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KNOTTED1 (KN1)-like homeobox (KNOX) transcription
factors function in plant meristems, self-renewing struc-
tures consisting of stem cells and their immediate daugh-
ters. We defined the KN1 cistrome in maize inflorescences
and found that KN1 binds to several thousand loci, in-
cluding 643 genes that are modulated in one or multiple
tissues. These KN1 direct targets are strongly enriched
for transcription factors (including other homeobox genes)
and genes participating in hormonal pathways, most sig-
nificantly auxin, demonstrating that KN1 plays a key role
in orchestrating the upper levels of a hierarchical gene
regulatory network that impacts plant meristem identity
and function.
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Plant organs initiate through an iterative process at the
shoot apical meristem (SAM), a pluripotent stem cell
population that generates the above-ground body of vas-
cular plants. As leaves initiate from the flanks of the SAM,
a proper balance between organ initiation and meristem
renewal is critical for normal development. Transcription
factors (TFs) belonging to the class I KNOTTED1 (KN1)-
like homeobox (KNOX) family play important roles in this
balance. KNOX proteins are members of the three-amino-
acid loop extension (TALE) superfamily of homeodomain
TFs, which function during development in all eukaryotic
lineages (Hay and Tsiantis 2010). KNOX proteins favor
cytokinin (CK) accumulation through the positive regu-
lation of CK synthesis genes (Jasinski et al. 2005; Yanai
et al. 2005). High gibberellin (GA) and auxin signaling
are required for cell differentiation and elongation in
organs. Excessive GA negatively affects SAM maintenance

(Jasinski et al. 2005), and KNOX TFs are expected to
maintain low quantities of active GA through direct
repression of GA 20-oxidase (synthesis) and up-regulation
of GA 2-oxidase (catabolism) (Sakamoto et al. 2001; Chen
et al. 2004; Bolduc and Hake 2009).

Maize kn1 was the first plant TALE gene to be identified
as a result of its gain-of-function phenotype (Vollbrecht
et al. 1991). kn1 is expressed in all shoot meristems but is
specifically down-regulated in cells destined to become
primordia (Jackson et al. 1994). kn1 loss-of-function plants
occasionally lack shoots (Vollbrecht et al. 2000) but are
mostly impaired in reproductive development (Fig. 1A–C;
Kerstetter et al. 1997). When ectopically expressed in
developing leaves, KN1 induces cell proliferation, result-
ing in the formation of knots or flaps, depending on the
localization of kn1 misexpression (Smith et al. 1992;
Ramirez et al. 2009).

Despite a deep appreciation for the importance of
KNOX TFs in plant development, we know very little
about the genes under KNOX regulation. We identified
genes differentially expressed between normal and kn1
mutants (RNA sequencing [RNA-seq]) and compared this
data set with KN1 genome-wide occupancy (chromatin
immunoprecipitation [ChIP] coupled with deep sequenc-
ing [ChIP-seq]). Modulated and bound genes are enriched
in TFs and hormone metabolism, most notably auxin,
thus highlighting a pivotal role for KN1 in the regulatory
network controlling maize development.

Results and Discussion

KN1 binds to thousands of loci in the maize genome

To elucidate the molecular link between KNOX activ-
ities and meristem maintenance, we sought to define
a KNOX cistrome. We previously showed direct regula-
tion of KN1 binding to the GA catabolism gene ga2ox1
using ChIP with antibodies recognizing the native KN1
protein (Bolduc and Hake 2009). Using this reliable assay,
ChIP-seq was performed on two biological replicates of
immature ears expressing kn1 in a developmental series
of meristem types (Fig. 1D–G), in addition to a small-scale
experiment on two immature tassel samples (Supple-
mental Table 1). Several thousand genomic regions were
significantly enriched in each of the two ear samples
(Supplemental Fig. 1; Supplemental Table 2). The known
target ga2ox1 was enriched in all four samples (Fig. 2A),
providing a positive control for the ChIP-seq and data
analysis.

To validate the newly identified KN1-bound regions,
such as those identified in the KNOX gene liguleless3
(lg3) (Supplemental Fig. 2A), we performed quantitative
PCR (qPCR) on ChIP DNA (ChIP-qPCR) obtained from
wild-type and kn1-null tissues (Supplemental Figs. 2–5).
Enrichment was detected in the regions covered by peaks
but not upstream and downstream, indicating that the ChIP-
seq accurately identified the spatial distribution of KN1
binding in vivo. Furthermore, genomic regions that were
enriched for KN1 binding in ears were enriched in meri-
stems from wild-type tassels and SAM but not from kn1-
null meristems. Thus, the bound regions identified in ears
are KN1-specific and representative of KN1 binding in other
tissues as well. To minimize false positive identification,
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we concentrated our analysis on the 6511 peaks that
showed overlap between the two ears samples (referred
to as ‘‘high-confidence’’ KN1-bound loci) (Supplemental
Material). Among these, 879 loci were also identified in at
least one tassel ChIP-seq experiment (Supplemental Fig. 1).
However, the number of KN1 targets shared between ears
and tassels is likely much larger, since all 28 ChIP-qPCR-
validated loci identified exclusively as peaks in ears also
showed enrichment in tassels (Supplemental Fig. 4; Sup-
plemental Table 3).

KN1 binds in vitro to cis-regulatory elements
present in the high-confidence KN1-bound loci

KNOX proteins bind sequences containing a TGAC
core in vitro, but specific cis-regulatory elements
recognized in vivo by KNOX proteins have been
identified in only four direct targets (Sakamoto
et al. 2001; Chen et al. 2004; Bolduc and Hake
2009; Spinelli et al. 2011). Starting from the KN1-
bound regions, we computationally identified sev-
eral motifs consisting of two ‘‘NGAC’’ sequences
separated by one or two residues, reminiscent of
the KN1-binding site found in the ga2ox1 gene
(two TGAC motifs separated by four residues).
However, in vitro KN1 binding was not detected
for any of the three motifs tested, and binding was
severely impaired for probes derived from the
ga2ox1-binding site with a gap <3 base pairs (bp)
(Supplemental Fig. 6; Supplemental Table 4), in-
dicating that the spacing between the two TGAC
motifs is important for efficient KN1 binding in
vitro.

We also searched for the presence of a ga2ox1-
like binding motif in the entire set of high-confidence
bound loci (see the Supplemental Material). The
motif was found 11 times more frequently in the

KN1-bound loci compared with the maize genome (Fig.
2B,C), indicating that this cis-regulatory element is a
common KN1-binding motif but not the only one, since it
was identified in only 474 loci (7%). These results re-
inforce the idea that KNOX TFs have degenerate binding
sites and acquire specificity through cooperation with
binding partners, as found in animals (Moens and Selleri
2006). KNOX proteins recognize DNA as heterodimers
with BEL1-LIKE HOMEOBOX (BLH) proteins (for review,
see Hay and Tsiantis 2010), and the 17 BLH genes in maize
likely provide ample opportunity for increased specific-
ity. The different protein complexes could translate to
different binding motifs, as found for Oct-1 and Ubx
(Huang and Herr 1996; Slattery et al. 2011), and would
explain our failed attempt at identifying de novo a unify-
ing consensus binding site that relates to KN1’s in vitro
binding properties.

KN1 binds near genes and potential distal enhancers

To establish which genes are potential KN1 direct targets,
each high-confidence bound locus was assigned to the
closest gene, resulting in a total of 5118 genes, including
1026 that are associated with two or more loci. In 81% of
the high-confidence KN1-bound loci (4274 genes), peaks
are located within 10 kb of genes, mainly in the 59 or 39
regions, but also in introns and exons (Fig. 2D; Supple-
mental Fig. 7). However, among the more distant peaks,
one was identified in a region that behaves as an enhancer
for expression of teosinte branched1 (Studer et al. 2011),
a key gene in maize domestication (Doebley et al. 1997).
KN1 recognizes in vitro a motif present in this region that
is conserved in maize landraces, modern inbreds, and
teosinte (Supplemental Figs. 6C, 8). These data suggest
that distantly located KN1-bound regions may represent
enhancers important for gene regulation. The Drosophila
TALE protein Prep1 was reported to activate pax6 via bind-
ing to an enhancer necessary for lens-specific expression

Figure 1. kn1 loss-of-function phenotypes. (A,B) Female inflores-
cence (ear) from wild-type (+/+) (A) and the null kn1-e1 (�/�) (B)
allele, which produces a small cob with poor kernel yield. (C) Male
inflorescence (tassel). kn1-e1 tassels have fewer long branches (B)
and fewer spikelets (S). (Inset) Immature tassels at the stage used for
ChIP and RNA-seq. Immature ears are similar but lack long branches.
(D–G) kn1 in situ hybridization in transverse sections of a wild-type
ear, going from the tip (D) toward the base (G). A specific signal
corresponds to the dark-blue staining. Bars: A–C, 1 cm; C, inset, 1 mm;
D–G, 0.1 mm.

Figure 2. ChIP-seq results. (A) ChIP-seq identified KN1 binding in ga2ox1. The
blue circle indicates the position of the previously mapped KN1-binding motif,
and the red arrow indicates gene orientation. (B,C) ga2ox1-like binding motif
(B) is significantly over-represented (P-value < 1 3 10�100) in KN1-bound loci
compared with the B73 genome (C). (D) Distribution of KN1 peaks around
transcribed genes. A representative gene is shown as a white box on the X-axis.
(E) Relationship between the total read count and the proportion of modulated
genes in all tissues.
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(Rowan et al. 2010), suggesting that plant TALE proteins
such as KN1 could similarly regulate their targets through
enhancer binding.

Deciphering the genes that are bound and modulated

To test whether the bound genes are under KN1 regula-
tion, we obtained genome-wide quantitative expression
data (RNA-seq) for tissues where KN1 naturally accumu-
lates at high levels (immature ears and tassels, and SAM),
and compared kn1-e1 loss-of-function plants with their
normal siblings. We also took advantage of semidominant
Kn1 mutants that misexpress kn1 in leaf primordia (Smith
et al. 1992). When analyzed by qRT–PCR, ga2ox1 and lg3
showed a gradient of accumulation in Kn1-N/+ and Kn1-
N/Kn1-N leaf primordia proportional to kn1 overexpres-
sion (Supplemental Fig. 9). No obvious morphological
differences were visible between wild-type and Kn1-N
mutants at the stage sampled, indicating that differential
gene expression should be primarily due to early KN1
activity, rather than secondary effects resulting from altered
cell fate. We considered as differentially expressed genes
showing an adjusted P-value of <0.01, regardless of their
fold change, resulting in 1267 modulated genes in ears, 754
in tassels, and 14 in shoot apices (Table 1). We detected
1336 genes differentially expressed between wild-type and
Kn1-N/Kn1-N leaves, with 23 of these also showing a
difference between wild-type and the mild Kn1-N/+ leaves.

We then asked whether the genes identified as bound
by KN1 in ears were modulated in the kn1-e1 or Kn1-N
backgrounds, taking advantage of the quantitative aspect
of ChIP-seq. For each gene, we compiled the number of
reads at peaks up to 10 kb upstream and downstream. The
total number of reads from all four biological replicates
(total read count [TRC]) was used as a quantitative
measure of KN1 occupancy (see the Supplemental Mate-
rial). Among the genes that have no peaks within 10 kb,
only 4.9% were differentially expressed in at least one
tissue (Fig. 2E). The proportion of differentially expressed
genes increases with the TRC and reaches 17.5% when
considering genes with a TRC of >100. Thus, there is a
positive correlation between KN1 occupancy and the
proportion of modulated genes. These results are in
agreement with the continuous network hypothesis (Big-
gin 2011), which states that TFs bind over a quantitative
series of DNA occupancy levels that span functional,
quasifunctional, and nonfunctional DNA-binding events.
Genes more highly occupied are likely to be more bio-
logically relevant targets. We thus restricted our analysis
to modulated genes with a TRC of $25 (see the Supple-
mental Material). Using these criteria, 20%–30% of the
genes initially identified as differentially expressed in
leaves, tassels, or ears are considered bound by KN1

(Table 1). Of note, the absence of modulation for many of
the KN1-bound genes may be due to nonfunctional DNA-
binding events, but the redundancy of KNOX TFs is
likely an important factor. Other KNOX proteins in
kn1-e1 meristems may partially compensate for the
absence of KN1. In addition, kn1 is misexpressed only
in a few cells in Kn1-N leaves, making the detection of
small differences difficult.

KN1 regulates other TFs

We assigned each gene to functional categories (Thimm
et al. 2004) and compared the ones enriched among the
bound and modulated genes (direct targets) with the cate-
gories enriched among the indirect targets, represented by
the modulated genes that did not match our stringent
criteria for KN1 binding. The ‘‘RNA’’ category presents
the most significant enrichment in all three tissues in the
KN1-bound and modulated genes but is not enriched
among the indirect targets (Fig. 3A). The enriched sub-
categories comprise several families of TFs, with the
homeobox (HB), MADS, auxin response factor (ARF),
YABBY, and basic helix–loop–helix (bHLH) families
showing the most significant enrichment (Fig. 3B).

The HB family is particularly preponderant among the
bound TFs and includes 10 knox genes but also several
blh, hd-zipIII, etc. (Supplemental Table 5). Among the
knox genes, KN1 positively regulates lg3, lg4a, and knox8
but negatively regulates gn1 (Supplemental Fig. 10). lg3
and lg4a are induced in Kn1-N leaves, suggesting that the
dominant Kn1 phenotypes result from the cooperative
work of all three KNOX proteins. Interestingly, the knox8
rice ortholog OSH43 is also a direct (positive) target of
the KN1 ortholog OSH1 (Tsuda et al. 2011). Furthermore,
KN1 binds within its own gene, in an intron where trans-
poson insertions lead to dominant Kn1 mutants (Greene
et al. 1994). The importance of autofeedback regulation
mediated by cis-regulatory elements in this intron has
been demonstrated in rice for OSH1 (Tsuda et al. 2011).

Forty-seven KN1-bound genes were comodulated in
both ears and tassels (Supplemental Table 6), with the
most significant enrichment for genes involved in regu-
lation of transcription (P-value = 1.2 3 10�7). This list
comprises 18 TFs, including members of the MADS-box
family with similarity to SEPALLATA TFs known to par-
ticipate in protein complexes with related MADS proteins
(Thompson and Hake 2009). Considering the involvement
of MADS TFs in floral development, these targets may be
partly responsible for the strong floral defects in kn1 loss-
of-function ears (Kerstetter et al. 1997). Another interest-
ing case is the yabby genes belonging to the same clade as
FIL (Juarez et al. 2004) that are down-regulated in ears and
tassels and up-regulated in Kn1-N/Kn1-N leaves (Supple-
mental Fig. 10), indicative of a KN1-mediated positive
regulation. YABBY TFs are important for leaf polarity and
lamina growth (Sarojam et al. 2010), and misregulation of
these proximally expressed genes (Juarez et al. 2004) may
contribute to the presence of proximal structures in the
distal part of the leaf in Kn1 gain-of-function alleles
(Ramirez et al. 2009). Other genes involved in the specifica-
tion of organ boundaries, such as NAC (NAM-ATAF1,
2-CUC2) TFs, are targeted by SHOOTMERISTEMLESS in
Arabidopsis, including the direct regulation of CUC1
(Spinelli et al. 2011). Similarly, KN1 binds to many maize
NAC genes, although this class of TFs is not significantly
enriched among the direct targets.

Table 1. Proportion of modulated genes that are bound by

KN1

Tissue Modulated Bound Bound (of modulated)

Leaves 1336 266 19.91%
Tassels 754 227 30.11%
Ears 1267 267 21.07%
SAM 14 0 0.00%
All tissuesa 2953 643 21.77%

aSum of all modulated genes in leaves, tassel, and ears, counting
only once the genes modulated in multiple tissues.
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Other KN1-bound transcriptional regulators not classi-
fied as TFs were modulated in several tissues. Of particular
interest is GRMZM2G079080, a gene nearly identical to
ARGONAUTE10 (AGO10) (also known as PINHEAD)
(Supplemental Fig. 10), which in Arabidopsis is critical
for SAM development (Lynn et al. 1999). AGO proteins
are the catalytic components of the RNA-induced silenc-
ing complex (RISC) responsible for small RNA-mediated
gene silencing (Mallory and Vaucheret 2010). Three other
KN1-bound AGO genes were identified as positively mod-
ulated in Kn1-N leaves or negatively modulated in kn1-e1
ears, indicating a general trend for a KN1-mediated posi-
tive regulation of this class of genes.

KN1 directly regulates genes
in hormonal pathways

Our ChIP-seq results highlight the pref-
erential binding of KN1 near genes be-
longing to the GA, brassinosteroid (BR),
and auxin pathways, but modulated
genes are mainly enriched for the auxin
pathway (Fig. 3B; Supplemental Table 7).
Although not enriched as a group, our
results indicate that KN1 could promote
a higher CK accumulation in Kn1-N
leaves by positively regulating a gene
similar to the rice CK synthesis gene
LONELY GUY (Supplemental Fig. 10;
Kurakawa et al. 2007). KN1 also targets
genes involved in CK perception and
signaling, including a gene nearly iden-
tical to the CK receptor WOODEN LEG
that is down-regulated in kn1-e1 tassel
primordia, suggesting that KN1 posi-
tively regulates CK perception. Thus,
KN1 could positively influence CK syn-
thesis and signaling by directly targeting
only a few key players in the CK pathway.

Among all of the bound hormonal genes, differential
gene regulation occurs preferentially for the auxin-related
genes, particularly in leaves (Figs. 3B, 4A,B). This enrich-
ment is even more robust if we consider the TFs involved
in auxin signaling: AUX-IAA and ARF. Indeed, KN1 binds
to nearly half of the AUX-IAA and ARF genes annotated
in the maize genome (Supplemental Table 7), with some
of them showing differential expression in Kn1-N leaves.
Beside these TFs, KN1 binds near genes coding for en-
zymes that synthesize auxin and maintain its homeostasis
and auxin influx and efflux transporters, as well as AFB-
like genes that are characterized as F-box auxin corecep-
tors in Arabidopsis (Chapman and Estelle 2009). Among

Figure 3. Functional categories of KN1 targets. Distribution of categories is shown for genes located within 10 kb of high-confidence KN1-
bound loci (Ears—Bound) and modulated genes (bound vs. unbound). (A) Enrichments for all main categories. (B) Enrichments for subcategories
in the ‘‘RNA—regulation of transcription’’ (left) and ‘‘hormone metabolism’’ (right) categories. (*) Nucleosome assembly factor group.

Figure 4. KN1 targets the auxin pathway. (A) Kn1-N phenotype. First leaf from wild type
(+/+), Kn1-N heterozygotes (K/+), and homozygotes (K/K) are shown. Kn1-N leaves are shorter
and wider, and overall plant height is shorter in homozygotes. (B) Changes in gene expression
for selected targets. All differences between homozygotes and wild type are statistically
significant at a false discovery rate (FDR) of <0.01. (C) ChIP-seq identified KN1 binding in
selected targets. Red arrows indicate gene orientation. Peak traces are shown for the two ear
replicates (E1–E2). (D) Confocal images (maximum projection) of DR5revTmRFPer (top panels) or
KN1 immunolocalization (bottom panels) in Kn1-N/+ plants and wild-type siblings (transverse
sections). Increased fluorescence in the lateral veins (arrows) correlates with KN1 misexpression.
A look-up table scale of fluorescence intensity in shown in the top left panel.
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these, modulation occurs in Kn1-N leaves for auxin ef-
flux transporters of the PIN and ABCB families (up-
regulated) and auxin influx carriers similar to AUX1
and LAX3 (down-regulated) (Fig. 4B). KN1-bound genes
involved in the synthesis of auxin and its precursor,
tryptophan, are also up-regulated in leaves, indicating
that KN1 directly controls the auxin pathway at all levels.
For example, the vanishing tassel2 (vt2) gene, identified
through its mutant phenotype as a tryptophan aminotrans-
ferase (Phillips et al. 2011), is significantly up-regulated
in Kn1-N leaves (Fig. 4B,C). Thus, KN1 directly modulates
genes involved in the synthesis, transport, and signaling of
auxin.

To understand how the observed differential gene expres-
sion affects auxin output, we compared DR5revTmRFPer
accumulation (Gallavotti et al. 2008) between Kn1-N/+
and +/+ siblings. The DR5 reporter is more highly expressed
in lateral veins of Kn1-N mutants at this stage, coincident
with KN1 accumulation (Fig. 4D). In addition, RFP fluo-
rescence was significantly higher in protein extracts from
leaves of Kn1-N/+ than wild-type siblings (Supplemental
Fig. 10C), indicating higher auxin signaling in the presence
of KN1. Thus, by regulating many genes in the auxin
pathway, KN1 has a positive impact on auxin signaling in
leaves.

How does increased auxin signaling observed in leaves
relate to KN1 activity in its normal context? KN1 accu-
mulates in vasculature of unexpanded stems and imma-
ture inflorescences (Smith et al. 1992), and considering the
requirement for auxin in vasculature development, it is
likely that KN1 misexpression in leaf veins mimics its
endogenous role in the vasculature. Furthermore, maize
plants carrying mutations in the auxin pathway dis-
play small or nonexistent inflorescences (McSteen 2010;
Phillips et al. 2011) that are very similar to the defect in
lateral meristem initiation observed in kn1-null mutants
(Kerstetter et al. 1997), suggesting that KN1 could di-
rectly contribute to the formation of lateral organs through
specific spatiotemporal modulation of auxin synthesis,
transport, and signaling. However, high auxin activity is
observed at sites of organ initiation where KNOX genes
are not expressed (Heisler et al. 2005; Gallavotti et al.
2008), thus questioning how KN1 would modulate auxin
signaling in cells where it does not accumulate. It was
recently shown that the apparent complexity of auxin
response components in the Arabidopsis SAM can be
simplified to two robust differential sensitivities to auxin,
with the central zone having a lower sensitivity, and the
peripheral zone having a higher one (Vernoux et al. 2011).
KN1 accumulates in both central and peripheral zones of
the SAM, and different spatiotemporal misexpression of
KNOX genes in leaves leads to drastically different leaf
phenotypes (Ramirez et al. 2009; Shani et al. 2009). Thus,
KN1 activity within the SAM could also vary according
to its spatiotemporal distribution, with a differential impact
on auxin response components in the central and peripheral
zones. KN1 is also present in a few cell layers at the base of
initiating organ primordia (Jackson 2002), where it may
contribute to establishing the proximal axis of the leaf.
Regardless, it is important to remember that KNOX TFs
also act through modulation of CK, GA, and potentially BR,
all of which cross-talk with auxin (Jaillais and Chory 2010).
A complex equilibrium between the different hormones is
crucial for proper meristem maintenance and organ initia-
tion, and our results support a model in which KN1 plays

a major role in the establishment and maintenance of this
equilibrium.

Considering the global changes that arise during the
transition from a meristematic to a determinate fate,
and the key role played by KN1 in that transition, the
occupancy of thousands of loci, concomitant with the
regulation of hundreds of genes, is not surprising. Our
results show that KN1 stands at the top of an intricate
regulatory network involving hormonal pathways and
transcriptional regulators. This study provides a blueprint
from which to improve desired traits, such as yield, in
maize and related cereal crops, in addition to serving as
a foundation for a systems approach to understanding
meristem function in all plants.

Materials and methods

ChIP-seq and RNA-seq

All plant material was in the B73 background. ChIP was performed as

described (Bolduc and Hake 2009), and libraries were sequenced on an

Illumina Genome Analyzer II. Reads were aligned to the B73 maize

reference genome version 2, and peak calling was performed with MACS

using only the uniquely mapping reads. RNA-seq libraries were prepared

from 1–2 mg of total RNA using the TruSeq kit (Illumina) and sequenced

on an Illumina HiSeq 2000. Reads were aligned to the maize genome (B73

version 2, masked), and the number of reads in each gene model (filtered

gene set 5b.60) was calculated. Differential gene expression was deter-

mined using the R bioconductor package DESeq. Analysis for ChIP-seq

and RNA-seq is detailed in the Supplemental Material. The fully analyzed

data set is available as a spreadsheet in Supplemental Table 11 and can be

browsed at GRASSIUS (Yilmaz et al. 2009). Raw data are partially stored at

Gene Expression Omnibus (GEO) (accession no. GSE38487 for RNA-seq,

complete set; and GSE39161 for ChIP-seq, partial set) and at GRASSIUS

(http://grassius.org/chipseqinfo.html?tf=KN1). ChIP-seq peaks from ears

will also be available at MaizeGDB (http://gbrowse.maizegdb.org/gb2/

gbrowse/maize_v2) (Sen at al. 2009). RNA-seq data can also be visualized

at http://www.qteller.com.

Visualization of DR5revTmRFPer

Plants were hand-sectioned, mounted in water, and imaged with a Leica

SP5 confocal microscope. Excitation was performed at 561 nm with a

diode-pumped solid-state laser set at 10% power (pinhole set to 1 airy unit).

For each sample, 27 Z sections were captured, keeping all settings identical

between wild type and mutant. Images were processed with ImageJ.
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