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Abstract

Paris polyphylla var. yannanensis (Franch.), one of the best-known medicinal
plants in China, has a dehiscent anther which physiologically work in pollina-
tion, however, the dehiscent anther always closes in response to darkness
every day, and watering or raining every time. To explore this frequently
closing and its unkown physiology, next-generation sequencing was per-
formed, and the transcriptome was de novo assembled. RN A-sequencing was
carried out in 15 samples including seven openning samples, four closed
samples owing to darkness or watering, and tissue samples (leaf, petal, calyx,
and stigma) were used for control. We obtained 72.75 GB data, assembled
into 79,815 unigenes. Differentially expressed unigenes (DEGs) between
opened and closed anther samples were 6231 and the DEGs between anther
and control samples were 2831. Comparation between the two DEGs by
KEGG enrichment showed that “plant hormone signal transduction” pathway
is the most significant pathway for DEGs from closing anther vs. opening
anther, and expression model of DEGs in the pathway might elicit change in
germination and seed dormancy. Further examination of the action of the
signal pathway on physiology showed “chromatin binding” function was
prominent in “DNA binding” function of annotated DEGs between opened
and closed anthers, of the 215 “chromatin binding” unigenes, 120 were in-
volved in epigenetic silencing, and 50 of the epigenetic unigenes were directly
related to germination or seed dormancy, strongly correlating anther closing
to epigenetic modification and seed dormancy. These results were verified
that at least three auxins involved in seed dormancy showed same expres-
sion patterns occurred in abnormal closing anther and seed embryo in Paris

*Bin Wang contributed equally as the first author.

DOI: 10.4236/as.2019.1012112 Dec. 2, 2019

1517 Agricultural Sciences


https://www.scirp.org/journal/as
https://doi.org/10.4236/as.2019.1012112
https://www.scirp.org/
https://doi.org/10.4236/as.2019.1012112
http://creativecommons.org/licenses/by/4.0/

X. Cheng et al.

polyphylla var. yunnanensis. In conclusion, the information from transcrip-
tome point out that frequent abnormal closing of dehiscent anthers possibly
transfer the impact on seed dormancy, and epigenetic modification happened
in closing may be the cause.
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1. Introduction

Paris polyphylla is a temperate genus of flowering plants belonging to the family
Trilliaceae that includes 24 species distributed throughout Europe and East Asia.
Paris is native to Southwest China [1], and the Yunnan-Guizhou Plateau is con-
sidered the center of its diversity [2] [3]. As one of the most well-known medi-
cinal plants in China, P. polyphylla var. yunnanensis is highly prized for its
pain-relieving and anti-inflammatory properties [4] [5] [6]. Recent studies have
shown that P. polyphylla also has anticancer activity [7] [8].

From over-collection during the past decades, wild resources have become
scarce, and P. polyphylla is now considered an endangered species. In fact, its
conservation is only possible through natural propagation because asexual re-
production via tissue culture remains a challenge [9]. The rate-limiting factors in
the cultivation of P. polyphylla is prolonged dormancy (18 months) and slow
growth from seed (3 - 4 years) [10] [11]. Thus, understanding the mechanism of
prolonged seed dormancy in this species is key to accelerating its propagation.

Previously, we observed that the anthers of P. polyphylia closed in the evening
and reopened in the morning, with the entire dehiscence period lasting up to 20
days [12]. Indeed, alterations in darkness, lower temperature, and humidity can
drive the closing and reopening of dehiscent anthers [13]. Edwards et al [14]
reported that the dehisced anthers of Lilium philadelphicum closed when it
rained, and they proposed that effective anther closing is an adaptation to pro-
tect pollen during the flowering period. However, as revealed by our previous
study results [15], the anther dehiscence period of P. polyphylla var. yunnanen-
sis can last up to 23 days, but pollen viability peaks on day 1 and gradually de-
creases, and the receptivity of the stigma to pollen peaks on days 11 to 13. With-
in this short period, the occurrence of anther closure at night and during rain
can shorten the pollination period and seriously affect normal fertilization. How-
ever, little is known about the molecular mechanisms underlying the sensitivity
or ability of dehiscent anthers to close in response to the environment, and
whether and how the genetic mechanism of the closure of anthers of 2. poly-
phylla affects further physiological activity.

In this study, RNA-sequencing (RNA-Seq) technology was used, and the

DOI: 10.4236/as.2019.1012112

1518 Agricultural Sciences


https://doi.org/10.4236/as.2019.1012112

X. Cheng et al.

transcriptome of P. polyphylla anther was de novo assembled. Furthermore, the
differential expression of unigenes (DEGs) between closed and opened anthers
was analyzed. The transcriptomic data can improve our understanding of the

mechanism underlying abnormal closure of anthers in flowering plants.

2. Materials and Methods
2.1. Plant Material

The seeds of P. polyphylla var. yunnanensis were harvested from plants grown in
Yunnan Province, China in October 2012, and the anther and other tissue sam-
ples were collected in March 2017. Paris Polyphylla plants were grown at an al-
titude of 1995 m, with an annual average temperature 14.26°C and an annual
average rainfall of 957.12 mm, in the germplasm resource garden of the Medi-
cine Research Institute, which affiliate to Yunnan Academy of Agricultural
Sciences, located in County of Songming, Kunming City, China. Fifteen samples,
including seven closed and four opened samples, were collected from three
plants. Furthermore, four tissue samples, including leaf, petal, calyx, and stigma
were collected to analyze the changes in anther (Table 1). All tissue samples
were immediately frozen in liquid nitrogen and stored at —80°C until RNA ex-

traction.

2.2. RNA Extraction and Library Preparation

For Illumina sequencing, the total RNA was extracted using the RNeasy plant
kit (BioTeke, Beijing, China) and quantified using an Agilent 2100 Bioanalyzer
(Agilent technologies, USA). The total RNA concentration of all the samples was
equal to or greater than 400 ng-uL™"; the OD 4,4 ranged from 1.8 to 2.2; the
RNA 28S:18S was higher than 1.0; and the RNA integrity number was higher
than 7.0. The RNA samples were enriched with NEBNext Poly (A) mRNA

Table 1. List of different samples of P. polyphylla with anther status.

Sample plant Status
T7 plant 1 Never opened
T1 plant 2 Before opening in morning
T2 plant 2 Semi opened
T3 plant 2 Opened
T4 plant 2 Closing initiation
T5 plant 2 Semi closed
T6 plant 2 Fully closed
T8 plant 3 Opened before watering
T9 plant 3 Closed after watering
T10 plant 3 Semi opened after watering
T11 plant 3 Fully opened after watering
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Magnetic Isolation Module (New England Biolabs, USA), and then a cDNA li-
brary was constructed using NEBNext mRNA Library Prep Master Mix for Illu-
mina (New England Biolabs, USA) and NEBNext Multiplex Oligos for Illumina
(New England Biolabs, USA). The length of each cDNA fragment was verified by
1% agarose gel electrophoresis and quantified by the real-time PCR using the
KAPA Library Quantification Kit by Illumina GA Universal (KAPA, USA). The
quantified library was used for cluster generation with an Illumina cBot (Illumi-
na Inc., USA), and then sequenced on an Illumina HiSeq™ 2500 (Biomarker

Biotechnological Co., Beijing, China).

2.3. Illumina Reads Processing and de Novo Assembly

The original paired-end reads were filtered to obtain the “clean reads” for de
novo assembly. This process included the removal of reads with adaptor conta-
mination or unknown nucleotides, and low-quality reads with ambiguous se-
quence “N.” The “clean reads” from all samples of P. polyphylia were used for
the de novo assembly using Trinity software [16]. This software assembles the
reads into longer transcripts to form contigs, clusters the contigs according to
paired-end information and similarity among contigs, and selects the main

transcripts as unigenes.

2.4. Gene Annotation and Analysis

Functional annotations were performed by sequence comparison against public
databases, including the NCBI NR (http://www.ncbi.nlm.nih.gov/), Swiss-Prot
(http://www.expasy.ch/sprot/), COG (http://www.ncbi.nlm.nih.gov/cog/), and
KEGG databases (http://www.genome.jp/keg/) using BLAST software (£-value <
le™). The functional assignments were mapped to GO terms

(http://www.geneontology.org/), and classification was performed using WEGO

software (http://wego.genomics.org.cn/cgi-bin/wego/index.pl). The reads were

mapped to the assembled unigenes using Bowtie [17], and their expression levels
were estimated using the Expectation-Maximization (RSEM) software [18]. Gene
expression level was determined by calculating the reads per kilobase per million
(RPKM) for mapped reads [19].

2.5. Analysis of Differentially Expressed Genes

We detected the differentially expressed genes either using DESeq

(http://precedings.nature.com/documents/4282/version/2), when the samples fit

the replication required for an analysis, or by using EBSeq [20]. Benjamini-
Hochberg method [21], using the FDR, was applied to correct the P value of the
original hypothesis. Here, The false discovery rate (FDR) was set to a threshold
of <0.01 [22], and fold change was set to a threshold of 22 as the criterion [23].
The unweighted pair-group method with arithmetic mean (UPGMA) cluster
analysis was used to compare the relationship between differential unigene clus-

ters.

DOI: 10.4236/as.2019.1012112

1520 Agricultural Sciences


https://doi.org/10.4236/as.2019.1012112
http://www.ncbi.nlm.nih.gov/
http://www.expasy.ch/sprot/
http://www.ncbi.nlm.nih.gov/cog/
http://www.genome.jp/keg/
http://www.geneontology.org/
http://wego.genomics.org.cn/cgi-bin/wego/index.pl
http://precedings.nature.com/documents/4282/version/2

X. Cheng et al.

3. Results
3.1. De Novo Assembly of the Anther Transcriptome

After filtering out low-quality reads and vector sequences, we obtained 72.75 GB
of data with 13,981,216 - 16,999,694 paired-end reads from each sample. Of the
clean reads, more than 93% had Phred-scaled mapping scores equal to the cor-
responding error probability of 0.01 (Q20) (Table 2). These results showed that
the quality of these sequences was reliable. Trinity [16] was used to mix the sam-
ples and assemble a consolidated unigene library that included 12,083,102 con-
tigs, 280,777 transcripts, and 79,815 unigenes. The N50 length of transcripts was
1215 bp and the mean length of the unigenes was 1098 bp (Table 3). Bowtie
analysis [17] revealed that each read had a BLAST efficiency of >62.19%.

Table 2. Sequence quality report for 12 selected P. polyphylla samples.

Sample ID Read sum Base sum (G%C) ((I;i) ((20;);) Q(Z:gc(l;) %Z())
T1 16,999,694 3.43E+09 50.27 0.01 98.75 100 93.42
T10 14,332,384 2.89E+09 48.85 0.01 98.78 100 93.55
T11 14,820,910 2.99E+09 49.20 0.01 98.75 100 93.42
T2 16,265,835 3.29E+09 50.07 0.01 98.78 100 93.54
T3 15,645,762 3.16E+09 49.36 0.01 98.77 100 93.52
T4 15,701,026 3.17E+09 49.58 0.01 98.80 100 93.61
T5 16,011,697 3.23E+09 49.64 0.01 98.79 100 93.58
T6 15,683,182 3.17E+09 50.30 0.01 98.77 100 93.52
T7 15,203,793 3.07E+09 50.23 0.01 98.76 100 93.52
T8 15,400,569 3.11E+09 46.65 0.01 98.84 100 93.90
T9 14,542,923 2.94E+09 49.20 0.01 98.78 100 93.56

Table 3. Summary of the anther transcriptome of Paris polyphylla.

Length (bp) Total Number Percentage
300 - 300 0%
300 - 500 39,270 49.20%

500 - 1000 22,417 28.09%
1000 - 2000 12,433 15.58%
2000+ 5695 7.14%
Total number 79,815
Total length (bp) 64,710,737
N50 length (bp) 1098
Mean length (bp) 810.76
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3.2. Closure Is an Abnormal Process of the Dehiscent Anther

Dehisced anthers of P. polyphylia close every evening and reopen every morn-
ing; to study the mechanism of this closure phenomenon, the relevant samples
were classified as follows: before opening in the morning (sample T1), semi
opened (T2), opened (T3), closing initiation (T4), semi closed (T5), fully closed
(T6), and never opened samples (T7). Furthermore, the samples treated by wa-
tering included the following: opened before watering (T8), closed after watering
(T9), semi opened after watering (T10), and fully opened after watering (Table
1). To analyze the DEGs involved in the regulation of opening and closing of
anthers by external stimulus, the opened and closed samples due to night, the
T1, T2, and T3 samples, which represent opened samples; and the T4, T5, and
T6 samples (Table 1), which represent closed samples, were compared. The re-
sults showed that 1528 DEGs between closing and opening (log2FC > 1.5) oc-
curred, of which 1515 were up-regulated (mean RPKM value of 30.75) and iden-
tified as the night closing cluster. In comparison, up-regulated unigenes were
expressed at low levels or not at all during dehiscence (mean RPKM value of
1.3), suggesting that DEGs in charge of anther closing are primarily the result of
the up-regulation of these unigenes. (Figure 1(a)).

As the anthers of P. polyphylla can close when watering, a 10-minute watering
treatment was carried out. After watering, the anthers moved from a fully opened
stage to closed, and were divided into opening before watering (T8), water-closing
(T9, T10), and opening after watering (T11). There were DEGs between opening
before or after watering (T8 and T11) and closing after watering (T9, T10), then
a total of 1220 DEGs were obtained and named as water-closing; of them 901
unigenes were up-regulated and 319 unigenes were down-regulated (FDR < 0.01),
and most of the 901 unigenes (762, 84.4%) overlap with closing cluster owing to
night. The clusters of water-closing related unigenes and closing in evening con-

tain 762 of the same unigenes (Figure 1(b)).
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Figure 1. The differential expression unigenes between opening and closing. (a) Mean
RPKM value of differential expression unigenes indicate the expression level closer to ze-
ro during the opening, close to 35 at the beginning of closing (closing-initiation), but re-
tained the lower level when closing completely (full-closing); (b) The up-regulated un-
igenes in night-closing overlap with most of the DEGs occurring during watering-closing.
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Significantly enriched pathways (Fisher’s exact test, P < 0.05) revealed that
during the transition from the open to closed stages (including night closing and
watering-induced closing), the DEGs involved in the pathway were mostly
up-regulated. Conversely, during the transition from closed to open stage, the
genes involved in this pathway were mostly down-regulated. In addition, the
common pathway for night closing and watering-induced closing is consistently
involved in oxidative phosphorylation (energy generation) and ribosomes (pro-
tein translation), but the gene cluster for opening contained fewer unigenes in-
volved in energy pathways, meanwhile, those unigenes involved in energy me-
tabolism during opening were down-regulated (Table 4). These results suggest
that closing of dehisced anthers is an energy dissipation process that requires the
synthesis of related proteins. Conversely, the opening process does not require
such high levels of energy and protein synthesis. That is, the closing of dehiscent
anther is an abnormal stress response process and opening is a naturally restora-
tive process, therefore, we inferred that closure is a response to withstand ad-

verse stress.

3.3. Abnormal Closing of Anther by External Stimulus Induces
Epigenetic Silencing That Affects Seed Dormancy

In order to analyze the DEGs involved in the regulation of opening and closing
of anthers by external stimulus including night and watering, open samples T3
(opening in the morning), T8 (opening before watering) and T11 (opening after
watering), and closed samples T1 (closing before opening in the morning), T6
(closing in the evening), T7 (never opened sample), and T9 (closing after water-
ing) (Table 1), were compared. The clustering analyses based on the RPKM val-
ues showed that opening samples (T3, T8, T11) were prominently separated

from the closest cluster (samples T1, T9, T6, T7). Differential expression analysis

Table 4. Expression variation of unigenes involved in the KEGG pathways at each status.

differential KEGG pathway (p-value < 0.05) Semi closed Fully closed Opened . ftecr)I:jaIZfing . ftefizzfjring
Lysosome Up Up Down
Protein processing in endoplasmic reticulum Up Up
Oxidative phosphorylation Up Up Down Up
Proteasome Up
Ribosome Up Up Down Up
Phagosome Up Up Down
Drug metabolism-cytochrome P450 Up
Metabolism of xenobiotics by cytochrome P450 Up
Whnt signaling pathway Up
Diterpenoid biosynthesis Down
Sphingolipid metabolism Down
Note: Up, upregulated; Down, down regulated.
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showed the DEGs between the two clusters is reliable. A total of 9819 DEGs were
obtained from comparation of opened and closed anther samples; 4679 (47.7%)
unigenes were up-regulated and 5140 (52.3%) unigenes were down-regulated. In
total, 6231 (63.5%) unigenes were annotated to KEGG, Swiss-Prot, and NR da-
tabases; among them, 3770 (60.5%) unigenes were down-regulated with the
mean RPKM value of 7.7, and 2462 (25.1%) unigenes were up-regulated with the
mean RPKM value of 30.75.

Of the 6321 annotated DEGs, the unigenes involved in “response to external
stimuli” were prominent in all biological processes (Figure 2(a)). Further analy-
sis was carried out based on speculation that the external stimuli might transfer a
signal to the nucleus, and finally induce “DNA binding” or “chromatin binding”.
In total, 215 unigenes were annotated to chromatin binding, the “chromatin
binding” unigenes showed prominent in number (215 in 279, 77%). Further
analysis showed that among the 215 unigenes, 120 (56%) unigenes (Figure 2(b))
are involved in silencing by epigenetic modification, including histone acetyla-

tion, histone H3-K9 methylation, histone lysine methylation, DNA methylation,

Unigenes involved in epigenetic modification
DEGs of “ response to external stimuli” is prominent
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Figure 2. Functional annotation and classification of DEGs between opening samples (including biological repetition of T3, T8,
and T11) and closed samples (including biological repetition of T1, T6, T9, and T10), involving responses to night and watering,
the DEGs derived from duplicate values of comparation between three samples in “opening group” and each sample in “closed
group”. The results showed in (a) Function of “response to external stimuli” are prominent in the DEGs; (b) There were 215 un-
igenes annotated to “chromatin binding” function; (c) The 120 unigenes involved in “epigenetic modification” among the 215
unigenes with “chromatin binding” function, and (d) 50 epigenetic-involved unigenes showed seed dormancy or germination-
related function.
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chromatin silencing by small RNA, miRNA synthesis involved in gene silencing
by miRNA, RNA splicing, histone phosphorylation, histone H3-S10 phosphory-
lation, methylation-dependent chromatin silencing, posttranscriptional gene si-
lencing by RNA, covalent chromatin modification, ubiquitination, and post-
transcriptional gene silencing (Figure 2(c)). Interestingly, among the unigenes
involving epigenetics, 50 were annotated to seed dormancy- or germination-related
function simultaneously (Figure 2(d)). Moreover, 202 unigenes were located in
mitochondria; among them, nine unigenes were involved in seed dormancy,
germination, and development. These results showed that epigenetic modifica-
tion genes have important roles in impacting seed dormancy, germination and
development.

Furthermore, the results of KEGG pathways Enrichment analysis of DEGs
between opening vs. closing and between anthers vs. control (leaf, petal, calyx,
and stigma), showed the “plant hormone signal transduction” pathway is the
most significant in former, but not in latter (Figure 3), and the variation in the
expression of DEGs involved in the pathway analysis showed that the key genes,
such as GID1, are up-regulated in the signal transduction to germination while
closing, indicating down regulation of germination. Meanwhile, key genes, such
as PYR/PYL and PP2C, which were down-regulated, and SnRK2 which up-regu-
lated in the signal transduction were induced seed dormancy while closing
(Figure 4), indicating a closing impact to seed dormancy through the “plant

hormone signal transduction” pathway.

3.4. Verification of Anther Closure Involved DEGs Are Correlated
to Seed Germination

To verify whether frequent abnormal closing of anthers affects biological processes
that follow pollination and fertilization, such as seed dormancy and germina-
tion, the seed dormancy-related unigenes obtained from the mesodermal tran-
scriptome of P. polyphylla var. yunnanensis [11] were compared with unigenes
involved in anther closure (night closing and water-induced closing). The results
revealed the significantly DEGs owning to anther closing including in the all
type of seed dormancy-related unigenes found in embryo of seed, including
phytohormone related, seed maturation related, cell wall growth related, circa-
dian rhythms, flavonol biosynthesis related, cytochrome P450 and others. Among
them, at leat four genes differential expression in anther closing showed similar
expression pattern in embryo of seed (Table 5). interestingly, the four genes in-
cluding three phytohormone related genes and one circadian rhythm gene. The
three phytohormone related genes indicate similar expression pattern with
showed in “plant hormone signal transduction” (Figure 4), where gibberellins
up-regulated, abscisic acid down-regulated and brassinosteroid up-regulated, all
which impact on seed dormancy or germination.

Furthermore, as a contrast, genes involved in the regulatory network related
to the seed germination rate in Arabidopsis were used to retrieve in the “up-re-

gulated” DEGs between closing and opening, finally, the retrieved unigenes
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Figure 3. KEGG pathway enrichment scatter map between DEGs of opened samples vs. closed samples and anther samples vs.
control (leaf, petal, calyx, and stigma). The arrow pointed to icons lie in the upper right corner showed “plant hormone signal
transduction” pathway is the most significant one when closing anther compared with dehiscent anther; in contrast, the most sig-
nificant one was Oxidative phosphorylation when dehiscent anthers compared with other tissues such as leaf, petal, calyx, and
stigma. Note: The transverse axis is enrichment factor, which indicates the ratio of the DEGs to the proportion of the pathway
entry in all the commented genes to the pathway entry. The enrichment factor is larger, indicating that the enrichment degree of
the DEGs in the pathway is more obvious. The longitudinal axis is —logl0 (Q-value), in which Q-value is the p > value after mul-
tiple hypothesis test, so the larger the —logl0 (Q-value), the more significant the enrichment of DEGs in the pathway. So, the clos-
er the entry is to the upper right corner, the greater the reference value is.
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Table 5. The seed dormancy-related unigenes shows similar expression pattern in embryo of seed which compared with endos-
perm, and in closing anther.

Biological process Gene bank description (gene name) seed Night-closing water-closing

Phytohormone related Gibberellin 2-oxidase (GA20x) 32 1 (down*)
Abscisic stress ripening (ASR) 5 1 (down)
ABA INSENSITIVE 2 (ABI2); 20 (up) 2 (up) 1 (down)

Auxin-repressed protein (ARP) 8 (down) 2 (up)

SAUR family protein (SAUR); Auxin response factor (ARF); 18 6 (up)

u
Auxin influx carrier component(AUX) P
IAA hydrol IAAH); IAA t tein;
ydro ?se (‘ ‘) ype protein 13 (down) 2 (up)
Indole-3-acetic acid-amido synthetase (IAAS)
BRASSINOSTEROID INSENSITIVE 3 (down) 1 (down)
1-associated receptor kinase 1 precursor (BRRK)

Ethylene-responsive protein (ERP) 7 5 (down)

X Seed maturation related Late
Seed maturation related i R 14 2 (up)
embryogenesis abundant protein (LEA)

Dehydrin (Dhn) 13 3 (down)

Lipid transfer protein precursor (LTP) 6 2 (up) 2 (up)

Lipid binding protein (LBP) 5 3 (up) 2 (up)

Ripening regulated protein DDTFR19 (TPS) 10 1

Cell wall growth related Xyloglucan endotransglucosylase/hydrolase (XET) 19 1 (up) 3 (up)

Cell wall invertase (CIN) 4 21 (up) 5 (down)
Endo-beta mannanase (MAN) 5

Beta 1,3 glucanase 14 2 (up) 3 (up)

Pectin methylesterase (PME) 18 1 (up)

Expansins (EXP) 8 4 (up)
Polygalacturonase/inhibitor protein (PG/PGIP) 36 8 (down)

Sucrose synthase (SUS) 22 (up) 2 (up)

Cytochrome P450 Cytochrome P450 (CYP) 60 14 (up) 21 (up or down)
Others Cell elongation protein (CEP) 4 14 (up) 9 (down)
Vaculoar H+-translocating inoraganic pyrophosphatase (VPP) 10 2 (up)

Notes: The expression pattern of seed dormancy-related unigenes in embryo of seed which compared with endosperm was referred to the paper of embryo
transcriptome (Jianjun Qi, 2013); a means the number of unigenes; *up or down in the brackets mean the gene expression up-regulated or down-regulated.
The overstriking words means the gene show similar expression pattern in embryo and closing anther.

could form a complete network, which induce from closing to seed germination
(Figure 5). These network characterizing genes which might induce anther
closing, including cell wall modifying genes, aquaporins, ion channels, and
hormones. Cell wall structural proteins, including vegetative cell wall protein
gpl, glycine-rich cell wall structural protein, and wall-associated receptor kinase

5, were up-regulated in this gene cluster. The aquaporins including NIP1-1 and
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Figure 4. For the DEGs from opening to closing; the expression of genes involved in the “plant hormone signal transduction”
pathway showed down-regulation in the signal transduction to germination, and up-regulation in the signal transduction to seed
dormancy. However, for DEGs between anthers and control (leaf, petal, calyx, and stigma), the expression of genes involved in the
“plant hormone signal transduction” pathway showed uncertain changes in germination or seed dormancy. Note: Red box indi-
cates up-regulated genes; green box indicates down-regulated gene; blue box indicates simultaneous existence of up-regulated and
down-regulated genes.

TIP2-1, voltage-dependent anion-selective channels, and chloride intracellular
channel exc-4 were among the unigenes that were up-regulated during wa-
ter-closing. Hormone-related genes up-regulated during anther closure were
found to be related primarily to abscisic acid (ABA), jasmonic acid (JA), and
gibberellin (GA), with concomitant strong up-regulation of transmembrane
proteins, kinases, receptors, and molecules related to hormonal signal transduc-
tion. Indeed, these up-regulated genes are in regulatory pathways that can inhi-
bit seed germination and prolong seed dormancy. For example, inhibition of
germination via ABA and related signal transduction genes may involve strong
up-regulation of superoxide dismutase and reduction of reactive oxygen species
to inhibit germination. Up-regulation of cell wall-modifying enzymes and aqua-
porins can potentially inhibit seed germination. In addition, water-closing func-
tions via increased expression of gibberellin 3-oxidase (GA30X) and dihydrofla-

vonol-4-reductase (DFR) can inhibit germination; moreover, water deprivation
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Figure 5. The up-regulated unigenes involved in anther-closing forming a regulatory
network show impact from “light, temperature, and water” to seed germination and
dormancy.

can inhibit germination via aquaporins. Furthermore, these networks also com-
prised many chromatin remodeling proteins including histone-lysine N-methyl-
transferase (HLN), a small nuclear ribonucleoprotein (SNR), histone deacetylase
(HD), and others. It is verified that up-regulation of these genes, especially
chromatin remodeling genes, enable epigenetic modifications that can affect

cellular processes following anther germination.

4. Discussion

Transcriptome sequencing has been used in several plant species and is consi-
dered an effective method to identify novel genes [19]. In the present study, we
sequenced different anther stages of P. polyphylla using an Illumina paired-end
sequencing platform and obtained DEGs between closed and opened anthers.
After sequence annotation, we found that: 1) closure of dehiscent anthers is an
abnormal process in response to external factors, such as night (darkness or de-
creased temperature) and water uptake, 2) this process consumes a large amount
of energy, and 3) it is accompanied by abundant protein synthesis. Then closure
is an abnormal process of the dehiscent anther.

As the opposite direction of dehiscence, the closing anther of P. polyphylla
involves a high level of protein biosynthesis, including several types of cell wall-
modifying enzymes and structural proteins, whose expression are either up-re-
gulated or down-regulated. This indicates that the cellular mechanism of ab-

normal anther closure in P. polyphylla involves changes in the secondary wall.
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Meanwhile, the KEGG enrichment analysis revealed that the pathway “plant-
hormone signal transduction” is the most significant, and the DEGs of the path-
ways revealed that gibberellins, brassinosteroid were up-regulated, while abscisic
acid signal transduction was down-regulated. The cellular mechanism of anther
dehiscence mainly involves changes in the endothecium, membranous tissue,
and stomium that lead to thickening of the secondary inner wall of the anther
[24]. Another wall thickening occurs due to the dehydration of pollen grains and
stomium cells [25]. After the entry of K* into the pollen grain, the regulation of
osmotic potential induces turgidity and extrusion of anther stomium tissue,
thus, accelerating anther dehiscence [24] [26] [27]. In addition, plant hormones
including jasmonic acid (JA), ethylene, and other growth factors, are important
compounds that regulate anther dehiscence, and are important factors inducing
responses in anther tissue cells to water deprivation [28]. Then, anther closing
shows similar mechanism with dehiscence, in cell wall modification, hormones
and ion flux, but they are different in detail, especially in type of hormones and
ion flux. Indeed, gibberellins, brassinosteroid were up-regulated, while abscisic
acid was down-regulated as DEGs occur in closing anther.

All the changes when closing owing to cell wall modification and cell elonga-
tion hormones [29] might impact germination potential, ultimately improving
seed dormancy. But what change in anther which transfers to seeds is unclear.
The epigenetic-related changes results from the involvement of mitochondria-
related genes which exclude energy production, and all types of epigenetic si-
lencing including phosphorylation, methylation, acetylation, ubiquitination,
miRNA synthesis involved in gene silencing, and mRNA splicing, should look as
a hint to think over transferring of epigenetic marks. Importantly, some of these
epigenetic-related unigenes are involved in regulation of seed dormancy, germi-
nation, and development. In the reckoning model refer to Arabidopsis, an regu-
latory network could formatted change from external stimuli to anther closing,
and finally impact on seed dormancy, in which unigenes implicated in anther
closure of P. polyphylla similarly include chromatin remodeling proteins, such
as HLN, SNR, and HD. The HLN protein can form methylated histones, such as
H3K9me2, which serves as a marker of gene expression regulation; SNR me-
diates the splicing of pre-mRNA by binding to the loop I region of Ul-snRNA;
HD is responsible for the deacetylation of lysine residues in the N terminal of the
core histones (H2A, H2B, H3, and H4).

Further comparation analysis showed some known seed dormancy related
genes in anther cloure occur similar expression pattern in embryo of seed. Im-
portantly, these genes associate with regulation of three key hormone signal
transduction pathways to seed dormancy. However, many questions still remain
unclear, for example, if the epigenetic-related genes actually change the seed
dormancy related genes? How the seed dormancy related genes expression
changed in closing stage and finally keep the same expression pattern in seed?

How many genes expression change in closure finally transfer to seed?
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5. Conclusion

Seed embryo of Paris polyphylla will stop at the globular stage for about 120 days
after fertilization and seed germination requires 18 months for embryo devel-
opment and release from dormancy, this long period of dormancy become the
biggest obstacle for seedling. Although finer details of this mechanism for pro-
long dormancy should be elucidated by further studies, in the present study, the
information from transcriptome of anther closing indicate that abnormal closing
stimulated by night and water can lead to changes in a batch of epigenetic genes,
and the epigenetic modification become the utmost cause for impacting seed
germination, especially by change expression of seed dormancy related unigenes

in abnormal closure and keep the same expression pattern in seed embryo.
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