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Abstract

Tissue patterns are dynamically maintained. Continuous formation of plant tissues during
postembryonic growth requires asymmetric divisions and the specification of cell lineages. We
show that the transcription factors, the BIRDs and SCARECROW, regulate lineage identity,
positional signals, patterning, and formative divisions throughout Arabidopsis root growth. These
transcription factors are postembryonic determinants of the ground tissue stem cells and their
lineage. Upon further activation by the positional signal SHORT-ROOT (a mobile transcription
factor), they direct asymmetric cell divisions and patterning of cell types. The BIRDs and
SCARECROW with SHORT-ROOQT organize tissue patterns at all formative steps during growth,
ensuring developmental plasticity.

Organs are formed, patterned, and maintained during growth. In the root of Arabidopsis,
tissues are organized as concentric cylinders around the internal vascular tissue. Much
progress has been made in identifying factors responsible for patterning some of these
tissues, such as the ground tissue. The ground tissue lineage is continuously generated by the
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cortex endodermis initial stem cell (CEI), which divides in the transverse orientation (anti-
clinal division) to produce a daughter cell (CEID) and regenerate itself. The ground tissue is
patterned when the CEID divides asymmetrically in the longitudinal (periclinal) orientation,
generating two cell types: endodermis and cortex (1). The mobile transcription factor
SHORT-ROOT (SHR) moves from the stele to the ground tissue, where SCARECROW
(SCR) and the C,H, transcription factor JACKDAW (JKD) sequester it in the nucleus.
Nuclear SHR is required for the periclinal asymmetric divisions of the CEID that pattern the
ground tissue (2, 3). These divisions are activated through a bistable switch involving SHR,
SCR, and other components and correlate with the temporal activation of transcriptional
programs (4, 5). Absence of SHR results in abnormal ground tissue patterning, with loss of
the endodermis and a remaining single layer of ground tissue due to absence of asymmetric
cell divisions (5, 6). Because the ground tissue lineage remains, this indicates that other
factors participate in its specification.

Specific roles for JKD and several close relatives have been recently identified (7). JKD and
BALD-IBIS regulate SHR movement by promoting its nuclear retention, and cooperatively
with MAGPIE (MGP) and NUTCRACKER (NUC) are required for the formative divisions
that pattern the ground tissue into cortex and endodermis. Here we show that JKD, MGP,
and NUC, along with two new members of this family (collectively known as the BIRDs;
table S1) named BLUEJAY (BLJ) and IMPERIAL EAGLE (IME), organize the ground
tissue after embryogenesis. They function as identity determinants of the CEI, which
maintains and gives rise to the lineage, and act as effectors of asymmetric cell divisions of
the CEID upon SHR activation. Furthermore, the BIRDs regulate the transcriptional identity
of the two ground tissue cell types and form a regulatory network associated with lineage
determination, asymmetric division, cell-type specification, and differentiation.

To explore the role of the BIRDs in ground tissue specification, we used expression from the
JO571 enhancer trap line as a robust marker for ground tissue identity (Fig. 1A). This is
exemplified by its expression in the mutant layer of sAr (Fig. 1B). However, its expression
was lost in some cells of double- and triple-mutant combinations of BIRDs, and was almost
undetectable in the quadruple mutant, b/j jkd mgp nuc (Fig. 1, D to G), suggesting that these
transcription factors play a role in ground tissue identity. We next introgressed combinations
of the BIRD mutants into scr. In both jkd scrand blj jkd scr, ground tissue marker
expression was reduced, and a number of blj jkd scrroots lacked the entire ground tissue
(Fig. 1H). These results indicate that the BIRDs and SCR are required for maintenance of
ground tissue identity in addition to their established role in patterning divisions and
endodermis specification (1, 7).

The mRNAs of JKD, MGP, and NUC are primarily expressed in the ground tissue (6, 7). To
accurately determine where the encoded proteins and BLJ and IME accumulate, we tagged
the proteins with green fluorescent protein (GFP) (8). BLJ was specifically expressed in the
ground tissue, more highly in the shootward part of the meristem, although it was
occasionally detected in ground tissue stem cells. Similarly, IME was also expressed more
strongly in the shootward part of the meristem. By contrast, JKD, MGP, and NUC
expression was higher toward the root tip (fig. S1). Previously, expression of the B/RDs and
SCR appeared to require SHR (5, 6). However, when we introgressed the expression
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constructs into sAr, we could detect all of the BIRD fusion proteins, although BLJ
expression was reduced in this background (Fig 1, I to L). SCR is also detectable in the
ground tissue of sAr(9). Taken together, our results indicate that the BIRDs and SCR can be
regulated in a manner that is both dependent and independent of SHR, which is consistent
with the difference in the phenotypes of blj jkd scrand shr.

The ground tissue lineage is initially specified in the embryo (10). Inspection of b/ jkd scr
embryos revealed that they developed ground tissue during embryogenesis (Fig. 2A). In
seedling roots, we found that the ground tissue was present in mature zones but frequently
did not continue to the meristem (fig. S2, A to L). Loss of the ground tissue was detected
after germination but became more severe over time (fig. S2M). When the ground tissue
disappeared, the epidermis became directly juxtaposed with the stele, as shown by tissue-
specific markers (Fig 2, B to E). These results indicate that the combined activity of the
BIRDs and SCR is crucial to maintain the ground tissue lineage postembryonically.

The ground tissue marker J0571 was also lost in cells that were apparently formed by
division of ground tissue cells (Fig. 1, D to G) and thus, the critical role of BLJ, JKD, and
SCR in maintaining the ground tissue appears to be more than maintenance of the division
potential of the CEI. Consistent with this hypothesis, other mutations affecting stem cell
niche activity or the orientation plane of niche asymmetric cell divisions do not result in loss
of cell lineages (11, 12). To determine if the loss of ground tissue was due to incorrect
specification of the CEI, we regenerated roots from wild-type, scr, and bl jkd scr mutants
after resection of the root tip (fig. S3, A to C). In blj jkd scr, there was a low regeneration
frequency (fig. S3D), but in those meristems that did regenerate, we found severely impaired
regeneration of ground tissue with, at most, one or two cells after 2 days (Fig. 2, F and G).
These cells failed to establish a new ground tissue lineage and, although a small amount of
division occurred, expression of the ground tissue marker was normally lost (Fig. 2, H to J).
scrmutants also showed impaired regeneration of the ground tissue lineage and failed to
complete an entire layer (fig. S4). Our results indicate that BLJ, JKD, and SCR maintain
CEl stem cells and their progeny postembryonically through specification of CEI identity.

The BIRDs and SCR are involved in regulation of transcription associated with formative
divisions of the CEID and ground tissue cells (2, 6, 7). To further investigate the dual role of
the BIRDs and SCR in generating and patterning the ground tissue, we reconstructed a gene
regulatory network. Among the BIRDs, we focused on BLJ and JKD because they have a
specific role in ground tissue establishment and identified their direct targets through
chromatin immunoprecipitation (ChlP) followed by sequencing (table S2). To reconstruct
the network, we used transcriptionally regulated targets that were identified by the
intersection of ChIP-bound genes with previous genome-wide expression data (for SHR), as
well as with new microarray data that we generated from b/j jkd scrroot meristems and from
ground tissue sorted cells of sArmutants in which we amplified BIRDs and SCR expression
using the JO571xUAS system [tables S3 and S4; a detailed description of network
reconstruction is in (13)]. The resulting network (table S5) showed pronounced overlaps
between the genes regulated by more than one transcription factor (Fig. 3A and fig. S5). A
more detailed analysis of the network showed that in addition to directly regulating genes
(~55%) in the SHR pathway (table S6), the BIRDs and SCR also directly regulate genes in
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other pathways, suggesting that genes not in the SHR pathway are likely to be involved in
maintaining ground tissue identity and may be activated through a transcriptional cascade
(Fig. 3B).

To better understand how the BIRDs and SCR regulate ground tissue identity, we analyzed
their ability to “rescue” ground tissue gene expression in the s/rbackground. As these
factors are down-regulated in sAr, we amplified their expression using the JO571xUAS-
driven lines in shr(see Methods). We then compared mRNA expression profiles of sorted
ground tissue cells from these lines with the expression profile of wild-type ground tissue
using principal component analysis (PCA) and hierarchical clustering. As an initial test, we
asked if PCA could distinguish between the ground tissue and other root tissues as profiled
in the RootMap (14) and found clear separation (fig. S6, A and B). This provided confidence
to use PCA to infer the identity of the transcriptome when each of the BIRDs was expressed
in the sArground tissue. Consistently, PCA localized the BIRDs’ ground tissue
transcriptomes between sArand wild type (Fig. 3C). This was also true for SCR, indicating
that a degree of rescue had occurred. In agreement with the PCA, hierarchical clustering
separated the ground tissue transcriptome from other root tissues and showed different levels
of rescue provided by the BIRDs and SCR (Fig 3D and fig. S6, C and D). JKD and SCR
were able to rescue the ground tissue transcriptome more effectively than did BLJ. This
suggests that BLJ's role may be to regulate a set of genes that are complementary to those
regulated by JKD and SCR, leading to a combinatorial action responsible for the phenotype
of blj jkd scr. The contrasting expression patterns of BLJ and JKD are consistent with
complementary activities. In addition, there was greater overlap among genes regulated by
SCR and the BIRDs that showed a higher level of rescue of the ground tissue transcriptome
than with the BIRDs that showed a lower level of rescue (Fig. 3E).

Our network indicated that SCR, BLJ, JKD, MGP, and NUC are direct targets of SHR,
whereas IME is regulated through an intermediate transcription factor. SCR, NUC, and
MGP are activated upon SHR induction (5). To better understand the role of BLJ, JKD, and
IME downstream of SHR, we performed a real-time polymerase chain reaction analysis of
gene expression after SHR induction (Fig. 4A). We found that mRNA levels of all of them
peaked at 6 hours, coincident with the time of onset of asymmetric divisions patterning the
ground tissue. A large proportion of the genes down-regulated in s/rare activated by the
BIRDs and SCR (Fig 4B), and some of these had been previously identified to be activated
at the time of the asymmetric divisions (fig. S7A). This indicates that SHR activates the
BIRDs and SCR to induce gene expression associated with patterning. It is, therefore,
possible that activation of downstream targets could be dependent on the level of SCR and
the BIRDs, with SHR being the amplifying signal required for patterning. Inspection of the
ground tissue in the JO571xUAS lines showed formative divisions (fig. S7, B to H) with high
penetrance when BLJ was expressed in the sArbackground (80% of roots, 7= 20), whereas
other BIRDs and SCR could induce these divisions only with substantially lower penetrance
(IME: 50%; others: 10%; n = 20).

As suggested by our network, we next asked if BLJ, JKD, and SCR are required for SHR
function in the ground tissue. For this purpose, we fused SHR to a nuclear localization signal
and expressed it directly in the ground tissue under a two-component system driven by the
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En7 promoter, which is specific to the endodermis and CEI (fig. S7, | to L). When expressed
in a wild-type background, SHR generated additional ground tissue layers, as previously
described (7, 9). However, when expressed in combinations of mutants involving b/f jkd and
scr, SHR failed to rescue the formative cell divisions within the ground tissue. These results
indicate that BLJ, JKD, and SCR are essential for SHR to carry out ground tissue patterning.
Furthermore, analysis of the contribution of the BIRDs and SCR to generate specific gene
expression patterns showed that these transcription factors were able to activate expression
of endodermis and cortex genes (Fig. 4C). Staining for endodermis-specific attributes (the
Casparian strip) in the shrJ0571xUAS lines showed that BLJ (Fig. 4, D to F), along with the
other BIRDs and SCR (fig. S7, M to Q), could induce Casparian strip formation subsequent
to periclinal divisions of the ground tissue. Expression of cortex-specific markers required at
least JKD, MGP, and NUC (Fig. 4, G and H). SCZ, which is required for expression of some
cortex-specific markers (15), is also a target in the network. Our analysis suggests that cortex
identity requires multiple inputs from the BIRDs. Therefore, the BIRDs and SCR, in
addition to mediating SHR transcriptional competence (7), are endogenous effectors of
ground tissue patterning and can provide all the necessary information for the asymmetric
divisions that are activated by SHR to pattern the ground tissue.

Cell fate choices in all multicellular organisms are governed by transcription factors. Their
combinatorial expression and interactions are key to tissue identity. The BIRDs and SCR
play critical roles in maintaining ground tissue identity in postembryonic roots by specifying
the CEI stem cells that generate the ground tissue lineage (Fig. 4l). In addition, they are
effectors of asymmetric divisions that pattern the progeny of the CEls (Fig. 4J). The
continuous control of multiple steps of tissue formation by the same set of transcription
factors, independently of and dependent on positional cues, is a sophisticated mechanism
ensuring plasticity in the regulation of cell fate.

Supplementary Material
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A

Wild type B shr C scr D jkdnuc  E blj jkd mgp F jkd mgp nuc
J0571 marker J0571 marker J0571 marker J0571 marker  J0571 marker  J0571 marker

G bljjkdmgpnuc H
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blj jkd scr
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GT

m

recJKD::JKD::YPET J recMGP::MGP::YPET K pNUC:NUC::GFP
WT shr WT

L recBLl:SPET. M pscroscroGrp

WT shr shr

Fig. 1. BIRDsarerequired for ground tissue maintenance and are expressed in the ground tissue
(A to H) Confocal images of roots of wild-type (WT), shr, scr, jka, nuc, blj, and mgp, at 6

days post-imbibition (dpi), showing the ground tissue (GT) marked by JO571. (I to L)
Expression patterns of the BIRDs in WT or s/rroots at 6 dpi; rec: regulatory regions using
recombineering; p: promoter. (M) SCR expression. En: endodermis; C: cortex; QC:
quiescent center; LRCEI; lateral root cap/epidermis initial; Pe: pericycle. Scale bars: 10 pm.
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Fig. 2. BLJ, JKD, and SCR specify identity of ground tissueinitial cells
(A) Mature embryos of blj jkd scr. (B to E) Lineage analyses in bl jkd scrusing the J0571,

cortex (CO2), epidermis (WER), and stele (WOL) markers. Blue arrows: stele; white
arrows: epidermis. (F to J) b/ jkd scrroots from 1 to 5 days after resection (d.a.r.).
Regenerated ground tissue (green arrows) is visualized with J0571 marker. Yellow arrows:
cells missing J0571 expression. Scale bars: 10 um.
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Fig. 3. BIRDs are determinants of ground tissue gene expression and form a network with SHR
and SCR

(A) Network of SHR, BIRDs, SCR, and downstream transcription factor hubs. (B)
Comparison of transcriptionally regulated targets. (C) Principal component analysis of the
transcriptional profiles of ground tissue—expressed genes in different mutants; inset:
component weights. (D) Same profiles hierarchically clustered. (E) Redundancy among
regulated genes.
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Fig. 4. BIRDs are activated by SHR and specify endoder mis and cortex
(A) BIRD expression in ground tissue cells at different times after SHR induction. (B) Venn

diagrams comparing genes activated by BIRDs and SHR. (C) Heatmap of BIRD
contribution to tissue-enriched expression. Ph: phloem; Xy: xylem; Va: vasculature; Col:
columella. (D to F) Optical root sections at 10 dpi. White arrows: Casparian strip; green
arrows: lignin in xylem. (G to H) Cortex marker in 6 dpi roots. (I and J) Model of
postembryonic formation and maintenance of ground tissue. Scale bars: 10 pm.
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