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within the H-burning shell is B, = 1.5 x 107 G, al-
though we cannot rule out the presence of
stronger fields away from the H-burning shell.
This large field strength may indicate that
KIC8561221 is the descendant of a magnetic
A-type star whose internal field was much stronger
than the typical surface fields of B ~ 3kG of A-type
stars (19).

In principle, it is possible that another symmetry-
breaking mechanism within the core could sup-
press dipole mode amplitudes. The only other
plausible candidate is rapid core rotation. In or-
der for rotation to strongly modify the incoming
waves so that they will be trapped in the core, the
core must rotate at a frequency comparable to
Vmax, roughly two orders of magnitude faster
than the values commonly measured in red giant
cores (2, 6, 20). The depressed dipole mode star
KIC8561221 (8) does not exhibit rapid core ro-
tation and disfavors the rotation scenario.

A magnetic field of amplitude B > 10* G (Fig.
4) could be present in the core of a red giant if it
was retained from previous phases of stellar for-
mation and evolution (72). These strong fields
may reside within the inner core with little ex-
ternal manifestation apart from the reduced vis-
ibility of the dipole modes. However, fields of
similar amplitude have been discussed in order
to explain the suppression of thermohaline mix-
ing in a small fraction of red giant stars, as in-
ferred from the observations of their surface
abundances (21). The inferred core field strength
of B, 2 1.5 x 107 G in KIC8561221 shows that
very strong magnetic fields (B » 10° G) can exist
within the radiative cores of early RGB stars. Be-
cause these fields are probably inherited from
previous stages of stellar evolution, slightly weak-
er (B » 10° G) fields could exist in the cores of
exceptional very highly magnetized main sequence
stars.
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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 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-ROOT organize tissue patterns at all formative
steps during growth, ensuring developmental plasticity.

rgans are formed, patterned, and maintained
during growth. In the root of Arabidopsis,
tissues are organized as concentric cylin-
ders around the internal vascular tissue.
Much progress has been made in identi-
fying factors responsible for patterning some
of these tissues, such as the ground tissue. The
ground tissue lineage is continuously generated
by the 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 pat-
terned when the CEID divides asymmetrically
in the longitudinal (periclinal) orientation, gen-
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erating two cell types: endodermis and cortex ().
The mobile transcription factor SHORT-ROOT
(SHR) moves from the stele to the ground tissue,
where SCARECROW (SCR) and the C,H, tran-
scription factor JACKDAW (JKD) sequester it in
the nucleus. Nuclear SHR is required for the peri-
clinal asymmetric divisions of the CEID that pat-
tern 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 pro-
grams (4, 5). Absence of SHR results in abnor-
mal 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 rela-
tives have been recently identified (7). JKD and
BALD-IBIS regulate SHR movement by promot-
ing 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
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Fig. 1. BIRDs are required for ground tissue maintenance and are expressed in the ground tissue. (A to H) Confocal images of roots of wild-type
(WT), shr, scr, jkd, 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 shr roots 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 um.

A bli ikd scr B blj jkd scr C  bljjkd scr D blj jkd scr E  bljjkd scr
. “ _ J0571 marker pCO2::YFP:NLS marker pWER::GFP marker pWOL::GFP marker

F bl jkc1;l dscr J0571 G bl jkczi ascr J0571 blj jkd Scr J0571 blj jkd Scr J0571 blj jkd scr J0571
ar Al

Fig. 2. BLJ, JKD, and SCR specify identity of ground tissue initial cells. (A) Mature embryos of blj jkd scr. (B to E) Lineage analyses in blj jkd scr using the
JO571, cortex (CO2), epidermis (WER), and stele (WOL) markers. Blue arrows: stele; white arrows: epidermis. (F to J) blj jkd scr roots from 1 to 5 days after
resection (d.a.r.). Regenerated ground tissue (green arrows) is visualized with JO571 marker. Yellow arrows: cells missing JO571 expression. Scale bars, 10 um
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as identity determinants of the CEI, which main-
tains and gives rise to the lineage, and act as
effectors of asymmetric cell divisions of the CEID

upon SHR activation. Furthermore, the BIRDs network associated with lineage determination,

regulate the transcriptional identity of the two asymmetric division, cell-type specification, and
ground tissue cell types and form a regulatory differentiation.
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To explore the role of the BIRDs in ground
tissue specification, we used expression from
the J0571 enhancer trap line as a robust marker
for ground tissue identity (Fig. 1A). This is ex-
emplified by its expression in the mutant layer of
shr (Fig. 1B). However, its expression was lost in
some cells of double- and triple-mutant combi-
nations of BIRDs, and was almost undetectable
in the quadruple mutant, blj jkd mgp nuc (Fig. 1,
D to G), suggesting that these transcription fac-
tors play a role in ground tissue identity. We next
introgressed combinations of the BIRD mutants
into scr. In both jkd scr and blj jkd scr, ground
tissue marker expression was reduced, and a
number of blj jkd scr roots lacked the entire
ground tissue (Fig. 1H). These results indicate
that the BIRDs and SCR are required for main-
tenance 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 pri-
marily expressed in the ground tissue (6, 7). To
accurately determine where the encoded proteins
and BLJ and IME accumulate, we tagged the pro-
teins with green fluorescent protein (GFP) (8).
BLJ was specifically expressed in the ground tis-
sue, 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 BIRDs
and SCR appeared to require SHR (5, 6). How-

A —» Activated

ever, when we introgressed the expression con-
structs into shr, we could detect all of the BIRD
fusion proteins, although BLJ expression was re-
duced in this background (Fig 1, I to L). SCR is
also detectable in the ground tissue of shr (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 pheno-
types of blj jkd scr and shr.

The ground tissue lineage is initially specified
in the embryo (10). Inspection of blj jkd scr em-
bryos 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 direct-
ly 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 maintain-
ing the ground tissue appears to be more than
maintenance of the division potential of the CEL
Consistent with this hypothesis, other mutations
affecting stem cell niche activity or the orienta-
tion plane of niche asymmetric cell divisions do

M

not result in loss of cell lineages (71, 12). To deter-
mine if the loss of ground tissue was due to in-
correct specification of the CEI, we regenerated
roots from wild-type, scr, and blj 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 regen-
erate, 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, ex-
pression of the ground tissue marker was nor-
mally lost (Fig. 2, H to J). scr mutants also showed
impaired regeneration of the ground tissue line-
age and failed to complete an entire layer (fig.
S4). Our results indicate that BLJ, JKD, and SCR
maintain CEI stem cells and their progeny post-
embryonically through specification of CEI identity.

The BIRDs and SCR are involved in regulation
of transcription associated with formative divi-
sions 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 net-
work. Among the BIRDs, we focused on BL.J and
JKD because they have a specific role in ground
tissue establishment and identified their direct
targets through chromatin immunoprecipitation
(ChIP) followed by sequencing (table S2). To re-
construct the network, we used transcriptionally
regulated targets that were identified by the in-
tersection of ChIP-bound genes with previous
genome-wide expression data (for SHR), as well
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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 down-
stream 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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as with new microarray data that we generated
from blj jkd scr root meristems and from ground
tissue sorted cells of shr mutants 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 pro-
nounced overlaps between the genes regulated
by more than one transcription factor (Fig. 3A
and fig. S5). A more detailed analysis of the net-
work showed that in addition to directly regulat-
ing genes (~55%) in the SHR pathway (table S6),
the BIRDs and SCR also directly regulate genes
in other pathways, suggesting that genes not in
the SHR pathway are likely to be involved in main-
taining ground tissue identity and may be acti-
vated 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 shr background. As these factors are down-
regulated in shr, we amplified their expression
using the JO571xUAS-driven lines in shr (see
Methods). We then compared mRNA expres-
sion 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 (74) and found clear

separation (fig. S6, A and B). This provided con-
fidence to use PCA to infer the identity of the
transcriptome when each of the BIRDs was ex-
pressed in the shAr ground tissue. Consistently,
PCA localized the BIRDs’ ground tissue tran-
scriptomes between shr and 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 pro-
vided 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 phe-
notype 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
BIRD:s that showed a lower level of rescue (Fig. 3E).

Our network indicated that SCR, BLJ, JKD,
MGP, and NUC are direct targets of SHR, where-
as IME is regulated through an intermediate tran-
scription 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 SCR, BLJ,
JKD, MGP, NUC, and IME genes peaked at 6 hours,
coincident with the time of onset of asymmetric
divisions patterning the ground tissue. A large pro-
portion of the genes down-regulated in shr are acti-
vated by the BIRDs and SCR (Fig 4B), and some of
these had been previously identified to be acti-
vated 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. Inspec-
tion 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 shr background (80% of roots, n = 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 func-
tion 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 En7 pro-
moter, which is specific to the endodermis and
CEI (fig. S7, 1 to L). When expressed in a wild-type
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GT En C QC Ph Xy Va Pe LRCECol

S
c
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Fig. 4. BIRDs are activated by SHR and specify endodermis 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 um.
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background, SHR generated additional ground
tissue layers, as previously described (7, 9). How-
ever, when expressed in combinations of mutants
involving bJj 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 pat-
terning. Furthermore, analysis of the contribution
of the BIRDs and SCR to generate specific gene
expression patterns showed that these transcrip-
tion factors were able to activate expression of
endodermis and cortex genes (Fig. 4C). Staining
for endodermis-specific attributes (the Casparian
strip) in the shr JO571XUAS 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 ex-
pression 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 ad-
dition to mediating SHR transcriptional compe-
tence (7), are endogenous effectors of ground tissue
patterning and can provide all the necessary in-
formation 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 com-
binatorial 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.
4I). In addition, they are effectors of asymmetric
divisions that pattern the progeny of the CEIs
(Fig. 4J). The continuous control of multiple steps
of tissue formation by the same set of transcrip-
tion factors, independently of and dependent on
positional cues, is a sophisticated mechanism en-
suring plasticity in the regulation of cell fate.
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ALZHEIMER'S DISEASE

Reduced grid-cell-like representations
in adults at genetic risk for

Alzheimer’s disease

Lukas Kunz,"? Tobias Navarro Schroder,> Hweeling Lee,! Christian Montag,*
Bernd Lachmann,* Rayna Sariyska,* Martin Reuter,”® Riidiger Stirnberg,'
Tony Stocker,' Paul Christian Messing-Floeter,"” Juergen Fell,>

Christian F. Doeller,>* Nikolai Axmacher’?7*t

Alzheimer’s disease (AD) manifests with memory loss and spatial disorientation. AD pathology
starts in the entorhinal cortex, making it likely that local neural correlates of spatial navigation,
particularly grid cells, are impaired. Grid-cell-like representations in humans can be measured
using functional magnetic resonance imaging. We found that young adults at genetic risk for AD
(APOE-£4 carriers) exhibit reduced grid-cell-like representations and altered navigational
behavior in a virtual arena. Both changes were associated with impaired spatial memory
performance. Reduced grid-cell-like representations were also related to increased hippocampal
activity, potentially reflecting compensatory mechanisms that prevent overt spatial memory
impairment in APOE-€4 carriers. Our results provide evidence of behaviorally relevant entorhinal
dysfunction in humans at genetic risk for AD, decades before potential disease onset.

ate-onset AD is the most common form of

dementia and one of the most challenging

diseases of modern society (7). Curative ther-

apies are still lacking, presumably because

they start too late (2). Therefore, the elu-
cidation of early pathomechanisms underlying
symptoms of AD is of high interest. We aimed at
identifying one of the potentially earliest neuro-
cognitive pathomechanisms in the development
of AD symptoms: We hypothesized entorhinal
dysfunction in young APOE-e4 carriers. Our hy-
pothesis was built on three previous findings:
First, the £4 allele of the APOE gene is the strongest
genetic risk factor for late-onset AD (3). Individ-
uals carrying one APOE-e4 allele are at threefold
increased risk of AD, and those carrying two
APOE-e4 alleles are at more than 10-fold increased
risk (4). Second, early AD histopathology appears in
the entorhinal cortex (EC) (5), where tau abnormal-
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author. E-mail: nikolai.axmacher@rub.de

ities can already be observed in adults under the
age of 30 (6), especially in APOE-e4 carriers (7).
Third, the EC contains grid cells, a cell type in-
volved in spatial navigation. Grid cells fire when-
ever animals (8) or humans (9) traverse the vertices
of an internally generated grid tiling the spatial
environment into equilateral triangles. Their func-
tion has been linked to path integration (10, 1),
error correction (12), and the maintenance of place
cells (13), which exhibit only a singular firing field
(14). Hence, a possible dysfunction of grid cells
may provide an explanation for the symptom of
spatial disorientation in patients suffering from
AD. Proxies for grid cells, termed grid-cell-like
representations, are detectable in humans by
functional magnetic resonance imaging (fMRI).
The blood oxygenation level-dependent signal
of the EC depends on movement direction with
sixfold rotational symmetry. More specifically,
the contrast of brain activity during movements
aligned versus misaligned to the main axes of
a putative grid in a virtual arena leads to a
macroscopically visible fMRI signal in the right
EC (15).

We examined the effect of APOE-e4 on grid-
cell-like representations by comparing two groups
of healthy young adults (n = 38 APOE-g4/€3
carriers, termed “risk participants” from now on;
n = 37 €3/e3 carriers, “control participants”; table
S1). Participants completed a previously established
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