Plant Biotechnology Journal (2016) 14, pp. 1215–1224

doi: 10.1111/pbi.12487

Transcriptome-wide sequencing provides insights into
geocarpy in peanut (Arachis hypogaea L.)
Xiaoping Chen1†, Qingli Yang2,3†, Haifen Li1†, Heying Li4, Yanbin Hong1, Lijuan Pan2, Na Chen2, Fanghe Zhu1,
Xiaoyuan Chi2, Wei Zhu1, Mingna Chen2, Haiyan Liu1, Zhen Yang2, Erhua Zhang1, Tong Wang2, Ni Zhong1,
Mian Wang2, Hong Liu4, Shijie Wen1, Xingyu Li1, Guiyuan Zhou1, Shaoxiong Li1, Hong Wu4, Rajeev Varshney1,5,
Xuanqiang Liang1* and Shanlin Yu2*
1

Crops Research Institute, Guangdong Academy of Agricultural Sciences (GAAS), South China Peanut Sub-center of National Center of Oilseed Crops Improvement,

Guangdong Key Laboratory for Crops Genetic Improvement, Guangzhou, China
2

Shandong Peanut Research Institute, Shandong Academy of Agricultural Sciences, Qingdao, China

3

College of Food Science and Engineering of Qingdao Agricultural University, Qingdao, China

4

South China Agricultural University, Guangzhou, China

5

International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, India

Received 23 October 2014;
revised 14 August 2015;
accepted 7 September 2015.
*Correspondence (Tel +862087597315;
fax +862085514269;
email liang-804@163.com)
or (Tel +8653287626723;
fax +8653287626832;
email yshanlin1956@163.com)
†
These authors contributed equally to this
work.

Keywords: peanut (Archis hypogaea
L.), RNA-Seq, Geocarpy, fruit
development.

Summary
A characteristic feature of peanut is the subterranean fructification, geocarpy, in which the
gynophore (‘peg’), a specialized organ that transitions from upward growth habit to
downward outgrowth upon fertilization, drives the developing pod into the soil for subsequent
development underground. As a step towards understanding this phenomenon, we explore
the developmental dynamics of the peanut pod transcriptome at 11 successive stages. We
identified 110 217 transcripts across developmental stages and quantified their abundance
along a pod developmental gradient in pod wall. We found that the majority of transcripts
were differentially expressed along the developmental gradient as well as identified temporal
programs of gene expression, including hundreds of transcription factors. Thought to be an
adaptation to particularly harsh subterranean environments, both up- and down-regulated
gene sets in pod wall were enriched for response to a broad array of stimuli, like gravity, light
and subterranean environmental factors. We also identified hundreds of transcripts associated
with gravitropism and photomorphogenesis, which may be involved in the geocarpy.
Collectively, this study forms a transcriptional baseline for geocarpy in peanut as well as
provides a considerable body of evidence that transcriptional regulation in peanut aerial and
subterranean fruits is complex.

Introduction
Peanut or groundnut (Arachis hypogaea L.) is an important food
and cash crop for edible oil and protein production in tropical,
subtropical and warm regions of the world. Despite a member of
the Fabaceae family, its fruit is actually the subterranean pod.
Peanut shows a distinctive pattern of fruit development, ‘aerial
flower and subterranean fruit’ (Smith, 1950), quite different from
those of other legume species. Following fertilization, the
gynophore elongates to form a specialized geotropic organ
(peg) (Smith, 1950). The peg-harbouring embryo continues to
grow and pushes the developing pod into the soil for the
subsequent pod development underground. After penetration
into soil, pod formation and embryo differentiation occur, and a
seed is produced (Feng et al., 1995). The subterranean fructification is the most prominent characteristic of seed production in
peanut and thus has the biologically important value for studying
organogenesis and evolution. More importantly, the study of
peanut pod is of significance for understanding mechanisms
controlling plant reproductive development and crop improvement under dark conditions. Thought to be an adaptation to
particularly harsh environments, geocarpy is severely influenced
by subterranean environmental factors. Pod wall tissues in peanut
provide functions not only in serving to protect the seeds, but also

in delivering nutrients to seed as part of source–sink pathway, as
well as producing metabolized storage products, like other
legumes (Setia et al., 1987; Thorne, 1979; Wang and Grusak,
2005). Thus, a comprehensively transcriptomic foundation should
help in this effort.
Transcriptomics resources for peanut research have emerged
in the past decade. The peanut transcriptomes have been
surveyed by cDNA sequencing, such as expressed sequence tags
(EST) (Bi et al., 2010; Guo et al., 2008, 2009; Luo et al., 2005).
These EST sequencing efforts have allowed the identification of
functional genes resistant to abiotic and biotic stresses in peanut.
Microarrays have also been used to investigate the global
transcription profiles of different peanut varieties (Chen et al.,
2012) as well as expression patterns in a variety of peanut tissues
under various conditions (Guo et al., 2011; Li et al., 2013;
Payton et al., 2009; Wang et al., 2012). Using such approaches,
however, it is difficult to define the transcriptome at single-base
resolution. Recently, RNA sequencing (RNA-Seq) using nextgeneration sequencing (NGS) is becoming a revolutionary tool for
transcriptomics (Wang et al., 2009) and has been widely applied
in plant biology, both in model species such as Arabidopsis (Lister
et al., 2008) and in crop plants including rice (Lu et al., 2010)
and maize (Li et al., 2010), as well as recently in peanut (Chen
et al., 2013; Xia et al., 2013; Yin et al., 2013; Zhang et al.,
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2012). Transcriptomics has matured to the point where complex
gene regulatory networks comprising mRNA expression and
transcription factors aid in elucidating complex developmental
processes (Scanlon and Timmermans, 2013). Understanding the
global expression profiling of peanut pods and defining their
transcriptomes will provide crucial information for understanding
geocarpy in peanut.
Here, we yielded the first transcriptional map of the pod
developmental transcriptome at single-base resolution using
RNA-seq. We sequenced two stages of whole pods (aerial pod
and not swelling subterranean pod) and nine stages of isolated
pod walls representing 11 distinct stages of pod development
with the following objectives: (i) to catalogue gene expression
patterns during peanut pod development across the aerial and
underground developmental stages; (ii) to characterize the major
biological processes like gravitropism and subterranean fruit
development. Taken together, our data could serve as a valuable
resource for transcriptomics studies related to peanut pod for
developmental biologists, who are interested in studying fruit
development under dark conditions, as well as for the general
transcriptomics community.

Results and Discussions
Transcriptome sequencing of aerial pod and
subterranean pod wall
For a comprehensive understanding of subterranean fructification
in peanut, we selected two stages of whole pods (aerial pod, P0
and not swelling subterranean pod, P1) and nine stages of
isolated pod walls (P2SH-P10SH) (Table S1) for RNA-Seq analysis.
Using Illumina HiSeq2000 platform, between 38 and 72 million
101-nt reads were generated for each sample (Table S2 and S3).
The sequence data are deposited in NCBI Sequence Read Archive
(SRA, http://www.ncbi.nlm.nih.gov/sra) under the accession
number SRP033292. A reference transcriptome sequence was
assembled using a genome-guided strategy using Trinity (Grabherr et al., 2011). We aligned each individual library’s data
against the reference transcriptome sequence using Bowtie2
(Langmead et al., 2009). Tolerances were set to allow up to five
mismatches in each alignment, and reads that aligned to multiple
reference transcripts were ignored. By these criteria, 90.14%–
93.15% of paired-end reads (PEs) were uniquely mapped to the
reference transcriptome and 4.02%–5.83% of PEs was filtered as
reads with bad matches (Table S4 and Figure 1a). The remaining
reads (2.83%–4.03%) were defined as unmapped reads. The
mean number of mapped reads in different libraries ranged from
98 (P1) to 214 (P4SH) (Figure 1b).
We estimated the expression levels of transcripts using
fragments per kilobase of transcript per million mapped fragments (FPKM) (Trapnell et al., 2010). A gene was considered
expressed in a sample if the FPKM was greater than one, and the
lower value of the FPKM 95% confidence interval was greater
than zero (Hansey et al., 2012). By this criterion, we found that
110 217 transcripts were expressed in at least one of the 11
samples, ranging from 51 293 to 79 518 (Figure 1c) in individual
samples. The largest portion of transcripts showed medium
expression (2 ≤ FPKM < 10), followed by low expression
(FPKM < 2). The proportions of genes at three expression levels
were similar in all stages. The number of transcripts expressed in
single or multiple samples tended to shape a reverse parabolic
distribution with stage-specific and shared expressed transcripts
being the largest group (Figure 1d). Among the 11 stages, aerial

pod (P0) contained the smallest number of transcripts (271)
specifically detected in this stage, while 16 724 transcripts were
detected only in subterranean pod swelling stages (P2–P6). About
43 788 transcripts were shared in the four periods (Figure 1e).
Despite the similar number of expressed transcripts in each
sample, Pearson correlation coefficients indicated that underlying
expression dynamics were greatly diverse during pod development (Figure S1). We identified 109 063 transcripts that were
differentially expressed between samples pairwise (Figure S2 and
Table S5). Strikingly, up-regulated transcripts in aerial pod (P0)
accounted for only ~19% of differentially expressed (DE)
transcripts compared with those in subterranean samples. We
employed qRT-PCR to validate the expression levels based on
RNA-Seq. A high correlation between two approaches was
observed (Figure S3).

Identification of temporally up- and down-regulated
genes in pod wall throughout pod development
To characterize the temporal expression patterns of genes
expressed throughout pod development, we used StepMiner
(Sahoo et al., 2007) to identify four temporal expression patterns
including one-step-up (expression level transitions from low to
high in two consecutive developmental stages), one-step-down
(from high to low), two-step-up/down (transitions from low to
high and then back down in a series of developmental stages) and
two-step-down/up transitions (from high to low and then back
up) (Figure 2a). We identified 7,702 genes with one or two
transition points in expression during P0–P10 stages (Figure 2 and
Table S6). One-step patterns accounted for the majority of the
identified genes, including 39.3% of genes with the one-step-up
pattern and 32.2% of genes with the one-step-down pattern,
while 28.5% of identified genes showed two transition points
(two-step-up/down and two-step-down/up genes) (Table S6).
With genes exhibiting a one-step-down transition point, the
transition in expression level occurred mostly at P10SH stage in
which desiccation occurs.
According to material collection information, pod expansion
started at P2 stage and the pod size reached its maximum
(~16.5 mm) at P6 stage (Table S1). Pod enlargement occurred
during P2–P6 stages, suggesting that up-at-P2 genes, showing
lower expression at P0–P1 stages and higher expression during
P2SH-P6SH, may be associated with pod swelling. We further
classified these one-step and two-step genes based on phenotypic difference during pod swelling underground. For one-stepup genes, the major expression transition occurs at P2SH
(Figure 2), indicating a dramatic reprogramming of pod wall
transcriptome started from P2SH, consistent with phenotypic
differentiation that pod swelling starts at this time point. With
genes showing two-step-up-down transition point, transition
occurred more frequently during P2SH-P6SH. Approximately
49% (920/1879) of two-step-up-down genes may be involved
in the pod enlargement. To confidently identify a set of transcripts
accompanying with pod enlargement, we further filtered the 920
genes using a more stringent criteria, which required that all
genes showed lower expression at P0–P1, higher expression
consistently during P2SH to P6SH and then lower expression
during P7SH-P10SH. Accordingly, we obtained 43 transcripts that
sufficed the criteria (Table S7). This gene set contained a number
of known genes involved in cell wall expansion; for example,
endoglucanase can induce extension of cell walls and play roles in
the assembly of the cellulose–hemicellulose network in the
expanding cell wall (Klose et al., 2015; Nicol et al., 1998; Yuan
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Figure 1 Number of genes expressed in aerial peg and subterranean pod walls. (a) Overall mapping results of paired-end reads (PEs) for all libraries referring to
the reference transcriptome. (b) Distribution of the number of uniquely mapped paired-end reads (PEs) for each library. (c) Proportion of genes expressed
at different levels (based on FPKM) during the 11 developmental stages. The bars indicate the number of transcripts expressed in each sample, and the
line indicates the cumulative number of expressed transcripts. (d) Number of specific and shared transcripts expressed in single sample (1), multiple samples
(2–10) or all samples (11) during pod development. (e) Venn diagram of the numbers of expressed transcripts in aerial pod (P0), whole pod not swelling
underground (P1) and pod walls during pod swelling underground (P2–P6) as well as pod walls during mature and desiccation stages (P7–P10).

et al., 2001), consistent with cross section of pod wall (Figure S4).
In addition, approximately 63% (27/43) of genes in this group are
unknown (uncharacterized genes or no homologs found in the

UniProt database), suggesting that pod enlargement underground is a complex biological process regulated by a series of
genes not yet identified in addition to previously described genes.
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Figure 2 Identification of temporal up- and down-regulated gene sets. (a) Identification of the one-step-up (K1), one-step-down (K2), two-step-up/
down (K3) and two-step-down/up (K4) transitions for all transcripts across pod development using StepMiner. The number of all transcripts (left) and
transcription factors (right) is indicated in parentheses for each cluster. The scale colour bar is shown on the bottom. (b) Number of transcripts in
one-step and two-step gene sets.

Biological processes enriched in temporally up- and
down-regulated gene sets of pod wall
The identified temporal up- and down-regulated gene sets are
likely associated with specific biological processes or pathways
involved in pod development. We used Cytoscape (Su et al.,
2014) with plugin BiNGO (Maere et al., 2005) to identify the
major biological processes that were significantly enriched (false
discovery rate < 0.01) in temporally up- and down-regulated
gene sets.
The one-step-up gene sets were shown to be enriched for
‘response to stimulus’, ‘developmental process’, ‘transport’ and
‘metabolic process’ (Figure S5). The response to stimulus category
included a broad range of stimuli like abiotic and biotic, external
and endogenous stimuli (Figure 3a), suggesting that subterranean developing pods suffered from various adverse environmental factors. Pod wall has evolved the capacity to adapt to
particularly harsh subterranean environments as a protective
organ. We found that functional overrepresentations included
‘response to abscisic acid stimulus’. Significant quantities of
abscisic acid were once found in legume pod walls as maturity
approached (Eeuwens and Schwabe, 1975). In addition to
response to endogenous stimulus, genes in peanut pod walls
were shown to be enriched for response to fungus, bacterium
and nematode which are soilborne major pathogens causing
damages to peanut (Holbrook et al., 2000; Singh et al., 1997;
Starr and Simpson, 2006). As expected, developmental process
was enriched in pod walls during pod development (Figure 3b). In
addition, transport was overrepresented in pod wall, consistent
with its function in not only serving to protect the seeds but also
delivering nutrients to the seed as part of the source–sink
pathway (Wang and Grusak, 2005).
The one-step-down genes were enriched for less diverse GO
categories in comparison with one-step-up genes. Key functional
overrepresentations included ‘response to stimulus’ and ‘metabolic process’ (Figure S6). Under the category of ‘response to
stimulus’, child categories showed dramatic difference between
the one-step-up and one-step-down gene sets, indicating that
the two gene sets may play different roles in response to various
stimuli (Figure 3c). The one-step-down genes were enriched for
‘response to auxin’ and ‘response to light stimulus’ as well as
‘response to gravity’ which are important to the peanut promi-

nent feature ‘aerial flower and subterranean fruit’. Although
‘developmental process’ category was also found to be enriched
in one-step-down genes, only few child categories were identified
to be enriched, indicating developmental processes of pod walls
underground were regulated mainly by up-regulated genes but
not down-regulated genes.
The two-step gene sets covered a narrow range of GO
categories with enrichment in comparison with one-step gene
sets (Figure S7 and S8). Two-step-up-down genes were enriched
for ‘cell wall organization or biogenesis’ and its child categories
like ‘plant-type-cell wall organization or biogenesis’ and ‘planttype cell wall loosening’ (Figure 3d), indicating that pod wall was
gradually swelling during P2-P6 stages and then ceased swelling
during P7-P10 stages.
Collectively, due to the geocarpy feature, the fructification of
peanut is affected not only by terrestrial environmental factors,
but also by subterranean environmental factors (Ono, 1979;
Varaprasad et al., 1999, 2000), resulting in that the four
temporal gene sets are enriched for ‘response to stimulus’,
indicating that peanut subterranean pod develops under various
endogenous and exogenous stimuli.

Identification of stage-specific gene sets across pod
development
To discover the gene expression programs that characterize pod
wall during pod development, mRNA-specific accumulation at
each stage was measured using a specificity index (s) (Yanai et al.,
2005) to the genes with FPKM ≥ 2 in at least one sample. Here, s
values, varying between 0 for completely housekeeping genes
and 1 for strictly one-stage-specific genes, shaped a parabolic
distribution with intermediate specificities (0.5 ≤ s ≤ 0.55) being
the largest group (Figure 4a). In this study, genes with s ≥ 0.9
were defined as being expressed in a stage-specific pattern. By
this criterion, 5474 stage-specific genes were identified (Figure 4
and Table S8). The number of identified stage-specific genes
showed dramatic difference among the 11 stages, ranging from a
low of 12 to a high of 2611 (Figure 4b), quite different from the
similarity of the overall mRNA profiles detected among the stages
(Figure 1c). The highest number of stage-specific genes was
identified in P4SH (2611 genes), followed by P10SH (1120 genes),
two times more than the numbers of those genes detected in
other stages. In terms of TFs, the highest number of stage-specific
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Figure 3 Enrichment analysis of gene ontology and functional annotation of one- and two-step gene sets. Overrepresented gene ontology
categories in one-step-up (a,b), one-step-down (c) and two-step-up-down (d) gene sets. The circles are shaded based on significance level (yellow,
false discovery rate < 0.01), and the radius of each circle denotes the number of genes in each category.

TFs was detected in P10SH (475), followed by P4SH (324). Pod
enlargement started at P2 stage, and then, pod size reached its
maximum (~16.5 mm) at P6 stage in which the seed size
remained ~ 2 mm (Table S1). The P4SH sample was collected
from pod walls at the middle time point of pod enlargement, at
which pod wall expanded rapidly relative to at other stages. Given

desiccation occurring at P10SH stage, large numbers of genes
and TFs were required to function in pod desiccation. Taken
together, the variable number and proportion of stage-specific
genes and TFs suggested the more complex gene expression
profiles in pod enlargement and desiccation, implying the
complexity of the peanut geocarpy.
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Figure 4 Stage-specific gene sets in aerial peg and subterranean pod wall across pod development. (a) Distribution of s values of expressed genes from all
samples. s values varied between 0 for completely housekeeping genes and 1 for strictly stage-specific genes. In this study, s values were divided into
twenty bins for histogram. (b) Numbers of TF and non-TF genes in each stage-specific gene set. (c) Heatmap of scaled FPKM values of the stage-specific
genes. Red, high expression; white, low expression.

Identification of gravitropism- and
photomorphogenesis-related genes during pod
development
The most salient feature of peanut fruit production is that the pod
does not swell until it penetrates into the soil. Penetrating into the
soil and then swelling of gynophore (‘peg’) tips are essential
processes described for peanut pod development, which is the
crucial determinant of peanut yield. In the previous study, we
elucidated why aerially developing pods could not swell normally
compared with those that penetrated into soil (Chen et al.,
2013). Here, we attempt to focus on the downward outgrowth
and pod formation in subterranean darkness.
We searched expressed transcripts in pod wall against the gene
set falling under the GO category ‘gravitropism’ (GO:0009630) or
experimentally identified in Arabidopsis using an E-value cut-off
of 1E-10, and identified 151 gravitropism-related genes expressed
during pod development. GO enrichment analysis showed that
these genes were enriched for ‘gravitropism’, ‘response to
gravity’, ‘positive gravitropism’ and ‘negative gravitropism’
(Figure 5a) with the GO category including experimentally
identified gravitropic genes, like Auxin influx carrier (AUX1),
Altered Response to Gravity (ARG1) and Gravitropism Defective 2
(GRV2/SGR8) genes, which have been well characterized to
function in gravitropism (Bennett et al., 1996; Sedbrook et al.,
1999; Silady et al., 2004). Further analysis identified 25 genes
likely to be gravitropic including 4 involved in gravity perception,
eight in signal transduction and 13 in organ response (Table S9)
based on previous functional studies (Bennett et al., 1996; Caspar
and Pickard, 1989; Friml et al., 2002; Harrison and Masson,
2008; Kato et al., 2002; Morita et al., 2006; Noh et al., 2003;
Sedbrook et al., 1999; Silady et al., 2004; Swarup et al., 2004;
Withers et al., 2013; Yano et al., 2003; Young et al., 2006). Of

them, 24 were identified in the peanut progenitor A genome
(Arachis duranensis). This suggests that bona fide gravitropic
genes not only were identified in the Arachis genome, but also
were truly expressed during pod development.
In general, fruit development is genetically controlled usually
under light conditions, while peanut fruit development occurs in
darkness (subterranean fructification) with peg elongation
responding conversely to light/dark conditions (Shlamovitz et al.,
1995; Smith, 1950). In this study, we identified 245 expressed
genes associated with photomorphogenesis using similarity
search against 274 photomorphogenesis-related genes previously
identified in Arabidopsis or falling under the GO category
‘photomorphogenesis’(GO:0009640). These genes were identified to be enriched for a broad array of GO categories associated
with photomorphogenesis (Figure 5a). We also found two genes
involved in skotomorphogenesis and six in de-etiolation. Expression of identified photomorphogenesis-related genes was
grouped around four patterns (Figure 5b). Majority of genes
were up-regulated in P2SH and P10SH, suggesting that these
genes may play roles in the regulation of peanut pod morphogenesis in subterranean darkness.

Conclusion
Collectively, through generating a highly resolved and extensive
transcriptome map of developing peanut pod, we have set up a
solid framework for a systemic approach to understand fruit
development underground. We have shown that the peanut
fruit, with its prominent characteristics of subterranean development, would provide great potential to elucidate this
distinctive fruit development – ‘aerial flower, subterranean
fruit’, as well as explore the fruit development under dark
conditions.
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Figure 5 Expressed genes related to gravitropism and photomorphogenesis. (a) GO enrichment analysis of identified genes. Bars with numbers showed
the number of genes involved in a particular GO category. Colours indicated P-value of enrichment analysis (yellow, P < 0.001; orange, P < 3E-93). (b)
Heatmap showing distinct expression profiles of identified genes related to gravitropism and photomorphogenesis.

Materials and Methods
Plant materials and RNA isolation
Plants of ‘Yueyou 7’, a widespread cultivar in the southern China,
were grown in fields in the summer (March–July, 2011) at the
experimental station of Guangdong Academy of Agricultural
Sciences. Aerial and subterranean pods were collected from
plants grown in the field. Selfed flowers were identified with
coloured plastic thread, and elongating aerial pegs were tied with
coloured tags on the eighth day after flowering (DAF). The
samples were from two stages of whole pods (aerial pod and
subterranean pod, not swelling) and nine stages of isolated pod
walls. The stages were mainly defined by pod diameter and seed
diameter with days after flowering as reference. The pod
diameter was determined at the base of the pod adjacent to
the gynophore, and the seed located at the base of the pod was
used to measure the diameter. The fruits were classified based on
size rather than time after flowering because it is more reproducible in various growing conditions. The detailed information
for sample collection was provided in Table S1. Total RNA was
extracted using the RNeasy Plant Mini Kit (Qiagen). The quality
and quantity of each RNA sample were assayed using NanoDrop
(Thermo Scientific) and the Agilent 2100 Bioanalyzer (Agilent).

Illumina sequencing and reference transcriptome
RNA sequencing was performed at MacroGen Inc. (www.macrogen.com) using Illumina HiSequation 2000 platform. Library
construction and sequencing followed the standard sequencing
protocols recommended by Illumina. DNA fragments in the size
for each library were listed in Table S2. We employed a combined

assembly strategy (Martin and Wang, 2011) to yield a peanut
reference transcriptome sequence. First, reads were aligned to
the peanut progenitor (Arachis duranensis) genome (unpublished
data) using TopHat (Trapnell et al., 2009) with default arguments. Second, aligned reads were assembled using Trinity with a
genome-guided strategy (–genome_guided_max_intron 10000 –
max_memory 64G –CPU 16). Third, de novo assembly was
performed on unaligned reads using Trinity (–max_memory 64G –
CPU 16 –bflyCPU 16). Fourth, both assemblies by Trinity were
used for a super assembly using TGICL (version 2.0; http://sourceforge.net/projects/tgicl). Finally, redundancy and isoforms were
removed using CD-HIT-EST (Li and Godzik, 2006) and the longest
transcripts were retained, generating a reference transcriptome
sequence.

RNA-seq data alignment and transcriptome profile
We used Bowtie 2 (Langmead and Salzberg, 2012) to map
paired-end reads (PEs) to the reference transcriptome, allowing at
most five mismatches. Reads with multiple matches are removed
from the primary search results. For each pair of forward and
reverse reads, we required that both ends should uniquely map to
the same transcript. After these filtering, we collected a set of
uniquely mapped pairs for the subsequent abundance estimation.
Using the uniquely mapped read pairs, we estimated the
expression levels of transcripts using Fragments Per Kilobase of
transcript per Million mapped fragments (FPKM) (Trapnell et al.,
2010) in a way similar to reads per kilobase of exons per million
mapped reads (RPKM) (Mortazavi et al., 2008). The upper and
lower boundary values of a FPKM 95% confidence interval were
calculated using the R stats package. A gene was defined as
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expressed in a given sample if its low confidence boundary value
was greater than zero. A gene was considered lowly expressed if
the FPKM value was ≤2, moderately expressed if the FPKM value
was >2 and ≤10, and highly expressed if the FPKM value was >10.

Identification of stage-specific gene sets
The genes specifically expressed at each stage were identified
using a single statistical analysis, s value, which was developed by
Yanai et al. (2005) for tissue specificity index:
si ¼

N
X

ð1  Rði;jÞ =Rði;maxÞ Þ=ðN  1Þ

i¼1

where N is the number of samples, R(i, j) is the expression value of
i gene in j sample, and R(i, max) is the maximal value of gene i in
all samples examined. The s values range from 0 to 1, and the
higher the s value of a gene for a stage, the more likely the genes
is specifically expressed at that stage.

Assessment of gene expression
In this study, we employed two programs for the identification of
DE transcripts. Transcripts that were defined as DE genes by both
programs were considered to be DE transcripts. First, DE
transcripts were calculated from different samples using an R
package (DEGseq) proposed by Wang et al. (2010). The DEGseq
analysis was performed on read counts of expressed genes as
defined above. For each gene, the P-value and Q-value were
calculated. The significant threshold to control the FDR at a given
value was computed. Then, we identified DE transcripts using the
GFOLD package (Feng et al., 2012). GFOLD assigned reliable
statistics for expression changes based on the posterior distribution of log fold change. We used an in-house Perl script to extract
DE transcripts from the output files generated by both programs.
DE transcripts that were detected by only one program were
ignored and not used for further analysis.

Functional annotation and analysis
Expressed genes were subjected to BLASTX analysis against the
following databases: (i) Uniprot Viridiplantae database for
deducing putative function; (ii) the Arabidopsis protein database
(TAIR10_pep_20101214_update ftp://ftp.arabidopsis.org) for GO
enrichment analysis. An E-value threshold of 1E-5 was used to
determine the significant hits. The putative functions of query
transcripts were defined by the first subject hits. An in-house Perl
script was used to perform gene ontology (GO) annotation based
on UniProtKB GOA file (ftp://ftp.ebi.ac.uk). Identification of
significantly enriched gene ontology (GO) categories (Pvalue ≤ 0.05) was performed using the Cytoscape (version 3.0)
with a plugin BiNGO (Maere et al., 2005; Su et al., 2014).

qRT-PCR analysis
To validate RNA-seq results, quantitative real-time RT-PCRT was
conducted as previously described (Chen et al., 2013). All assays
for a particular gene were performed in triplicate synchronously
under identical conditions. All qRT-PCR experiments were run in a
25-ll volume with the Roche LightCyler 480 system (Roche). The
actin gene was used as a reference. Relative quantification
analyses of all target genes were performed using the E
(Efficiency)-method from Roche Applied Science (Tellmann and
Geulen, 2006). The expression level of each target gene was
normalized to the level of the reference gene. The relative
expression values were then validated for the RNA-seq data.
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