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Abstract
Somatic embryogenesis is one of the best examples of the remarkable developmental
plasticity of plants, in which committed somatic cells can dedifferentiate and acquire the
ability to form an embryo and regenerate an entire plant. In Arabidopsis thaliana, the
shoot apices of young seedlings have been reported as an alternative tissue source for
somatic embryos (SEs) besides the widely studied zygotic embryos taken from siliques.
Although SE induction from shoots demonstrates the plasticity of plants more clearly
than the embryo-to-embryo induction system, the underlying developmental and
molecular mechanisms involved are unknown. Here we characterized SE formation
from shoot apex explants by establishing a system for time-lapse observation of
explants during SE induction. We also established a method to distinguish SE-forming
and non-SE-forming explants prior to anatomical SE formation, enabling us to identify
distinct transcriptome profiles of these two explants at SE initiation. We show that
embryonic fate commitment takes place at day 3 of SE induction and the SE arises
directly, not through callus formation, from the base of leaf primordia just beside the
shoot apical meristem (SAM), where auxin accumulates and shoot-root polarity is
formed. The expression domain of a couple of key developmental genes for the SAM
transiently expands at this stage. Our data demonstrate that SE-forming and
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non-SE-forming explants share mostly the same transcripts except for a limited number
of embryonic genes and root genes that might trigger the SE-initiation program. Thus,
SE-forming explants possess a mixed identity (SAM, root and embryo) at the time of
SE specification.

Keywords:
somatic embryogenesis, Arabidopsis thaliana, stress treatment, shoot apical meristem,
leaf primordia, fate conversion

1. Introduction
It is well known that plant cells are more plastic than animal cells, but the mechanisms
that explain why plants have such remarkable developmental plasticity are not clear.
Somatic embryogenesis is one of the best examples of the high plasticity of plants.
During this process, committed somatic cells can dedifferentiate and acquire the ability
to form an embryo; that is, to regenerate an entire plant (Mordhorst et al., 1997). Since
the formation of somatic embryo (SEs) was observed from colonies of single-cell origin,
SE formation has been taken as evidence of the totipotency of plant cells (Steward et al.,
1964; Steward et al., 1958). Although SEs were shown to share common morphological

3

and physiological features with zygotic embryos during their development (Dodeman et
al., 1997; Zimmerman, 1993), it is not known how somatic cells acquire the competency
to form SEs and how the competent cells decide when to initiate the SE-formation
program. In recent decades, several transcription factors such as WUSCHEL (WUS),
LEAFY COTYLEDON 1 and 2 (LEC1 and LEC2), BABY BOOM (BBM),
AGAMOUS-LIKE 15 (AGL15), and PLETHORA5 (PLT5) have been shown to enhance
SE formation when overexpressed (Boutilier et al., 2002; Harding et al., 2003; Lotan et
al., 1998; Stone et al., 2001; Tsuwamoto et al., 2010; Zuo et al., 2002). Some epigenetic
regulators, such as Polycomb Repressive Complex 2 (PRC2) and histone deacetylases
(HDAs) have been also implicated in SE formation (Makarevich et al., 2006; Mozgova
et al., 2017; Tanaka et al., 2008). However, the entire molecular framework of SE
initiation is still far from understood.
The feasibility of somatic embryogenesis differs widely depending on the type
of tissue and species. In carrot, a model plant for SE induction, SE formation has been
observed in various types of tissues, such as stems, leaves, and shoot apices (Kamada et
al., 1989; Nishiwaki et al., 2000). In Arabidopsis thaliana, however, only a limited
number of tissues have been shown to form SEs, despite its huge advantages as a model
system in which the molecular mechanisms of formation and maintenance of different
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meristems and embryogenesis have been extensively studied, and large amounts of
genetic tools and genome information are available. The most commonly used tissue
source for inducing SEs in A. thaliana is zygotic embryos taken from siliques, which
can be directly or indirectly (through embryogenic callus) induced to form SE (Gaj,
2001; Ikeda-Iwai et al., 2002; Sangwan et al., 1992; Su et al., 2009; Wu et al., 1992).
Several studies have described the expression patterns of marker genes and
transcriptome changes in embryo-derived SE induction systems (Gliwicka et al., 2013;
Kurczynska et al., 2007; Su et al., 2015; Su et al., 2009; Wickramasuriya and Dunwell,
2015). Other types of tissues reported to form SEs in A. thaliana are leaf cell suspension
cultures (Luo and Koop, 1997; Oneill and Mathias, 1993) and shoot apex and floral bud
explants (Ikeda-Iwai et al., 2003). However, the former does not complete SE formation,
ceasing development at the early globular stage (Luo and Koop, 1997). In the latter
tissues, SEs can be successfully induced and grown into young plantlets, although the
SE-formation rate is not high (Ikeda-Iwai et al., 2003). In this system, SEs and callus
tissue are induced in the explants by application of osmotic stress and subsequent
culture on media containing the auxin analog 2,4-dichlorophenoxyacetate (2,4-D).
When SEs are formed from shoot apices, the cells dynamically change their fate from
shoot to embryo, which demonstrates the plasticity of plants more clearly than the SE
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induction from zygotic embryos described above. However, it remains completely
unknown which cells of the shoot apex give rise to an embryo and how the morphology
and gene expression of those cells change during SE induction.
Here we characterize SE formation from shoot apices by establishing
experimental systems for time-lapse observation of explants and selection of
SE-forming explants at the early stage of SE induction. Through the observation of
several fluorescent markers, including hormone-response genes, apical meristem genes,
and embryo-related genes, we show that SEs arise from the base of the leaf primordium
(LP) beside the shoot apical meristem (SAM), where auxin accumulation, the formation
of shoot-root polarity and transient expansion of SAM gene expression are observed at
the same time. These events take place prior to callus formation, suggesting that LP
cells directly convert their fate and initiate SEs without going through callus formation,
while the cells surrounding the SE form callus in parallel. By transcriptome profiling of
SE-forming and non-SE-forming explants (sorted by the expression pattern of an
embryonic reporter at the initial stage of SE induction), we show that SE-forming
explants possess a mixed identity (SAM, root and embryo) at the time of SE
specification. Only a limited number of embryonic genes and root genes are enriched in
SE-forming explants compared with non-SE-forming explants, suggesting that the
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difference between these two explants is very subtle, but may determine the
SE-formation fate.

2. Materials and Methods
2.1. Plant Materials
The

reporter

lines

pPIN1::PIN1-GFP

(Grieneisen

et

al.,

2007),

pDR5rev::3XVENUS-N7/pPIN1::PIN1-GFP (Kareem et al., 2015), pDRN::erGFP
(Cole et al., 2009), and pLEC1::LEC1-GFP (Li et al., 2014) of A. thaliana have been
described before. The generation of the pCLV3::dsRed-N7 (Prunet et al., 2017),
pTCSn::tdTomato-N7, pWOX2::NLS-YFPx3 and pWUS::dsRed-N7/pWOX5::GFPer
reporters is described below. The pWOX5::GFPer plants were in the Wassilewskija
(Ws) background and the rest were in the Col-0 background. Seeds were
surface-sterilized, kept in a cold chamber (4°C) for 1–2 nights, and plated on MGRL
medium (Fujiwara et al., 1992). Plants were grown under a long-day (16 h light/8 h
darkness) photoperiod.
2.2. Generation of reporter lines
The line pCLV3::dsRed-N7 was kindly provided by Prof. E. M. Meyerowitz. The
pCLV3::dsRed-N7 reporter constructed as follows. The CLV3 promoter was PCR
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amplified from Col-0 genomic DNA staring 3.9 kb upstream of the initiating ATG for
the CLV3 cDNA. The endogenous CLV3 3’UTR regulatory region was PCR amplified
from Col-0 genomic DNA containing 1.3 kb of DNA sequence starting at the stop codon
for the CLV3 cDNA. These fragments where subcloned into pBJ36 vector sequentially
and a gateway conversion cassette was inserted between the CLV3 promoter and 3’UTR.
This cassette was then subcloned into the pMOA33 vector (Kanamycin resistance in
plants) (Barrell and Conner, 2006). A version of dsRed containing the nuclear
localization sequence N7 (Cutler et al., 2000) (dsRed-N7) was then recombined into this
destination vector using LR clonase II (Invitrogen).
The synthetic cytokinin pTCSn::tdTomato-N7 constructed was subcloned from
the plasmid described in Zurcher et al. 2013 (Zurcher et al., 2013). The synthetic
promoter containing the 35S promoter was subcloned into the pBJ36 plasmid and a
gateway conversion cassette was inserted between the TCSn synthetic promoter and an
OCS terminator. This cassette was then subcloned into pMOA34 (Hygromycin
resistance in plants). To generate the pTCSn::tdTomato-N7 a version of the tdTomato
containing the nuclear localization signal N7 was recombined into the pTCSn
destination vector using LR clonase II (Invitrogen).
The line pWOX2::NLS-YFPx3 was kindly provided by Drs. T. Laux and M.
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Ueda. The pWOX2::NLS-YFPx3 construct was generated by modifying the
pWOX2::DsRed2 construct reported in (Ueda et al., 2011). Briefly, the NLS-YFPx3
sequence was inserted between the WOX2 genomic fragments of the upstream region
(6959 bp upstream of the ATG start codon and 440 bp of the entire first intron) and the
downstream region (1668 bp downstream of the stop codon), and the resulting sequence
was cloned into a binary vector, pBarMAP (Ueda et al., 2011). Wild-type (Col-0) plants
were transformed and transgenic plants were selected for Basta resistance.
The line pWUS::dsRed-N7 was generated by agrobacterium-mediated
transformation

of

wild-type

pWUS::dsRed-N7/PZP222

Columbia

plasmid

(Col-0)

(Gordon

plants
et

using
al.,

the
2007).

pWUS::dsRed-N7/pWOX5::GFPer was generated by crossing pWUS::dsRed-N7
(described above) and pWOX5::GFPer (Blilou et al., 2005) plants.
2.3. Induction of somatic embryos

Induction of SE was carried out following Ikeda-Iwai et al. (Ikeda-Iwai et al., 2003)
with some modifications. Shoot apex explants (about 1 mm in length) were excised
from seedlings at 4 days after sowing (4DAS). For normal SE induction, both
cotyledons were removed by cutting off the cotyledonary petioles. For the microscopic
observation of SE induction, only one cotyledon was removed, and the explant was
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plated on the medium with the abaxial side of the other cotyledon down. The explants
were cultured on stress medium containing Gamborg’s B-5 medium (Wako) with 20 g/l
sucrose, 1× Gamborg’s vitamin solution (Sigma), 0.7 M of mannitol (Wako), and 0.8%
agar (Wako), with the pH adjusted to 5.7 using 1.0 M KOH. After 6 h of stress
treatment, the explants were washed with B5 liquid medium, containing Gamborg’s B-5
medium with 20 g/l sucrose and 1× Gamborg’s vitamin solution with the pH adjusted to
5.7 using 1.0 M KOH. Then, the explants were transferred to E4.5 medium, containing
Gamborg’s B-5 medium with 20 g/l sucrose, 1× Gamborg’s vitamin solution, 4.5 μM
2,4-D (Sigma), and 0.8% agar, with the pH adjusted to 5.7 using 1.0 M KOH. The
explants were cultured at 25C under continuous light (65 μmol photons m−2 s−1). After
5–14 days of culture on E4.5 medium, approximately 20% of explants formed
embryonic structures.
2.4. Sudan Red staining
The explants were assessed for Sudan Red staining at 7–12 days after stress application.
The staining was performed with Sudan Red 7B (Santa Cruz Biotechnology) according
to a previously described protocol (Aichinger et al., 2009; Bouyer et al., 2011). The
explants were dehydrated through an isopropanol series (20%, 40%, 60%), and
incubated for 1 h with 0.5% Sudan Red 7B solution in 60% isopropanol (Bouyer et al.,
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2011). The explants were hydrated through the same series in reverse and washed three
times with water (Aichinger et al., 2009). For seed staining, seeds were incubated in
10% commercial bleach and 0.01% (w/v) Triton X-100 for 24 h prior to Sudan Red
staining (Beisson et al., 2007). Samples were observed with a stereomicroscope
equipped with a digital camera (DP72, Olympus, http://www.olympus-ims.com/).
2.5. Microscopic imaging
Time-lapse imaging of the shoot apex explants was performed from day 1 to day 5 on
E4.5 medium using an Olympus FVMPE-RS multiphoton microscope with a UPlanSApo
20× (N.A. = 0.75, WD = 0.6 mm) dry objective lens to avoid contamination caused by
immersing the samples in water. Single time-point imaging of the explants at day 3 was
performed using the same microscopic system with a XLPLN 25 WMP2 (N.A. = 1.05,
WD = 2.00 mm) water immersion objective lens (Olympus), and the explants were
stained with 100 μg/mL propidium iodide (PI) (Sigma) for 4 min before imaging. To
detect GFP or VENUS or YFP together with autofluorescence or RFP signals, the laser
was tuned to 920 nm (for GFP, VENUS, and YFP) with a fixed wavelength of 1040 nm
(for autofluorescence or RFP). Imaging was carried out with the non-sequential scan
setting. To detect signals of autofluorescence or GFP in combination with tdTomato,
dsRed or PI, the laser was tuned to 920 nm (for autofluorescence or GFP) with a fixed
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wavelength of 1040 nm (for tdTomato, dsRed or PI). Imaging was carried out with the
sequential scan setting. All light was reflected by a FV30-SDM-M mirror. The signals
were collected using a FV30-FGR filter mounted in front of gallium arsenide phosphide
photomultiplier tubes (GaAsP-PMT). The Z-stacks were reconstructed into a projection
view using the OLYMPUS FV30S-SW software. Five to ten samples each were imaged
for SE- and non-SE-forming explants in each marker line to confirm that the observed
patterns were representative of the respective markers.
2.6. RNA-seq
Shoot apex explants were excised from pWOX2::NLS-YFPx3 plants at 4DAS. The
explants were collected before and after stress application (named Shoot apex and
Stress). At day 3 and day 5 on E4.5 medium, the explants were sorted based on the
presence or absence of clear pWOX2::NLS-YFPx3 signals with nuclear localization and
collected (named day3 positive, day3 negative, day5 positive, and day5 negative). Total
RNA was isolated from the collected explants using PureLink Plant RNA Reagent
(Invitrogen). Then, 1000 ng of the RNA was used to construct transcriptome libraries
according to the instructions for TruSeq RNA Sample Preparation v.2 (Illumina). The
libraries were pooled and 36–86-bp single-read sequences were obtained with a
NextSeq 500 sequencer (Illumina). Three independent biological replicates were
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analyzed for each genotype.
2.7. RNA-seq data analysis
The quality-filtered reads were mapped onto cDNA sequences of annotated genes and
other transcripts of TAIR10 using Bowtie (Langmead et al., 2009) with the parameters
-all -best -strara. SE-enriched genes were identified in R using the R package edgeR
(Robinson et al., 2010), treating biological triplicates as paired samples. Genes with a
p-value < 0.05 and FC > 1.5 in each comparison were identified as SE-enriched genes.
Z-scores and heatmaps were generated with the R packages gplots and genefilter.
2.8. Real time qRT-PCR
Sample preparation and RNA extraction were performed as described above (2.6.
RNA-seq). Then, 100 ng of the RNA was reverse transcribed using the Verso cDNA
Synthesis Kit (Thermo Scientific), following the manufacturer’s instructions. Real-time
qRT-PCR was performed with Luna Universal qPCR Master Mix (NEB).
The

primers

used

for

qRT-PCR

were:

LEC1_RTPCR_F2,

5′-CTGGACCACGATACCATTGTT-3′;

LEC1_RTPCR_R2,

5′-GTGGAGCTCCCTTCTCTCACT-3′;

SMB_RTPCR_F,

5′-CTCAACAAGCTGGAACCTTGG-3′;

SMB_RTPCR_R,

5′-CGGGTCCCAGTCGGATATTTC-3′;

WOX2_RTPCR_F3,
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5′-CTCCACAAAACCTCCCGTTTC-3′;

WOX2_RTPCR_R3,

5′-ATGATGATCACTTGCTTGCTG-3′;

PP2A_LEFT,

5′-GACCGGAGCCAACTAGGAC-3′;

and

PP2A_RIGHT,

5′-AAAACTTGGTAACTTTTCCAGCA-3′. The primer sequences of LEC1 and PP2A
primers were described previously (Ginglinger et al., 2013; Ledwon and Gaj, 2011).
The Thermal Cycler Dice® Real Time System III was used for the detection and
relative quantification of gene expression. The qPCR cycling conditions were: 95C for
60 s, [95C for 15 s, 60C for 30 s] (40 cycles), followed by dissociation curve analysis
(60–95C) to confirm primer specificity. PP2A was used as a reference gene.

3. Results
3.1. Characteristics of callus formed from shoot apex explants and SE-formation rate
Because the efficiency of SE induction is highly variable depending on the experimental
conditions, such as the developmental stage of the tissue source and the length of stress
application, we first reproduced the SE-induction assay established by Ikeda-Iwai et al.
(Ikeda-Iwai et al., 2003) and developed a system for time-lapse microscopic observation
of SE initiation. As reported by Ikeda-Iwai et al. (Ikeda-Iwai et al., 2003), shoot apex
explants were excised from young seedlings, kept on stress medium containing 0.7 M
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mannitol for 6 h, and then transferred to E4.5 medium containing 4.5 μM of the
non-transportable auxin analog 2,4-D (Fig. 1A). For standard induction, both
cotyledonary petioles were cut off from the shoot apex explant. For microscopic
observation, we removed one cotyledon from the shoot apex explant to expose the SAM
and cultured the explants with the abaxial side of the other cotyledon down, which
enabled us to observe the reporters in the SE initiation regions and to image the samples
with the same angle as the previous observation. Time-lapse imaging was carried out on
days 1–5 on E4.5 medium (SE induction).
We first observed the tissue morphology of the explants at the stages when SE
structures were clearly apparent if they were successfully formed. Through careful
observation, we found that two types of callus were formed on the explants in the
SE-induction system: smooth-surface callus and rough-surface callus (here we designate
these calli SSC and RSC). SSC consisted of small proliferative cells and the tissue
surface appeared smooth and watery (Fig. 1B, C). Conversely, RSC consisted of large
hairy cells and the tissue surface appeared rough and dry (Fig. 1D). Almost all SE
structures were formed in SSC (Fig. 1B), which was consistent with a previous report in
which SE structures were observed on the surface of small watery callus (Ikeda-Iwai et
al., 2003). Some of the explants died, which might have been caused by osmotic and
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2,4-D stress (Fig. 1E). The ratio of SSC- and SE-forming explants decreased as the
tissue source (the seedlings) aged from 4DAS to 7DAS (data not shown). Instead, RSC
was more likely to be formed in explants derived from older seedlings. The 4DAS stage
was optimal among the stages tested in our experiment, and gave a 20% (± 3.33% s.d., n
= 90 explants) SE-formation ratio (Fig. 1F). SEs were never formed in explants derived
from 7DAS seedlings, all of which formed RSC. Thus, 4DAS seedlings were used for
further investigation. The changes in the SE formation rate observed in this study were
comparable to those reported in (Ikeda-Iwai et al., 2003), although the optimal timing of
explant excision in their study was 5DAS, which might have been because their growth
conditions resulted in the seedlings growing slower.
We next performed time-lapse observation of the explants during SE induction
(Fig. 1G). The cells in the central region of the explants around the SAM and the first
and second true leaves proliferated and formed callus, which was first apparent at day 5
of SE induction. In particular, part of the SAM region between two enlarged leaves
bulged out at day 5, and then grew larger and eventually formed a SE structure at day 7
(Fig. 1G, arrowheads). We confirmed that the induced structure was embryonic tissue
by staining with Sudan Red 7B, a stain for tissue containing triacylglycerol, which is
characteristic to embryos (Fig. 1H). Only faint stains were observed in RSC and the
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hypocotyls of untreated seedlings, which did not give rise to SEs. Taken together, these
data indicated that the cells of SAM regions in young seedlings at a specific stage were
competent to form SEs, and that the fate change of the explant tissue from shoot
meristem to embryonic tissue occurred directly, or indirectly through callus tissue,
before day 5 of SE induction.
3.2. Distribution patterns of hormone responses and SE formation
To examine the correlation between SE initiation and the phytohormone distribution in
the

shoot

apex

explants,

we

observed

the

expression

patterns

of

three

phytohormone-related reporters upon SE induction. We first analyzed the polar auxin
distribution using pPIN1::PIN1-GFP (Grieneisen et al., 2007) to visualize the
localization

of

the

auxin

efflux

carrier

PIN-FORMED

1

(PIN1),

and

pDR5rev::3XVENUS-N7 to visualize the auxin response of the tissues (Kareem et al.,
2015; Ulmasov et al., 1997). PIN1 is involved in various aspects of plant development
by setting the directional auxin flow (Petrasek and Friml, 2009). During embryogenesis,
PIN1 is expressed in the upper apical region of globular-stage embryos and the tip of
the cotyledon and vasculature in heart-stage embryos (Szakonyi and Byrne, 2011). The
expression of the DR5 reporter is localized in the tip of cotyledon and hypophysis in the
embryo (Friml et al., 2003). Previous studies on embryo-derived SE induction systems
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showed that SEs initiate from the edge regions of the callus, where auxin accumulates
and forms gradients, which was visualized using these reporters: the polar localization
of PIN1 and high-low expression of the DR5 reporter (Su et al., 2015; Su et al., 2009).
In the shoot apex explants, PIN1 was localized in the regions of the SAM and LP (Fig.
2A). PIN1 expression was maintained in the bulging region in the center of SE-forming
explants (Fig. 2A, yellow arrows), but disappeared from the central region after day 3 in
non-SE-forming explants (Fig. 2A, red arrows), suggesting that auxin transport is
enhanced in the SAM or LP, which then actively proliferates and gives rise to a SE. The
DR5 reporter was also expressed in the central region of the SE-induced explants (Fig.
2B, yellow arrows), but not in the non-SE-forming explants (Fig. 2B, red arrows),
suggesting that the auxin response is increased in the SE-forming region. Therefore,
consistent with embryo-derived SE initiation, SE structures arise from the auxin
accumulation region in shoot-derived SE induction, which is in the SAM or LP region
in this case.
Next, we examined pTCSn::tdTomato-N7 to visualize the cytokinin response.
The TCS reporter is expressed in suspensor cells during embryogenesis (Wolters et al.,
2011). In the shoot apex explants, the TCS reporter was hardly detected at days 1–3. Its
expression increased all over the explants after day 4, but was excluded from the whole
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SE-forming region at day 5 (Fig. 2C, yellow arrow), indicating that the cytokinin
response is decreased in the SE-forming region at this point. We also observed a
reporter for WUSCHEL RELATED HOMEOBOX 8 (WOX8), which marks the suspensor
region of the embryo (Ueda et al., 2011). We detected only a tiny signal of the reporter
in the SE-forming region, but it was hard to tell whether the suspensor tissue was very
small or was formed deeply inside the tissue, preventing a large portion of the signal
from being detected (data not shown).
3.3. Expression patterns of shoot and root stem cell niche markers and SE formation
To investigate spatiotemporal stem cell niche formation in the SE, we next observed
markers of shoot and root apical meristems. The first marker line contained
pWUS::dsRed-N7 for the homeobox gene WUSCHEL (Gordon et al., 2007) and
pWOX5::GFP-er for WUSCHEL-RELATED HOMEOBOX-5 (WOX5) (Blilou et al.,
2005). These genes are expressed in the organizer center (OC) of the SAM and the
quiescent center (QC) of the root apical meristem, respectively. Both genes regulate the
specification and the maintenance of the stem cells surrounding the OC or QC region
(Laux et al., 1996; Sarkar et al., 2007), and start to be expressed in the embryo: WUS
expression begins in the four apical inner cells of embryos at the 16-cell stage and
WOX5 expression in the hypophysis in early globular-stage embryos (Mayer et al.,
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1998; vandenBerg et al., 1997). Overexpression of the WUS protein causes a
vegetative-to-embryonic fate change leading to SE formation (Zuo et al., 2002). In
embryo-derived SE formation, WUS and WOX5 reporter signals nearly overlap, and are
then located adjacent each to other at the initial stage, which determines the embryonic
shoot-root axis (Su et al., 2015). In the shoot apex explants, SEs were also formed in the
regions in which both markers were expressed next to each other. The WUS expression
in the SAM region slightly and transiently increased on the apical side at day 2 and then
decreased afterwards (Fig. 3A). On day 3, WOX5 expression was detected just below
the region of WUS expression (Fig. 3A, b); this pattern was not observed in
non-SE-forming explants (Fig. S1A). Therefore, our observations suggested that
shoot-root polarity is established at this stage, and may enable the tissue to develop into
a SE. The expression of the WUS reporter was detected in the callus region beneath the
SE (Fig. 3A, d), suggesting that the callus tissue might have SAM-like characteristics.
The second marker line was pCLV3::dsRed-N7 for the precursor of a secreted
signal peptide CLAVATA3, which is expressed in the stem cells harbored in the central
zone (CZ) of the SAM (Wang and Fiers, 2010). The CLV3-expressing cells in the CZ
did not proliferate and CLV3 expression gradually decreased in the shoot apex explants
upon SE induction (Fig. 3A). Instead, the surrounding cells in the peripheral zone (PZ)
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of the SAM or the third and fourth LPs seemed to proliferate and protrude, suggesting
that the SE might be formed from these cell regions (Fig. 3A, c).
The third marker line was pDRN::erGFP for the AP2 transcription factor,
DORNRÖSCHEN (DRN) (also known as ENHANCER OF SHOOT REGENERATION1;
ESR1), which is strongly expressed in LP and weakly in the whole SAM in young
seedlings. DRN expression is detected all through embryonic development from the
four-cell stage, and localizes to the apical cell tiers at the transition stage, and then to the
lobes of developing cotyledons, before finally being confined to the SAM (Chandler et
al., 2007; Kirch et al., 2003). Upon SE induction, DRN expression expanded from the
SAM to the base of the first and second leaves at day 1 and day 2 (Fig. 3B). The DRN
reporter was strongly expressed over the whole SAM region in SE-forming explants at
day 2 (Fig. 3B, e), but was excluded from the SAM in non-SE-forming explants at this
stage (Fig. S1B). The signals disappeared from the regions of the PZ or the third and
fourth LP at day 3 (Fig. 3B, f), from which SE structures formed (Fig. 3B, g and h).
Analogously to WUS, DRN expression was detected in the callus region beneath the SE
at day 5 (Fig. 3B). Taken together, these results suggest that, upon SE induction, WUS
and DRN are upregulated in the SAM at day 2, followed by the establishment of
shoot-root polarity at the base of the original SAM region at day 3, and the PZ or LP
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regions may form a SE.
3.4. Expression pattern of embryonic markers and selection of SE-forming explants
To determine when the shoot explant acquires the embryonic trait during SE induction,
we observed the embryonic markers pLEC1::LEC1-GFP (Li et al., 2014) and
pWOX2::NLS-YFP in the explants. LEAFY COTYLEDON1 (LEC1) is a central regulator
of seed development, and marks zygotic embryos during normal development (Lotan et
al., 1998). WUSCHEL RELATED HOMEOBOX 2 (WOX2) plays a role in initiating
shoot meristem stem cells in embryos (Zhang et al., 2017). Its expression starts in the
fertilized egg and is localized in the apical half of the embryo after asymmetric cell
division (Ueda et al., 2011). LEC1 overexpression was previously reported to induce SE
formation from vegetative tissues (Lotan et al., 1998). In European larch (Larix
decidua), LdLEC1 and LdWOX2 are abundantly expressed in both zygotic embryos and
SEs (Rupps et al., 2016). We observed strong and clear expression of
pLEC1::LEC1-GFP and pWOX2::NLS-YFP in the induced SE structures (Fig. 4A),
whereas their signals were absent from the non-SE-forming explants all through the SE
induction period (Fig. S2), demonstrating that the SE structures acquired the embryonic
trait and the tissue fate was changed from shoot apex to embryo. Both markers were
switched on at day 3 of SE induction in the regions of PZ or the third or fourth LP,
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suggesting that the SE might arise from these cells.
We next investigated whether the explants eventually formed SEs once they
expressed embryonic markers at day 3. As the initial dim expression of the WOX2
reporter was easier to detect than that of the LEC1 reporter because of its nuclear
localization, we sorted the explants according to the presence or absence of WOX2
reporter expression at day 3 (Fig. 4B) and evaluated their SE formation by Sudan Red
staining at a later stage. The explants expressing the WOX2 reporter with clear nuclear
localization formed SEs at a high ratio (74%, n = 54), while the explants lacking WOX2
expression hardly formed SEs (4%, n = 93), suggesting that embryonic fate
commitment took place by day 3 and rarely changed afterwards. These findings allow
us to distinguish SE-forming explants from non-SE-forming explants at a high ratio at
the early stage of SE induction before SE structures are anatomically apparent.
3.5. Tissue origin of SE formation
The results of time-lapse observation of various reporter lines described above
suggested that SE fate specification takes place at day 3 of SE induction and that a SE
may arise from cells in the PZ in the SAM or the LP. To determine whether the PZ or LP
gives rise to the SE, we observed the reporters with PI counterstaining at day 3 using a
water immersion lens to visualize tissue morphology at higher resolution, whereas for
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the time-lapse observation described above, the samples were observed without PI
staining in dry conditions to avoid contamination. We found that the WOX2 reporter was
expressed in the base of the third or fourth LP (Fig. 5A). The cells in the boundary
region and the adaxial side of the LP expressed the WOX2 reporter and appeared to
proliferate. PIN1 localization and an adjacent expression pattern for the WUS/WOX5
reporters were also detected in a similar region of the explants (Fig. 5B–C’). Therefore,
the SE arises from the base of a LP just beside the SAM, where the auxin gradient and
shoot-root polarity are formed. Callus tissue was not yet formed in this area of the
explants, but was clearly apparent at day 5 (Fig. 1G), suggesting that SE specification
does not take place in callus-forming cells.
3.6. Changes of the molecular identity of shoot apex explants during SE induction
To determine how the molecular identity of the explants changes at a genome-wide
scale in the event of SE induction and subsequent SE formation, we next analyzed the
transcriptome changes of the explants during SE induction by RNA-sequencing. We
examined the explants before and after stress application (named Shoot apex and Stress,
respectively), and SE-forming and non-SE-forming explants at days 3 and 5 of SE
induction, sorted by the presence or absence of the WOX2 reporter signal with nuclear
localization

(named

day-3-positive,

day-3-negative,
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day-5-positive,

and

day-5-negative-explants, respectively) (Fig. 6A). We first compared the expression
intensities of key developmental genes for embryos, and shoot and root meristems
between stages during SE induction (Fig. 6B–D). As shown in Fig. 6B, several key
genes

for

embryonic

development,

such

as

LEC1,

LEC2,

ABSCISIC

ACID-INSENSITIVE3 (ABI3) and FUSCA3 (FUS3) (Jia et al., 2013; Jia et al., 2014),
started to be expressed at higher levels in day-3-positive explants than in day-3-negative
explants. The difference between positive and negative explants was more obvious at
day 5. The expression of all the listed genes except WOX2 was greater in day-5-positive
explants than in day-5-negative explants, indicating that the day-5-positive explants had
developed embryos, while the others had not. Notably, WOX2 expression was even
higher in the shoot explants before SE induction because of its low expression level in
the embryo compared to the plant (Chung et al., 2016). We confirmed that WOX2
expression was higher in positive explants than in negative explants on both days 3 and
5 (Fig. S3). We also performed qRT-PCR and confirmed that LEC1 and WOX2
expression was high in positive explants compared with negative explants after day 3
(Fig. S7A, C and C’). Thus, the SE-forming and non-SE-forming explants were
successfully sorted for transcriptome analysis. Consistent with the imaging data, this
result suggests that the SE-forming explants initiate the embryonic developmental
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program at day 3, which continues thereafter without changing the cell fate.
The key developmental genes for the shoot meristem CLV3, UNUSUAL FLORAL
ORGANS (UFO), and CUP-SHAPED COTYLEDON 3 (CUC3), which are expressed in
the CZ and PZ of the shoot meristem and the boundary region between the shoot
meristem and lateral organs, respectively, were downregulated at the SE induction
stages (day 3 and day 5) compared with shoot explants just before and after stress
application (Fig. 6B), suggesting the partial loss of the normal shoot trait attributed to
the expression of these genes during SE induction. In the meantime, WUS, DRN,
DRN-like and CUC1, which are expressed in the OC, CZ and boundary region,
respectively, were transiently upregulated at the initial stage of SE induction (day 3),
which may contribute to provide the stemness to the cells so that they can acquire the
embryonic trait and divide into a SE. The downregulation of CLV3 during the SE
induction process and the transient upregulation of WUS at the SE initiation stage
detected here in RNAseq analysis were consistent with the imaging data (Fig. 3A). As a
whole, both the shoot and root meristem key genes showed expression changes
depending on the explant stage, but only small difference between positive and negative
explants at either day 3 or day 5 (Fig. 6C and D). We also confirmed this finding by
examining many data sets from various root tissue types (data not shown). Therefore,
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SE-forming and non-SE-forming explants mostly shared the same tissue traits except
for the initiation of the embryonic developmental program, which was triggered by a
limited number of embryonic genes. This was consistent with the result that only a
small number of genes were identified as SE-enriched genes by comparison of
SE-forming and non-SE-forming explants at each stage (FC > 1.5, p < 0.05) (Fig. 7A).
3.7. Root-shoot-embryo mixed character of SE-forming explants
Next, we focused on the differentially expressed genes between SE-forming and
non-SE-forming explants. By comparing SE-forming and non-SE-forming explants at
each stage (FC > 1.5, p < 0.05), the genes enriched in SE-forming explants
(SE-enriched genes) were identified, including 73 genes at day 3 and 159 genes at day 5.
Given the total number of genes in A. thaliana and the clear difference in phenotype
between the explants, these numbers are relatively small. Among them, only 11 genes
overlapped between the two stages, indicating a dynamic change of the determinant trait
for SE-formation between these two stages (Fig. 7A).
We investigated the expression of the SE-enriched genes in various tissue types
in plant development using previously reported expression data sets (Belmonte et al.,
2013; Birnbaum et al., 2003) (Fig. 7B and C). All gene data sets were normalized to the
expression intensity of PP2A (AT1G69960). We also normalized the data sets to ACT7
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(AT5G09810) and UBI10 (AT4G05320) and performed the same analysis to confirm
that the results showed similar tendencies regardless of the gene used for normalization
(Fig. S4 and S5). The SE-enriched genes at day 3 were preferentially expressed in root
tissues. In particular, a large cluster of genes was highly abundant in the lateral root cap
(LRC) at the root tip (Fig. 7B). Conversely, the SE-enriched genes at day 5 were rarely
expressed in root tissues (Fig. 7C). However, the SE-enriched genes at day 3 highly
expressed in the root tip LRC were even more upregulated in both SE-forming and
non-SE-forming explants at day 5 (Fig. 7D), but were not identified as SE-enriched
genes at day 5 because the difference between SE-forming and non-SE-forming
explants was smaller at this stage. Thus, although these LRC genes are eventually
highly expressed in both explants, they start to be expressed in SE-forming explants
earlier than in non-forming explants, which may be important for SE competency. We
performed qRT-PCR for the LRC gene SOMBRERO (SMB) (Fendrych et al., 2014),
which was included in the SE-enriched genes at day 3, and confirmed that the SMB
expression level was higher in positive explants than in negative explants at day 3 but
not at day 5 (Fig. S7B). We also compared the expression intensity of LRC-expressed
genes (Brady et al., 2007) between stages during SE induction, and found that only
some LRC genes were upregulated upon SE induction (Fig. S6), suggesting that the
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explant tissue as a whole is not similar to the LRC but shares some trait with it. The
SE-enriched genes at day 5 were preferentially expressed in the tissues of mature green
embryos in seeds (Fig. 7C). Therefore, the SEs formed in the explants might have
developed into mature green embryos by day 5.
Taking all the RNA-seq results together (Figs. 6 and 7), SAM genes such as
WUS and DRN, embryonic genes, and genes expressed in the root, especially in the
LRC, are expressed together prior to or at the same time as the determination of SE
formation in the explants.

4. Discussion
4.1. Characterization of SE formation in shoot apex explants
SE induction from the shoot apex demonstrates the remarkable developmental plasticity
of plants and is a good system to study the mechanisms of cellular reprogramming of
somatic cells in multicellular organisms. However, basic information about this
phenomenon, such as the cellular origin of SEs and the morphological and
transcriptome changes of the cells during SE induction, is lacking. In this study, we
characterized SE formation from the shoot apex by time-lapse observation of tissue
morphology and fluorescent reporters and by transcriptome profiling of SE-forming and
non-forming explants prior to the appearance of SE structures.
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The time-lapse observation of tissue morphology and fluorescent reporters
revealed when and where the SE arises in the shoot apex. Unlike SE formation from
embryo-derived callus, shoot-derived SEs form at a specific position in the explants.
The cells at the base of the LP switch on embryonic markers and proliferate, where an
auxin gradient and shoot-root polarity appear to be formed at the same time (day 3 of
SE induction), prior to callus formation (day 5). Analogous patterns of an auxin gradient
and shoot-root polarity have been observed when embryo-derived SEs are initiated (Su
et al., 2015; Su et al., 2009). This suggests that the cells of the LP reprogram themselves
and directly give rise to a SE without the intermediate process of callus formation, while
the cells surrounding the SE and in the leaves in the SE-forming explants might
proliferate in parallel and form SSC callus at later stages.
For the transcriptome analysis, we sorted the explants according to their
expression of the WOX2 reporter at the initial stage of SE induction. To screen for
SE-associated genes, previous studies have used the following tissues as
non-SE-forming tissues for comparisons in transcriptome analysis; different types of
tissues, the same tissues under different treatments or at different stages, or the same
tissues under the same treatment in different genotype backgrounds (Gliwicka et al.,
2013; Low et al., 2008; Thibaud-Nissen et al., 2003; Wickramasuriya and Dunwell,
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2015). However, these approaches might select genes that are not directly involved in
SE formation but show different responses to the cultural treatment depending on the
tissue type or genotype. In our approach, the tissue source, genetic background, cultural
conditions, and stage are all constant between SE-forming and non-SE-forming explants.
Thus, our approach may enable us to focus on the gene expression changes associated
with the determination of SE fate. Indeed, our results revealed subtle transcriptome
differences between SE-forming and non-SE-forming explants.
Taken together, our characterization data from time-lapse observation and
transcriptome analysis narrow down the time, place and transcripts to focus on for
further studies on the mechanisms that regulate the fate conversion and SE-initiation
program in shoot apex explants.
4.2. Mixed identity of SE-forming explants
In the embryo-derived SE system, embryonic genes are expressed in the explants all
through the cultural treatment (Su et al., 2009). In shoot apex explants, our imaging and
transcriptome data showed that the expression of several key embryo genes started at
day 3 of SE induction, and that other key genes joined to be expressed at day 5,
suggesting that SE specification takes place by day 3 and more and more embryonic
developmental programs operate afterwards. Conversely, several key genes for the shoot
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meristem, such as CLV3 and UFO, were downregulated at day 3, suggesting the partial
loss of the normal shoot trait attributed to these genes by this time. Therefore, our data
clearly demonstrated the fate conversion of SE-forming explants from shoot to embryo
during SE induction. Meanwhile, several other SAM genes, such as WUS and DRN,
were transiently upregulated at day 3 in both SE-forming and non-SE-forming explants,
suggesting that the expression changes of SAM genes in SE induction are not a
determinant factor for SE specification but might be required for the cells to acquire the
competence to form SEs.
As for the differentially expressed genes between SE-forming and
non-SE-forming explants, a relatively small number of genes were identified as
SE-enriched genes at day 3 of SE induction, including many genes highly expressed in
the root tip LRC. Although these LRC genes were eventually highly expressed in both
explants, their expression began earlier in SE-forming explants than in non-forming
explants, which may be important for SE specification. Thus, the SE-forming explants
expressed shoot genes, root genes and embryonic genes at the moment of SE
specification (Fig. 8A). It is possible that the mixed expression of genes associated with
various tissue types from shoots to roots during some specific time window is essential
for cells to acquire the SE fate. Once that specific stage has passed, the cells may lose
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their competency and SE specification may never occur even with the expression of root
genes. However, another possibility is that the expression of root genes is a result of SE
initiation, as embryonic genes are already expressed at day 3. To determine whether root
gene expression is upstream or downstream of SE initiation, we need to find a way to
predict which explants form SEs before day 3 and analyze the transcriptome profiles at
that time.
In any case, considering previous results (Gaj et al., 2005), the expression of
key embryo genes at day 3 should be important for SE formation. The continuous
expression of these genes may support the high efficiency of SE formation in
embryo-derived callus. It remains to be determined what factors trigger the expression
of embryonic genes in shoot-derived tissue; such information would provide insight into
the mechanisms underlying shoot-to-embryo fate conversion.
4.3. SE formation initiates at the base of LP beside SAM in shoot apex explants
Prior studies on embryo-derived SE induction have shown that the auxin response is
upregulated in the edge of embryonic callus, where a local auxin gradient is formed and
WUS starts to be expressed in the inner layer of the gap region surrounded by a high
auxin region. Subsequently, the auxin-responsive signal and WUS expression overlap in
the top of the promeristem of the SE (Su et al., 2009). The cytokinin-responsive signal

33

detected using the type-A ARR7 reporter initially overlaps with the auxin-responsive
signal in the edge of the callus, and then gradually moves to the basal part of the
pro-embryo and substantially overlaps with WOX5 expression (Su et al., 2015). In
correlation to the distribution patterns of hormone responses, the WUS and WOX5
reporter signals nearly overlap, and then appear adjacent each other at the initial stage
and determine the embryonic shoot-root axis (Su et al., 2015). Analogously to
embryo-derived SE formation, we observed auxin accumulation just beside the SAM
region of the shoot apex explants, where WUS was expressed adjacent to WOX5
expression. The SE arose from the regions where shoot-root polarity was formed, which
corresponded to the base of LP regions beside the SAM. The LEC1 and WOX2
embryonic reporters also started to be expressed in these regions at day 3 (Fig. 8B). The
difference between embryo- and shoot-derived SE formation appears to be that WUS is
expressed from the beginning in the original SAM tissue. In embryonic callus, an auxin
gradient is first triggered by removing 2,4-D and may define the WUS domain. In the
shoot apex explants, the location of WUS is already determined. However, expansion of
the WUS domain was observed at day 2, and it was expressed slightly more on the
apical side (Fig. 3b). Observation of the PIN1 and DR5 reporters at a finer resolution
will tell us whether a local auxin gradient is formed to regulate the expansion and
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repositioning of WUS expression on the apical side. Another contrast between the two
systems is the distribution pattern of the cytokinin-responsive signal relative to WOX5
expression. Unlike the overlap of the ARR7 and WOX5 reporters in embryonic callus
(Su et al., 2015), the TCS reporter was not expressed in the WOX5 expression domain at
either day 3 or day 5 in the shoot explants. Especially at day 5, the TCS reporter was
absent from the SEs, while WOX5 was highly expressed (Fig. 8B). This might just be
caused by the differences between the cytokinin-responsive reporters (ARR7 and TCS
reporters). However, another possible reason is again the presence of SAM tissue in the
shoot apex. The SAM might be a source of positional information and determine the
position of the root apical meristem in its opposite end without needing a cytokinin
signal. In this case, how does the SAM region regulate the positioning of the root
meristem in close proximity? Studying the mechanisms that release the suppression of
root meristem genes in the shoot apex in normal development and its spatio-temporal
regulation during SE induction will give an insight into two events observed in plant
regeneration: fate conversion and the reconstruction of a stem cell niche in amputated
shoots and roots.
4.4. Stress and the acquisition of competency to form SE
SE formation can be induced by various types of stress, such as osmotic stress, heavy
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metal ion stress, drought stress and cold stress (Kamada et al., 1989; Nishiwaki et al.,
2000). In the SE-induction system described in this study, osmotic stress was used in
combination with 2,4-D treatment. Although the mechanisms by which osmotic stress
initiates the SE-formation program are not yet clear, the abscisic acid (ABA) signaling
pathway is probably involved. It has been reported that both osmotic stress and 2,4-D
promote the ABA signaling pathway by activating ABA biosynthesis (Song, 2014;
Xiong et al., 2002). In carrot, ABA application was observed to induce SEs from
hypocotyl epidermal cells (Nishiwaki et al., 2000), and in Arabidopsis embryonic callus,
SE formation was greatly perturbed by the ABA biosynthesis inhibitor, fluridone (Su et
al., 2013). Therefore, the ABA signal is expected to be upregulated in shoot apex
explants upon SE induction. However, ABA signal component genes were not
identified as SE-enriched genes at day 3 in our study. We observed that the ABA signal
was commonly upregulated in both SE-forming and non-forming explants, which were
subjected to the same treatment (data not shown). Thus, the ABA signal might be
important but not sufficient for the acquisition of competency to form SEs.
In addition to activating specific signaling pathways, stress application may
play a role in breaking or loosening cell-cell communication. Under osmotic stress,
some cells undergo substantial cell plasmolysis, plasmodesmatal rupture or cell death,
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leaving the surviving cells isolated without cell-cell interactions. Characteristic cellular
architectures, such as a large central nucleus, dense cytoplasm, and thick cell wall with
few or no plasmodesmata, are widely observed in SEs across different original tissue
types and species (Chapman et al., 2000; Verdeil et al., 2007). In fact, previous
observations showed that a loss of communication between neighboring cells causes the
dedifferentiation and acquisition of pluripotency in each cell. In a classical study in
carrot, Steward et al. showed that SE formation was initiated from suspended cells,
suggesting that a prime factor in the determination of SE formation or non-formation in
a cell is the degree to which it has become free from the constraints imposed by its
neighboring cells (Steward et al., 1964). In A. thaliana, it has been observed that
differentiated leaf mesophyll cells undergo dedifferentiation in response to removal of
the cell wall (Avivi et al., 2004; Grafi, 2004). Conversely, cells in the meristems have
thin primary cell walls and are tightly connected with each other via plasmodesmata
(Byrne et al., 2003; Haywood et al., 2002; Verdeil et al., 2007). Stem cells regulate the
cell division of surrounding cells and maintain their stem cell identity via mobile
transcription factors, signal peptides and a flow of phytohormones, which keeps the size
of the meristem constant (Aichinger et al., 2012). In SE induction from the shoot apex,
osmotic stress breaks the cell-cell interaction of the SAM cells resulting in expanded
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expression of several shoot meristem genes at day 3, which may provide a platform for
SE formation.
4.5. Stress and fate specification of the SE
Stress responses and developmental fate are tightly linked. A previous study
demonstrated that cell identity regulators control both development and stress response
pathways in response to environmental stress (Iyer-Pascuzzi et al., 2011), indicating that
stress responses are diverse depending on the cell types of tissues. Because SE
formation from the shoot apex can be induced by applying osmotic stress together with
2,4-D treatment in various species besides Arabidopsis, such as carnation, carrot, kidney
beans and cucumber (Cabrera-Ponce et al., 2015; Ikeda-Iwai et al., 2003; Karami et al.,
2006; Lou and Kako, 1995), cell identity regulators of a specific cell type in the shoot
apex might regulate the molecular pathways for the response to this type of stress and
for SE formation. As we observed that SEs arose from the regions of LP, we speculate
that one possible cell type is LP cells and one possible cell identity regulator is DRN,
which is reported to be strongly expressed in the LP of young seedlings, and whose
expression was observed to expand all over the SAM region upon SE induction in our
study. However, DRN alone is not sufficient for SE fate specification, as SEs do not
form from whole SAM regions, indicating that additional factors are required for SE
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specification. Another candidate beside DRN is the cell identity regulator of the root tip
LRC. Small differences in the stress response among explants may cause early or late
upregulation of the LRC identity regulator and its downstream cluster of LRC genes,
which might result in SE specification or non-specification.
It was shown that stress responses not only depend on the cell type but also on
the developmental stage (Iyer-Pascuzzi et al., 2011), which may explain why only
explants excised from seedlings in a specific stage can form SEs; for example, the
4DAS seedling stage in our study. In the case of the Arabidopsis shoot apex, the
competency to respond to stress and to form SEs was retained only in the third and
fourth LPs of 4DAS seedlings, which might be related to the developmental phase of
the plant, such as juvenility. It will be interesting to investigate the genes that are
upregulated only in the explants of 4DAS seedlings upon SE induction.
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Figure legends
Figure 1. Characteristics of callus tissue and embryonic structures formed in
shoot apex explants and the SE formation rate. (A) Schematic diagram of SE
induction from the shoot apex. For standard induction, two cotyledonary petioles
were cut off from the shoot apex explant (approximately 1 mm in length). For
microscopic observation, one cotyledon was removed from the shoot apex explant to
expose the SAM. The explants were cultured on stress medium containing 0.7 M
mannitol for 6 h and then incubated on E4.5 medium containing 4.5 M 2,4-D.
Time-lapse microscopic observation was carried out at days 1–5 on E4.5 medium
(SE induction). (B–E) After 12 days of incubation on E4.5 medium, the explants
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were categorized into four groups based on their morphology and the
presence/absence of a SE: smooth surface callus (SSC) with SE (B), SSC without SE
(C), rough surface callus (RSC) (D), and dead tissues (E). Two representative
samples of each group are shown. (F) The rate for each category of explants derived
from 4DAS-stage seedlings. The SE-formation ratio was 20% (± 3.33% s.d., n = 90
explants). (G) Time-lapse images of an SE-forming explant. The images were taken
at days 1, 3, 5, 7 and 9 of SE induction in the same explant. Black arrowheads and
white arrows indicate embryonic structures and the first and second true leaves,
respectively. (H) Staining of seeds, explants with SEs and RSC, and untreated
seedling (6DAS) with Sudan Red 7B. Scale bars: 1 mm (B–E, H; SE, RSC, and
Seedling) and 500 m (G and H; Seed).
Figure 2. Expression of phytohormone-related reporters in explants with or
without SE formation. Expression patterns of the reporters pPIN1::PIN1-GFP (A),
pDR5rev::3XVENUS-N7 (B) and pTCSn::tdTomato-N7 (C) at days 1–5 of SE
induction. Upper panels are SE-forming explants and lower panels are non-forming
explants.

Yellow and red arrows indicate SE-forming regions and SAMs,

respectively. For pPIN1::PIN1-GFP and pDR5rev::3XVENUS-N7 detection (A and
B), the reporter signals are in green and chlorophyll autofluorescence is in magenta.
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After osmotic stress application, the damaged cells exhibited autofluorescence,
which was detected in both the magenta and green channels and is colored white in
the merged figures. For pTCSn::tdTomato-N7 (C), the reporter signal is in magenta
and chlorophyll autofluorescence is in green. All images are projection views of
Z-stack sections. Scale bars: 200 m (A–C).
Figure 3. Expression of apical meristem markers in SE-forming explants. (A, B)
Expression patterns of pWUS::dsRed-N7, pCLV3::dsRed-N7, pWOX5::GFP-er (A)
and

pDRN::erGFP (B) at days 1–5 of SE induction. (A) pWUS::dsRed-N7 and

pCLV3::dsRed-N7 signals are in magenta and pWOX5::GFP-er signals are in green.
After osmotic stress application, the damaged cells exhibited autofluorescence,
which was also detected in the green channel, but the reporter signal was
distinguished from the autofluorescence by its ER-localization pattern. (B) The
pDRN::erGFP signal and chlorophyll autofluorescence are in green and magenta,
respectively. All images show the projection of Z-stack sections. The (a), (b), and (d)
panels show enlarged images of part of the day 2, day 3 and day 5 images of
pWUS::dsRed-N7/pWOX5::GFP-er explant. The (c) panel shows an enlarged image
of part of the day 4 image of a pCLV3::dsRed-N7 explant. The (e to h) panels show
enlarged images of part of the day 2–5 images of pDRN::erGFP explant. Scale
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bars: 200 m (A and B) and 100 m (a–h).
Figure 4. Expression of embryonic markers in SE-forming explants and selection
of SE-forming and non-SE-forming explants. (A) The expression patterns of
pLEC1::LEC1-GFP and pWOX2::NLS-YFP at days 1–5 of SE induction.
pLEC1::LEC1-GFP and pWOX2::NLS-YFP signals are in green and the
autofluorescence signal is in magenta. After osmotic stress application, the damaged
cells exhibited an autofluorescence signal, which was detected in both the magenta
and green channels and is colored white in the merged figure. Yellow arrows
indicate the reporter signals. (B) Expression pattern of pWOX2::NLS-YFP in
SE-forming and non-forming explants at day 3. (C) Rates of SE formation in
explants sorted by pWOX2::NLS-YFP expression at day 3 of SE induction. Explants
showing a clear signal with nuclear localization at day 3 were sorted as “day3
positive”, while the explants showing no signal or a very weak signal without
nuclear localization were sorted as “day3 negative”. All explants were assessed for
SE formation by Sudan Red staining at day 8. Six batches of experiments (n ≥ 25 for
each batch) were performed and the results of the middle-ranked four batches were
used to create the bar graph. Scale bars: 200 um (A and upper panels in B) and 50
um (lower panels in B).
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Figure 5. Expression of various markers in SE-forming explants at day 3. (A–C)
Expression patterns of pWOX2::NLS-YFP (A), pPIN1::PIN1-GFP (B), and
pWUS::dsRed-N7/pWOX5::GFP-er (C) at day 3 of SE induction. (C’) Enlarged
image of part of (C). The (A–C) panels show a projection of Z-stack sections. The
(C’) panel is a single optical section. Cellular outlines were visualized with PI
staining. The letter p indicates the third and fourth true leaf primordia. Scale bars:
100 µm (A–C) and 50 µm (C’).
Figure 6. Expression changes of key developmental genes for embryos and shoot
and root meristems during SE induction. (A) Scheme of sample collection for
transcriptome analysis. (B) Clustering display of expression intensities of key genes
for embryonic development. (C) Clustering display of expression intensities of key
developmental genes for the shoot apical meristem. (D) Clustering display of
expression intensities of key developmental genes for the root meristem.
Figure 7. Gene expression patterns of SE-enriched genes in plant development.
(A) Venn diagram of the genes enriched in SE-forming explants at day 3 and day 5.
By comparing SE-forming explants and non-SE-forming explants at each stage (day
3 and day 5), 73 genes were identified as enriched in day 3 SE-forming explants (FC
> 1.5, p < 0.05) and 159 genes as enriched in day 5 SE-forming explants (FC > 1.5,
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p < 0.05). (B) Heat map showing the clustering results for the 73 genes enriched in
day 3 SE-forming explants, using previously reported expression data sets in
wild-type seed tissues (Belmonte et al., 2013), root tissues (Birnbaum et al., 2003)
and

a

microarray

data

set

from

AtGenExpress

(TAIR

Accession:

ExpressionSet:1006710873;
https://www.arabidopsis.org/servlets/TairObject?type=expression_set&id=1006710
873). All gene data sets were normalized to the expression intensity of PP2A
(AT1G69960). LRC, lateral root cap in the root tip region. The arrowhead indicates
the data set from young lateral root cap cells in the root tip (referred to as lateral
root cap stage1 in (Birnbaum et al., 2003) (C) Heat map showing the clustering
result for the 159 genes enriched in day 5 SE-forming explants, using the same data
sets as above. Arrowheads indicate data sets from seed compartments (embryo
proper, micropylar endosperm, peripheral endosperm, chalazal endosperm, seed
coat) at the mature green stage (Belmonte et al., 2013). (D) Clustering display of
expression intensities of SE-enriched genes (day 3) highly expressed in the root tip
LRC in (B).
Figure 8. Overview of the shoot apex-derived SE induction system (A) Schematic
diagrams of shoot apex explants and expression changes of shoot meristem genes,
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key embryonic genes, and root genes during SE induction. In SE-forming explants,
SE specification takes place during the period around day 3 (green dotted line),
where the explants possessed a mixed identity (shoot, root and embryo). In
non-forming explants, embryonic genes are not expressed and the root genes are not
yet highly expressed in this period (blue dotted line). (B) Schematic diagram of
reporter expression at day 3 (auxin, apical meristem and embryonic markers) and
day 5 (cytokinin).

Supplemental Figures
Figure S1. Expression of apical meristem markers in non-SE explants. (A, B)
Expression patterns of pWUS::dsRed-N7/pWOX5::GFP-er (A) and

pDRN::erGFP

(B) in non-SE-forming explants at days 1–5 of SE induction. (A) The
pWUS::dsRed-N7 signal is in magenta. The pWOX5::GFP-er signal is in green.
After osmotic stress application, the damaged cells exhibited an autofluorescence
signal, which was also detected in the green channel, but the reporter signal was
distinguished from the autofluorescence signal by its ER-localization pattern. (B)
The pDRN::erGFP signal is in green and chlorophyll autofluorescence is in
magenta. All the images are projection views of Z-stack sections.
Figure S2. Expression of embryonic markers in non-SE-forming explants
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Expression

patterns

of

pLEC1::LEC1-GFP

and

pWOX2::NLS-YFP

in

non-SE-forming explants at days 1–5 of SE induction. pLEC1::LEC1-GFP and
pWOX2::NLS-YFP signals are in green and autofluorescence is in magenta. After
osmotic stress application, the damaged cells exhibited autofluorescence, which was
detected in both the magenta and green channels and is colored white in the merged
figure.
Figure S3. Gene expression level of WOX2 in SE-forming and non-SE-forming
explants The expression level of WOX2 in SE-forming and non-SE-forming explants
at day 3 and day 5 (day3_positive, day3_negative, day5_positive and
day5_negative) was detected by RNA-seq.
Figure S4. Heat maps for SE-enriched genes with the data sets normalized to
ACT7

(A) Heat map showing the clustering results for 73 genes enriched in day 3

SE-forming explants compared with non-SE-forming explants (FC > 1.5, p < 0.05),
using previously reported expression data sets in wild-type seed tissues (Belmonte et
al., 2013), root tissues (Birnbaum et al., 2003) and a microarray data set from
AtGenExpress

(TAIR

Accession:ExpressionSet:1006710873;https://www.arabidopsis.org/servlets/TairObj
ect?type=expression_set&id=1006710873). All gene data sets were normalized to
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the expression intensity of ACT7 (AT5G09810). The arrowhead indicates the data
set from young lateral root cap cells in the root tip (referred to as lateral root cap at
stage1 in (Birnbaum et al., 2003). (B) Heat map showing the clustering results for
159 genes enriched in day 5 SE-induced explants compared with non-SE-forming
explants (FC > 1.5, p < 0.05). Arrowheads indicate data sets from seed
compartments (embryo proper, micropylar endosperm, peripheral endosperm,
chalazal endosperm and seed coat) at the mature green stage (Belmonte et al.,
2013).
Figure S5. Heat maps for SE-enriched genes with the data sets normalized to
UBI10 (A) Heat map showing the clustering results for 73 genes enriched in day 3
SE-forming explants compared with non-SE-forming explants (FC > 1.5, p < 0.05),
using previously reported expression data sets in wild-type seed tissues (Belmonte et
al., 2013), root tissues (Birnbaum et al., 2003) and a microarray data set from
AtGenExpress

(TAIR

Accession:ExpressionSet:1006710873;https://www.arabidopsis.org/servlets/TairObj
ect?type=expression_set&id=1006710873). All gene data sets were normalized to
the expression intensity of UBI10 (AT4G05320). The arrowhead indicates the data
set from young lateral root cap cells in the root tip (referred to as lateral root cap at

56

stage1 in (Birnbaum et al., 2003) (B) Heat map showing the clustering results for
159 genes enriched in day 5 SE-induced explants compared with non-SE-forming
explants (FC > 1.5, p < 0.05). Arrowheads indicate data sets from seed
compartments (embryo proper, micropylar endosperm, peripheral endosperm,
chalazal endosperm and seed coat) at the mature green stage (Belmonte et al.,
2013)
Figure S6. Expression changes of LRC genes during SE induction. Clustering
display of the expression intensities of LRC-enriched genes reported in (Brady et al.,
2007).
Figure S7. Real time qRT-PCR for validation of RNA-seq. (A–C) Relative gene
expression levels of LEC1, SMB and WOX2 in the explants (shoot apex, stress, day 3
positive, day 3 negative, day 5 positive and day 5 negative) quantified by qRT-PCR.
(C’) The expression levels of WOX2 at day 3 and day 5 in (C) are shown in (C’) with
different scale intervals on the y-axis.
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Highlights:






Somatic embryogenesis derived from shoots includes drastic fate conversion
process
Somatic embryo arises from the leaf primordia beside the shoot apical meristem
Somatic embryo initiates without the intermediate process of callus formation
Only a limited number of transcripts are specific to embryo-forming explants
The explants possess a mixed identity at the time of embryonic fate specification
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