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Abstract: In plants, stem cells are embedded in structures called meristems. Meristems can be formed
either during embryogenesis or during the plant’s life such as, for instance, axillary meristems. While
the regulation of the stem cell population in an established meristem is well described, how it is
initiated in newly formed meristems is less well understood. Recently, two transcription factors of the
NGATHA-like family, DEVELOPMENT-RELATED PcG TARGET IN THE APEX4 (DPA4)/NGAL3
and SUPPRESSOR OF DA1-1 7 (SOD7)/NGAL2 have been shown to facilitate de novo stem cell
initiation in Arabidopsis thaliana axillary meristems. Here, we tested whether the DPA4 and SOD7
genes had a similar role during stem cell formation in embryo shoot apical meristems. Using DPA4
and SOD7 reporter lines, we characterized the expression pattern of these genes during embryo
development, revealing only a partial overlap with the stem cell population. In addition, we showed
that the expression of a stem cell reporter was not modified in dpa4-2 sod7-2 double mutant embryos
compared to the wild type. Together, these observations suggest that DPA4 and SOD7 are not required
for stem cell specification during embryo shoot apical meristem initiation. This work stresses the
difference in the regulatory network leading to meristem formation during the embryonic and
post-embryonic phases.

Keywords: embryo; stem cells; meristem; CLV3; NGAL; DPA4/NGAL3; SOD7/NGAL2

1. Introduction

Meristems are the ultimate source of all plant organs and tissues, whether roots,
stems, leaves or flowers [1,2]. These multicellular structures are either formed during
embryogenesis—such as the shoot apical meristem (SAM) and the root apical meristem—or
arise throughout the life of the plant, as is the case for lateral root meristems and axillary
meristems. These newly formed meristems allow branching of the root and shoot system
and are therefore essential to set up the plant’s architecture. Whatever their origin and their
location, meristems have a conserved functional logic that enables both their maintenance
and the production of new cells that will allow organogenesis and tissue formation. Central
to this dual function is a population of stem cells which infrequently divide to replenish
themselves and provide cells that will enter differentiation. Understanding how such a
stem population is regulated and how it is formed is a central question in biology.

The SAM formed during embryogenesis and the axillary meristems (AMs) formed
during the post-embryonic phase share a similar organization and regulation. These often
dome-shaped structures contain at their summit a population of stem cells lying within a
central zone (CZ) [3]. Division of CZ cells feeds peripheral cells which are involved in organ
primordium formation. The population of stem cells is regulated through interactions
with its neighborhood, in particular the underlying organizing center (OC). These interac-
tions have been extensively characterized and set the basis of meristem functioning. The
WUSCHEL (WUS) gene encoding for a HOMEOBOX-like transcription factor is expressed
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in the OC and contributes to maintaining stem cells in an undifferentiated and pluripotent
state. WUS moves through the plasmodesmata to the CZ to induce the expression of the
CLAVATA 3 (CLV3) gene coding a small secreted peptide [4–7]. WUS ensures the formation
of the stem cell niche according to its dimerization state [8–11]. In reply, CLV3 inhibits WUS
expression upon binding to receptor kinases such as CLV1, CLV2, CORYNE (CRN) [12–17].
Others regulators, such as the HAIRY MERISTEM (HAM) and ARABIDOPSIS THALIANA
MERISTEM LAYER 1 (ATML1) transcription factors, the miR171, as well as auxin and
cytokinin (CK), contribute to the WUS/CLV3 regulatory network [18–29]. This regula-
tory network ensures the maintenance of the stem cell homeostasis, defines the stem cell
and stem cell niche and permits meristem activity in response to various environmental
constraints [30–32]. While the regulation of the stem cell population in an established
meristem is well studied, how such a population arises in AM or in the embryonic SAM is
far less understood.

Axillary meristems arise from the axillary region of leaves, which contains a few
cells that remain meristematic while their neighbors differentiate into stem and leaf tis-
sues. These cells retain their meristematic status through the action of transcription factors
and particular hormonal signaling [33–36]. Central to this network are the meristematic
markers, SHOOT MERISTEMLESS (STM) and the CUP-SHAPED COTYLEDON 2 and
3 genes (CUC2 and 3), which are expressed in these cells and are required for AM initia-
tion [36–38]. In parallel, auxin is actively depleted from these cells through polar auxin
transport, which also contributes to maintaining their meristematic fate [34,39]. These
meristematic cells remain latent in the axil until developmental and environmental sig-
nals trigger their proliferation [40]. A positive feedback loop between STM activity and
cytokinin signaling has a major role in the increase of AM cell number. As the AM grows
it becomes progressively organized into a typical shoot meristem. De novo expression of
WUS is induced by CK and a permissive chromatin environment [41]. CLV3 is induced
by WUS in an initially overlapping domain. Later, WUS and CLV3 expression undergo
spatial rearrangement through HAM regulation to be eventually expressed in the OC and
CZ, respectively [25,36,42]. However, very little is known about de novo initiation and
establishment of stem cells in a developing meristem. Recently, it has been shown that the
expression of CUC2 and CUC3 genes, which is initially observed in a strip of cells in the
leaf axil, becomes reorganized into an eye-shaped pattern. Depletion of CUC2 and CUC3
expression from the centre of this eye-shaped domain is required for AM formation and
de novo stem cell formation [42]. Furthermore, two NGATHA-like (NGAL) transcription
factors DEVELOPMENT-RELATED PcG TARGET IN THE APEX4 (DPA4)/NGAL3 and
SUPPRESSOR OF DA1-1 7 (SOD7)/NGAL2 have been shown to facilitate CUC2 and CUC3
repression in the emerging AM. Accordingly, dpa4-2 sod7-2 double mutants show retarded
AM formation, in particular delayed stem cell specification, a defect also observed in dpa4-2
sod7-2 floral meristems, indicating a conserved role for these genes for all newly formed
aerial meristems [42].

SAM initiation during embryo development shares many similarities with AM for-
mation but differs by some of the actors involved. In particular, while WUS activates the
formation of a stem cell population in AM, it does not play such a role in embryonic SAM
initiation. Instead of WUS, a group of related factors defined as the WOX2 module allows
stem cell specification by repressing differentiation [43]. However, similar to that in the
SAM, repression of the CUC genes in a central domain from which the embryonic SAM
will emerge is required [44]. Since the DPA4 and SOD7 genes contribute to efficient AM
formation and stem cells, this raises the question of whether these genes are also required
for SAM formation in the embryo.

Here, we tested whether the DPA4 and SOD7 genes are required for stem cell specifica-
tion in developing embryos. We also analyzed their expression pattern to test whether their
expressions patterns were compatible with a role in meristem formation in the embryo.
Altogether, our results indicate that in contrast to their role in AM formation, DPA4 and
SOD7 are not required for stem cell formation in the embryo.
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2. Results
2.1. Expression of a Stem Cell Reporter during Wild-Type and dpa4-2 sod7-2 Embryo Development

To determine whether stem cell formation in developing embryos required the activity
of the DPA4 and SOD7 genes, we used the pCLV3:mCHERRY-NLS reporter to mark the
stem cells and compared its expression in wild-type and dpa4-2 sod7-2 double mutant
embryos (Figure 1).
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that CLV3 expression becomes detectable at the transition stage [43]. 

Figure 1. pCLV3:mCHERRY-NLS expression in developing wild-type and dpa4-2 sod7-2 embryos.
Panels (A–J) show wild-type embryos, while panels (K–T) show dpa4-2 sod7-2 embryos. For each
genotype, the upper row shows pCLV3:mCHERRY-NLS signal (in yellow), while the lower row
shows an overlay of the pCLV3:mCHERRY-NLS signal (in yellow) and the transmission picture
(in grey). Images are maximum projection form stacks of confocal images. The number of similar
observations out of the total number of observations is shown in the lower right corner as a fraction.
The embryo stage is indicated above the panels. For the transition stage, embryos without or with
pCLV3:mCHERRY-NLS expression are shown. Scale bars = 50 µm.

In the wild-type, pCLV3:mCHERRY-NLS expression was absent from embryos at
the globular stage (Figure 1A,F). pCLV3:mCHERRY-NLS started to be expressed at the
transition stage when the cotyledon primordia emerged (Figure 1B,C,G,H). Expression of
pCLV3:mCHERRY-NLS was observed in a few cells in the middle of the embryo between
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the two emerging cotyledon primordia. At the heart stage, almost all embryos expressed
pCLV3:mCHERRY-NLS (Figure 1D,I) and at the torpedo stage pCLV3:mCHERRY-NLS was
detected in every embryo (Figure 1E,J). Our observations confirmed earlier reports that
CLV3 expression becomes detectable at the transition stage [43].

In the dpa4-2 sod7-2 double mutant, pCLV3:mCHERRY-NLS showed an apparently
similar expression timing and pattern as observed in the wild-type (Figure 1K–T). No
pCLV3:mCHERRY-NLS was observed in embryos at the globular stage, while expression
appeared at the transition stage (Figure 1K–T).

To quantify pCLV3:mCHERRY-NLS expression dynamics and reveal putative differ-
ences between the wild-type and the dpa4-2 sod7-2 double mutant, we first counted the
number of pCLV3:mCHERRY-NLS-expressing embryos at different stages (Table 1). This
analysis did not reveal any significant difference in the frequency of pCLV3:mCHERRY-
NLS-expressing embryos at different stages between the wild-type and dpa4-2 sod7-2 double
mutant. In particular, the proportion of pCLV3:mCHERRY-NLS-expressing embryos at the
transition stage, the stage at which expression of the reporter became readable, was not
different between the wild-type and the dpa4-2 sod7-2 double mutant.

Table 1. Frequency of CLV3 expression in embryos depending on the developmental stage and
the genotype.

Genotype Stage

Globular Transition Heart Torpedo

WT 0% (0/29) 62% (26/42) 89% (59/66) 100% (48/48)
dpa4-2 sod7-2 0% (0/29) 74% (26/35) 94% (88/94) 100% (54/54)

p-value - 0.3297 0.386 -

The frequency of CLV3 expression is shown as a percentage and the number of CLV3-expressing embryos
compared to the number of observed samples is indicated in bracket. The p-value is the result of a Fisher’s
exact test.

The results shown in Table 1 indicate that in the dpa4-2 sod7-2 double mutant, as
in the wild-type, stem cells become specified at the transition stage. To reveal possible
differences in the timing of stem cell specification that could had been overlooked by the
embryo categorization into developmental stages, we next analyzed pCLV3:mCHERRY-
NLS activation regarding embryo size. For this, we measured embryo total length and
then embryos were grouped into different bins based on their sizes and the frequency
of pCLV3:mCHERRY-NLS expression in each bin was calculated (Table 2). Although we
could observe some differences, notably a higher proportion of pCLV3:mCHERRY-NLS-
expressing dpa4-2 sod7-2 embryos in the bin containing the smallest embryo, none of these
differences were statistically significant (Table 2).

Table 2. Frequency of CLV3 expression in embryos depending on the embryo size and the genotype.

Genotype Embryo Total Length (µm)
]0–50] ]50–75] ]75–100] ]100–150] ]150–200] ]200–250]

WT 9% (3/32) 68% (38/56) 88% (29/33) 97% (34/35) 100% (18/18) 100% (11/11)
dpa4-2 sod7-2 23% (5/22) 63% (43/68) 98% (41/42) 98% (57/58) 100% (5/5) 100% (2/2)

p-value 0.2479 0.705 0.1626 1 - -

The frequency of CLV3 expression is shown as a percentage and the number of CLV3-expressing embryos
compared to the number of observed samples is indicated in bracket. The p-value is the result of a Fisher’s
exact test.

To provide a more continuous analysis of pCLV3:mCHERRY-NLS activation dynamics,
we plotted pCLV3:mCHERRY-NLS-expressing and non-expressing embryos in a mor-
phospace based on embryo total length and embryo axis length (Figure 2A,B). In agreement
with the results shown in Table 2, we observed that, for a certain size window (roughly
between 40 and 90 µm total length), embryos with or without pCLV3:mCHERRY-NLS
expression could be observed in both the wild-type and dpa4-2 sod7-2. Because of this
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variability, it was difficult to compare the dynamics of pCLV3:mCHERRY-NLS activation
between the two genotypes. Therefore, we modelled pCLV3:mCHERRY-NLS activation
(Figure 2C). For this, we first calculated the average frequency of pCLV3:mCHERRY-NLS-
expressing embryos on a sliding window of 20 embryos. A fit of this average frequency
showed no major difference between wild-type and dpa4-2 sod7-2 (Figure 2C). In addi-
tion, when we calculated the embryo length at which half of the embryos had readable
pCLV3:mCHERRY-NLS expression (L50), we obtained strikingly similar results for the
wild-type and dpa4-2 sod7-2 (54.6 and 54.8 µm, respectively).
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Figure 2. Dynamics of pCLV3:mCHERRY-NLS activation in developing wild-type and dpa4-2 sod7-2
embryos. (A) Wild-type embryos not expressing pCLV3:mCHERRY-NLS (large yellow circles with
red outline) or expressing it (small red dots) were plotted in a morphospace with embryo total
length along the x-axis and embryo axis length along the y-axis. (B) dpa4-2 sod7-2 embryos not
expressing pCLV3:mCHERRY-NLS (large yellow circles with blue outline) or expressing it (small
blue dots) were plotted in a morphospace with embryo total length along the x-axis and embryo
axis length along the y-axis. (C) Model of pCLV3:mCHERRY-NLS activation during wild-type (red)
or dpa4-2 sod7-2 (blue) embryo development. The dots represent the average of the frequency of
pCLV3:mCHERRY-NLS-expressing embryos calculated on a 20 embryo-wide sliding window. The
red and blue lines represent curves fitted on these points. The total embryo length at which half of
the embryo expressed pCLV3:mCHERRY-NLS (L50) was calculated (shown with dotted black lines).

Altogether, our analysis could not reveal any difference in the timing of pCLV3:mCHERRY-
NLS activation during embryo development, whether staging the embryos on morphologi-
cal features or on their size.

2.2. DPA4 and SOD7 Are Expressed during Embryo Development, but Show Different Dynamics
of Expression

The absence of delay in stem cell specification in the dpa4-2 sod7-2 double mutant
raises the question of the expression of DPA4 and SOD7 genes during embryo development.
DPA4 expression has been described as initiating at the globular stage in a sagittal row
of protodermal cells [43]. SOD7 expression pattern during embryo development has not
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yet been described [45,46]. Therefore, we characterized DPA4 and SOD7 expression in
developing embryos using pDPA4:GFP and pSOD7:GFP transcriptional reporters [42]
(Figures 3 and 4).

Figure 3. pDPA4:GFP expression in developing wild-type embryos. 
Panels A to E show pDPA4:GFP signal (in green) while panels F to J show overlays of the pDPA4:GFP
signal (in green) and the transmission picture (in grey). Images are maximum projection form stacks of
confocal images. The number of similar observations out of the total number of observations is shown in
the lower right corner as a fraction. The embryo stage is indicated above the panels. For the globular
stage, an embryo without or with pDPA4:GFP expression are shown (A,F and B,G, respectively). For
the transition stage a longitudinal (C,H) and a transverse (D,I) section is shown. Scale bars = 50 µm

heartglobular globular transition transition

EA B C DWT

JF G H I

13/23 22/2222/22 14/1410/23pDPA4:GFP

Figure 3. pDPA4:GFP expression in developing wild-type embryos. Panels (A–E) show the
pDPA4:GFP signal (in green), while panels (F–J) show overlays of the pDPA4:GFP signal (in green)
and the transmission picture (in grey). Images are maximum projection form stacks of confocal
images. The number of similar observations out of the total number of observations is shown in the
lower right corner as a fraction. The embryo stage is indicated above the panels. For the globular
stage, an embryo without or with pDPA4:GFP expression are shown (A,F and B,G, respectively). For
the transition stage a longitudinal (C,H) and a transverse (D,I) section is shown. Scale bars = 50 µm.

Figure 4. pSOD7:GFP expression in developing wild-type embryos.
Panels A to E show pSOD7:GFP signal (in green) while panels F to J show overlays of the
pSOD7:GFP signal (in green) and the transmission picture (in grey). Images are maximum projection
form stacks of confocal images. The number of similar observations out of the total number of
observations is shown in the lower right corner as a fraction. The embryo stage is indicated above the
panels. For the transition and the heart stages, an embryo without or with pSOD7:GFP expression are
shown. Scale bars = 50 µm.

heartglobular transition transition heart

EA B C D

JF G H I

9/9 8/145/16 6/1411/16pSOD7:GFP

Figure 4. pSOD7:GFP expression in developing wild-type embryos. Panels (A–E) show the
pSOD7:GFP signal (in green), while panels (F–J) show overlays of the pSOD7:GFP signal (in green)
and the transmission picture (in grey). Images are maximum projection form stacks of confocal
images. The number of similar observations out of the total number of observations is shown in the
lower right corner as a fraction. The embryo stage is indicated above the panels. For the transition and
the heart stages, an embryo without or with pSOD7:GFP expression are shown. Scale bars = 50 µm.
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In the wild-type, pDPA4:GFP expression was visible at the globular stage in about
half of the observed embryos (Figure 3A,B,F,G; Table 3). The expression of pDPA4:GFP
was first observed in a single cell of the apical region of the embryo (Figure 3B,G) and later
it expanded, forming a line of cells on the outer layer of the embryo (not shown). At the
heart and torpedo stages pDPA4:GFP was detected in every embryo (Figure 3C–E,H,I,J).
The longitudinal and the transverse views of the embryo showed that pDPA4:GFP was
expressed in a few cells in the upper layer of the embryo and formed a strip of expression
that delimits the two emerging cotyledon primordia (Figure 3C,D,H,I).

Table 3. Frequency of DPA4 or SOD7 expression in wild-type embryos depending on the develop-
mental stage and the genotype.

Gene Stage

Globular Transition Heart Torpedo

DPA4 43% (10/23) 100% (22/22) 100% (14/14) 100% (9/9)
SOD7 0% (0/9) 31% (5/16) 43% (6/14) 100% (19/19)

The frequency of DPA4 or SOD7 expression is shown as a percentage, and the number of DPA4 or SOD7-expressing
embryos compared to the number of observed samples is indicated in bracket.

The pSOD7:GFP reporter showed a similar expression pattern, but with a different
timing of expression compared to pDPA4:GFP. In contrast to the expression of pDPA4:GFP,
expression of pSOD7:GFP was absent from all inspected embryos at the globular stage
(Figure 4A,F, Table 3). pSOD7:GFP started to be expressed at the transition stage; however,
only a small proportion of embryos expressed it (Figure 4B,C,G,H, Table 3). When it was
expressed, pSOD7:GFP could be observed between the two emerging cotyledon primordia
(Figure 4C,H). At the heart stage, again, less than half the embryos expressed pSOD7:GFP
(Figure 4D,E,I,J; Table 3). Finally, at the torpedo stage pSOD7:GFP was detected in all
embryos (Table 3).

Calculating the proportion of embryos expressing pDPA4:GFP or pSOD7:GFP in a given
developmental stage (Table 3) or size class (Table 4) confirmed that pDPA4:GFP was expressed
before pSOD7:GFP. As for the expression of CLV3, we plotted pDPA4:GFP/pSOD7:GFP
expressing or non-expressing embryos in a morphospace (Figure 5A,B) and modelled fre-
quency of reporter expression (Figure 5C). This clearly showed the difference in the timing
of pDPA4:GFP or pSOD7:GFP activation illustrated by L50 of 37.6 µm for pDPA4:GFP and
68 µm pSOD7:GFP (Figure 5C).

Table 4. Frequency of DPA4 or SOD7 expression in wild-type embryos depending on the embryo
size and the genotype.

Gene Embryo Total Length (µm)

]0–50] ]50–75] ]75–100] ]100–150] ]150–200]
DPA4 63% (22/35) 100% (21/21) 100% (9/9) 100% (2/2) 100% (1/1)
SOD7 18% (2/11) 30% (8/27) 100% (9/9) 100% (4/4) 100% (1/1)

The frequency of DPA4 or SOD7 expression is shown as a percentage, and the number of DPA4 or SOD7-expressing
embryos compared to the number of observed samples is indicated in bracket.

DPA4 and SOD7 belong to the NGAL gene family that contains three members in
Arabidopsis [47,48]. The third member, ABS2, has been shown to have redundant roles
with DPA4 and SOD7 during leaf development [49]. Therefore, we wondered whether
ABS2 might be redundant with SOD7 and DPA4 in the de novo establishment of stem
cells in embryos. To test this, we analyzed ABS2 expression during embryo development
using published transcriptomic data obtained from laser-assisted microdissected embryos
at different developmental stages [50]. These transcriptomic data showed that the mRNA
levels of the third NGAL gene ABS2 remained low throughout the entire morphogenetic
phase of embryo development and increased only during the maturation (Figure 6). On the
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other hand, DPA4 and SOD7 were expressed early on during embryo development. This
suggests that ABS2 is not involved in the establishment of stem cells that are set up before
ABS2 is expressed.
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calculated (shown with dotted black lines).
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3. Discussion

The initiation and development of stem cells remains largely unknown. Recently, it has
been shown that two NGAL genes, DPA4 and SOD7, facilitate CUC2 and CUC3 repression in
the developing AM, and that this repression is required for de novo stem cell formation [42].
Because the AM shares with the SAM a phase of CUC gene repression during the early
stages of its formation [42,44], it seemed important to check for NGAL contribution during
stem cell formation in embryos. Therefore, we quantified the expression dynamics of CLV3
in wild-type and dpa4-2 sod7-2 embryos, but could not reveal any difference. Furthermore,
we show that while DPA4 is expressed before CLV3 activation, the expression of SOD7
occurs often later. Altogether, our data suggest that DPA4 and SOD7 are not required for
de novo stem cell establishment during embryo development.

The absence of delayed CLV3 expression in dpa4-2 sod7-2 could be due to a higher
level of genetic redundancy. Indeed, three NGAL genes are present in the Arabidopsis
genome [47]. DPA4 and SOD7 have been suggested to result from a recent duplication
event [47]. Accordingly, these genes have redundant roles during seed development [45],
phyllotaxis control [46], leaf development [49] and AM formation [42]. However, in con-
trast to such redundant roles, our data suggest these two genes already initiated divergent
evolution as we observed differences in their expression timing during embryo develop-
ment. ABS2, the third NGAL gene, could have a redundant role with DPA4 and SOD7 for
the promotion of stem cell formation in embryos. Although we cannot exclude it as we
have not analyzed stem cell formation in the triple ngal mutant, it is unlikely as ABS2 is
expressed late during embryo development, after the phase of stem cell specification.

The absence of difference in the timing of CLV3 expression between wild-type and
dpa4-2 sod7-2 double mutant could be explained by a hypothesis other than redundancy
between the three NGAL genes. The formation of a new meristem involves a transition
phase, called premeristem, during which either the regulators, their interactions or their
expression patterns are different from the ones observed in established meristems (for
a review, see [51]). Indeed, in established SAM, WUS induces CLV3 expression, while
in the embryo, other genes of the WUS family, WOX1, WOX2, WOX3 and WOX5, are
necessary for the activation of CLV3 expression (Mayer et al., 1998; Zhang et al., 2017). The
wox1 wox2 wox3 wox5 quadruple mutation has variable effects on developing seedlings,
leading to delays or complete absence of apical meristem initiation. Conversely, CLV3
is still expressed normally in the wus mutant (Zhang et al., 2017). Neither in the dpa4-2
sod7-2 double mutant nor the dpa4-2 sod7-2 abs2-1 triple mutant seedlings did we observe a
phenotype similar to the wox quadruple mutant (not shown), suggesting that NGAL genes
do not affect WOX expression. Altogether, this suggests that while DPA4 and SOD7 genes
are required for proper expression of the WUS gene to form the stem cell population in
developing AM, they do not have a similar role for the regulation of the expression of the
WOX genes promoting stem cell formation in developing embryonic SAM. Thus, the role
of DPA4 and SOD7 during the development of the embryo remains unknown and needs to
be determined. Altogether, this work stresses difference in the regulatory networks leading
to meristem formation during the embryonic and post-embryonic phases.

4. Materials and Methods
4.1. Plant Material

The pCLV3:mCHERRY-NLS reporter was generated by [31]. The pCLV3:mCHERRY-
NLS dpa4-2 sod7-2 lines and the pDPA4:GFP and pSOD7:GFP lines were described in [42].
Because dpa4-2 sod7-2 shows reduced fertility, the pCLV3:mCHERRY-NLS dpa4-2 sod7-2 line
was hand pollinated to ensure homogeneous seed formation.

4.2. Embryo Dissection and Confocal Microscopy

Seeds at different stages were gently squashed with a coverslip in a buffer (Tris-HCl
10 mM pH = 8.5, Triton 0.01%) containing 20% of the antifadent agent Citifluor.
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Imaging was performed on a Leica SP5 inverted microscope (Leica Microsystems,
Wetzlar, Germany). Stacks of 512 pixel-wide pictures with a Z-step of 2 µm were observed
using a 20× lens. The pCLV3:mCHERRY-NLS lines were imaged with an excitation light
of 561 nm and fluorescence was collected in a 590–650 nm window. The pDPA4:GFP and
pSOD7:GFP lines were imaged with an excitation light of 488 nm and fluorescence was
collected in a 518–554 nm window. Transmission images were collected to have access to
the embryo morphology.

4.3. Image Analysis

Images were analyzed using Fiji [52]. Z-axis maximal projections were created to
illustrate representative expression patterns.

Embryo axis length was determined manually using Fiji as the distance from the root
pole to the most apical region lying between the cotyledon primordia or as the diameter of
globular embryos. Length of the cotyledon primordia was measured along an axis parallel
to the root/hypocotyl axis. Total embryo length was calculated as the sum of the embryo
axis length and the length of the cotyledon primordia. The globular stage was defined as
round embryos with no visible cotyledon primordia. The transition stage was defined as
embryos with visible cotyledon primordia of which the size was < 5 µm. The heart stage
was defined as embryo with an axis (root pole and hypocotyl) < 80 µm. The torpedo stage
was defined as embryos with an axis ≥ 80 µm. Expression of the different reporters was
examined on the different sections of the Z-stack, using the Fire LUT for samples with low
signal intensity.

4.4. Data Analysis

Data were analyzed using R [53]. Data were represented using the ggplot2 pack-
age [54]. Averages of reporter expression were calculated on a 20 embryo-wide sliding
window using the rollmean function from the zoo package [55]. Calculation of the L50
values for which half the embryos expressed the reporter was performed accordingly to
the script described in [42] and available at https://doi.org/10.57745/ZQZVPD (accessed
on 1 September 2022).

4.5. Gene Expression Levels

Expression levels of ABS2, DPA4 and SOD7 in the embryo at different developmental
stages were retrieved from the gene Chip data generated by [50] at http://seedgenenetwork.
net/ (accessed on 7 September 2022). Belmonte et al. (2013) microdissected different regions
from seeds at different developmental stages and determined mRNA accumulation in these
samples by hybridization to an ATH1 DNA Chip [50]. Data from the “embryo proper”
were selected here.
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28. Ma, Y.; Miotk, A.; Šutiković, Z.; Ermakova, O.; Wenzl, C.; Medzihradszky, A.; Gaillochet, C.; Forner, J.; Utan, G.; Brackmann, K.;
et al. WUSCHEL Acts as an Auxin Response Rheostat to Maintain Apical Stem Cells in Arabidopsis. Nat. Commun. 2019, 10, 5093.
[CrossRef]

http://doi.org/10.1016/j.cell.2008.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18295573
http://doi.org/10.1016/j.tcb.2007.06.002
http://doi.org/10.1002/bies.10341
http://www.ncbi.nlm.nih.gov/pubmed/14505363
http://doi.org/10.1242/dev.122.1.87
http://www.ncbi.nlm.nih.gov/pubmed/8565856
http://doi.org/10.1016/S0092-8674(00)81703-1
http://doi.org/10.1101/gad.17258511
http://www.ncbi.nlm.nih.gov/pubmed/21979915
http://doi.org/10.1073/pnas.1406446111
http://doi.org/10.1073/pnas.1607669113
http://doi.org/10.1073/pnas.1607673113
http://doi.org/10.1038/s41467-020-16024-y
http://www.ncbi.nlm.nih.gov/pubmed/32376862
http://doi.org/10.1073/pnas.2015248117
http://doi.org/10.1038/35067079
http://doi.org/10.1104/pp.001867
http://doi.org/10.1111/j.1365-313X.2005.02592.x
http://doi.org/10.1534/genetics.108.091108
http://doi.org/10.1105/tpc.107.057547
http://doi.org/10.1126/science.1150083
http://doi.org/10.1038/nature04270
http://doi.org/10.1093/mp/ssq042
http://doi.org/10.1038/s41467-020-14989-4
http://doi.org/10.3389/fpls.2020.541968
http://doi.org/10.1073/pnas.1200636109
http://doi.org/10.1038/nature13853
http://doi.org/10.1126/sciadv.1500989
http://doi.org/10.1126/science.aar8638
http://doi.org/10.1016/j.devcel.2017.12.021
http://doi.org/10.1007/s11103-018-0719-8
http://doi.org/10.1038/s41467-019-13074-9


Int. J. Mol. Sci. 2022, 23, 12007 12 of 12

29. Galvan-Ampudia, C.S.; Cerutti, G.; Legrand, J.; Brunoud, G.; Martin-Arevalillo, R.; Azais, R.; Bayle, V.; Moussu, S.; Wenzl, C.;
Jaillais, Y.; et al. Temporal Integration of Auxin Information for the Regulation of Patterning. eLife 2020, 9, e55832. [CrossRef]

30. Yoshida, S.; Mandel, T.; Kuhlemeier, C. Stem Cell Activation by Light Guides Plant Organogenesis. Genes Dev. 2011, 25, 1439–1450.
[CrossRef]

31. Pfeiffer, A.; Janocha, D.; Dong, Y.; Medzihradszky, A.; Schöne, S.; Daum, G.; Suzaki, T.; Forner, J.; Langenecker, T.; Rempel, E.;
et al. Integration of Light and Metabolic Signals for Stem Cell Activation at the Shoot Apical Meristem. eLife 2016, 5, e17023.
[CrossRef] [PubMed]

32. Landrein, B.; Formosa-Jordan, P.; Malivert, A.; Schuster, C.; Melnyk, C.W.; Yang, W.; Turnbull, C.; Meyerowitz, E.M.; Locke, J.C.W.;
Jönsson, H. Nitrate Modulates Stem Cell Dynamics in Arabidopsis Shoot Meristems through Cytokinins. Proc. Natl. Acad. Sci.
USA 2018, 115, 1382–1387. [CrossRef] [PubMed]

33. Long, J.; Barton, M.K. Initiation of Axillary and Floral Meristems in Arabidopsis. Dev. Biol. 2000, 218, 341–353. [CrossRef]
[PubMed]

34. Wang, Q.; Kohlen, W.; Rossmann, S.; Vernoux, T.; Theres, K. Auxin Depletion from the Leaf Axil Conditions Competence for
Axillary Meristem Formation in Arabidopsis and Tomato. Plant Cell 2014, 26, 2068–2079. [CrossRef] [PubMed]

35. Tian, C.; Zhang, X.; He, J.; Yu, H.; Wang, Y.; Shi, B.; Han, Y.; Wang, G.; Feng, X.; Zhang, C.; et al. An Organ Boundary-enriched
Gene Regulatory Network Uncovers Regulatory Hierarchies Underlying Axillary Meristem Initiation. Mol. Syst. Biol. 2014,
10, 755. [CrossRef]

36. Xin, W.; Wang, Z.; Liang, Y.; Wang, Y.; Hu, Y. Dynamic Expression Reveals a Two-Step Patterning of WUS and CLV3 during
Axillary Shoot Meristem Formation in Arabidopsis. J. Plant Physiol. 2017, 214, 1–6. [CrossRef]

37. Raman, S.; Greb, T.; Peaucelle, A.; Blein, T.; Laufs, P.; Theres, K. Interplay of MiR164, CUP-SHAPED COTYLEDON Genes and
LATERAL SUPPRESSOR Controls Axillary Meristem Formation in Arabidopsis thaliana. Plant J. 2008, 55, 65–76. [CrossRef]

38. Hibara, K.; Karim, M.R.; Takada, S.; Taoka, K.; Furutani, M.; Aida, M.; Tasaka, M. Arabidopsis CUP-SHAPED COTYLEDON3
Regulates Postembryonic Shoot Meristem and Organ Boundary Formation. Plant Cell 2006, 18, 2946–2957. [CrossRef]

39. Wang, Y.; Wang, J.; Shi, B.; Yu, T.; Qi, J.; Meyerowitz, E.M.; Jiao, Y. The Stem Cell Niche in Leaf Axils Is Established by Auxin and
Cytokinin in Arabidopsis. Plant Cell 2014, 26, 2055–2067. [CrossRef]

40. Zhang, C.; Fan, L.; Le, B.H.; Ye, P.; Mo, B.; Chen, X. Regulation of ARGONAUTE10 Expression Enables Temporal and Spatial
Precision in Axillary Meristem Initiation in Arabidopsis. Dev. Cell 2020, 55, 603–616.e5. [CrossRef]

41. Wang, J.; Tian, C.; Zhang, C.; Shi, B.; Cao, X.; Zhang, T.Q.; Zhao, Z.; Wang, J.W.; Jiao, Y. Cytokinin Signaling Activates WUSCHEL
Expression during Axillary Meristem Initiation. Plant Cell 2017, 29, 1373–1387. [CrossRef] [PubMed]

42. Nicolas, A.; Maugarny-Calès, A.; Adroher, B.; Chelysheva, L.; Li, Y.; Burguet, J.; Bågman, A.-M.; Smit, M.E.; Brady, S.M.; Li, Y.; et al.
De Novo Stem Cell Establishment in Meristems Requires Repression of Organ Boundary Cell Fate. Plant Cell 2022. [CrossRef]
[PubMed]

43. Zhang, Z.; Tucker, E.; Hermann, M.; Laux, T. A Molecular Framework for the Embryonic Initiation of Shoot Meristem Stem Cells.
Dev. Cell 2017, 40, 264–277.e4. [CrossRef] [PubMed]

44. Aida, M.; Ishida, T.; Tasaka, M. Shoot Apical Meristem and Cotyledon Formation during Arabidopsis Embryogenesis: Interaction
among the CUP-SHAPED COTYLEDON and SHOOT MERISTEMLESS Genes. Development 1999, 126, 1563–1570. [CrossRef]

45. Zhang, Y.; Du, L.; Xu, R.; Cui, R.; Hao, J.; Sun, C.; Li, Y. Transcription Factors SOD7/NGAL2 and DPA4/NGAL3 Act Redundantly
to Regulate Seed Size by Directly Repressing KLU Expression in Arabidopsis thaliana. Plant Cell 2015, 1, 620–632. [CrossRef]
[PubMed]

46. Chen, S.; Zhang, N.; Zhang, Q.; Zhou, G.; Tian, H.; Hussain, S.; Ahmed, S.; Wang, T.; Wang, S. Genome Editing to Integrate Seed
Size and Abiotic Stress Tolerance Traits in Arabidopsis Reveals a Role for DPA4 and SOD7 in the Regulation of Inflorescence
Architecture. Int. J. Mol. Sci. 2019, 20, 2695. [CrossRef] [PubMed]

47. Romanel, E.A.C.; Schrago, C.G.; Counago, R.M.; Russo, C.A.M.; Alves-Ferreira, M.; Couñago, R.M.; Russo, C.A.M.;
Alves-Ferreira, M. Evolution of the B3 DNA Binding Superfamily: New Insights into REM Family Gene Diversification. PLoS
ONE 2009, 4, e5791. [CrossRef] [PubMed]

48. Swaminathan, K.; Peterson, K.; Jack, T. The Plant B3 Superfamily. Trends Plant Sci. 2008, 13, 647–655. [CrossRef] [PubMed]
49. Shao, J.; Meng, J.; Wang, F.; Shou, B.; Chen, Y.; Xue, H.; Zhao, J.; Qi, Y.; An, L.; Yu, F.; et al. NGATHA-likes Control Leaf Margin

Development by Repressing Cup-Shaped Cotyledon2 Transcription1. Plant Physiol. 2020, 184, 345–358. [CrossRef] [PubMed]
50. Belmonte, M.F.; Kirkbride, R.C.; Stone, S.L.; Pelletier, J.M.; Bui, A.Q.; Yeung, E.C.; Hashimoto, M.; Fei, J.; Harada, C.M.;

Munoz, M.D.; et al. Comprehensive Developmental Profiles of Gene Activity in Regions and Subregions of the Arabidopsis Seed.
Proc. Natl. Acad. Sci. USA 2013, 110, E435–E444. [CrossRef] [PubMed]

51. Nicolas, A.; Laufs, P. Meristem Initiation and de Novo Stem Cell Formation. Front. Plant Sci. 2022, 13, 891228. [CrossRef]
[PubMed]

52. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.;
et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

53. Team, R.C. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2013;
Available online: https://www.r-project.org/ (accessed on 15 August 2022).

54. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis. Springer: New York, NY, USA, 2016; ISBN 978-3-319-24277-4.
55. Zeileis, A.; Grothendieck, G. Zoo: S3 Infrastructure for Regular and Irregular Time Series. J. Stat. Softw. 2005, 14, 1–27. [CrossRef]

http://doi.org/10.7554/eLife.55832
http://doi.org/10.1101/gad.631211
http://doi.org/10.7554/eLife.17023
http://www.ncbi.nlm.nih.gov/pubmed/27400267
http://doi.org/10.1073/pnas.1718670115
http://www.ncbi.nlm.nih.gov/pubmed/29363596
http://doi.org/10.1006/dbio.1999.9572
http://www.ncbi.nlm.nih.gov/pubmed/10656774
http://doi.org/10.1105/tpc.114.123059
http://www.ncbi.nlm.nih.gov/pubmed/24850851
http://doi.org/10.15252/msb.20145470
http://doi.org/10.1016/j.jplph.2017.03.017
http://doi.org/10.1111/j.1365-313X.2008.03483.x
http://doi.org/10.1105/tpc.106.045716
http://doi.org/10.1105/tpc.114.123083
http://doi.org/10.1016/j.devcel.2020.10.019
http://doi.org/10.1105/tpc.16.00579
http://www.ncbi.nlm.nih.gov/pubmed/28576845
http://doi.org/10.1093/plcell/koac269
http://www.ncbi.nlm.nih.gov/pubmed/36029254
http://doi.org/10.1016/j.devcel.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28171749
http://doi.org/10.1242/dev.126.8.1563
http://doi.org/10.1105/tpc.114.135368
http://www.ncbi.nlm.nih.gov/pubmed/25783029
http://doi.org/10.3390/ijms20112695
http://www.ncbi.nlm.nih.gov/pubmed/31159296
http://doi.org/10.1371/journal.pone.0005791
http://www.ncbi.nlm.nih.gov/pubmed/19503786
http://doi.org/10.1016/j.tplants.2008.09.006
http://www.ncbi.nlm.nih.gov/pubmed/18986826
http://doi.org/10.1104/pp.19.01598
http://www.ncbi.nlm.nih.gov/pubmed/32611785
http://doi.org/10.1073/pnas.1222061110
http://www.ncbi.nlm.nih.gov/pubmed/23319655
http://doi.org/10.3389/fpls.2022.891228
http://www.ncbi.nlm.nih.gov/pubmed/35557739
http://doi.org/10.1038/nmeth.2019
https://www.r-project.org/
http://doi.org/10.18637/jss.v014.i06

	Introduction 
	Results 
	Expression of a Stem Cell Reporter during Wild-Type and dpa4-2 sod7-2 Embryo Development 
	DPA4 and SOD7 Are Expressed during Embryo Development, but Show Different Dynamics of Expression 

	Discussion 
	Materials and Methods 
	Plant Material 
	Embryo Dissection and Confocal Microscopy 
	Image Analysis 
	Data Analysis 
	Gene Expression Levels 

	References

