metabolism, such as ATP synthesis, pyruvate metabolism,
tricarboxylic acid (TCA) cycle, pentose phosphate pathway,
and glycometabolism (Table I). Most of them were induced
upon spore germination, which reflects that active hydrolysis

of stored starch and sugar metabolism took place in germi-
nating spores. Moreover, 16 DEPs were involved in other
metabolisms, such as fatty acid biosynthesis, amino acid
metabolism, and pyridoxal 5	-phosphate biosynthesis. This
indicates that various metabolisms are switched to a more
active status after initiation of spore germination. Importantly,
we found ten ROS homeostasis-related DEPs were altered in
germinating spores, implying that the modulation of ROS
production and scavenging are crucial for spore germination.
In addition to ROS signaling, a key brassinosteroid (BR) sig-
naling protein, brassinosteroid LRR receptor kinase (BAK),
was increased before rhizoid emergence (Table I). In addition,
three transport-related DEPs and the two constituents of cy-
toskeleton were all induced at the stages of GSs and/or SPCs
(Table I), indicating the promotion of nuclear movement, ves-
icle trafficking, and cytoskeleton dynamic during rhizoid elon-
gation. Furthermore, 24 DEPs were found to be involved in
protein synthesis, folding, and turnover (Table I). This sug-

FIG. 5. A representative 2-DE gel image of proteins in mature spores from O. cinnamomea L. var. asiatica. Proteins were separated
on 24 cm IPG strips (pH 4–7 linear gradient) using IEF in the first dimension, followed by 12.5% SDS-PAGE gels in the second dimension. The
2-DE gel was stained with Coomassie Brilliant Blue. Molecular mass (MM) in kDa and pI of proteins are indicated on the left and top of the gel,
respectively. A total of 113 differentially expressed proteins identified by ESI-Q-TOF MS were marked with numbers on the gel, and detailed
information can be found in Supplemental Figs. S1 and S2, Table I, and Supplemental Table S2.
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TABLE I
Differentially expressed proteins during Osmunda cinnamomea L. var. asiatica. spore germination
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gests that active protein synthesis, processing, and selective
degradation are essential for spore cell division, rhizoid elon-
gation, and protonemal cell growth.

Subcellular Localization and Hierarchical Clustering of
DEPs—The subcellular localization of the 113 DEPs was pre-
dicted using five internet tools (i.e. YLoc, LocTree3, ngLOC,
TargetP, and Plant-mPLoc) (Fig. 6B, Table I, and supplemen-
tal Table S6). In total, 43 DEPs (38%) were predicted to be
localized in chloroplast, six in cytoplasm, one on PM, and one
secreted. The rest 62 proteins (55%) were predicted to be
located in more than two locations (Fig. 6B, and Table I).
Among the 62 proteins, 43 proteins and 20 proteins were
predicted to be in chloroplast and mitochondria, respectively
(Fig. 6B and Table I). These indicate that photosynthesis,
energy metabolism, and vesical trafficking were active in ger-
minating spores.

To visualize the expression characteristics of all the coor-
dinately regulated proteins in each functional category, we
performed hierarchical clustering analysis of the 113 DEPs,
which revealed five cluster patterns (Pattern I–V) (Fig. 6C).
Pattern I containing 27 DEPs and pattern II containing 18
DEPs represented the abundance-decreased proteins in ger-
minating spores and spores after the stage of RSs, respec-
tively. For instance, three chlorophyll biosynthesis-related
proteins, Mg-protoporphyrin IX chelatase (Mg-chelatase),
protochlorophyllide reductase, and glutamate-1-semialde-
hyde aminotransferase (GSA-AT), were decreased during
spore germination. This indicates chlorophyll biosynthesis ac-

tivity was reduced in germinating spores. Pattern III had 17
DEPs, which were increased before the stage of DCSs, de-
creased after this stage. BAK exhibited in this pattern implies
the BR signaling pathways were involved in the gravity re-
sponse, polarity establishment, and cell division prior to the
DCSs stage (1, 35). In addition, Pattern IV (26 DEPs) and
Pattern V (25 DEPs) represented proteins increased during
fern spore germination, and the highest protein abundance
was detected at the stages of GSs and SPCs, respectively.
These proteins reflect several active pathways (e.g. vesicle
trafficking and cytoskeleton dynamic) during spore germina-
tion. Importantly, 51 out of 113 DEPs fallen into patterns IV
and V also suggests that a number of proteins were de novo
synthesized upon spore germination.

Protein–Protein Interaction among DEPs—To predict the
relationship among the 113 DEPs, the protein–protein inter-
action networks were generated using the web-tool STRING
9.1. The 113 DEPs were matched with 65 unique homologs in
Arabidopsis by sequence BLASTing against the TAIR data-
base (supplemental Table S7). Subsequently, the 65 homol-
ogous proteins were subjected to the molecular interaction
tool of STRING 9.1 for creation of proteome-scale interaction
network. Out of the 65 proteins, 53 representing 100 DEPs
were depicted in the STRING database (Fig. 7), based on
published literature, genome analysis of domain fusion, phy-
logenetic profiling/homology, gene neighborhood, co-occur-
rence, co-expression, and other experimental evidence. Four
functional modules forming tightly connected clusters were

TABLE I—continued

a Assigned spot number as indicated in Fig. 5.
b The name and functional category of the proteins identified by ESI-Q-TOF MS. Protein names marked with an asterisk (*) have been edited

by us depending on functional domain searching and similarity comparison according to the Gene Ontology criteria.
c Protein subcellular localization predicted by softwares (YLoc, LocTree3, Plant-mPLoc, ngLOC, and TargetP). Chl, chloroplast; Csk,

cytoskeleton; Cyt, cytoplasm; ER, endoplasmic reticulum; PM, plasma membrane; Mit, mitochondria; Nuc, nucleus; Pox, peroxisome; Sec,
secreted; Vac, vacuole.

d The molecular function of the identified proteins.
e Database accession number from NCBInr.
f,g Theoretical (f) and experimental (g) molecular mass (Da) and pI of identified proteins. Experimental values were calculated using

ImageMaster 2D software. Theoretical values were retrieved from the protein database.
h The amino acid sequence coverage for the identified proteins.
i The Mascot score obtained after searching against the NCBInr database.
j The number of unique peptides identified for each protein.
k The cluster types of identified proteins obtained from the GeneCluster software (version 2.0).
l The mean values of protein spot volumes relative to total volume of all the spots. The black triangle (‘) under the column of protein

abundance indicates that the proteins showed similar trends with their homologous genes (Please refer to Fig. 8). Five spore germination stages
(MSs, RSs, DCSs, GSs, and SPCs) were performed. MSs, mature spores; RSs, rehydrated spores; DCSs, double-celled spores; GSs,
germinated spores; SPCs, spores with protonemal cells. Error bar indicates � standard error (S.E.). Letters indicate statistically significant
differences (p � 0.05) among five stages of spore germination as determined by one-way ANOVA.
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illuminated in the network (Fig. 7). In the network, stronger
associations were represented by thicker lines (Fig. 7). For
example, 26 DEPs were connected in Module 1 (red nodes).
Most of them were chloroplast-localized photosynthetic pro-
teins involved in light harvesting, electron transferring, carbon
fixation, ATP synthesis, and chlorophyll synthesis. In addition,
the members of protein synthesis machine, 20S proteasome
and ROS scavenging also appeared close links in Module 1.
This indicates that active protein turnover and ROS homeo-
stasis in chloroplast are crucial for photosynthesis in chloro-
phyllous spores. Model 2 (yellow nodes) included multiple
enzymes involved in glycolysis, fatty acid metabolism, and

vitamin B6 synthesis, implying the material and energy supply
is active upon spore germination. Interestingly, several mo-
lecular chaperones, actin, eukaryotic initiation factor 4A
(eIF4A), and four enzymes in charge of NO and ethylene
synthesis were assigned in Model 3. Some molecular chap-
erones in Model 3 also linked with photosynthetic proteins in
Model 1. This implies that active synthesis and folding of
cytoskeletal and photosynthetic proteins may play important
roles in rapid cell division during spore germination. In addi-
tion, three proteins, APX, MDHAR, and leucine aminopepti-
dase (LAP) did not appear to link tightly with other proteins,
and they were assigned in Model 4.

FIG. 6. Functional categorization, subcellular localization, hierarchical clustering, and functional distribution analyses of differen-
tially expressed proteins (DEPs) during O. cinnamomea L. var. asiatica spore germination. A, A total of 113 proteins were classified into
eight functional categories on the bases of BLAST alignments, Gene Ontology, and knowledge from literature. The percentage of proteins in
different functional categories is shown in the pie. B, Subcellular localization categories of proteins predicted by internet tools. The numbers
of proteins with different locations are shown. C, Hierarchical clustering and functional distribution analyses of DEPs. Self-organizing maps
clustering analysis of the protein expression profiles was performed based on the standardization of each protein abundance data using
GeneCluster software (version 2.0). The blue line shows normalized level of protein expression in each group and the red line represents the
variation of protein expression in the left panel. The columns with different colors in the right panel show the protein functional categories, and
the protein numbers in each category are labeled on the top of corresponding columns. Chl, chloroplast; Csk, cytoskeleton; Cyt, cytoplasm;
DCSs, double-celled spores; ER, endoplasmic reticulum; GSs, germinated spores; Mit, mitochondria; MSs, mature spores; Nuc, nucleus; PM,
plasma membrane; Pox, peroxisome; RSs, rehydrated spores; Sec, secreted; SPCs, spores with protonemal cells; Vac, vacuole.
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Homologous Gene Expression of DEPs—The 95 unique
proteins have been subjected to BLASTing against the O.
lancea EST database using a BLASTn program. Among them,
only 31 homologous genes were found in O. lancea EST
database. Subsequently, these homologous genes and two
ethylene synthesis-related genes encoding 1-aminocyclopro-
pane-1-carboxylic acid synthase (ACS) and aminocyclopro-
panecarboxylate oxidase (ACO) were subjected to PCR anal-
ysis to assess the homologous gene expression in spores of
O. cinnamomea. The primer pairs were designed according to
the EST sequence of each homologous gene (supplemental
Table S1). In total, 31 homologous genes could be detected in
O. cinnamomea spores. The gene expression patterns upon
spore germination were generated from qRT-PCR analysis
using UBQ5 as an internal control (Fig. 8). On the basis of

qRT-PCR and proteomics results, the correlation between
DEPs and their cognate genes were evaluated (Fig. 8, Table I).
The results showed that 15 genes showed multiple proteo-
forms of homologous proteins. These genes were involved in
light harvesting, carbon fixation, chlorophyll synthesis, ATP
synthesis, TCA cycle, amino acid metabolism, ROS scaveng-
ing, and protein synthesis and degradation. Among them, only
two genes, phosphoribulokinase (PRK) and malate dehydro-
genase (MDH), appeared similar expressional patterns with
the corresponding proteoforms (Fig. 8). In addition, four
genes, ribulose-1,5-bisphosphate carboxylase large subunit-
binding protein (RBP), GSA-AT, mannose-6-phosphate re-
ductase (M6PR), and chaperone DnaJ showed consistent
expressional trends with their homologous proteins. They
were involved in carbon fixation, chlorophyll synthesis, glyco-

FIG. 7. The protein–protein interaction (PPI) network in O. cinnamomea L. var. asiatica spores revealed by STRING analysis. A total
of 100 differentially expressed proteins represented by 53 unique homologous proteins from Arabidopsis are shown in PPI network. Four main
groups are indicated in different colors. The PPI network is shown in the confidence view generated by STRING database. Stronger
associations are represented by thicker lines. APX, ascorbate peroxidase; ASS, argininosuccinate synthase; CA, carbonic anhydrase; DnaJ,
chaperone DnaJ; EF-G, translation elongation factor G; eIF4A, eukaryotic initiation factor 4A; FBA, fructose-1,6-bisphosphate aldolase;
FBPase, fructose-1,6-bisphosphatase; FKBP, FK506 binding protein-type peptidyl-prolyl cis-trans isomerase; GlnS, glutamine synthetase;
GLO I, glyoxalase I; GroEL, GroEL like type I chaperonin; GSA-AT, glutamate-1-semialdehyde aminotransferase; HAD, beta-hydroxyacyl-acyl
carrier protein-dehydratase; HCF136, photosystem II stability/assembly factor HCF136; Hsp 70/90, heat shock protein 70/90; HSPA5, heat
shock 70 protein 5; LAP, leucine aminopeptidase; LHCP, light harvesting chlorophyll a/b binding protein, photosystem II; MDH, malate
dehydrogenase; MDHAR, monodehydroascorbate reductase; MetS, methionine synthase; Mg-chelatase, Mg-protoporphyrin IX chelatase;
NAD-DE, NAD-dependent epimerase/dehydratase; NQO, NADH: quinone oxidoreductase-like protein; P5PS, pyridoxal 5	-phosphate
synthase; PDHB, pyruvate dehydrogenase E1 component beta subunit; Cyt f, cytochrome f; PGM, phosphoglucomutase; PRK, phos-
phoribulokinase; RA, ribulose-1,5-bisphosphate carboxylase activase; RBCL, ribulose-1,5-bisphosphate carboxylase large subunit; RBP,
ribulose-1,5-bisphosphate carboxylase large subunit-binding protein; SAMS, S-adenosylmethionine synthetase; SBPase, sedoheptulose-1,7-
bisphosphatase; TPP, thiamine pyrophosphate; Trx, thioredoxin.
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metabolism, and protein folding, respectively. Furthermore,
three genes, NADH-quinone oxidoreductase (NQO), FK506
binding protein-type peptidyl-prolyl cis-trans isomerase, and
FtsH protease (FtsH), appeared opposite expressional trends
with homologous proteins. They were involved in respiratory,
protein folding and degradation, respectively. Lastly, the rest
seven genes only showed similar trends with homologous
proteins at certain stages of spore germination (Fig. 8 and
Table I). These genes encode the proteins that were involved

in photosynthesis, cytoskeleton, signaling, protein synthe-
sis, and protein processing. The results of correlation anal-
ysis indicate that the aforementioned metabolic processes
were modulated by post-transcriptional and/or post-trans-
lational regulation during spore germination. The inconsis-
tent abundances of transcripts and proteins in germinating
spores also support the notion that presynthesized mRNA
and proteins in MSs would function for spore germination
(4).

FIG. 8. Quantitative real-time PCR analysis of gene expression patterns in the O. cinnamomea L. var. asiatica spore. Relative
expression levels of homologous genes of differentially expressed proteins (DEPs) from O. cinnamomea spores were determined by qRT-PCR.
The values were determined in mature spores (MSs), rehydrated spores (RSs), double-celled spores (DCSs), germinated spores (GSs), and
spores with protonemal cells (SPCs), and presented as means � S.E. (n � 3). Different letters indicate significant differences among different
type of spores (p � 0.05). The gene name with an underline indicates that the gene has multiple proteoforms of homologous proteins. The
column marked with a black triangle indicates the gene expression appeared similar trends with their homologous proteins (Please refer to
Table I). 20S proteasome, 20S proteasome alpha subunit gene; ACO, aminocyclopropanecarboxylate oxidase gene; ACS, 1-aminocyclopro-
pane-1-carboxylic acid synthase gene; ATP-�, ATP synthase beta subunit gene; BAK, brassinosteroid LRR receptor kinase gene; CA, carbonic
anhydrase gene; DnaJ, chaperone DnaJ gene; eIF4A, eukaryotic initiation factor 4A gene; EF-G, translation elongation factor G gene; FBA,
fructose-1,6-bisphosphate aldolase gene; FKBP, FK506 binding protein (FKBP)-type peptidyl-prolyl cis-trans isomerase gene; FtsH, FtsH
protease gene; GlnS, glutamine synthetase gene; GroEL, GroEL like type I chaperonin gene; GSA-AT, glutamate-1-semialdehyde aminotrans-
ferase gene; Hsp70, heat shock protein 70 gene; Hsp90, heat shock protein 90 gene; LHCP, light harvesting chlorophyll a/b binding protein
gene; M6PR, mannose-6-phosphate reductase gene; MDH, malate dehydrogenase gene; MDHAR, monodehydroascorbate reductase gene;
Mg-chelatase, Mg-protoporphyrin IX chelatase gene; NQO, NADH: quinone oxidoreductase-like protein gene; PRK, phosphoribulokinase gene;
RA, ribulose-1,5-bisphosphate carboxylase activase gene; RBP, RuBisCO large subunit-binding protein subunit alpha gene; SAMS, S-
adenosylmethionine synthetase gene; TPR, tetratricopeptide repeat containing protein gene; Trx, thioredoxin gene.
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DISCUSSION

Heterotrophic and Autotrophic Metabolisms are Active in
Germinating Chlorophyllous Spores—Unlike nongreen fern
spores, the mature green spores contain chloroplasts and
water, which are metabolically active and short-lived. The
chlorophyllous spores in a state of active respiration can
germinate immediately after sowing. In the Pteridophyta,
chlorophyll-bearing spores occur in only a few families (i.e.
Equisetaceae, Osmundaceae, Grammitidaceae, and Hy-
menophyllaceae), genera (i.e. Blechnum, Christiopteris, Mar-
ginariopsis, Matteuccia, Onoclea, and Onocleopsis), and cer-
tain species (Lomariopsis sorbifolia). Chlorophyllous spores
from these fern species can germinate in less than 3 days
after sowing, which is more rapid than nongreen spores (36).
Among them, it has been reported that chlorophyllous spores
from Osmunda could germinate within 24 h after imbibition
without dormancy, and the spores from O. cinnamomea L.
could germinate within 3 days (37). Similarly, the fresh spores
from Osmunda japonica without desiccation (11.2% water
content) have the highest germination rate, but spore viability
drops when the water content is lower than 6% (38). The rapid
germination is mainly because of the active respiration/pho-
tosynthesis, and higher metabolic rate in chlorophyllous
spores after being released from sporangium.

Both heterotrophic and autotrophic metabolisms are sus-
pected to contribute to the germination of O. cinnamomea
spores. Our histochemical and cytological analyses revealed
that the predominant reserves, starch grains in chloroplasts,
and lipids in vesicles, were decreased gradually during spore
germination (Figs. 2 and 3). In addition, we found that 40, 17,
and 16 proteins were involved in photosynthesis, carbohy-
drate and energy metabolism, and other metabolisms, re-
spectively, accounting for 65% of 113 DEPs (Table I, Fig. 6A).
In addition, the diverse protein expression patterns indicated
that pentose phosphate pathway (e.g. fructose-1,6-bisphos-
phatase), TCA cycle (e.g. MDH), glycometabolism (e.g. M6PR,
�-amylase, and NQO), amino acid metabolism (e.g. glutamine
synthase (GlnS), S-adenosylmethionine synthetase (SAMS),
and methionine synthase (MetS)), fatty acid metabolism (e.g.
�-hydroxyacyl-ACP-dehydratase and alcohol dehydroge-
nase), and pyruvate metabolism (e.g. pyruvate dehydrogenase
E1 component beta subunit) and thiamine pyrophosphate
biosynthesis were actively altered upon spore germination
(Table I, Fig. 9). This implies that the mobilization and sequen-
tial hydrolysis of storage reserves (proteins, starches, and
lipids) are tightly controlled in temporal and spatial scale,
which is important for energy metabolite biosynthesis during
spore germination. Similarly, during the germination of chlo-
rophyllous spores from O. sensibilis and M. struthiopteris (39)
and nonchlorophyllous spores from A. phyllitidis, Pteris vit-
tata, and Dryopteris filix-mas (4), the degradation of various
storage reserves in spores was also found to be crucial for
spore germination process. Moreover, the aforementioned

pathways also show that active nitrogen metabolism served
as the source of energy and nutrients for fern spore germina-
tion. Both the degradation of storage proteins and the oxida-
tive deamination of free amino acids lead to a release of
ammonium, and subsequently free ammonium is further re-
cycled into glutamate to generate glutamine through the re-
action catalyzed by the enzyme GlnS. It has been reported
that maize seeds with high GlnS activity exhibited fast germi-
nation rate (40). In our results, the induced GlnS in germinat-
ing spores would contribute to glutamine synthesis for spore
germination (Table I, Fig. 9). On the other hand, the expression
abundances of proteins involved in chlorophyll biosynthesis
(e.g. Mg chelatase), PSII (e.g. light harvesting chlorophyll a/b
binding protein and PSII stability/assembly factor HCF136),
carbon fixation (e.g. carbonic anhydrase, ribulose-1,5-bispho-
sphate carboxylase activase, ribulose-1,5-bisphosphate car-
boxylase, RBP, fructose-1,6-bisphosphate aldolase, sedo-
heptulose-1,7-bisphosphatase, and PRK), and ATP synthesis
(e.g. ATP synthase) exhibited diverse changes (Table I, Fig. 9).
This indicates that the active modulation of photosynthesis
provides necessary carbon source for spore germination,
which is consistent with previous observations on spore ger-
mination of Osmunda species that the protrusion of the rhi-
zoidal cell depends upon photosynthesis (41).

The decrease in chloroplast number (Figs. 2 and 3), chlo-
rophyll content (Fig. 4B and 4C), as well as the abundances of
chlorophyll biosynthesis-related enzymes (i.e. GSA-AT, Mg-
chelatase, and protochlorophyllide reductase) (Table I) and
their homologous genes (Fig. 8) indicated that chlorophyll
biosynthesis was decreased during the spore germination.
This implies that the photosynthesis is decreased during
spore germination. This phenomenon is consistent with pre-
viously measured photosynthetic rates in Todea barbara (an-
other species in Osmundaceae) (42). The photosynthetic rate
of sporophytes from T. barbara is 3.6 to 5.5-fold higher than
that of its gametophytes (42). The Osmunda chlorophyllous
MSs contain a number of chloroplasts, and their photosyn-
thesis and respiration are active (22). However, on germina-
tion, spores will develop into a morphology-reduced gameto-
phyte with a single sheet of cells except for a thickened
central cushion bearing sex organs and rhizoids. The chloro-
phyll content in gametophytes is obviously lower than that in
sporophytes (42). Here, our results provide novel evidence on
expressional abundances of several chlorophyll biosynthesis-
related genes and enzymes for understanding the notion that
the reduced photosynthesis in developing gametophytes is
not entirely attributed to morphological differences with ga-
metophytes (42).

ROS and Hormone Signalings are Crucial for Spore Germi-
nation—It is well known that ROS signaling in tip-growing
pollen tube is involved in and/or interact with diverse crucial
processes in cell polar growth, such as hormone signaling,
modulation of cell wall structure and extensibility, regulation
of Ca2� gradient and Ca2� channel activity, as well as the
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changes of NO levels and gravitropism (43). However, in
analogous fern spores, the dynamic balance of ROS genera-
tion and scavenging are poorly understood. In this study, our
proteomic results indicated that active CO2 fixation and elec-
tron transport in chloroplasts and mitochondria would be the
major source of ROS generation in germinating spores. On the

other hand, the abundances and/or activities of ROS scav-
enging enzymes were changed during spore germination.
Enzyme abundances may be inconsistent with their activities,
because of the activity also being modulated by the protein
conformation and post-translational modifications. The in-
creased abundances of thioredoxin (Trx), MDHAR, and APX,

FIG. 9. Schematic presentation of the O. cinnamomea L. var. asiatica spore germination mechanisms. The identified proteins were
integrated into subcellular pathways. A, Photosynthesis; B, Carbohydrate and energy metabolism; C, Other metabolisms; D, Stress and
defense; E, Signaling; F, Vesicle trafficking; G, Cytoskeleton dynamic; H, Protein synthesis, folding, and turnover. Protein expression patterns,
gene expression patterns, enzyme activities, and substrate contents are marked with circles, squares, diamonds, and triangles in white
(unchanged), red (increased), and green (decreased), respectively. The solid line indicates single-step reaction, and the dashed line indicates
multistep reaction. 3-PGA, 3-phosphoglyceric acid; 40S, eukaryotic small ribosomal subunit; 60S, eukaryotic large ribosomal subunit; Acetyl
COA, acetyl coenzyme A; ACP, acyl carrier protein; ADH, alcohol dehydrogenase; ALA, 5-aminolevulinic acid; ANK, ankyrin-repeat containing
protein; APX, ascorbate peroxidase; ASS, argininosuccinate synthase; BAK, brassinosteroid LRR receptor kinase; BR, brassinosteroid; BRI1,
brassinosteroid-insensitive 1; CA, carbonic anhydrase; CaM, calmodulin; CAT, catalase; Chl, chlorophyll; COA-SH, coenzyme A; Cyt f,
cytochrome f; DHA, dehydroascorbic acid; DHAP, dihydroxyacetone phosphate; DHAR, dehydroascorbate reductase; E4P, erythrose 4-phos-
phate; EF-G, translation elongation factor G; eIF4A, eukaryotic initiation factor 4A; F6P, fructose 1,6-diphosphate; FBA, fructose-1,6-
bisphosphate aldolase; FBP, fructose 1,6-bisphosphate; FBPase, fructose-1,6-bisphosphatase; Fd, ferredoxin; FKBP, FK506 binding protein-
type peptidyl-prolyl cis-trans isomerase; FNR, ferredoxin-NADP� reductase; G1P, glucose-1-phosphate; G3P, glyceraldehyde 3-phosphate;
G6P, glucose-6-phosphate; GK, galactose kinase; GLO I, glyoxalase I; GPX, glutathione peroxidase; GR, glutathione reductase; GroEL, GroEL
like type I chaperonin; GlnS, glutamine synthetase; GSA-AT, glutamate-1-semialdehyde aminotransferase; GSH, glutathione; GSSG, oxidized
glutathione; GST, glutathione S-transferase; HAD, beta-hydroxyacyl-acyl carrier protein-dehydratase; Hsp, heat shock protein; HSPA5, heat
shock 70 protein 5; LAP, leucine aminopeptidase; LHCP, light harvesting chlorophyll a/b binding protein; M6PR, mannose-6-phosphate
reductase; MDH, malate dehydrogenase; MDHA, monodehydroascorbate; MDHAR, monodehydroascorbate reductase; Mg-chelatase, Mg-
protoporphyrin IX chelatase; Mg-proto IX, Mg-protoporphyrin IX; MetS, methionine synthase; NQO, NADH-quinone oxidoreductase; OAA,
oxaloacetate; PC, plastocyanin; Pchl, protochlorophyllide; PDHB, pyruvate dehydrogenase E1 component beta subunit; PGM, phosphoglucomu-
tase; POD, peroxidase; PRK, phosphoribulokinase; PrxR, peroxiredoxin; PSI, photosystem I; PSII, photosystem II; Q, quinone; QH2, hydroquinone;
RA, ribulose-1,5-bisphosphate carboxylase activase; RBP, ribulose-1,5-bisphosphate carboxylase large subunit-binding protein; ROS, reactive
oxygen species; RuBisCO, ribulose-1,5-bisphosphate carboxylase; Ru5P, ribulose-5-phosphate; RuBP, ribulose-1,5-bisphosphate; S7P, sedo-
heptulose 7-phosphate; SAMS, S-adenosylmethionine synthetase; SBP, sedoheptulose 1,7-bisphosphate; SBPase, sedoheptulose-1,7-bisphos-
phatase; SCP, serine carboxypeptidase; SOD, superoxide dismutase; TCA, tricarboxylic acid; TPP, thiamine pyrophosphate; Trx, thioredoxin; VHA,
vacuolar H�-ATPase.
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as well as the induced activity of SOD, POD, APX, DHAR, GR,
and GPX could facilitate ROS scavenging in germinating
spores (Table I, Figs. 4D–4I and 9). In addition, the induced
GST activity and the altered abundances of LAP and glyox-
alase (GLO) could contribute to maintain the balance of GSH
and GSSG, because LAP is involved in the cleavage of cys-
teinylglycine into glycine and L-cysteine, which is the second
step of GSH degradation (44), and GLO I catalyzes the de-
toxification of methylglyoxal to S-lactoylglutathione utilizing
GSH in the GLO system (45). Thus, the dynamic abundance/
activity of various antioxidant enzymes implies that POD path-
way, PrxR-Trx pathway in chloroplasts, GSH-AsA cycle, GPX
pathway, except for CAT pathway, are employed for ROS
scavenging during spore germination.

ROS signaling has been reported to cross-talk with plant
hormone ethylene during germination of seeds and pollen
(46). In this study, we found the abundances of six proteo-
forms of two ethylene biosynthesis-related enzymes (SAMS
and MetS) were changed, four of which were reduced but two
were induced during spore germination (Table I, Fig. 9). The
homologous gene of SAMS was also induced in RSs stage
but reduced later (Figs. 8 and 9). Importantly, we found an-
other two ethylene synthesis-related genes (ACS and ACO)
were changed on spore germination. ACS was induced in the
stages of RSs and DCSs and reduced in SPCs, and ACO was
induced after DCSs stage (Figs. 8 and 9). MetS is responsible
for the regeneration of methionine from homocysteine, and
SAMS catalyzes the condensation of methionine and ATP to
form S-adenosylmethionine (SAM) (47). SAM can be con-
verted to 1-aminocyclopropane-1-carboxylic acid (ACC)
through the catalytic activity of ACS, and subsequently ACC
is oxidized to ethylene catalyzed by ACO (48). Our results
implied that precursors of ethylene biosynthesis were tempo-
rally accumulated at the stages of RSs and DCSs, and en-
dogenous biosynthesis of ethylene was enhanced after the
DCSs stage. This is consistent with the notion that endoge-
nous ethylene has positive role in seed germination (49). In
Arabidopsis seeds, MetS was increased strongly in 1-day
imbibed seeds and SAMS was specifically accumulated at the
time of radicle protrusion (49). Moreover, exogenous ACC (50
�M) promoted Arabidopsis seed germination under salinity
(50). However, early studies have reported that exogenous
ethylene partially inhibited the spore germination of fern spe-
cies C. richardii (51) and O. sensibilis (52). The critical stage of
spore germination inhibited by ethylene is prior to nuclear
migration and cell division (52), whereas the ethylene inhibi-
tion of cell division is attributed to the inhibition of chromatin
activity, DNA synthesis, and chromosome replication (46, 53).
This implies that exogenous ethylene treatment subsequent
to DCSs stage was ineffective in blocking the germination of
O. sensibilis spores (52). Consistently, in our results, the eth-
ylene biosynthesis in O. cinnamomea spores was suspected
to be enhanced as indicated from the significantly increased
expression of ACO after the DCSs stage. The de novo syn-

thesized ethylene in spores would not inhibit the spore ger-
mination themselves, but affect other spores in early stages of
germination and thus limit overcrowding and competition
among prothallia.

Additionally, we found an important protein in BR signaling,
BAK, was induced at the stages of RSs and DCSs (Table I,
Fig. 9). Moreover, BAK homologous gene was also obviously
induced at the stages of RSs, DCSs, and SPCs (Figs. 8 and 9).
BRs can enhance pollen germination and tube growth in a
dose-dependent manner (54). BR signaling was also proved
to be essential for Arabidopsis seed germination (55). In Ara-
bidopsis, BAK1 functions as a positive coreceptor of BR
insensitive 1 (a cell surface receptor of BRs) (35). Overexpres-
sion of BAK1 resulted in elongated organ phenotypes,
whereas a null allele of BAK1 displayed a semidwarf pheno-
type and has reduced sensitivity to BRs (35). Thus, the con-
sistently increased abundance of BAK with its homologous
gene in germinating spores implies that BR signaling is prob-
ably involved in spore germination.

Vesicle Trafficking and Cytoskeleton Dynamic are Neces-
sary for Spore Germination—Vesicle trafficking and cytoskel-
eton dynamic are necessary for the highly polarized cell
growth of pollen tubes and root hairs (56). The post-Golgi
secretory vesicles (SVs) are transported and accumulated at
the extreme tip and fused to a restricted region of PM. They
secrete cell wall material and provide new segments for PM
formation. In this study, we found a large number of vesicles
existed in MSs and germinating spores, and the volume of
these vesicles was increased during spore germination. At the
stages of GSs and SPCs, spores began to germinate and to
form rhizoids. With the rhizoid formation and elongation, nu-
merous small vesicles moved toward the tip regions in rhi-
zoids (Figs. 2 and 3). This suggests that active vesicle traffick-
ing is necessary for the spore germination and rhizoid tip
growth. Importantly, we also found two vesicle trafficking-
related proteins (vacuolar H�-ATPase (VHA) and MetS) were
induced during spore germination. VHA is crucial for main-
taining ion and metabolite homeostasis, but also for regulat-
ing membrane trafficking. The members of VHAs have been
found to be localized in endomembrane system. For example,
VHA-a1 is localized to the trans-Golgi network (TGN),
whereas VHA-a2 and VHA-a3 are targeted to the vacuolar
membrane (57). TGN-located VHA is important for structural
integrity of Golgi apparatus and required for maintaining en-
docytic and secretory traffic (58). In this study, two induced
proteoforms of VHA in GSs and SPCs (Table I, Fig. 9) indi-
cated that active membrane secretory and endocytic path-
ways happened during spore germination. In addition, MetS is
a zinc-binding methyl transferase catalyzing the de novo syn-
thesis of methionine. MetS was found to be localized on the
surface of tip-focused post-Golgi SVs in tobacco pollen tube,
and partially associated with microtubules, suggesting an im-
portant role in vesicle trafficking during pollen tube growth
(59). In our results, one proteoform of MetSs was induced at
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the stages of GSs and SPCs (Table I, Fig. 9), which implies a
similar function of MetS in germinating fern spore as in pollen
tube.

Cytoskeleton dynamic provides the molecular tracks for
cytoplasmic streaming and vesicle transporting (60). F-actin
forms diversely organized structures at different regions of
pollen tube. In the shank, vesicles transport along the long
actin cables, and the released vesicles are captured by the
highly dynamic subapical actin fringe, which are subsequently
fused to the apical PM (61). Similarly, an extensive network of
microtubules almost paralleling the actin cytoskeleton can be
observed throughout the pollen tube shank cytoplasm. Al-
though microtubules did not appear to have direct roles in
supporting the cell polar growth process, the integrity of mi-
crotubule system is linked to a properly organized actin cy-
toskeleton in angiosperm pollen tubes. This suggests the
importance of coordination between microtubules and actin
cytoskeleton for cytoplasmic streaming and tip growth in
gymnosperm pollen tubes (62). Consistent with this, we found
actin and tubulin levels increased in GSs and SPCs (Table I,
Fig. 9). This indicates that actin filaments and microtubules
act cooperatively to maintain the membrane organization and
trafficking, support organelles, and SVs movement and posi-
tioning during fern rhizoid elongation. In addition, the induced
importin � in GSs in our results implies that protein transpor-
tation from cytosol to nuclear is enhanced. The candidate
proteins with nuclear localization signal in the cytosol can
bind to importin �, forming a complex interacting with nuclear
membrane protein importin �, and then this trimeric import
complex docks to the cytoplasmic face of nuclear pore com-
plex via importin �, subsequently being translocated to nu-
cleoplasmic side (63). It has been found that pollen tube
elongation was hampered in the rice importin �1 mutant,
which suggests that importin is necessary for protein trans-
portation that affecting pollen tube elongation (64). Thus, the
induced importin � in GSs indicates that active protein trans-
portation to nuclear is crucial for specific gene expression for
regulating spore germination and rhizoid elongation.

De Novo Protein Synthesis is Necessary for Fern Rhizoid
Elongation—Upon germination, pollen grains and fern spores
quickly switch from metabolic quiescence to active state. A
large amount of substance synthesis is triggered during ger-
mination process. Mature pollen grains were found to store
presynthesized mRNAs that were required for germination
and early tube growth (65). Similarly, both chlorophyllous
spores of O. sensibilis and nonchlorophyllous spores from A.
phyllitidis, Marsilea vestita, Pteridium aquilinum, and P. vittata
can germinate normally in the presence of transcription inhib-
itor actinomycin D (4, 66–68). Our results showed that, in
MSs, some genes exhibited high transcript levels, and the
corresponding proteins also showed high expression levels
when compared with germinating spores, indicating the
mRNAs were stored in MSs. In addition, the tip-growing pol-
len tubes and generative cell division were dependent on de

novo mRNA synthesis after germination (65). It was also
proved that newly synthesized mRNAs were not necessary for
P. aquilinum spore germination, but were crucial for rhizoid
elongation (68). In our results, 21 genes were induced in
germinating spores, and most of them exhibited similar trends
in abundances of their homologous DEPs (Fig. 8 and Table I).
This implies that mRNA synthesis plays key roles in Osmunda
germinating spores.

Importantly, protein synthesis, processing, and selective
degradation are active in growing fern rhizoid and pollen tube.
In our results, several proteoforms of proteins involved in
protein synthesis (i.e. eIF4A and translation elongation factor
G) and folding (i.e. heat shock protein 70/90, heat shock 70
protein 5, and chaperone GroEL) were induced during spore
germination and rhizoid growth (Table I, Fig. 9). In addition,
several protein degradation-related proteins (i.e. 20S protea-
some and FtsH) were also increased at certain stages of spore
germination (Table I, Fig. 9). This is consistent with our previ-
ous proteomics analysis of rice pollen, where protein synthe-
sis, processing, and turnover were induced upon pollen tube
growth (26). It was also found that pollen tube growth was
inhibited significantly by exogenous protein synthesis inhibitor
cycloheximide (65). In addition, the activities of proteases and
peptidases (endopeptidase, aminopeptidase, and carboxy-
peptidase) were increased, but the globulin fraction declined
rapidly during M. struthiopteris spore imbibition and germina-
tion (69, 70). All these indicate that the enhanced protein
turnover and mobilization of storage proteins are crucial in the
rapid construction of cytoskeleton, membranes and cell wall,
as well as other metabolism for rapid growth of rhizoid and
pollen tubes.

Protein Function Skew is Different between Germinating
Fern Spores and Pollen—Fern spores and spermatophyte
pollen are all generated via meiosis from a sporophyte mother
cell in sporangium and anther, respectively, but they differen-
tiated into functional organs of plants during evolution. Al-
though most MSs and mature pollen grains are all metaboli-
cally quiescent and enveloped with thick cell wall, their
functions in the life cycle are obviously different. Fern spores
are initial cell of free-living gametophyte, but pollen grains are
highly reduced gametophytes for delivering sperms to the
ovaries for fertilization by polarized growth of pollen tubes.
Importantly, pollen germination is regulated by the recognition
of pollen coat with stigma surface through protein–protein
interaction, thus, the pollen coat proteins and the structure
and contents of stigma surface have effects on pollen germi-
nation. However, the fern spore germination happens in the
medium, therefore, it is somewhat more complex and affected
by various environmental factors, such as light, gravity, cal-
cium, phytohormone, and temperature (6). The protein func-
tional skew in fern spores and pollen grains revealed from this
study and recent proteomics studies on germinating pollen
from kiwifruit (Actinidia deliciosa) (71, 72), Nicotiana tabacum
(73), rice (Oryza sativa) (26), Brassica napus (74), Pinus strobus
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(75), Picea meyeri (76, 77), Picea wilsonii (78) and Arabidopsis
(79, 80) presented new evidence for the differentiation of fern
spores and spermatophyte pollen (Fig. 10). In germinating
pollen, the proteins were active in cell wall remodeling, sig-

naling transduction, and cytoskeleton modulation. No photo-
synthetic proteins were found in pollen. This highlights that
the remodeling of pollen tube cell wall, the loosening and
hydrolyzing stigma surface cell and transmitting track of pistil,

FIG. 10. Comparison of functional categories of proteins identified from O. cinnamomea L. var. asiatica spores and pollen grains. The
data of germinating pollen were summarized and reclassified based on pollen proteomic studies on Oryza sativa (26), Actinidia deliciosa (71,
72), Nicotiana tabacum (73), Brassica napus (74), Pinus strobus (75), Picea meyeri (76, 77), Picea wilsonii (78), and Arabidopsis thaliana (79, 80).
The y axis represents the reclassified functional categories, and the x axis shows the percentage of identified proteins.
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as well as the signaling in pollen tubes tip growth and pollen-
stigma interaction are highly induced, whereas the carbohy-
drate and energy supply is dependent on the storage degra-
dation, but not photosynthesis. However, in germinating
chlorophyllous spores, photosynthesis-related proteins ac-
counted for 35% of the DEPs. This illuminates that heterotro-
phy is crucial for the germination of chlorophyllous spores.

Concluding Remarks—Plant cell polarity establishment, nu-
cleus migration, and division are fine-tuned and sophisticated
cellular processes. Fern spore is a typical single-celled model
for studying the comprehensive molecular networks. In this
study, we performed the cytological, physiological, and pro-
teomic analyses of O. cinnamomea germinating spores. The
cytological features, ROS homeostasis, and expression pat-
terns of genes and proteins in germinating spores revealed
the specific molecular mechanisms during the germination of
chlorophyllous spores. They include: (1) both heterotrophic
and autotrophic metabolisms are triggered for nutrition and
energy supplies, (2) ROS and hormone signaling pathways are
employed in metabolism regulation, (3) vesicle trafficking and
cytoskeleton dynamic are crucial for cell division and tip
growth, and (4) de novo protein synthesis is necessary for
rhizoid elongation. All these findings have laid a solid founda-
tion for better understanding the complicated molecular net-
works in single-celled asymmetric division and polar growth.
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