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SUMMARY

During primary growth, plant tissues increase their length, and as these tissues mature, they initiate second-
ary growth to increase thickness.' It is not known what activates this transition to secondary growth. Cyto-
kinins are key plant hormones regulating vascular development during both primary and secondary growth.
During primary growth of Arabidopsis roots, cytokinins promote procambial cell proliferation®? and vascular
patterning together with the hormone auxin.*”" In the absence of cytokinins, secondary growth fails to
initiate.® Enhanced cytokinin levels, in turn, promote secondary growth.° Despite the importance of cytoki-
nins, little is known about the downstream signaling events in this process. Here, we show that cytokinins and
a few downstream LATERAL ORGAN BOUNDARIES DOMAIN (LBD) family of transcription factors are rate-
limiting components in activating and further promoting secondary growth in Arabidopsis roots. Cytokinins
directly activate transcription of two homologous LBD genes, LBD3 and LBD4. Two other homologous LBDs,
LBD1 and LBD11, are induced only after prolonged cytokinin treatment. Our genetic studies revealed a two-
stage mechanism downstream of cytokinin signaling: while LBD3 and LBD4 regulate activation of secondary
growth, LBD1, LBD3, LBD4, and LBD11 together promote further radial growth and maintenance of cambial
stem cells. LBD overexpression promoted rapid cell growth followed by accelerated cell divisions, thus lead-
ing to enhanced secondary growth. Finally, we show that LBDs rapidly inhibit cytokinin signaling. Together,
our data suggest that the cambium-promoting LBDs negatively feed back into cytokinin signaling to keep
root secondary growth in balance.

RESULTS

Recently, we used genome-wide analysis to identify a large set
of transcription factors required for normal cambium develop-
ment."'® In order to identify which of these factors operate down-
stream of cytokinin signaling during cambium development, we
investigated whether any of their transcriptional regulatory re-
gions are bound by type-B ARABIDOPSIS RESPONSE REGU-
LATORS (ARRs),""™"® the key transcription factors conveying
cytokinin signaling (Figure S1A). To further shorten the candidate
list, we only considered genes that are also rapidly induced by
cytokinins.'* Using these three criteria, we identified three candi-
date genes (SHORT HYPOCOTYL 2, LBD3, and LBD4), two of
which, LBD3 and LBD4, are close homologs (Figure S1B)."®
We therefore focused on these two genes. First, we tested the
response of LBD3 and LBD4 to cytokinin by carrying out a
gRT-PCR analysis using RNA isolated from Arabidopsis roots.
LBD3 and LBD4 were rapidly induced by cytokinin after just

4')

30 min, a timescale similar to the cytokinin primary response
genes ARR5 and ARR15 (Figure 1A), confirming previous find-
ings obtained from whole plants.'® This transcriptional induction
also occurred in the presence of the protein synthesis inhibitor
cycloheximide (Figure 1B). Furthermore, the basal expression
level and cytokinin responsiveness of LBD3 and LBD4 were
reduced in type-B ARR double mutants (Figure S1C). These
data together suggest that LBD3 and LBD4 are direct targets
of type-B ARRs.

Next, we compared the spatial expression of LBD3,,.:erYFP
and LBD4,.:erYFP with the cytokinin response marker
TCSnperYFP'® 19 along the primary root. Each reporter had a
graded expression pattern along the root with a maximum in the
upper, mature region of root or in the hypocotyl (Figure 1F). There
was also a local maximum in the root tip (Figure 1F). Cytokinin
treatment rapidly induced the expression of TCSn, LBD3, and
LBD4 (Figure 1F), and reduction of cytokinin levels by inducible
overexpression of the cytokinin degradation enzyme CYTOKININ
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OXIDASE 7 (CKX7)*° led to reduced fluorescence of all three re-
porters (Figure S1D). These data demonstrate that LBD3 and
LBD4 expression in the root is tightly controlled by cytokinins.
During primary growth, procambial cells within the root apical
meristem undergo periclinal cell division (i.e., division along the
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Figure 1. LBD3 and LBD4 are cytokinin pri-
mary response genes

(A) gRT-PCR analysis of gene transcription after a
time course of BAP treatment in 5-day-old roots.
(B) gqRT-PCR analysis of gene transcription in
5-day-old plants (whole plants) after mock or BAP
treatment in the absence or presence of cyclo-
heximide (CHX).

(C and D) Cell file number (C) and total radial area
(D) of pericycle and procambium lineage of 7-day-
old roots were quantified (data are presented as
mean + SD, n = 7-31). See Figure S2A for details.
Roots were cross-sectioned in 3 mm intervals.
X axis indicates the distance of cross-sections
from root tip.

(E) Schematic illustration of the developmental
progression of root primary vascular tissue into
secondary vascular tissue. Adopted from Sme-
tana et al.’”

(F) Stereo microscopy of fluorescent reporter lines
of 4-day-old (left panel) and 6-day-old (right
panels) roots. Time course visualization after BAP
or mock treatment (right panels). Numbers repre-
sent the frequency of the observed expression in
independent roots. Yellow arrows indicate the
root-hypocotyl junction. White arrowheads mark
root tips. White boxes approximately represent
the corresponding region visualized in the right
panels.

(G and H) Confocal microscopy (heatmap) of
TCSnpro:erYFP, LBD3..:erYFP  and  LBD4y:
erYFP root cross-sections. 6-day-old plants were
treated for 24 h with mock (G) or 1 uM BAP (H).
Sections were collected from the region under-
going activation of secondary growth (~1.5 cm
below the root-hypocotyl junction). Arrowheads
and arrows indicate cell divisions in the procam-
bium and pericycle, respectively (G).

Data are presented as mean + SE from three
biological replicates in (A) and (B). Two-tailed
t test. *p < 0.05; **p < 0.01. Scale bars, 1 mm (F)
and 10 um (G and H). See also Figures S1 and S2A.

plane parallel to the root surface)
controlled by cytokinin and auxin and a
set of downstream transcription fac-
tors.”"?"?? These cell divisions terminate
as the cells exit the meristem, and thus,
the vascular cell file number remains sta-
ble until the activation of secondary
growth (i.e., radial growth; Figures 1C-
1E). During activation, the first divisions
in procambium and pericycle cells are
sporadic (15~18 mm from root tip), fol-
lowed by frequent divisions and radial
cell growth along the maturing root (Fig-
ures 1C, 1D, and S2A), thus leading to sec-
ondary growth (~24-27 mm from the root

tip; Figure 1D). Pericycle cells and a subset of procambial cells
(xylem procambial cells) give rise to two secondary meristems,
cork cambium and vascular cambium, respectively. Xylem-pole
pericycle cells produce both vascular and cork cambial cells
from their circumferential position (Figure 1E)."” LBD3 and LBD4



Current Biology

¢? CellPress

OPEN ACCESS

lw)

1000 1500 2000 2500

Total radial area (um?2)

9 HfH o

n=

=250

Figure 2. Cytokinin is sufficient to activate cambium prematurely, and this requires LBD3 and LBD4

(A) Cross-sections of 10-day-old wild-type (WT) and ipt1,3;5,7 roots.

(B) Cross-sections of 5-day-old WT roots. 3-day-old roots were treated for 2 days with mock or 1 uM BAP. Cells and area inside of dotted line were considered in

cell file number (C) and total radial area quantifications (D), respectively.

(C and D) Quantification of cell file number (C) and total radial area (D) in the experiment presented in (B). Two-tailed t test. **p < 0.01.

(E and F) Cross-sections of WT, Ibd3, Ibd4, and Ibd3;4 in 8-day-old roots. Six-day-old roots were treated for 2 days with mock (E) or 1 uM BAP (F). Cells and area
inside of dotted line were considered in cell file number (G) and total radial area quantifications (H), respectively.

(G and H) Quantification of cell file number (G) and total radial area (H) in the experiment presented in (E) and (F).

Sections were collected from the main roots 5 mm below the hypocotyl-root junction. Scale bars, 20 um. Red dots indicate cell numbers or radial area in individual
roots (C, D, G, and H). n, number of independent roots analyzed. A separate ANOVA test was performed for mock and BAP treatment. Different red letters indicate
significant differences at level alpha = 0.05, as determined by a one-way ANOVA with Tamhane’s post-test. The exact p values for each comparison can be found

in Data S2A-S2D. See also Figures S3A-S3E and Data S2A-S2D.

are expressed in procambial and pericycle cell lineages during the
activation of secondary growth (Figure 1G), and this expression is
enhanced in the same cell lineages after cytokinin treatment (Fig-
ure TH). The elevated LBD and TCS expression in the mature, up-
per region of the root (Figure 1F) coincides with the activation of
procambial and pericycle cell divisions (Figure 1G). Mutant lack-
ing four genes encoding ATP/ADP ISOPENTENYLTRANS-
FERASES (IPTs),%® key enzymes for cytokinin biosynthesis, fails
to initiate secondary growth in the root (Figure 2A).2 Thus, our re-
sults raised the hypothesis that the gradual increase of cytokinin
signaling as a root matures triggers secondary growth. To test
this hypothesis, we transferred 3-day-old seedlings (i.e., before
cambium activation) onto cytokinin-containing medium for
2 days. While procambium and pericycle lineages in control seed-
lings underwent no or only a few cambial cells divisions, cytokinin-
treated roots had a number of cell divisions in both lineages,
resulting in an increased number of cell files in pericycle and pro-
cambial cell lineages (Figures 2B and 2C) and increased radial
growth (Figure 2D). These results demonstrate that cytokinins
are rate-limiting factors in the activation of secondary growth.

Next, we asked whether LBD3 and LBD4 have a role during
and after the activation of secondary growth. We generated
knockout mutants of both genes via CRISPR-Cas9-mediated
genome editing (Figure S2B). Before the onset of secondary
growth, both single mutants and the /bd3;/bd4 double mutant
had a normal number of pericycle and vascular cell files (Fig-
ure S3A). At the initial stages of secondary development (5-
day-old roots; 5 mm below the hypocotyl-root junction), the
Ibd3;Ibd4 double mutant already had significantly fewer cell files
than wild type (Figures S3B and S3D). 3 days later (8-day-old
roots), Ibd4, but not /bd3, also displayed a reduced number of
cell files (Figures 2E and 2G). While 8-day-old wild-type roots
had produced several layers of cells from both the vascular
and cork cambia, /bd3;/Ibd4 roots of the same age had under-
gone just a few cell divisions. To investigate the cell division
and radial growth dynamics during the transition to secondary
growth, Ibd3;Ibd4 roots were serial sectioned from root tip to hy-
pocotyl. Even though the mutant shows progressively less cell
files than wild type, the activation of the first cell divisions ap-
peared not to be delayed (Figures 1C and S2A). However, an
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increase in cross-sectional area was observed later in 1bd3;/bd4
(833 mm from root tip) than in wild type (24 mm; Figure 1D), indi-
cating that LBD3 and LBD4 are required for activation of second-
ary growth. These two LBDs seem to mainly operate during
secondary growth, because the primary root length and shoot
size of the /bd3;lbd4 double mutant appeared similar to wild
type (Figures S3G and S3H). We also tested whether LBD3
and LBD4 mediate cytokinin-induced secondary growth. After
a 2-day cytokinin treatment, Ibd4 had far fewer additional cell
files than wild type, and even fewer were seen in Ibd3;/bd4 (Fig-
ures 2E-2G and S3B-S3D). Similar resistance for cytokinin was
observed also in radial growth (Figures 2H and S3E). Together,
these results indicate that LBD3 and LBD4 are major factors
acting downstream of cytokinin signaling to activate secondary
growth.

To dig deeper into potential redundancy for LBD3 and LBD4,
we turned our attention to the closest homologs, LBD7 and
LBD11 (Figure S1B)."® Unlike LBD3 and LBD4, LBD1 and
LBD11 were induced only after prolonged cytokinin treatment,
suggesting that they are not primary response genes (Figures
1A, 1B, S1E, and S1F). Similar to LBD3,,,,:erYFP and LBD4,,,:
erYFP, both LBD1,,.:erYFP and LBD11,,,:erYFP are expressed
in the secondary tissue, albeit more weakly (Figure 3A). While
LBD1,,,:erYFP is expressed predominantly in the secondary
phloem and vascular cambium, expression of LBD11,,,:erYFP
is somewhat variable in the secondary xylem, vascular cambium,
and periderm (Figure S1G). To investigate whether LBD1 and
LBD11 have a role in cambium development, we generated
knockout mutants through genome editing (Figure S2B). Because
the Ibd1;Ibd11 double mutant did not have defects during activa-
tion of secondary growth (Figures 1C, 1D, 3B, and S2A) and had
only a slightly reduced number of cell files in 14-day-old roots (Fig-
ure 3H), we combined /bd3;lbd4 with Ibd1 and Ibd11. 7-day old
Ibd1;Ibd3;Ibd4, Ibd1;1bd3;Ibd4,Ibd11, and Ibd3;Ibd4;Ibd11 roots
showed areduction in cell file number similar to Ibd3;Ibd4 (Figures
3B and 3C); however, in 14-day-old roots, the triple and quadruple
mutants showed a further reduction in cell file number (Figures 3D
and 3H). This phenotype was associated with the frequent differ-
entiation of vascular cambium cells located between the primary
xylem and the phloem (Figures 3D and 3G), indicating that the
LBDs are required for stem cell maintenance. Despite the strong
cambial phenotype, shoots of /bd1;/bd3;Ibd4;Ibd11 appeared
similar to wild type (Figure S3H). Taken together, these results
indicate that cytokinin signaling initiates a two-stage process at
the onset of secondary growth: LBD3 and LBD4 mediate the tran-
sition from primary to secondary growth, and this is followed by
co-operation between LBD1, LBD3, LBD4, and LBD11 to pro-
mote further secondary growth and cambium stem cell
maintenance.

Differentiation of the cambial cells between the primary xylem
and the phloem is reminiscent of the phenotype of a double
mutant lacking both PHLOEM INTERCALATED WITH XYLEM/
TDIF RECEPTOR (PXY/TDR) and WUSCHEL-RELATED HO-
MEOBOX4 (WOX4).>* We therefore wondered whether TDR
and WOX4 operate in the same pathway as the LBDs. To test
this, we first analyzed the transcription levels of TDR and
WOX4 in 14-day-old Ibd3;Ibd4;Ibd11 mutant. The transcript level
of both appeared unchanged compared with wild type (Fig-
ure 3F). Additionally, the Ibd3;lbd4;,wox4 mutant displayed
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frequent cambium cell differentiation adjacent to primary
phloem, a phenotype that is not seen in either /bd3;/lbd4 or
wox4 alone (Figures 3E and 3G). The cambium cell differentiation
phenotype was more frequent in the Ibd3;/bd4;Ibd11;tdr mutant
than in any of the parental mutant combinations and was accom-
panied by a further reduction of secondary growth (Figures 3E,
3G, and 3H). The additive phenotype indicates redundant roles
for the LBDs and TDR-WOX4 in cambium stem cell mainte-
nance; however, it is unclear whether they operate in the same
or parallel pathways.

Because the LBDs encode transcription factors,?® we exam-
ined signaling events downstream of them by generating induc-
ible overexpression lines of each of the four LBDs. We carried
out transcript profiling of LBD3 and LBD11 lines, thus covering
one representative from each subclade (Figure S1B). RNA was
isolated from the mature part of the root after an 8-h and 24-h in-
duction, and this was followed by RNA sequencing (RNA-seq)
analysis (Data S1A-S1H). Examination of hormone-related genes
revealed differential regulation of cytokinin, auxin, and abscisic
acid biosynthesis and signaling (Table S2). This is in accordance
with the reduced cytokinin, auxin, and abscisic acid levels in Ara-
bidopsis shoots when L BD3 was constitutively overexpressed. '®

The most striking result was that all of the type-A ARRs ex-
pressed in the mature root were already downregulated after 8 h
of LBD3 or LBD11 induction (Figure 4A). Type-A ARRs are rapidly
transcriptionally upregulated by cytokinins and are thus consid-
ered to be the primary cytokinin response genes.”® qRT-PCR anal-
ysis after induction of any of the four LBDs also showed a rapid
reduction of ARR5 and ARR15 transcript levels, confirming our
RNA-seq findings (Figure 4B). In addition, induction of LBD3 led
to reduced fluorescence of ARRS,.:erYFP and TCSny:nYFP
(Figures 4C and 4D). It has been previously shown that constitutive
overexpression of LBD3 reduces cytokinin levels in aerial parts of
seedlings,'® suggesting that LBD3 inhibits cytokinin signaling by
inhibiting cytokinin biosynthesis or promoting its degradation.
However, our RNA-seq data revealed that LBD3 or LBD11 induc-
tion led to downregulation of genes encoding both cytokinin
biosynthesis and degradation enzymes as well as signaling com-
ponents (Table S2). Additionally, TCSn,,:nYFP downregulation
by LBD3 induction occurred equally rapidly (8 h) with induction
of CKX7 (Figures S4A and S4B). Therefore, the mechanism by
which the LBDs inhibit cytokinin signaling appears to be complex
and thus remains unresolved. Finally, TCSny:nYFP and
ARRb5,,o:erYFP fluorescence was enhanced in Ibd3;lbd4 (Figures
4E-4G), and ARR5 and ARR15 were significantly elevated in
Ibd3;1bd4;Ibd11 (Figure 3F). Together, these findings demonstrate
that LBD1, LBDS3, LBD4, and LBD11 inhibit cytokinin signaling by
regulating cytokinin levels and/or signaling.

Because the LBDs regulate cambium development, we
compared the list of differentially expressed genes after LBD in-
duction with a list of cambium-enriched genes.'® Approximately
25% of cambial-enriched genes were already differentially regu-
lated after an 8-h induction of LBD3 or LBD11, and the propor-
tion reached 47% after a 24-h induction of LBD3, indicating an
intimate link between LBDs and cambium development (Fig-
ure S4D; Data S1l). We also conducted a gene ontology (GO)
enrichment analysis of the LBD3 and LBD11 transcript profiling
data. Several categories were over-represented, but processes
associated with primary cell wall modification, such as “pectin
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Figure 3. LBDs redundantly promote cambium stem cell maintenance together with TDR and WOX4

(A) Confocal microscopy of LBD1,,.:erYFP and LBD11,,.,:erYFP root cross-sections. Sections were collected from 5 mm below the root-hypocotyl junction of 7-
day-old roots.

(B) Quantification of cell file number in pericycle and procambium lineage. Seven-day-old roots are shown.

(C) Root cross-sections in 7-day-old roots. Cells inside of dotted line were considered in cell file number quantifications (B).

(D and E) Root cross-sections in 14-day-old roots. p, phloem cell (i.e., white sieve element cell); x, xylem vessel. Arrows mark xylem vessels adjacent to phloem
cells, indicating that vascular cambium cells have been differentiated in this position, which is not observed in WT. Cells inside of dotted line were considered in
cell file number quantifications (H) and in average cell area calculations (I).

(F) gRT-PCR analysis of gene transcription in WT and the /bd3;4; 11 triple mutant. RNA was extracted from the upper 1 cm part of the main root just below the root-
hypocotyl junction in 14-day-old plants. Data are presented as mean + SE from three biological replicates. Two-tailed t test. *p < 0.05; **p < 0.01.

(G) Frequency of observed phloem adjacent to the xylem (x-p touching) phenotype in WT and in mutants. n, total number of events analyzed.

(H and ) Quantification of root cell file number (H) and average radial cell area (1) in 14-day-old WT and mutants.

Primary xylem cells (i.e., xylem axis) are false colored in blue (C-E). Red dots indicate cell file number or average cell area in individual roots (B, H, and I). n, number
of independent roots analyzed. Different red letters indicate significant differences at level alpha = 0.05, as determined by one-way ANOVA with Tamhane’s post-
test. The exact p values for each comparison can be found in Data S2E-S2I. Scale bars, 10 um (A), 25 um (C), and 50 um (D and E). See also Figures S3G and S3H
and Data S2E-S2I.

catabolic process” and “plant-type cell wall modification,” were
the most notable (Figures S4E and S4F). These data suggest that
the LBDs regulate primary cell wall composition and thus may
regulate cell wall extensibility.?” Indeed, 2 days after LBD17,
LBD3, or LBD11 induction, we observed rapid procambial and

pericycle cell growth (Figures 4H and S4G-S4l). When LBDs
were induced after cambium activation, enhanced cell growth
was associated with more cell divisions and thus accelerated
secondary growth (Figures 4l and S4J-S4L). Furthermore, in
addition to having fewer cell files, /bd mutants also have a
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Figure 4. LBDs negatively regulate cyto-
kinin signaling and promote cell growth
during secondary growth

(A) Heatmap showing normalized log,FoldChange
(FC) of A-type ARRs mRNA in LBD3 or LBD11
inducible overexpression RNA-seq data. We
considered a gene “not expressed” in mature root
if read counts were less than 10.

(B) gRT-PCR analysis of A-type ARR (ARR5 and
ARR15) transcription in 9-day-old roots (0.5-2 cm
below the root-hypocotyl junction, undergoing
secondary growth) with 8 h mock or induction.
Data are presented as mean + SE from three
biological replicates. Two-tailed t test. *p < 0.05;
**p < 0.01.

(C and D) Confocal microscopy of ARR5,.:erYFP
(C) and TCSnpo:nYFP (D) after 1-day LBD3 in-
duction in 6-day-old roots. ARR5,.:erYFP was
analyzed in F1 generation.

(E and F) Confocal microscopy of ARRS..erYFP
(E) and TCSnpo:nYFP (F) in 7-day-old WT and
1bd3;4 roots.

(G) Quantification of average fluorescent signal
intensity in (E) and (F). Area marked with brackets
(E and F) was quantified. Red dots indicate
average fluorescent signal intensity in individual
roots. n, number of independent roots analyzed.
(H) Cross-sections of 5-day-old roots of LBD
inducible overexpression lines. Three-day-old
roots were treated for 2 days with mock or 5 uM
17-B, except in the case of LBD3, which was
treated with 0.5 uM 17-B. Green dots represent
pericycle cells. Cells inside of dotted line were
used for cell file quantification in Figure S4G.

() Cross-sections of 14-day-old roots of LBD
inducible overexpression lines. Eight-day-old
roots were treated for 6 days with mock or 5 uM
17-B. Note that 0.5 uM 17-B was used for the
LBD3 hemizygous (hem) line due to dose-
dependent effect (Figure S4M).

(J) A model presenting the roles of LBDs during
the progression of root secondary growth (large
blue arrow) downstream of cytokinin (CK).
Dashed lines represent root boundaries (C-F).
Primary xylem cells (i.e., xylem axis) are false
colored in blue (H and ). Scale bars, 100 um (C-F),
20 um (H), and 50 um (I). See also Figures S1G and
S4, Table S2, and Data S1 and S3.
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reduced average cell size in radial dimension (Figure 3l). While
also tdr;wox4 show reduced number of cell files, this phenotype
is not associated with markedly reduced average cell size as
observed in Ibd3;lbd4;Ibd11 (Figure 3l). These data suggest
that the LBD proteins promote secondary growth at least in
part through promoting controlled cell growth.

DISCUSSION

Previous studies have shown that LBD3 and LBD4 are positive
regulators of secondary growth in Arabidopsis.'®?® Here, we
show that LBD3 and LBD4 act redundantly directly downstream
of cytokinin signaling to activate secondary growth in the Arabi-
dopsis root. Later in development, LBD1 and LBD11 also act to
promote further secondary growth. These four LBDs are also
required to keep cambial stem cells undifferentiated, and they
are able to rapidly inhibit cytokinin signaling. These findings al-
lowed us to generate a model (Figure 4J) in which elevated cyto-
kinin signaling in the mature root leads to two stages of LBD
expression to first initiate and then maintain secondary growth.
The exact role of the negative feedback of LBD expression on
cytokinin levels or signaling remains unclear, as does the mech-
anism by which it is mediated; however, it may serve to maintain
stable and responsive signaling, as has been suggested for other
genetic networks with negative feedback.*

Tissue growth is a result of delicate coordination of cell growth
and cell division. Loss of LBDs leads to a reduced number of cell
files and reduced radial cell size, thus resulting in diminished
secondary growth. However, induction of LBDs promotes rapid
cell growth, and accelerated cell divisions appear only after a
longer induction. It is possible that LBDs require co-operation
with other factors to promote cell division. Alternatively, there
could be other factors downstream of cytokinin that promote
cell divisions, while LBDs are in charge of promoting cell growth.
Such factors could be the PEAR genes®' or Dof2.1,? which has
been shown to promote periclinal cell divisions downstream of
cytokinin in root primary vascular tissue.

Loss of LBD1,LBD3, . BD4, and LBD11 led to differentiation of
cambium cells adjacent to phloem, a phenotype similar to loss of
both TDR and WOX4.?* Our genetic analysis did not determine
whether the LBDs and TDR-WOX4 operate in the same pathway
or parallel pathways to maintain cambial stem cells. In support of
the idea that they function in the same pathway, it has also been
shown that LBD4 operates downstream of auxin and TDR
signaling,”® and both WOX4 and TDR are regulated by auxin.'”*°
LBDs seem to broadly regulate the transcription of genes encod-
ing signaling components or metabolic enzymes for several plant
hormones (Table S2). Thus, the interaction of the LBDs with TDR-
WOX4 and hormonal pathways appears complex and warrants
further investigation.

Cytokinins are also critical players in secondary growth in pop-
lar trees.*"*? Additionally, overexpression of the poplar homolog
of LBD1 or its dominant-negative version has been shown to lead
to enhanced or decreased secondary growth in poplar stems,
respectively.*® It remains to be determined whether this and
the other related LBDs regulate cambial development in tree
stems by promoting cell growth and whether there is a negative
feedback mechanism with cytokinin signaling similar to in
Arabidopsis.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Agrobacterium tumefaciens c58 GV3101 Koncz and Schell®* N/A

pMP90

Escherichia coli DH5a N/A N/A
Chemicals, peptides, and recombinant proteins

17-B-oestradiol (17-p) Sigma-Aldrich Cat# 3301
6-benzylaminopurine (BAP) Sigma-Aldrich Cat# B3408
Cycloheximide (CHX) Sigma-Aldrich Cat#C7698
Ddel (HpyF3I) ThermoFisher Cat# FD1884
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich Cat# D8418

DL-Phosphinothricin (PPT)

Dream Tag DNA Polymerase

DNase |

FTA Classic Card

Gateway LR Clonase Il Plus enzyme
Hygromycin B Gold

Maxima H Minus Reverse Transcriptase
Murashige & Skoog medium

Notl

Oligo(dT)18 Primer

Phusion High-Fidelity DNA Polymerase
RiboLock RNase Inhibitor

Rifampicin

Ruthenium red

Scal

SCRI Renaissance 2200 Stain

Sodium deoxycholate

Solis Biodyne 5x HOT FIREPol EvaGreen
gPCR Mix Plus

Duchefa Biochemie
ThermoFisher
ThermoFisher
Sigma-Aldrich
ThermoFisher
InvivoGen
ThermoFisher

Murashige and Skoog®® and Duchefa
Biochemie

ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher

Duchefa Biochemie
Fluka

ThermoFisher
Renaissance Chemicals
Sigma-Aldrich

Solis Biodyne

Cat# P0159.1000
Cat# EP0713
Cat# EN0521

Cat# WHAWB120206

Cat# 12538120
Cat# ant-hg-1
Cat# EP0752
Cat# M 0222.0050

Cat# FD0595
Cat# SO132

Cat# F530L

Cat# EO0382
Cat# R0146

Cati# 84071

Cat# FD0434

N/A

Cat# 30970

Cat# 08-25-00001

Spectinomycin Duchefa Biochemie Cat# S0188
Toluidine blue O Sigma-Aldrich Cat# T3260
Urea Sigma-Aldrich Cat# U0631
Xylitol Sigma-Aldrich Cat# X3375
Critical commercial assays

GeneJET GEL Extraction Kit ThermoFisher Cat# K0692
GeneJET Plant RNA purification kit ThermoFisher Cat# K0802
GeneJET Plasmid Miniprep Kit ThermoFisher Cat# K0503

Heat & Run gDNA removal kit ArticZymes SKU# 80200-50
Plant Ribo-Zero rRNA Removal Kit lllumina Cat# MRZSR116
TruSeq Stranded Total RNA HT Sample lllumina Cat# RS-122-2403
Prep Kit (with Ribo-Zero Plant)

Deposited data

RNA-seq data files BioProject PRJNAG684618
Experimental models: Organisms/strains

Arabidopsis: Col-0 Nottingham Arabidopsis Stock Centre N/A

Arabidopsis: TCSNp:nYFP Vatén et al.’® N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Arabidopsis: TCSny..erYFP This manuscript N/A
Arabidopsis: ARR5y:erYFP Siligato et al.*® N/A
Arabidopsis: LBD1.:erYFP This manuscript N/A
Arabidopsis: LBD3pro:erYFP This manuscript N/A
Arabidopsis: LBD4,.:erYFP This manuscript N/A
Arabidopsis: LBD11,.:erYFP This manuscript N/A
Arabidopsis: ipt1;3;5;7 Miyawaki et al.”® N/A
Arabidopsis: arr1-3;arr10-5 Argyros et al.®’ N/A
Arabidopsis: arr1-3;arr12-1 Argyros et al.®” N/A
Arabidopsis: Ibd1c This manuscript N/A
Arabidopsis: Ibd3c This manuscript N/A
Arabidopsis: Ibd4c This manuscript N/A
Arabidopsis: Ibd11c This manuscript N/A
Arabidopsis: Ibd3c;Ibd4c This manuscript N/A
Arabidopsis: Ibd1c;lbd11c This manuscript N/A
Arabidopsis: Ibd1c;Ibd3c;Ibd4c This manuscript N/A
Arabidopsis: Ibd3c;lbd4c;Ibd11c This manuscript N/A
Arabidopsis: Ibd1c;Ibd3c;Ibd4c;Ibd11c This manuscript N/A
Arabidopsis: tdr Hirakawa et al.”* N/A
Arabidopsis: wox4 Hirakawa et al.** N/A
Arabidopsis: tdr;wox4 Hirakawa et al.>* N/A
Arabidopsis: Ibd3c;lbd4c;wox4 This manuscript N/A
Arabidopsis: Ibd3c;Ibd4c;Ibd11c;tdr This manuscript N/A
Arabidopsis: 35S:XVE>>cLBD1 This manuscript N/A
Arabidopsis: 35S:XVE>>cLBD3 This manuscript N/A
Arabidopsis: 35S:XVE>>cLBD4 This manuscript N/A
Arabidopsis: 35S:XVE>>cLBD11 This manuscript N/A
Arabidopsis: 35S:XVE>>CKX7-RFP This manuscript N/A
Arabidopsis: This manuscript N/A
TCSnp0:nYFP;35S:XVE>>CKX7-RFP

Arabidopsis: This manuscript N/A
LBD3,0:erYFP;35S:XVE>>CKX7-RFP

Arabidopsis: This manuscript N/A
LBD4,,,:erYFP;358:XVE>>CKX7-RFP

Arabidopsis: LBD3,,,,:gLBD3- This manuscript N/A
YFP;Ibd3c;Ibd4c

Arabidopsis: LBD4,,:9LBD4- This manuscript N/A
YFP;Ibd3c;Ibd4c

Arabidopsis: LBD11,,,:gLBD11- This manuscript N/A
YFP;Ibd1c;Ibd3c;lbd4c;Ibd11c

Arabidopsis: This manuscript N/A
ARRb5,:erYFP;358:XVE>>cLBD3

Arabidopsis: This manuscript N/A
TCSNpo:nYFP;35S:XVE>>cLBD3

Oligonucleotides

See Table S1 N/A N/A
Recombinant DNA

PDONRP41R ThermoFisher N/A
p1R4z-LBD1,,, This manuscript N/A
p1R4z-LBD3,,, This manuscript N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
p1R4z-LBD4,,, This manuscript N/A
p1R4z-LBD11,, This manuscript N/A
p221z-erYFP Siligato et al.*® N/A
P2R3a-nosT Siligato et al.*® N/A
pBm43GW Siligato et al.*® N/A
pHM43GW Siligato et al.*® N/A
pDONR221 ThermoFisher N/A
p1R4-35S:XVE Siligato et al.*® N/A
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Materials availability
Transgenic plant seeds and mutants generated in this study will be available on request.

Data and code availability
The RNA-seq data files are deposited under BioProject of NCBI (https://www.ncbi.nlm.nih.gov/bioproject) with accession number
(BioProject ID: PRINA684618).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Arabidopsis lines used in this study were in Col-0 background as detailed in the Key resources table. Arabidopsis seedlings were
cultivated in a 22°C growth chamber under long day condition (16 h light and 8 h dark).

METHOD DETAILS

Plant material and growth conditions

Seeds were surface sterilized by sequentially incubating them in 20% chlorine and 70% ethanol for 1 min with vortexing, followed by
washing twice in sterile water. The sterilized seeds were stratified in darkness at 4°C for two days. Seeds were plated on half-strength
Germination Medium (¥2GM) containing 0.5x Murashige and Skoog salts,** 0.8% plant agar, 1% sucrose and 0,5g/| MES pH 5.8. The
plates were placed vertically in a 22°C growth chamber with long day settings (16 h light and 8 h dark).

For cytokinin treatments, a 10 mM 6-benzylaminopurine (BAP, Sigma) stock solution dissolved in dimethyl sulfoxide (DMSO,
Sigma) was prepared and a 1 uM working concentration was used. BAP or mock treatment was performed by transferring plants
to ¥2GM plates supplied with an equal volume of BAP or DMSO and continuing growth for the indicated time. 17-p-oestradiol
(17-B, Sigma) treatment was conducted in a similar way. The working concentration of 17-8 for XVE-based gene induction was
5 uM unless stated otherwise. For cycloheximide treatment, 5-day-old plants were first immersed in liquid 2GM (without agar) sup-
plemented with/without 50 pM cycloheximide (CHX) for 30 min with gentle shaking. BAP was added to a final concentration of 1 uM
and plants were incubated for 1h. An equal volume of DMSO was used as a mock treatment.

The following transgenic lines and mutant alleles were published previously: ipt1;3;5;7%°, ARR5,.:erYFP,*® TCSnp0:nYFP'®
(a modified version of Ziircher et al.'®), tdr,**wox4,?* tdr;wox4,>* arr1-3;arr10-5°" and arr1-3;arr12-1.%"

Molecular cloning and transformation

LBD1(AT1G07900), LBD4 (AT1G31320) and LBD11 (AT2G28500) promoters were cloned by amplifying a length of 3152 bp, 4434 bp
and 4943 bp upstream of the transcription start site, respectively. A 2932 bp promoter sequence of LBD3 (AT1G16530) was synthe-
sized in GENEWIZ and the TCS promoter sequence was amplified from a published TCSn,,:nYFP reporter line'® (@ modified version
of Ziircher et al.’®). All these promoter sequences were cloned into the pDONRP41R entry vector. The resulting entry vectors
harboring different promoters, together with p221z-erYFP*® and p2R3a-nosT,*° were recombined into the destination vector
pBm43GW?® for LBDs or pHm43GW*® for TCS by a MultiSite Gateway LR reaction. The coding sequence of LBD1 and LBD11
(with a stop codon) and the genomic sequence of CKX7 (without a stop codon) were cloned into the pDONR221 entry vector. The
inducible overexpression constructs of LBD7 and LBD11 were generated by combining p1R4-35S:XVE,*® p221z-cLBD1/11 and
P2R3a-nosT*° with the destination vector pBm43GW.® The constructs 35S:XVE>>cLBD3 and 35S:XVE>>cLBD4 have been pub-
lished before.'® The inducible construct overexpressing CKX7-tagRFP fusion was made by integrating p7R4-35S:XVE,*® p221z-
CKX7 and p2R3z-tagRFP>® into pCAM-kan-R4R3.°° All newly generated entry vectors were verified by Sanger sequencing and all
binary constructs were transformed into Col-0 ecotype by floral dipping.®® Transgenic seedlings were screened (15-25 transgenic
individuals per each construct) on selective ¥2GM plates supplied with 20 ug/ml DL-phosphinothricin (PPT, Duchefa Biochemie)
or 20 png/ml Hygromycin B Gold (InvivoGen). Homozygous single insertion lines were selected according to Mendelian segregation
of a selection marker. For each construct, at least two transgenic lines with similar phenotype were identified for further analysis, and
one was used as the representative in our analysis. The primers used in this study are listed in Table S1.

Mutant generation by CRISPR/Cas9

Since we did not find potential knock-out alleles for all four LBDs, we decided to generate new knock-out mutants for all of them by
gene editing. The egg-cell specific promoter pEC1.2en EC1.1p and a codon optimized zCas9 coding sequence with rbcS-E9t termi-
nator were amplified from pHEE2E-TRI®® and separately cloned into pDONRP41R and pDONR221. Four sgRNA expression cas-
settes targeting LBD1, LBD3, LBD4 and LBD11, transcribed under promoters AtU3b, AtU3d, AtU6-1 and AtU6-29,°" respectively,
were combined into 2R3z-Bsa I-ccdB-Bsa I°° by Golden Gate cloning as described previously.*® All three entry vectors were assem-
bled into pPBm43GW by an LR reaction to make the CRISPR/Cas9 binary construct.

The mutant screen was done in the T1 generation by sequencing PCR products of all four LBDs from 51 individual samples. T2
seeds were harvested from plants with heterozygous or homozygous mutations in the T1 generation for a construct-free mutant
screen. To achieve this, seeds were geminated on 2GM plates containing 20 ng/ml PPT for 5 days, followed by transferal of PPT
sensitive plants to PPT-free ¥2GM plates for another week to rescue them. The LBD4 mutation was not obtained in T1 generation,
likely because the sgRNA was driven by the AtU6-1 promoter, which is less active in genome editing.®® Therefore, another
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independent CRISPR/Cas9 construct targeting only LBD4 was generated and transformed into the /bd3c background to make the
Ibd3c;4c double mutant. After segregating out the construct, the obtained /bd3c;4c knock-out mutant was crossed with the
Ibd1c;11c knock-out mutant, and the different mutant combinations used in this study were acquired in the F2 population. All /bd
mutants used in this study contain frameshift mutations which give rise to a premature termination of translation and thus to truncated
proteins. For clarity, elsewhere in this article Ibd7c, Ibd3c, Ibd4c and Ibd11c were written as Ibd1, Ibd3, Ibd4 and Ibd11, respectively.
More details can be found in Figure S2B.

To confirm that the observed phenotype was a consequence of the CRISPR/Cas9 caused LBD mutation, a complementation assay
was performed. We first cloned the genome sequence (without a stop codon) of LBD3, LBD4 and LBD11 into pDONR221. The re-
sulting entry vectors p221z-gL BD3/4/11 were recombined into the pBm43GW?>° destination vector together with entry vectors of the
respective promoter and p2R3a-YFP®® to generate the translational reporters LBD3,,,:9LBD3-YFP,L BD4,,,,:gL BD4-YFP and
LBD11,,5:9LBD11-YFP, respectively. Both LBD3,,,:gLBD3-YFP and LBD4,,,:gLBD4-YFP reporters complemented the /bd3;lbd4
double mutant, and LBD171,,,:gLBD11-YFP reporter complemented the Ibd7;Ibd3;Ibd4,;Ibd11 quadruple mutant (Figures S2C-S2F).

Once the mutation type was determined, in the following cross experiments, we also performed dCAPs*® (derived cleaved ampli-
fied polymorphic sequence, http://helix.wustl.edu/dcaps/) assays for genotyping analysis by digesting the PCR products of LBD1,
LBD3, LBD11 containing the target sites with Scal, Ddel and Notl, respectively. The homozygous mutations identified by dCAPs were
further confirmed by Sanger sequencing. The LBD4 mutation was always genotyped by Sanger sequencing. All related primers are
listed in Table S1.

Microscopy and image processing

To observe the anatomy of vascular tissue, plastic cross-sections were made from sections 5 mm below the root-hypocotyl junction
unless otherwise stated. The sections were sequentially stained in 0.05% (w/v) toluidine blue solution and 0.05% (w/v) ruthenium red
solution before imaging. The detailed sectioning methodology has been described before.*® Plastic cross-section images were
captured using a Leica 2500 microscope.

The live imaging of fluorescence reporters was conducted on a Leica M165 FC fluorescent stereo microscope equipped with the
Leica Application Suite X package. In other cases, fluorescence observations were performed on a Leica TCS SP5 Il and Stellaris 8
confocal microscopes. The samples were first fixed by incubating roots in 4% paraformaldehyde (dissolved in 1 x PBS, pH 7.2) for
1 h with vacuum, and then incubated at 4°C for several hours or overnight. Lateral view observations used fixed samples which were
first washed twice in 1xPBS and then cleared with ClearSee solution®® at room temperature for at least 1 day. Transverse observa-
tions used section cut with a vibratome as described elsewhere.’” Cell walls were stained with 0.1% (v/v) SCRI Renaissance 2200
Stain. Confocal images were obtained with the Leica LAS AF Software.

To make the results comparable, microscopy settings were kept unchanged throughout each experiment. Heatmaps were gener-
ated using Leica AF Lite 2.6.x. Microsoft PowerPoint was used to crop and organize images. Images were sometimes rotated in Cor-
elDRAW Graphics Suite 2020. The brightness of the fluorescence signal was sometimes manually adjusted for better visualization. In
cases Where images from mock and treatment were compared, the adjustments were always equal.

gRT-PCR

Total RNA was extracted with a GeneJET Plant RNA purification kit (ThermoFisher) according to the manufacturer’s instructions and
treated with DNase | (ThermoFisher). The cDNA was synthesized from 500 ng total RNA by using Oligo(dT)ss primer (ThermoFisher)
and the Maxima H Minus Reverse Transcriptase (ThermoFisher). Synthesized cDNA was diluted by adding equal volume of nuclease-
free water. gPCR were performed in a 10 pL reaction volume consisting of 1 uL diluted cDNA, 2 uL 5 x EvaGreen gPCR mix (Solis
Biodyne), 0.5 uL 5 pM forward and reverse primers and 6.5 pL nuclease-free water. g°PCR was run on a Bio-Rad CFX384 cycler
with following program: 95°C for 12 min, 45 cycles (95°C for 15 s, 60°C for 20 s, 72°C for 20 s). Amplification of target genes was
analyzed by melting curve. Three biological repeats were conducted for each experiment and three technical repeats were included
for each biological repeat. The relative expression levels were calculated by the 2724Ct method®® and normalized against three refer-
ence genes UBQ10, ACT2 and TIP41. All gRT-PCR primers can be found in Table S1.

RNA-Seq

35S:XVE>>cLBD3 and 35S:XVE>>cLBD11 seeds were first germinated on ¥2GM plates for nine days, and then the 9-day-old seed-
lings were transferred to 5 uM 17-p induction or mock-plates for 8h or 24h. For each sample, root segments 0.5 cm-2 cm below the
root-hypocotyl junction were collected from about 15 individuals. Visible lateral roots were removed. Three biological repeats were
conducted for each time point. Total RNA was isolated using a GeneJET Plant RNA purification kit (ThermoFisher) following the man-
ufacturer’s instructions. RNA concentration and integrity were monitored using a NanoDrop 1000 Spectrophotometer (Thermo-
Fisher) and a Bioanalyzer 2100 (Agilent Technologies). Genomic DNA and ribosomal RNA were removed using a Heat & Run
gDNA removal kit (ArticZymes) and a Plant Ribo-Zero rRNA Removal Kit (lllumina), respectively. RNA-seq libraries were constructed
using a TruSeq Stranded Total RNA Library prep kit (Illumina). The pooled samples were single-end sequenced on a NextSeq 500
sequencer with an HT 75 cycle kit v2.5 in 2 runs. Library construction and sequencing was done by the Sequencing and Genomics
Laboratory, Institute of Biotechnology, University of Helsinki. Raw data can be accessed at BioProject of NCBI (https://www.ncbi.
nlm.nih.gov/bioproject) with accession number (BioProject ID: PRINA684618).
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RNA-seq data analysis was performed using packages available in Chipster*® (https://chipster.csc.fi/) and RStudio® (https://
www.rstudio.com/) with the program R v4.0.2°" (https://www.r-project.org/). FastQC*® (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) was used to check the quality of the raw reads merged from 2 separate runs, and single-end reads (76 bp)
were then mapped to the Arabidopsis reference genome (TAIR 10.36) using TopHat2°® (http://ccb.jhu.edu/software/tophat/index.
shtml). The reads aligning to exons of each gene were counted with HTSeq"*® (https://htseq.readthedocs.io/en/release_0.9.1/). Dif-
ferential expression analysis between the mock and inductions was determined using the DESeq2 package** (https://bioconductor.
org/packages/release/bioc/html/DESeq2.html). Subsequently, |logoFoldChange| > 1 and pagjustes < 0.05 were applied to identify
differentially expressed genes (DEGs). DEGs are listed in Data S1. For the hormone-related genes analysis in Table S2, the gene
sets of Arabidopsis hormone synthetic pathway and signaling transduction were obtained from the Plant Hormone Research
Network (RIKEN) database (http://hormones.psc.riken.jp/pathway_hormones.html) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) database®' (https://www.genome.jp/kegg-bin/show_pathway?ath04075), respectively. Gene Ontology (GO) enrichment of
biological processes in Data S3 and Figure S4 was performed using the clusterProfiler package® (http://bioconductor.org/
packages/release/bioc/html/clusterProfiler.html) in R with p < 0.05. A Venn diagram (Figure S4C) was generated using Venny
v2.1.0%* (https://bioinfogp.cnb.csic.es/tools/venny/). The heatmap of A-type ARRs based on log,FC was done with the gplots*®
package in RStudio®? (https://www.rstudio.com/) with the program R v4.0.2°" (https://www.r-project.org/).

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell file number, diameter and total area were measured manually in FIJI ImageJ v1.52.%° The average cell area was calculated by
dividing total area by cell file number. Plots were created with boxplot or the ggplot2*” package in RStudio® (https://www.rstudio.
com/) with the program R v4.0.2°" (https://www.r-project.org/). Boxplots show the first quartile (lower limit of boxes), median (center
line) and third quartile (upper limit of boxes). The red dots and empty circles in the boxplots represent individual samples and outliers,
respectively. All experiments were repeated at least twice.

Statistical analyses were carried out using SPSS Statistics 26 and RStudio®® (https://www.rstudio.com/) with the program R
v4.0.2°" (https://www.r-project.org/). Student’s t test was used for comparing two groups. For multiple comparisons, one-way
ANOVA analysis was done in SPSS Statistics 26. Levene’s Test was used to test for homogeneity of variances. The significant dif-
ferences between each dataset was calculated using a Tukey post hoc test (for equal homogeneous variance) or Tamhane’s T2 test
(for equal variance not assumed) at significance level alpha = 0.05. All ANOVA results can be found in Data S2.
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