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Peptide signaling presumably occupies a central role in plant de-
velopment, yet only few concrete examples of receptor-ligand pairs
that act in the context of specific differentiation processes have
been described. Here we report that second-site null mutations
in the Arabidopsis leucine-rich repeat receptor-like kinase gene
barely any meristem 3 (BAM3) perfectly suppress the postembry-
onic root meristem growth defect and the associated perturbed
protophloem development of the brevis radix (brx) mutant. The
roots of bam3 mutants specifically resist growth inhibition by the
CLAVATA3/ENDOSPERM SURROUNDING REGION 45 (CLE45) pep-
tide ligand. WT plants transformed with a construct for ectopic
overexpression of CLE45 could not be recovered, with the excep-
tion of a single severely dwarfed and sterile plant that eventually
died. By contrast, we obtained numerous transgenic bam3
mutants transformed with the same construct. These transgenic
plants displayed a WT phenotype, however, supporting the notion
that CLE45 is the likely BAM3 ligand. The results correlate with the
observation that external CLE45 application represses proto-
phloem differentiation in WT, but not in bam3 mutants. BAM3,
BRX, and CLE45 are expressed in a similar spatiotemporal trend
along the developing protophloem, up to the end of the transition
zone. Induction of BAM3 expression upon CLE45 application, ec-
topic overexpression of BAM3 in brx root meristems, and laser
ablation experiments suggest that intertwined regulatory activity
of BRX, BAM3, and CLE45 could be involved in the proper transi-
tion of protophloem cells from proliferation to differentiation,
thereby impinging on postembryonic growth capacity of the
root meristem.

CLE peptides | vasculature

In plants, peptide signaling presumably occupies a central role
because receptor and ligand genes are relatively abundant in

their genomes (1–3). However, only a few examples of ligand-
receptor pairs acting in specific developmental contexts have
been described (4–7). The prototypical example is the leucine-rich
repeat receptor-like kinase (LRR-RLK) CLAVATA 1 (CLV1),
whose activity is modulated non–cell autonomously by its dodeca-
peptide ligand CLV3 to maintain stem cell niche homeostasis in
the shoot meristem (8–10). Both CLV1 and CLV3 belong to
larger clades of respective homologs, the CLV-like LRR-RLKs
and the CLV3/ENDOSPERM SURROUNDING REGION
(CLE) peptides. In Arabidopsis, the latter are represented by 31
genes, which sometimes encode the same processed dodeca-
peptide, thus giving rise to a family of 26 CLE peptides (11, 12).
Interestingly, when applied at nanomolar concentrations, the
majority of CLE peptides inhibit root growth, presumably by
triggering terminal differentiation of stem cells and/or by sup-
pressing protoxylem differentiation (11, 13). However, hardly
any receptor–CLE ligand pairs with specific roles in root devel-
opment have been identified, Arabidopsis CRINKLY 4 (ACR4)–
CLE40 being the notable exception (4, 7). In this study, we show
that the CLV-like LRR-RLK BARELY ANY MERISTEM 3
(BAM3) and its putative ligand CLE45 are involved in guiding
progression of protophloem development in the Arabidopsis

primary root meristem, which determines the meristem’s post-
embryonic growth capacity. Our discovery emerged from a second-
site suppressor screen of a null mutation in the BREVIS RADIX
(BRX) gene. BRX encodes a putative transcriptional coregulator,
which is subject to complex regulation at both the transcriptional
and posttranslational level (14–18). In brx null mutants, post-
embryonic growth of the root meristem 3–6 d after germination
(dag) is strongly decreased, leading to a smaller mature meristem
and consequently slower root growth at later stages of de-
velopment. This phenotype is associated with perturbed pro-
gression of protophloem development, which manifests in
asynchronous differentiation of cells in the so-called pro-
tophloem transition zone (18) (see Fig. S1A for an overview of
root meristem structure and terminology). This asynchronicity
can be visualized by cell wall staining or marker gene expression
and is accompanied by a shortened protophloem transition zone
(18). Whether the perturbed progression of protophloem de-
velopment in brx is a cause or a consequence of suspended post-
embryonic root meristem growth remains unclear.

Results and Discussion
To uncover genetic suppressors of the brx phenotypes, seeds
homozygous for the T-DNA insertion null allele brx-2 in the
standard Col-0 WT background were mutagenized with ethyl
methanesulfonate (EMS). Forty thousand progeny collected
from 10,000 mutagenized plants were screened for rescue of the
brx-2 short root phenotype in tissue culture, and 33 mutants that
significantly restored root growth to variable degrees were iso-
lated (Fig. 1A and Fig. S1B). In this study, we investigated sup-
pressor line 1.77.1, which displayed WT root growth vigor.
Confocal microscopy at different stages revealed that meristem
growth was indeed restored and that protophloem development
appeared normal (Fig. 1 B–D). Likewise, root growth responses
to hormone treatments, which are perturbed in brx (15, 18), re-
sembled WT (Fig. 1E). To investigate whether this rescue was
also associated with restoration of the extensive gene expression
changes in brx mutants (15), we performed next generation se-
quencing (NGS) of mRNA isolated from the roots of 3-d-old
seedlings (19). Analysis of these data using the “Tuxedo” pipe-
line (20) revealed numerous expression changes between brx-2
and Col-0 as well as 1.77.1 seedlings, but also between 1.77.1 and
Col-0 seedlings (Dataset S1). However, the expression of more
than 86% of genes (i.e., 905 of 1,071 down-regulated genes,
619 of 685 up-regulated genes, or 1,524 out of 1,756 total
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misexpressed genes) that were differentially expressed between
brx-2 and Col-0 was normalized in 1.77.1 (Fig. 1F), suggesting
that the second-site mutation recovers the transcriptional pro-
gram perturbed in brx-2. It is noteworthy that with respect to

previously obtained microarray data (15), the overlap was sig-
nificantly higher than expected by chance, but limited. This might
in part reflect variation in developmental stage and individual
growth conditions between experiments, but also that overall
RNA sequencing detected fewer genes (i.e., with at least one
read per gene in all samples) than microarray hybridization (i.e.,
signal above background). It is also worthwhile to point out that
the set of differentially expressed genes determined by RNA se-
quencing very much depended on the bioinformatics pipeline
applied to detect expression differences (e.g., ref. 21), although
the transcriptome signature relations between samples stayed
coherent over different analyses. Finally, we introduced a re-
porter gene of the only functional BRX homolog in Arabidopsis,
BRX-LIKE 1 (BRXL1) (22), into 1.77.1 to exclude that the rescue
of brx-2 phenotypes was due to ectopic BRXL1 expression in the
root meristem, which we could confirm (Fig. S1C).
To identify the causal mutation for the phenotypic reversion,

we backcrossed the 1.77.1 line to its brx-2 parent. In the progeny,
the brx-2 phenotype segregated at ca. 75%, confirming that the
suppressor mutation is recessive. Thus, we prepared DNA from
pools of ca. 50 short-root and long-root seedlings collected from
this F2 generation and sequenced it by NGS (23). Mapping of
the reads onto the brx-2 reference genome sequenced in parallel
revealed an interval on chromosome 4 in which the frequency of
SNPs introduced by EMS mutagenesis increased sharply in the
reads from the long root pool, with one particularly interesting
nonsynonymous SNP reaching 100% frequency (Fig. S1D). In-
dependent Sanger sequencing confirmed its exclusive homozy-
gosity specifically in long-root individuals, suggesting that it
caused the suppression of brx-2 phenotypes. The SNP leads to
a premature stop codon in the coding region of BAM3, thereby
deleting the kinase domain of the protein and presumably
leading to a loss of function (Fig. 2A). To confirm this notion, we
obtained the null allele bam3-2 (24) and crossed it to brx-2. The
F2 segregation of short- and long-root individuals suggested that
this allele also suppresses brx-2 phenotypes, unlike a null muta-
tion in the closest BAM3 homolog, BAM1 (Fig. 2B) (24). Finally,
a similar approach to characterize the initially second best sup-
pressor from our screen, line 1.87.3 (Fig. 1A), revealed a causal
homozygous SNP that gives rise to an even earlier stop codon in
BAM3 (Fig. 2A). These independent examples suggest that BAM3
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Fig. 1. Isolation of brx suppressors by second-site mutation screening. (A)
Root length of suppressor lines at 9 dag. brx-2 is a null allele in Col-0 WT
background. All lines were significantly different (P < 0.001) from brx-2. (B)
Root meristem growth between 3 and 5 dag visualized by mPS-PI staining.
Asterisks indicate the first rapidly elongating cortex cell (out of range in Col-0
and line 1.77.1 at 5 dag). (C) Rescue of differentiation gaps in the pro-
tophloem transition zone of brx-2 mutants (asterisk) in line 1.77.1 as
revealed by mPS-PI staining. Arrowheads indicate protophloem cell files
(enhanced PI staining). (D) Quantification of root meristem growth as
expressed by meristematic cortex cell number. (E) Root growth response to
brassinosteroid (brassinolide, BL) and cytokinin (transzeatin, TZ) application.
(F) Overlaps of mRNA sequencing analysis of differential expression with
different thresholds. (Scale bars: B, 100 μm; C, 50 μm.) Error bars represent
SEM; **P < 0.01; ***P < 0.001.
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Fig. 2. Isolation and analysis of the bam3 mutant as a brx-2 suppressor. (A)
Schematic presentation of the BAM3 gene structure and the isolated sup-
pressor mutations. (B) Segregation analysis of indicated crosses. bam3-2 is
a BAM3 null allele; bam1-3 is a null allele in its homolog BAM1. (C) Root
growth progression and (D) mature root meristem size in indicated geno-
types. Error bars represent SEM; Statistical significance in C and D is indicated
in comparison with respective WT sample. ***P < 0.001.
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loss of function rescues the root meristem growth and pro-
tophloem development defects of brx-2 mutants. Interestingly, no
apparent morphological phenotypes have been reported for the
bam3-2 single mutant (24), and root growth vigor is indeed normal
in bam3-2 (Fig. 2C), as is root meristem size (Fig. 2D).
To identify a putative BAM3 ligand, we next tested whether

bam3-2 mutants are resistant to treatment with any of the CLE
peptides that have been reported to inhibit root growth (12, 25,
26). Indeed, in a tissue culture screen, bam3-2 mutants displayed
specific resistance to application of CLE45 peptide, which was
the most powerful inhibitor of root growth (Fig. 3 A–D). Closer
inspection by confocal microscopy revealed that CLE45 treat-
ment inhibits root meristem growth in both Col-0 and brx-2, but
hardly so in bam3-2 (Fig. 3 E and F). The insensitivity of bam3-2
to CLE45 activity was also supported by experiments that aimed
to introduce a transgene for ectopic overexpression of CLE45
under control of the UBIQUITIN 10 promoter into WT and
bam3-2. Whereas WT plants that carried this transgene could not
be recovered with the exception of a single severely dwarfed and
sterile plant that eventually died, numerous transgenic bam3
mutants transformed with the same construct were obtained (Fig.
S1E). The latter displayed a WT phenotype however, supporting
the notion that CLE45 is the likely BAM3 ligand, although at this
stage we cannot exclude the possibility that another RLK whose
activity is BAM3-dependent is the CLE45 receptor. However, in-
terestingly, neither mutant in the two closest BAM3 homologs,
bam1 and bam2, displayed CLE45 resistance (Fig. 3G), suggesting
that BAM3 and CLE45 constitute a highly specific putative re-
ceptor–ligand pair, matching their solitary outlier positions in their
respective phylogenies (24, 25, 27). A survey of the suppressor
lines indicated that, as expected, 1.77.1 and 1.87.3 are CLE45-
resistant, whereas other lines, with two mildly resistant exceptions,
are not (Fig. 3H). Although our data suggest that CLE45 needs
BAM3 to act, our data do not exclude that other peptide ligands
for BAM3 might exist, similar to the promiscuity described for
BAM1 and BAM2 (28). It therefore appears possible that
CLE45–BAM3 action is specifically relevant in the root meristem.
Further investigation of CLE45-treated roots revealed no

apparent effects on stem cell niche morphology or quiescent
center (QC) markers (Fig. 4A). By contrast, CLE45 application
abolished the typically strong propidium iodide (PI) cell wall
staining of protophloem cells (18), to the extent that no pro-
tophloem could be distinguished any longer (Fig. 4B). Consistent
with this finding, CLE45 application excluded expression of the
protophloem development marker ALTERED PHLOEM DE-
VELOPMENT (APL), which encodes a transcription factor that is
required for phloem identity (29), from the meristematic zone
(Fig. 4C). By contrast, no effect was observed on the protoxylem
development marker ARABIDOPSIS HISTIDINE-CONTAINING
PHOSPHOTRANSFER PROTEIN 6 (AHP6) (30), other than
adjustment of its zoning to the reduced meristem size (Fig. 4D).
These results correlate with reduced and discontinuous expres-
sion of APL in brx mutants (18) (Fig. S1F). In summary, CLE45
treatment specifically affected root meristem growth and pro-
tophloem development, in striking similarity to brx loss of function.
The negative effect of CLE45 on protophloem development is
unique, because so far CLE peptides have been reported to rather
interfere with protoxylem differentiation (11, 13).
Mimic of the brx phenotype by CLE45 application and its

suppression by bam3 loss of function suggested that the putative
CLE45–BAM3 receptor–ligand pair might be hyperactive in brx
mutants. To test this notion, we first surveyed transcriptomic
effects of CLE45 application on 3-d-old seedling roots by NGS.
This experiment yielded a set of differentially expressed genes
(Dataset S2), of which more than 60% were also accordingly
misregulated in brx-2 (Fig. 4E). Thus, the aberrant transcriptome
signature of brx-2 mutants comprises the majority of CLE45-
responsive genes. To check for transcriptional deregulation of
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Fig. 3. Identification of the putative BAM3 ligand. (A) Root growth of
different genotypes on media containing indicated CLE peptide. (B–D)
Dose–response of different genotypes to increasing amounts of CLE45 in
the medium. (E and F ) Effect of CLE45 application on root meristem
growth. (G) Specific CLE45 resistance of bam3, but not of mutants in its
homologs bam1 and bam2 (note that bam2-3 is a BAM2 null mutant in
Landsberg erecta [Ler] background). (H) CLE45 resistance in the suppressor
lines. (Scale bar: E, 100 μm.) Error bars represent SEM.
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CLE45 and BAM3 in brx-2, we investigated their expression by
reporter gene assays. In WT, this revealed a strikingly precise
overlap of the expression patterns of all three genes (Fig. 4F).
Similar to BRX, both CLE45 and BAM3 display gradually

increasing expression along the developing protophloem, up to
the end of its transition zone, after which expression switches to
the pericycle. A spatiotemporal hierarchy of expression was ap-
parent and also suggested by analysis of transverse root sections
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Fig. 4. CLE45 effect on protophloem differentiation and expression pattern analyses. (A) No alteration of stem cell niche morphology and QC marker ex-
pression upon growth on medium containing CLE45. (B) Inhibition of protophloem differentiation in the protophloem transition zone by CLE45 treatment as
revealed by mPS-PI staining. Arrowheads indicate protophloem cell file (enhanced PI staining). (C) Exclusion of the expression of the protophloem de-
velopment marker APL from the meristematic zone upon CLE45 treatment; (D) no effect on the protoxylem marker, AHP6. (E) Overlaps of CLE45-responsive
genes determined by mRNA sequencing with differentially expressed genes between Col-0 and brx-2 (Fig. 1E) for different thresholds. (F and G) Expression
patterns of indicated reporter genes at 4 dag in the WT and (H) brx-2 mutants. (I) Response of indicated reporter genes to CLE45 application. (J) Root
meristem size shrinkage in Col-0 and brx-2 after ablation of single cells in the transition zone of both protophloem strands. The relative size compared with
the parallel nonablated control group is indicated in %. (K) Schematic of the regulatory relation between BRX, CLE45, and BAM3. (Scale bar: A and B, 50 μm;
C, D, and F–I, 100 μm.) Error bars represent SEM; **P < 0.01; ***P < 0.001.
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along the meristem (Fig. 4G). Although BRX expression was
already evident in the early meristematic zone, CLE45 expres-
sion was only detected from the later meristematic zone on-
wards, whereas BAM3 expression was not observed before the
transition zone. In brx-2 background, CLE45 expression ap-
peared to be slightly decreased and interrupted, reminiscent of
BRX expression in brx mutants and correlating with the PI
staining and APL expression gaps in the developing protophloem
that are typical for brx mutants (16, 18). By contrast, the BAM3
reporter displayed deregulated and ectopic transcription specif-
ically in brx-2 meristems, including extension of its expression
domain into the entire stele and meristematic zone, down to the
stem cell niche (Fig. 4H). This up-regulation was in tendency also
detectable by quantitative PCR (qPCR) on mRNA prepared
from whole roots (Fig. S1G). Finally, complementing these
results, CLE45 treatment resulted in up-regulation of BAM3
expression (Fig. 4I and Fig. S1G). Notably, the described ex-
pression changes were specific to the meristem and were not
observed in the differentiated, mature parts of the root.
The formal interpretation of our data posits that BRX antag-

onizes BAM3 activity, likely by restricting its expression level and
domain, which, however, does not necessarily imply direct regu-
lation. Although we found no evidence for transcriptional hyper-
activity of CLE45 in brx, it is conceivable that posttranslational
CLE45 regulation could be directly or indirectly BRX-dependent.
Alternatively, the correlation of CLE45 expression with the dif-
ferentiation state in brx could mean that increasing CLE45 ex-
pression is an intrinsic feature of protophloem development in
WT. Subsequent CLE45-dependent up-regulation of BAM3 might
then serve as a break on the progression of protophloem de-
velopment to guide its differentiation and assure its integrity.
Thus, transcriptional BAM3 hyperactivity in brx background could
lead to stochastic, premature disruption of the differentiation
program depending on local CLE45 levels, giving rise to the brx
protophloem discontinuity. This interpretation is also consistent
with our finding that CLE45 treatment still leads to aggravation of
the brx phenotype.
From our data, we also could not decide whether it is the re-

moval of ectopic BAM3 or the removal of BAM3 from the pro-
tophloem that is responsible for suppression of the brx phenotype.
Thus, we sought to independently test whether continuous pro-
tophloem development is required to maintain root meristem
growth. To this end, we targeted single protophloem cells at the
end of the transition zone for laser ablation using a 2-photon
microscope. Indeed, ablation of one cell in both protophloem
strands led to a dramatic reduction in meristem size (Fig. 4J). In
brx-2 mutants, presumably because of the already impaired
meristem growth, this effect was considerably weaker and only
transiently significant. It is possible that the meristem shrinkage
upon protophloem cell ablation is due to an interruption of
nutrient flow from the cotyledons to the root meristem through
the protophloem. However, considering that these seedlings are
small and at a very early stage and were grown on media con-
taining sucrose, nutrients could be simply taken up by diffusion.
Alternatively, interruption of auxin flow through the pro-
tophloem might cause the meristem shrinkage and correlates
with reduced auxin transport in brx meristems (18). Regardless,
our experiment demonstrates that a continuous protophloem is
needed for growth and maintenance of the root meristem,
which could thus constitute the causal phenotype not only in
brx, but also in other mutants, notably octopus (31).
In summary, the sensitized brx-2 mutant background allowed us

to discover a potential role of the leucine-rich repeat receptor-
like kinase BAM3 in protophloem development. This notion is
underscored by our finding that the peptide ligand CLE45 requires
BAM3 to exert its negative effect on protophloem differentiation.
Thus, BRX, BAM3, and CLE45 might interact directly or indirectly
(Fig. 4K) to guide the proper transition of protophloem cells from

proliferation to differentiation, which in turn could determine
postembryonic growth capacity of the root meristem. With the data
reported in this study, we have defined the genetic frame to in-
vestigate this idea in more detail in the future.

Materials and Methods
Plant tissue culture, plant transformation, and molecular biology experi-
ments, such as genomic DNA isolation, genotyping, qPCR, or sequencingwere
performed according to standard procedures as described previously (18).

Plant Materials. The Arabidopsis Columbia-0 (Col-0) and Landsberg erecta
(Ler) WT lines, the null mutants brx-2, bam1-3, bam2-3, and bam3-2, and the
transgenic reporter lines BRX::β-glucuronidase (GUS), BRXL1::GUS, WUSCHEL-
RELATED HOMEOBOX 5 (WOX5)::GFP, QC25::GUS, QC46::GUS, APL::GFP, and
AHP6::GFP have been described previously (17, 18, 24, 29, 30, 32).

EMSMutagenesis. For EMSmutagenesis, 40.000 brx-2 seeds were treated with
a PBS containing 1.6% wt/vol EMS as described (33). After treatment, seeds
were stratified at 4 °C for 3 d and then immediately planted on soil. Seeds
from surviving plants were harvested in pools of five plants, giving rise to
2,000 pools. This M2 generation was immediately screened in tissue culture
on standard half-strength Murashige and Skoog medium (pH 5.7) supple-
mented with 1% (wt/vol) sucrose. Per pool, 200 plants were screened and
only plants with a clearly longer root than the control brx-2 line at 9 dag
were transferred onto soil. After confirmation of brx-2 homozygosity and
selfing, the 209 putative suppressor mutants were rescreened in the M3
generation to yield a final collection of 33 mutants.

CLE Peptide Treatments. CLE peptides (unmodified) were obtained by custom
synthesis with >75% purity (Genscript) and dissolved in nanopure sterile
water to give 1 mM stock solutions. For treatments, CLE peptides were di-
luted in autoclaved solid or liquid tissue culture media.

BAM3 and CLE45 Reporter Gene Construction. To obtain the CLE45::GUS
construct, a 2 kb of genomic DNA upstream of the initiation codon was
amplified by PCR using the oligonucleotides 5′-CAA CAA CAT TCA AGA TTT
CAC-3′ and 5′-TTC TGC TCT TAG GCA GAC AAG-3′. The promoter frag-
ments were then introduced into binary vector pMDC-162 to drive the
expression of the GUS reporter. To generate the BAM3::GUS construct, the 2.2-
kb BAM3 5′ upstream region was amplified by PCR using oligonucleotides 5′-
GAT CAC ATA CCA CAT TGA TCT GC-3′ and 5′-GCT CAC TAT GTT CTG GAG TT-
3′ and cloned as a KpnI–NcoI fragment into the binary vector pCAMBIA 1305.1.
All binary constructs were introduced into Arabidopsis lines by Agrobacterium-
mediated transformation following standard procedures (18).

Microscopy. For visualization by confocal (Zeiss LSM 510 Meta) or 2-photon
(Zeiss LSM 710 NLO with a Ti:Sapphire Chameleon Ultra II infrared laser for
acquisition) microscopy, roots were either stained by the modified pseudo-
Schiff (mPS)-PI method or by PI only (18, 34). Both methods highlight the
developing protophloem, which is stained stronger than the surrounding
tissues (18, 34). GUS staining and light microscopy were performed accord-
ing to standard procedures using a compound microscope. All images shown
within one experiment were taken with identical settings. For GUS reporter
line cross-sections, roots were embedded in plastic resin, sectioned, and vi-
sualized as previously described (18). Protophloem ablation experiments
were performed with a 2-photon microscope. Briefly, roots were stained
with 10 μg/mL PI on slides to visualize cellular structure and target the first
transition zone cells in both protophloem strands for laser ablation. After
ablation, seedlings were washed and put back into tissue culture to be
grown on vertical plates. Meristem size was determined at different time
points by repeatedly subjecting the same roots to confocal microscopy after
PI staining, washing, and return onto tissue culture medium. Control seed-
lings were handled in exactly the same way in parallel, except that no laser
ablation was performed.

Whole Genome Sequencing and Data Analysis. For mapping of the causal
suppressor mutations, genomic DNA was prepared according to standard
procedures from root tissue of bulked short-root or long-root segregants in
the F2 from a back cross of the suppressor mutants to the brx-2 parent line. To
minimize plastid DNA contamination, root cultures were set up by pooling
plants and growing them in liquid medium supplemented with 3% sucrose
for 7 d under continuous light conditions. The DNA from the brx-2 parental
line and the short- and long-root pools were then sequenced to obtain
76-bp paired-end reads with standard insert size distribution. The
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sequencing was performed at the Lausanne Genomics Technologies Facility
at the University of Lausanne, using an Illumina HiSEq. 2000 sequencing ma-
chine, with one sample for each lane of the Illumina “flow cell.” Reads were
mapped on the TAIR10Arabidopsis genome sequence using the readmapping
tool bwa (version 0.5.9-r16) (35), and read alignment files in the .bam file
format were generated with samtools (version 0.1.18-dev) (36). The bam
alignment files were used to call SNPs using the UnifiedGenotyper SNP caller
(37) from the Genome Analysis Toolkit (GATK) (38). With the intersectBed
command of BEDTools (version 2.14.2) (39) on the variant calling format SNP
files that were generated by the GATK, SNPs with more than 80% frequency in
the brx-2 parental line were considered as background SNPs and filtered out
from the SNP list of the mutant pools. Only EMS-induced SNPs segregating
with a frequency of more than 80% in the DNA from the long-root pools and
with a frequency of less than 50% in the short-root pools were considered,
with the thresholds accounting for variability from the sequencing and the
read mapping steps. The SNPEff tool (40) was used to analyze the effect of the
EMS-induced SNPs on gene coding sequences.

RNA Sequencing. For RNA sequencing, 3-d-old roots of the different geno-
types were harvested and frozen in liquid nitrogen before total RNA was

prepared using a QIAGEN RNeasy Plant Kit. For CLE45 treatment, WT
seedlings were grown on meshes and at 3 dag were transferred to float on
liquid mock medium or medium containing 10 nM CLE45 for 3 h before roots
were harvested. cDNA synthesis, amplification, size selection, and high-
throughput sequencing was carried out as described (19), except that cDNA
synthesis was primed by poly-T-oligonucleotides. Differential expression was
determined by analyzing the data through the “Tuxedo” pipeline (20).

qPCR Oligonucleotides. For gene expression quantification by qPCR, the fol-
lowing oligonucleotides were used: 5′-CAT TCA AAT CAA GCA AGA GAC G-3′
and 5′-GGC TGA GCT TTG TTG TGG AT-3′ for CLE45; 5′-CGT CGT TTT AGC TGT
GGT CA-3′ and 5′-TGC AAC TTC TTC TCC GTT TG-3′ for BAM3; and 5′-GGT
CAC CAA GGC TGC AGT GAA GAA-3′ and 5′-GCT CAA ACG CCA TCA AAG
TTT TAA GAA-3′ for ELONGATION FACTOR 1.
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