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The transition from a quiescent dry seed to an actively growing photoautotrophic seedling is a complex and crucial trait for plant
propagation. This study provides a detailed description of global gene expression in seven successive developmental stages of
seedling establishment in Arabidopsis (Arabidopsis thaliana). Using the transcriptome signature from these developmental stages,
we obtained a coexpression gene network that highlights interactions between known regulators of the seed-to-seedling
transition and predicts the functions of uncharacterized genes in seedling establishment. The coexpressed gene data sets
together with the transcriptional module indicate biological functions related to seedling establishment. Characterization of
the homeodomain leucine zipper I transcription factor AtHB13, which is expressed during the seed-to-seedling transition,
demonstrated that this gene regulates some of the network nodes and affects late seedling establishment. Knockout mutants
for athb13 showed increased primary root length as compared with wild-type (Columbia-0) seedlings, suggesting that this
transcription factor is a negative regulator of early root growth, possibly repressing cell division and/or cell elongation or
the length of time that cells elongate. The signal transduction pathways present during the early phases of the seed-to-seedling
transition anticipate the control of important events for a vigorous seedling, such as root growth. This study demonstrates that a
gene coexpression network together with transcriptional modules can provide insights that are not derived from comparative
transcript profiling alone.

Plants undergo a number of developmental phase
transitions during their life cycle. These transitions are
controlled by distinct genetic circuits that integrate
endogenous and environmental cues (Rougvie, 2005;
Amasino, 2010; Huijser and Schmid, 2011). The correct
timing of events occurring in the postembryonic de-
velopmental phase transitions (i.e. germination, the
heterotrophic-to-autotrophic transition, juvenile vege-
tative to adult vegetative, and vegetative to reproduc-
tive) is critical for plant survival and reproduction.
The transition from seed to seedling is mediated by

germination, which is a complex process that starts
with imbibition and is completed with radicle emer-
gence. Seed germination is a crucial process in seedling
establishment, as it marks a functional point of no
return. Once germination has commenced, the con-
sumption of reserves accumulated during seed matu-
ration is necessary for energy production to ensure
heterotrophic growth (Fait et al., 2006; Carrera et al.,
2007; Bassel et al., 2008). This reserve mobilization
phase occurs prior to the greening of the cotyledons
and results in depletion of the storage reserves, mak-
ing the shift from heterotrophic to autotrophic metab-
olism necessary for successful seedling establishment
(Mansfield and Briarty, 1996; Allen et al., 2010). Despite
the profound impact of seedling performance on crop
establishment and yield, relatively little is known about
the molecular processes underlying the transition from
seed to seedling, or from heterotrophic to autotrophic
growth. This transition is decisive for plants to enter a
natural or agricultural ecosystem and is an important
basis for crop production.

Once germination has started, the mobilization of
stored reserves is essential to provide the growing
seedling with energy and building blocks before it
becomes (photo)autotrophic. The importance of en-
ergy metabolism to support germination and seedling
growth is evident from primary metabolite profiling
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of early germination (Fait et al., 2006) and from studies
that show inhibited seedling growth in mutants de-
fective in seed lipid mobilization (Fulda et al., 2004).
Moreover, evidence from gene expression profiling
studies in Arabidopsis (Arabidopsis thaliana) suggests
that the transcriptome required for seed germination
and seedling growth is already present in the mature
dry seed that has just completed development and
maturation (Cadman et al., 2006; Finch-Savage et al.,
2007).
Application of a-amanitin, an inhibitor of transcrip-

tion that targets RNA polymerase II, appears to allow
completion of the germination process until radicle
protrusion but inhibits subsequent seedling growth,
while inhibitors of translation prevent the progress
of germination from the start (Rajjou et al., 2004).
This suggests that transcriptional changes during the
germination process are required to accommodate
postgermination growth. Thus, it appears that in the
successive developmental stages between seed mat-
uration and seedling growth, the transcriptome is
one developmental step ahead of the proteome and
the physiology. This conclusion was corroborated
by the observation that light, perceived by phyto-
chrome B in the seed, generated a downstream trans-
developmental phase signal (mediated by theABSCISIC
ACID INSENSITIVE3 [ABI3] gene), which, apparently,
preconditions seedlings to their most likely environment
(Mazzella et al., 2005). Seedling emergence, therefore,
depends, at least partly, on inherent seed characteristics.
Although germination has been studied for many

years, a significant advancement of knowledge regard-
ing the complex germination process was not attained
until sequence information and omics technologies
became widely available. In Arabidopsis, a number of
studies utilizing sometimes high-resolution, tran-
scriptomic approaches to investigate the time course
of seed germination have made major contributions
(Holdsworth et al., 2008a, 2008b; Narsai et al., 2011;
Dekkers et al., 2013). However, there is a general lack
of similar studies following the completion of seed
germination (viz. the beginning of radicle protrusion
and subsequent seedling establishment). Similar studies
of the transcriptome during this phase of growth,
therefore, may provide not only a global view of gene
expression patterns, including biological function
enrichment, but also a predictive dimension once
coexpressed gene sets have been identified. For exam-
ple, a time-resolved transcriptional study of the time
course of seed development reported predictions of
gene regulatory networks, identifying regulators of

seed development (Belmonte et al., 2013). In this con-
text, seedling growth stages until the appearance of
the first root hairs, or beyond, have not been studied in
meaningful detail. This implies that potentially regu-
latory changes in the transcriptome have not yet been
associated with seedling establishment.

The main objective of this study was to identify reg-
ulatory factors to reveal signal transduction routes that
are involved in the seed-to-seedling transition. Studies
using large transcriptome data sets have demonstrated
the correlation of gene expression (Usadel et al., 2009;
Bassel et al., 2011; Dekkers et al., 2013; Verdier et al.,
2013). Coexpressed genes have a greater likelihood of
being involved in a common biological condition or
developmental process (Aoki et al., 2007; Usadel et al.,
2009; Bassel et al., 2011; Verdier et al., 2013). In addition,
transcriptional modules, such as those identified for
seed development (Belmonte et al., 2013), are likely to
identify regulatory circuits of a process by the associa-
tion of overrepresented DNA sequence motifs with
coexpressed transcription factors (TFs; Orlando et al.,
2009b). Here, we show that the assessment of global
transcript changes across developmental stages from
the mature dry seed to the seedling stage of fully
opened cotyledons provides a comprehensive view of
the biological processes involved in seedling develop-
ment and establishment. Analysis of these develop-
mental stages enabled us to identify informative gene
sets, such as stage peak transcripts and dominant ex-
pression patterns (DPs). This was achieved by a
comprehensive analysis of 21 transcriptomes of the
seed-to-seedling phase transition. Mutant analysis
revealed a regulatory profile controlling the seed-to-
seedling transition, which was functionally validated.
Also, several biological functions could be attributed
to seedling establishment, including photosynthesis
and root growth. The identification of these robust
expression patterns will provide an essential resource
to better understand the seed-to-seedling transition.

RESULTS

Transcriptomic Changes during the Seed-to-
Seedling Transition

The transcript abundance of Arabidopsis Columbia-0
(Col-0) of seven developmental stages during the seed-
to-seedling transition (Fig. 1) was analyzed using a high-
density Affymetrix array (Aragene.st1.1). This array
encompasses the complete Arabidopsis transcriptome.
Principal component analysis (PCA)was used to compare

Figure 1. Subdivision of the seed-to-seedling de-
velopmental stages:DS, dry seeds; 6H, 6-h imbibed;
TR, testa rupture; RP, radicle protrusion; RH, root
hair; GC, greening cotyledons; and OC, cotyledons
fully opened.
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the overall variation in gene expression levels among
the seven developmental stages, using the entire tran-
scriptome with three biological replicates for each de-
velopmental stage (Fig. 2). Each developmental stage
was clearly distinct from the other stages. The proxim-
ity of the replicates in the PCA plot highlights the ro-
bustness of the experimental setup and data-processing
steps and shows that this is a powerful data set inwhich
to study the seed-to-seedling transition.

Of the complete transcriptome, 19,130 (69%) tran-
scripts were differentially expressed in at least two
developmental stages during the seed-to-seedling
transition. Pearson correlation was applied to these
transcripts, and this indicated distinct temporal pro-
files (Supplemental Fig. S1; Supplemental Data Set S1).
When successive developmental stages were compared,
considerable changes could be observed. The greatest
change in the number of transcripts was observed in the
comparison between DS and 6H (over 7,000 genes up-
regulated and 4,000 genes down-regulated). Other sets
of transcripts showedmore moderate changes: from 6H
to TR (5,600 genes up and 4,768 genes down), TR to RP
(840 genes up and 1,107 genes down), RP to RH (1,596
genes up and 1,824 genes down), RH to GC (1,543 genes
up and 1,407 genes down), and GC to OC (2,515 genes
up and 3,272 genes down; Supplemental Fig. S2).
Highly expressed genes in DS were enriched for Gene
Ontology (GO) terms related to heat response and lipid
storage, whereas high expression at 6H was related to
nucleotide binding and structural constituent of ribo-
some, suggesting the activation of translational activity.
Gene sets of the other comparisons were associated
with such processes as cell cycle, protein synthesis, DNA

processing, and transcription (Supplemental Table S1).
For example, GO terms such as RNA processing and
nucleic acid binding were enriched for genes highly
expressed in the TR, RP, and RH stages, whereas
chloroplast envelope, endomembrane system, and ri-
bosome biogenesis were enriched for genes highly
expressed in GC and OC stages.

Transcriptomic Analysis Identifies Sets of
Developmentally Regulated Processes during the Seed-to-
Seedling Transition

The gene clusters suggested the temporal expression
of developmentally regulated transcripts. The results
show transcripts that specifically peaked at each devel-
opmental stage and 10 DPs across all seed-to-seedling
developmental stages.

Stage Peaking Gene Sets

The complexity of the data sets suggests a coordi-
nated shift in gene expression at the developmental
stages of the transition. Because of this complexity, we
identified genes that peaked (P , 0.01, Bonferroni ad-
justed) at a particular stage, derived from the subset of
19,130 transcripts. This analysis illustrates that the dif-
ferent sets of genes display peaks of expression at dif-
ferent developmental stages, which is suggestive of
their relevance for stage-specific developmental func-
tions (Supplemental Table S2). Interestingly, the clus-
ters of developmentally regulated transcripts grouped
into specific stages and formed a wave of transcript
abundance, moving from a quiescent dry seed to a
growing seedling (Fig. 3). These clustersmay thus govern
the progression of the genetic program toward seedling
establishment. Analysis of the peaking genes resulted in
6,384 transcripts that showed significant levels of differ-
ential expression with a single peak across the seed-to-
seedling development stages. Of 6,384 transcripts, 50%
showed amaximum transcript expression inDS and 24%
in 6H,whereas in TR, RP, andRH, less than 2%displayed
maximum expression (0.6% at TR, 0.3% at RP, and 0.5%
at RH). GC and OC displayed maximum expression of
around 22% and 2%, respectively (Fig. 3; Supplemental
Table S2). The number of peaking transcripts for each
developmental stage indicated that transcript abundance
can be grouped in three distinct clusters: (1) DS and 6H;
(2) TR, RP, and RH; and (3) GC and OC, implying two
major transitions. This complex pattern of gene activity
observed during the seed-to-seedling transition can help
to determine the fundamental molecular processes in-
volved in seedling establishment and, hence, to predict
seed and seedling quality bymonitoring gene expression
during seed germination and seedling establishment.

DPs

To determine how transcript abundance changes
during the seed-to-seedling transition, we also clustered

Figure 2. PCA plot of transcript abundance of the seven seed-to-seedling
developmental stages. PCA-derived score plots PC1 (61.2%) and PC2
(22.1%) are shown for themicroarray data representing all of the seed-to-
seedling developmental stages.
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transcripts from the subset of 19,130 transcripts into
10 DPs (Fig. 4; Supplemental Table S2) using the
Fuzzy K-Means clustering method (Orlando et al.,
2009b). Five of the coexpressed gene sets consisted of
transcripts with high expression at only one stage
(DP3, DP4, DP5, DP8, and DP9), whereas the other
five coexpressed gene sets were expressed across
several developmental stages. These expression pat-
terns suggest the occurrence of processes related
to specific stages of the seed-to-seedling transition.
Predictive functions of these processes were deter-
mined for each of the DPs by an analysis of enriched
GO terms (P , 0.0001) and metabolic processes (P ,
0.001; Fig. 5; Supplemental Table S2). For example, the
DP1 gene set was overrepresented for genes with GO
terms such as fatty acid activity, chlorophyll biosynthesis,
and photosynthesis (Fig. 5). Another gene set, DP7, was
significantly enriched for GO terms and metabolic
processes associated with photosynthesis and carbon
metabolism, including chloroplast and thylakoid
structure, photorespiration, Calvin cycle, and gluco-
neogenesis (Fig. 5; Supplemental Table S2). DP6 and
DP10 consisted of transcripts highly expressed in the

TR, RP, andRH stages. DP6 andDP10were significantly
enriched for DNA unwinding and ribosome-related
transcripts (Fig. 5). The DPs displayed a transient varia-
tion of transcript abundance across the seed-to-seedling
developmental stages, which suggests a complex net-
work of transcripts that control the major transitions in
seedling development.

In summary, the predicted pathways associated with
the peaking genes and DP data sets can be described by
GO terms and metabolic processes (Supplemental
Table S2). DS peak genes were significantly enriched
for GO terms known to be associated with events
that occur during seed development, maturation, and
abscission, including ubiquitin-protein ligase activity
and response to heat. 6H peak genes were overrepre-
sented for processes associated with high levels of
transcriptional activity, such as RNA binding and
nucleic acid binding. Gene sets of TR, RP, and RH
were not significantly enriched for GO terms and
metabolic processes, because only a few transcripts
peaked at these stages. GC-specific transcripts, how-
ever, were highly enriched for microtubule motor
activity genes (mitotic kinesins) that are associated

Figure 3. Overview of the expression pat-
terns of transcripts peaking at selected seed-
to-seedling transition stages. A, Differentially
expressed gene clustering based on the peak
of expression at the selected seed-to-seedling
stage. B, General tendency and average
abundance of transcripts at each stage. This
analysis shows the maximum expression of
transcripts at different stages, indicating the
stage-specific maximum activity of the tran-
sitionally regulated transcripts.
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with the cell cycle. Transcripts peaking at OC were
enriched for processes supporting tissue growth,
such as transport and lipid binding (Supplemental
Fig. S3). Moreover, DP gene sets associated with
transition regions (DP1, DP2, DP6, DP7, and DP10)
were significantly enriched for cell differentiation,
proliferation, and photosynthesis. DP2, DP6, and
DP10 probably undergo cell divisions with subse-
quent cellularization but no photosynthesis. Photo-
synthesis and chlorophyll binding, however, were
enriched in DP1 and DP7. Gene expression related to
photosynthesis might start already at the TR stage
(DP1) with a second wave of transcript abundance
starting at RP (DP7; Fig. 4).

A Coexpression Gene Regulatory Network of the Seed-to-
Seedling Transition

To identify regulatory processes that control
the seed-to-seedling transition, an unweighted gene
coexpression network analysis was carried out. The
Pearson correlation threshold was set at 0.98 according
to Freeman et al. (2007). This threshold was used to
determine connections between edges and nodes in the
network, resulting in a network consisting of 6,896
nodes with 99,762 edges. Network visualization was
carried out in Cytoscape using the organic layout (Fig.
6; Supplemental Data Set S2). Temporal expression
profiles corresponding to the different coexpression
gene sets were clearly separated. These distinct regions
are associated with the three main stages that dominate
the transition: DS, 6H, and OC. As we were interested
in the mechanisms that govern the transition from a
quiescent to a photoautotrophic state, we investigated
which DPs were most representative for this transition.
For this purpose, each DP identified previously was
mapped on the seed-to-seedling network (Fig. 7).

Regions of transcriptional interaction associated with
phase transitions were observed for the DP1, DP2, DP6,
DP7, and DP10 clusters. DP2 and DP10 showed gene
expression patterns increasing from DS to 6H, whereas
DP1 and DP6 showed an increase from 6H to TR (Fig.
4). This suggests that these four DPs are associated with
phase transitions in seed germination rather than early
seedling growth. Therefore, of these five DPs (DP1,
DP2, DP6, DP7, and DP10), DP7 is predicted to bridge
the gap between germination and the seedling stage
(Fig. 7). Therefore, DP7 is the most representative gene
set associated with the transition from germination
(6H) to early seedling establishment (OC). The DP7 set
is unique in that the transcript abundance increased
after RP and kept increasing to higher levels thereafter
(Fig. 4). The expression pattern of DP7 suggests that a
common set of transcripts is uniformly up-regulated
across the seedling developmental stages. It also may
indicate that a distinct regulatory process during RP
affects the abundance of over 1,600 transcripts that
subsequently control seedling establishment.

Predicted Regulatory Circuitry Controlling Transcripts
Expressed during the Transition from Germinated Seed to
Established Seedling

To define a gene regulatory network that might
control the transition from a quiescent to an autotrophic
photosynthesizing state, we inferred a predicted tran-
scriptional module that links TFs with their potential
coexpressed target transcripts, using ChipEnrich and
Cytoscape. Transcriptional modules of stage-specific
transcripts (DS and OC) link enriched ABRE, G-box,
ABFs, and AtHB5 DNA sequence motifs (homeodomain
leucine zipper I [HD-Zip I]) with known or predicted TFs
that are present in mature seeds and seedlings (Fig. 8;
Supplemental Table S3). The transcriptional module
for DS is enriched for G-box, ABRE, and ABF DNA

Figure 4. DPs of gene expression during the seed-to-seedling transition.
Ten DPs were found using Fuzzy K-Means clustering of the 50% most
variant transcripts from the data set of 19,130 transcripts that showed a
significant expression difference in at least one developmental stage.
Bar graphs represent averages of mRNA expression levels in each stage
(left to right, mature seeds to cotyledons fully opened).
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motifs, which are associated with bZIP TFs known to
function in seed maturation (Gutierrez et al., 2007). The
transcriptional module for OC showed enrichment for
the AtHB5 DNA motif known to be associated with
seedling development (Johannesson et al., 2003). Tran-
scriptionalmodules built from the other seed-to-seedling
transition gene setsmay give additional input to identify
potential regulatory circuits that govern phase transi-
tions within the network.
We also built transcriptional modules for each DP

(Supplemental Figs. S4 and S5). These showed an evi-
dent overlap in enriched DNAmotifs and TFs identified
in the stage-specific gene sets. This observation suggests

that seedling establishment processes are regulated in a
dynamic manner, as shown by the DPs. The transcrip-
tional module for the coexpressed gene sets identified as
being in the transitory region from germinated seed to
the photoautotrophic seedling (DP7) was predicted to be
enriched for the AtHB5 DNA motif associated with the
three homeodomain-Leu zipper TFs AtHB13, AtHB20,
and AtHB23. These TFs are members of subclass a
(AtHB3,AtHB13,AtHB20, andAtHB23) within the class I
homeodomain-Leu zipper TFs, with a putative role in
leaf development (Henriksson et al., 2005). However,
none of these have been related previously to a seedling-
related developmental phase transition.

Figure 5. Heat map showing the P value significance of GO enrichment terms for DPs (Supplemental Table S2). GO terms listed
are for biological process and/or cellular components thatwere overrepresented for eachDP gene set. P valueswere calculated by
their hypergeometric distribution.
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AtHB13 Regulates Primary Root Growth

To investigate whether AtHB TFs are present in the
transition region, we mapped these TFs on the seed-to-
seedling network (Fig. 9). AtHB13 and AtHB20 were in
the transition region, whereas AtHB23 was not. Since
the inference of coexpression networks and DPs rep-
resent two independent methods (see “Materials and

Methods”), this result is plausible. To generate a seed-
to-seedling coexpression network, a high cutoff for
Pearson correlation (0.98) was used, whereas for the
DPs, a lower cutoff was used (0.8). Therefore, we con-
clude that AtHB23 has a weaker interaction with tran-
scripts of the transition region of the seed-to-seedling
network than AtHB13 and AtHB20, which showed
strong interactions with many transcripts of this region
(Fig. 9). In our data set, 58 transcripts were found to be
coexpressed with AtHB13 and AtHB20. Within the
transition region, many key regulators of photosyn-
thesis and root development interact in the regulation
of seeding establishment. Seven genes characterized
previously with a role in photosynthesis and five
with a role in root development were identified from
this coexpression analysis (Fig. 9). Photosynthesis-
related genes included PHOTOSYSTEM I SUBUNIT F
(PSAF; At1g31330),GLYCERALDEHYDE-3-PHOSPHATE
DEHYDROGENASE B SUBUNIT (GAPB; At1g42970),
CHLOROPHYLL A-B BINDING FAMILY PROTEIN
(CP22; At1g44575), NDH-DEPENDENT CYCLIC
ELECTRON FLOW1 (NDF4; At3g16250), PLASTID
TRANSCRIPTIONALLY ACTIVE5 (PTAC5; At4g13670),
GLUTAMINE SYNTHETASE2 (GS2; At5g35630), and
PHOTOSYSTEM II OXYGEN-EVOLVING COMPLEX1
(PSBO1; At5g66570). Root-related genes were AUXIN
RESISTANT3 (IAA17; At1g04250),DUF538 (At1g09310),
WRKYDNA-BINDINGPROTEIN36 (WRKY36;At1g69810),
TONOPLAST INTRINSICPROTEIN1 (TIP1; At2g36830),
and MIZU-KUSSEI1 (MIZ1; At2g41660). We pheno-
typed transfer DNA (T-DNA) insertion mutants for
AtHB13 and AtHB20 (athb13-1, athb13-2, and athb20-1)
with no previously described function in the seed-to-
seedling phase transition. A major effect of both the
athb13-1 and athb13-2 knockouts was a significantly
increased primary root length relative to the wild
type (Fig. 9; Supplemental Fig. S5), whereas athb20-1 did
not show a similar root phenotype (Supplemental Fig.
S6). Complementation of the athb13-1 mutant restored
the wild-type phenotype. This shows that AtHB13

Figure 6. Unweighted gene coexpression network for the seed-to-
seedling transition. Circles (nodes) represent transcripts, and lines
(edges) represent significant transcriptional interactions between the
transcripts. Temporal analysis of network clusters was performed by
coloring each gene by its maximum expression across seed-to-seedling
transition developmental stages (peaking gene sets).

Figure 7. DPs mapped on the seed-to-
seedling network. Nodes (transcripts) are
colored in red according to the DP to
which they belong, showing expression
regions on the network for the different DPs
(Fig. 4).
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negatively regulates root growth during seedling es-
tablishment. AtHB20 also could be a good candidate
to interact with AtHB13 in the control of primary root
length, as expression of these genes is highly corre-
lated. Furthermore, the seed-to-seedling network
showed that AtHB20 is not correlated with so many
genes related to root development as AtHB13. This
could be a possible explanation for why the knock-
out of AtHB20 did not exhibit a phenotype. This ex-
ample demonstrates how a transcriptional module
together with a coexpression network can generate

insights that are not immediately apparent from sim-
ple transcript profile comparisons.

DISCUSSION

To reach an autotrophic state, the seed-to-seedling
transition is assumed to temporally and spatially em-
ploy various regulatory factors. These regulatory fac-
tors modulate the controlling genes and proteins,
which will eventually govern seedling establishment.

Figure 8. Transcriptional modules predicted to regulate the seed-to-seedling transition. DNA motifs (red rectangles) and GO
terms (orange octagons) that are significantly overrepresented (P , 0.001) within the peak transcript sets (circles) are shown
together with coexpressed TFs (light blue diamonds). Transcriptional modules were predicted for DS (A), 6H (B), andOC (C) peak
transcripts (Supplemental Table S2). P values were calculated by their hypergeometric distribution.
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A detailed transcriptome analysis with the inference
of coexpression networks and transcriptional mod-
ules of the seed-to-seedling transition resulted in the
identification of several coregulatingmodules of gene
expression, coinciding with specific developmental
stages. Expression profiles for each gene of single
stages of the transition matched with known ex-
pression profiles (Ding et al., 2006; Tepperman et al.,
2006; Hammani et al., 2011; Narsai et al., 2011; Feng
et al., 2014), validating the data set. Expression data
across the seven developmental stages displayed
high reproducibility. Each developmental stage was
clearly distinguishable in a PCA plot, which suggests
that changes in gene expression are already occurring
within 6 h of imbibition. The changes in the number of
transcripts, which were highly abundant during the

first 6 h of imbibition, demonstrate that transcripts
that had accumulated during seed maturation are
degraded and that the induction of translation-
associated transcripts, involved in germination, may
commence directly upon imbibition. This observation
confirms that of Dekkers et al. (2013), who showed
that the majority of seed maturation-repressed genes
are reactivated in the first phase of Arabidopsis seed
germination (dry to imbibed seed). Moreover, the
enriched GO terms for DS peak transcripts corrobo-
rate a previous study of gene coexpression networks
of seed maturation in Medicago truncatula (Verdier
et al., 2013), in which genes expressed during seed
maturation also were associated with GO terms such
as lipid binding and heat response. The overrepre-
sented GO terms for 6H peak genes are associated

Figure 9. Validation of the seed-to-seedling gene coexpression network showing the homeodomain-Leu zipperAtHB13 playing a
negative role in primary root elongation. A, Gene network interactions of AtHB13 and AtHB20 as derived from the seed-to-
seedling network. Green nodes represent genes known to be associated with photosynthesis, whereas yellow nodes represent
genes associated with root development. B, Transcriptional modules predicting regulators of the transition region (DP7) of the
seed-to-seedling transition. DNA motifs (red rectangle) and GO terms (orange octagons) that are significantly overrepresented
(P , 0.001) within the transition gene set (circle) are shown together with coexpressed TFs (light blue diamonds). The transition
region gene set possesses a transcriptional module, of which ATHB5 is known to be associated with seedling development. All
DPs with DNA motif, TF, and GO term enrichments are listed in Supplemental Table S2. C, Root growth phenotypes of the wild
type (Col-0), two AtHB13 knockout lines (athb13-1 and athb13-2), and two complemented lines (athb13-1 + 35S::AtHB13 lines
1 and 2). Roots were scanned at 15 d after transfer to Murashige and Skoog (MS) medium. D, Primary root length comparison at
15 d after transfer to MS medium. Error bars represent the SD of three independent biological replicates for each genotype.
Statistical analyses of the mean values were performed using R statistical language (R Development Core Team, 2011), and
asterisks denote significant differences with Student’s t test at P , 0.01.
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with RNA binding and nucleic acid binding, and these
are in agreement with a previous study ofmitochondrial
biogenesis during seed germination (Law et al., 2012).
That study showed that transcripts that increased in a-
bundance in early germinationwere overrepresented for
RNA processing and encode mitochondrial biogenesis
functions, which precede crucial bioenergetic and met-
abolic functions. This observation is in agreement with
our 6H peak gene results and postulates that an early
transcript expression (6H) may act as a signal to
prompt the expression of genes involved in various
metabolic functions required for germination and
seedling establishment. Clusters of TR, RP, and RH
showed only a few peaking genes and a minor change
in transcript expression. The GC peak gene set, how-
ever, is overrepresented for microtubule motor activ-
ity genes (mitotic kinesins), which are associated with
the cell cycle (Vanstraelen et al., 2006). Thus, this
cluster has genes playing roles in cellular organization
and dynamics, chromosome movement, and cytoki-
nesis (Vanstraelen et al., 2006), which prompts us to
conclude that, at the GC stage, high cell division ac-
tivity occurs. Genes peaking at OC are enriched for
processes supporting tissue growth, such as transport
and lipid binding. Taken together, overrepresentation
results for peak gene sets reflect two major transitions
in gene activity. These results, furthermore, imply that
a transcript preparation for germination and early
seedling development is initiated already at early im-
bibition (6H peak genes) and that an efficient seedling
establishment is ensured by additional distinct tran-
script expression of GC and OC peak genes.
Besides overrepresentation of GO terms for the peak

gene sets, changes in transcriptional modules (Belmonte
et al., 2013) of these gene sets link to TFs that control
functions of the regulatory networks. The transcrip-
tional module for transcripts that accumulated in DS
include DNAmotifs (G-box, ABRE, and ABFs) linking
to bZIP TFs such as ABI5. ABI5 is known to play a role
in maturing seeds (Finkelstein et al., 2005) and to be a
major regulator of late embryogenesis abundant pro-
teins (Nakashima et al., 2006). Additionally, ABI5 has
been shown to play an important role in the expression
of an abscisic acid (ABA)-responsive gene, RESPONSIVE
TO DESSICATION29B, which contains the ABRE motif
(Nakashima et al., 2006). Thus, the occurrence of DS
peak genes is in agreement with the known regulatory
network in maturing seeds. Transcripts of key regula-
tors of germination are associated with 6H peak genes
and are rapidly down-regulated during early seedling
establishment. The 6Hpeak gene data set is enriched for
the TELO box motif, which is associated with genes
involved in DNA replication (Wang et al., 2011),
whereas the transcriptional module of OC peak genes
is enriched for the AtHB5 DNA-binding site motif
known to be associated with the regulation of ABA re-
sponsiveness and seedling development (Johannesson
et al., 2003).
The transcriptional modules identify potential regu-

latory circuits that control processes associated with the

GO terms of seed-to-seedling phase transitions. The
transcriptional interactions in each of the stage peak
genes are distinct, with the DS peak genes, 6H peak
genes, andOC peak genes showing greater numbers of
highly expressed genes and a transcriptional coordi-
nation according to themodules. Interestingly, TR, RP,
and RH peak genes, with only a few highly expressed
transcripts, suggest that a common transcriptional
mechanism may be responsible for seedling estab-
lishment, which continues by the activation of addi-
tional transcriptional mechanisms (GC peak genes
and OC peak genes).

To better understand the seed-to-seedling phase
transition, we examined the distribution of these peak
genes over the seed-to-seedling coexpression network.
Coexpression analysis suggests that stage peak genes
capture transcriptional interactions associated with
developmental stages from dry seed to fully open cot-
yledons. The seed-to-seedling network shows three
regions of interaction (dry, germination, and seedling
states), with a transition region between the germina-
tion and seedling stages. It suggests that functional
differentiation within the transitional developmental
stages occurs mainly through two distinct processes,
namely the germination (6H peak genes) and seedling
establishment (OC peak genes) states.

Our analysis highlights this network as a powerful
tool with which to understand the regulation of the
transition from a quiescent dry state to a photoauto-
trophic one. Moreover, the DP analysis reduces the
complexity of coexpression data (Brady et al., 2007;
Orlando et al., 2009b) and helps in understanding how
transcript abundance changes over successive devel-
opmental stages (Brady et al., 2007; Belmonte et al.,
2013). For example, the DP1 gene set is overrepresented
for GO terms associated with chlorophyll biosynthesis
and photosynthesis. Chlorophyll biosynthesis is con-
trolled during the critical initial emergence of seedlings
from darkness into light (Huq et al., 2004; Moon et al.,
2008). Thus, the DP1 coexpression pattern may serve as
a blueprint for chlorophyll biosynthesis and photo-
synthesis during the seed-to-seedling transition. Two
other gene sets (DP6 and DP10) show clusters of tran-
scripts highly expressed in the TR, RP, and RH stages.
DP6 andDP10 are overrepresented forDNAunwinding,
ribosome, and mitochondrion. The expression of these
DPs points to a rapid reestablishment of various bio-
chemical activities to support seedling establishment.
The biogenesis of mitochondria is known to provide
energy for cellular processes, which is critical for seed
germination and seedling establishment (Law et al.,
2012; Jiang et al., 2013). Consistent with these obser-
vations, transcripts associated with mitochondrion
display high expression already after 6 h of imbibition
(related to DP10), which suggests that mitochondrial
biogenesis is required already at 6H to ensure success-
ful seedling establishment. The predicted regulatory
circuitry controlling transcripts expressed during the
seed-to-seedling transition appears to be essential for
successful early seedling establishment.
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The transition region between germination and the
seedling stage in the seed-to-seedling network is deter-
mined by essentially one DP, namely DP7. The three
TFs identified in DP7 are members of the HD-Zip gene
family,which are classified into four groups (Henriksson
et al., 2005). Of the three identified familymembers, only
two (AtHB13 and AtHB20) displayed strong interac-
tions within the seed-to-seedling network. These TFs are
paralogs and have similarities and differences in their
response. AtHB13 is involved in cold tolerance (Cabello
et al., 2012), whereas AtHB20 has been assigned roles in
ABA, salt, and cold responses (Henriksson et al., 2005) as
well as seed dormancy (Barrero et al., 2010).AtHB23 and
AtHB20 play roles in light signaling (Barrero et al., 2010;
Choi et al., 2014), but none of these have been related
previously to the seed-to-seedling phase transition.

These TFs represent high-confidence candidates of
previously described regulatory factors present in DP7
and probably have a role in coordinating gene partners
within this DP (Belmonte et al., 2013). The transcrip-
tional module for DP7, which shows a significant in-
crease from the last stage of germination (RP) to the
first stage of seedling establishment (RH) and keeps
increasing thereafter, suggests a regulatory process in-
volving over 1,600 transcripts. The coexpression regu-
latory circuit of AtHB13 suggests that this TF plays a
role in the regulation of transcripts related to photo-
synthesis and root growth. However, there is no evi-
dence for a connection among AtHB13, root growth,
and photosynthesis, but a correlation has been reported
between photosynthesis and AtHB2, another AtHB
family member (Carabelli et al., 1996; Hu et al., 2013),
and between root growth and AtHB8 (Baima et al.,
1995). In addition, AtHB13 has been described recently
to play a crucial role in Arabidopsis development
(Ribone et al., 2015). This TF appeared to be vital for
pollen germination, the mutant showed defected si-
liques, and it may also play a negative role in stem
elongation. Thus, this suggests that AtHB13 is part of
the same regulatory pathway leading to root growth
or photosynthesis for successful seedling establish-
ment. This is corroborated by the root phenotypes of
athb13-1 and athb13-2 (Fig. 9). To our knowledge, the
role of AtHB13 in the regulatory circuit for root de-
velopment is unknown. The increased root growth of
athb13-1 and athb13-2, as compared with Col-0, suggests
a negative feedback regulation in root development
regulation, as shown previously for AtHB8 in auxin
signaling (Baima et al., 2014) andAtHB13 in stem growth
(Ribone et al., 2015). Interestingly, the enhanced primary
root growth of the mutant represents postseedling
establishment growth, whereas the transition studied
here largely represents cell expansion-driven processes.
This confirmsprevious conclusions that the transcriptome
may be expressed ahead of the prevailing developmental
stage, in preparation for what follows (Cadman et al.,
2006; Finch-Savage et al., 2007). The repressing activity
in root development by AtHB13 may indicate the
antagonistic activities of modulating signals toward
the completion of seedling establishment.

CONCLUSION

Our seed-to-seedling gene expression network de-
scribes global transcriptional interactions for two dis-
tinctive developmental states, namely germination and
seedling development. Evidently, the seed-to-seedling
transition is related to the agronomic trait of seedling
establishment and vigor, and understanding the asso-
ciated transcriptional regulatory network will facilitate
studies to ultimately enhance seedling establishment in
agriculture. The seed-to-seedling gene expression net-
work provides a template to postulate new hypotheses
about transcriptional regulators and their interactions.
Many previously described TFs interact in the regula-
tion of the seed-to-seedling transition. How seedling
establishment may be improved by this transition de-
pends on the interaction activity of factors promoting
signaling across the germination and seedling stages. Our
data here suggest that previously unknown regulators
identified in the transition region act through known
regulatory components to promote information control-
ling development later in seedlings. Therefore, further
investigation of coexpressed genes in the transition region
might lead to an answer for the connection between
coexpressed genes and seedling establishment.

MATERIALS AND METHODS

Plant Material Collection

Seeds of Arabidopsis (Arabidopsis thaliana accession Col-0 [N60000]) were
cold stratified at 4°C in the dark for 72 h in petri dishes using two layers
of moistened blue filter paper (Anchor Paper) to break residual dormancy.
Germination tests were performed in a growth chamber at 22°C under constant
white light. To elucidate the changes in the transcriptome related to the tran-
sition from a seed to a photoautotrophic seedling, seven developmental stages
were identified: DS, 6H, TR, RP, RH, GC, and OC (Fig. 1).

RNA Extraction

Total RNA was extracted using the hot borate method according to Wan
and Wilkins (1994) with some modifications as described previously (Maia
et al., 2011). RNA quality and concentration were measured by agarose gel
electrophoresis (0.1 g mL21) and NanoDrop.

Microarray Hybridization

Quality control, RNA labeling, hybridization, and data extraction were
performed at ServiceXS. Labeled single-stranded complementary DNA was
synthesized using the Affymetrix NuGEN Ovation PicoSL WTA Version 2 Kit
and BiotinModule using 50 ng of total RNAas template. The fragmented single-
stranded complementary DNAwas utilized for hybridization on an Affymetrix
ARAGene 1.FIRST array plate. The Affymetrix HWS Kit was used for the
hybridization, washing, and staining of the plate. Scanning of the array plates
was performed using the Affymetrix GeneTitan scanner. All procedures were
performed according to the instructions of themanufacturers (nugen.com and
affymetrix.com). The resulting data were analyzed using the R statistical
programming environment and the Bioconductor packages (Gentleman et al.,
2004). The data were normalized using the RMA algorithm (Irizarry et al.,
2003) with the TAIRG v17 cdf file (http://brainarray.mbni.med.umich.edu).
Expression data are hosted in the National Center for Biotechnology Infor-
mation Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?token=onyxsyycjtaxxux&acc=GSE65394). Validation of the
seed-to-seedling transcriptome data set was performed by comparison with
previously published expression patterns of genes known to be differen-
tially expressed across seed-to-seedling developmental stages (Supplemental
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Table S1; Ding et al., 2006; Tepperman et al., 2006; Hammani et al., 2011;
Narsai et al., 2011; Feng et al., 2014).

Identification of Coexpression Gene Sets and
Transcriptional Modules

Stage-Specific Gene Sets

For the selection of differentially expressed transcripts specific for a given
developmental stage, a two-step approach was used. First, Bayesian estimation
of temporal regulation (P, 0.001) was used to identify differentially expressed
transcripts in at least two different developmental stages (Aryee et al., 2009).
At the next step, differentially expressed transcripts were further filtered
to determine whether they were specific for a particular stage. The Limma
package (Gentleman et al., 2005) was used to check whether the average ex-
pression values in a specific stage were significantly (P , 0.01) larger than the
expression at other stages. The extracted data sets were hierarchically clustered
and visualized in GeneMaths XT.

DP and Transcriptional Module Prediction

DPs were identified as described previously by Orlando et al. (2009b). DPs
were identified for the 50% most variant transcripts, corresponding to 9,565
mRNAs. The R function FANNY (http://cran.r-project.org/web/packages/
cluster/cluster.pdf) with a minimum Pearson correlation of 0.85 was used to
evaluate the number of clusters (K) choices from one to 50 with a cutoff for
cluster membership of 0.4. The K choice that yielded the greatest number of
transcriptional modules was 10. These transcriptional modules were used in the
ChipEnrich software package developed by Brady et al. (2007) andmodified by
Belmonte et al. (2013). ChipEnrich determines the significance of GO terms,
metabolic processes, DNAmotifs, and TFs using P values calculated from their
hypergeometric distribution (Gadbury et al., 2009; Belmonte et al., 2013). For
the hypergeometric distribution lists of GO terms, metabolic processes, DNA
motifs, and TFs were used based on the Arabidopsis Gene Regulatory Informa-
tion Server (http://arabidopsis.med.ohio-state.edu/AtTFDB/). An optimized
ChipEnrich by Belmonte et al. (2013) was used to identify significantly enriched
DNAmotifs, associated TFs, andGO terms. Tables generated byChipEnrichwere
imported into Cytoscape (version 2.8.2), and the transcriptionalmodule networks
were visualized using the yFiles organic layout.

Seed Germination, Seedling Establishment, and Root
Growth Phenotype

AtHB20 mutant lines (athb20-1) were obtained from Barrero et al. (2010).
Mutant plants from genotypes athb13-1, athb13-2, and athb13-1 + 35S::AtHB13
(lines 1 and 2) were described previously (Cabello et al., 2012; Ribone et al.,
2015). Seeds of these mutants were sown on 5- 3 5-cm Rockwool blocks in a
climate cell (20°C day and 18°C night) with a photoperiod of 16 h of light and 8 h
of dark. Each Rockwool block was watered with Hyponex solution (1 g L21).
Seeds were harvested in four replicates of at least three plants. In order to
measure root growth, seeds were sterilized with commercial bleach (20%, v/v)
and placed on solid medium containing 0.53 MS medium (Murashige and
Skoog, 1962) without Suc. Thereafter, seeds were stratified for 72 h at 4°C to
remove residual dormancy and transferred to a germination cabinet at 22°C
with constant white light. Twenty-seven seeds were selected at the RP stage for
Col-0 and for each of the mutants (athb13-1, athb13-2, athb13-1 + 35S::AtHB13
[lines 1 and 2], and athb20-1). These seeds were placed on new plates with
0.53 solid MS mediumwithout Suc. Plates were placed vertically in a climate
cell in the same conditions as described above. Root growth was scored
15 d later for each plant. Plates were scanned using an Epson document
scanner, and root lengths were determined by SmartRoot 4.1 using ImageJ
software.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Hierarchical clustering analysis of differentially
expressed Arabidopsis seed-to-seedling transition transcripts.

Supplemental Figure S2. Overview of changes in transcript levels across
seed-to-seedling developmental stages.

Supplemental Figure S3. Heat map showing the P value significance of
GO enrichment terms for peak–transcript sets

Supplemental Figure S4. Transcriptional modules predicting regulation of
the seed-to-seedling transition.

Supplemental Figure S5. Illustrative plates of wild type (Col-0), two
AtHB13 mutant lines (athb13-1 and athb13-2) and two complemented
lines (athb13-1+AtHB13 lines 1 and 2).

Supplemental Figure S6. An independent experiment of root growth
phenotype of mutant lines (athb13-1 and athb20-1) and wild type (Col-0).

Supplemental Table S1. Validation of the seed-to-seedling transcriptome
data set.

Supplemental Table S2. Transcript comparisons between previous and
next stages, and their enriched GO terms, DNA motifs, and metabolic
pathways.

Supplemental Table S3. Peak-transcripts and dominant pattern sets.

Supplemental Data Set S1. Abundance of all transcripts in the seed-to-
seedling transition.

Supplemental Data Set S2. The seed-to-seedling network Cytoscape file.
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