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Cell-type-specific PtrW0X4a and PtrVCS2
formaregulatory nexus with ahistone
modification system for stem cambium
developmentin Populustrichocarpa
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Stem vascular cambium cells in forest trees produce wood for materials and
energy. WOX4 affects the proliferation of such cells in Populus. Here we show
that PtrWOX4a is the most highly expressed stem vascular-cambium-specific
(VCS) genein P. trichocarpa, and its expression is controlled by the product
of the second most highly expressed VCS gene, PtrVCS2, encoding a zinc
finger protein. PtrVCS2 binds to the PtrWOX4a promoter as part of a
PtrWOX13a-PtrVCS2-PtrGCNS5-1-PtrADA2b-3 protein tetramer. PtrVCS2
prevented the interaction between PtrGCN5-1and PtrADA2b-3, resulting

in H3K9, H3K14 and H3K27 hypoacetylation at the PtrWOX4a promoter,
which led to fewer cambium cell layers. These effects on cambium cell
proliferation were consistent across more than 20 sets of transgenic lines
overexpressing individual genes, gene-edited mutants and RNA interference
linesin P. trichocarpa. We propose that the tetramer-Ptr WOX4a system may
coordinate genetic and epigenetic regulation to maintain normal vascular
cambium development for wood formation.

Forest treespecies are the best systems to study wood formationbecause
they perennially produce abundant wood through lateral growth. Inthe
stem vascular meristem of forest trees, the fusiform initials (or stem
cells) self-renew and differentiateinto vessels, fibres and rays toincrease
stem diameter'” and formwood. Fusiforminitials are the only cells able
to produce derivatives toward both the xylem and the phloem'™*. The
wood-cell lineage begins with the division of the fusiforminitial, which
is believed to be located immediately below a large phloem cell"*®,
Sanio demonstrated in 1873’ that in the stem vascular meristem
of Scots pine (Pinus sylvestris), afusiforminitial renews and dividesin

the proliferationzone (the green cell areain Fig. 1a) into roughly eight
vascular cambium cell layers before these cells differentiate into vessels
and fibres to make wood. The presence of the proliferation zone, with
a fixed number of cambium cell layers, has been widely confirmed in
gymnosperms>>*° and angiosperm trees including Populus®'° ™. This
progression of fusiform initial development is analogous to that in
shoot apical meristems (SAMs) and root apical meristems (RAMs),
where the stem cells allow plants to elongate axially.

Knowledge of SAMs and RAMs derived from Arabidopsisis substan-
tial®. Arabidopsis WUSCHEL (WUS)' and WUS-related HOMEOBOX5
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Fig.1|Identification of VCS TFsin P. trichocarpa. a, The arrangement

of vascular developing phloem (blue), developing cambium (green),
differentiating xylem (yellow) and mature xylem (orange) in a stem cross-
section of P. trichocarpa.PZ, proliferation zone. b, The developing phloem
(P), developing cambium (C) and differentiating xylem (X) cells can be readily
captured by LCM. Representative images from one biological replicate are
shown. Cells for the other two biological replicates were prepared in the
same way. The blue outlines represent regions excised and collected by LCM.

Scale bars, 100 pm. ¢, Schematic workflow for the identification of VCS TF genes.
The 8thinternode from the 4-month-old P. trichocarpa stems were used for
paraffin section. Three cell types were collected by LCM, and the total RNA was
extracted for genome-wide transcript profiling. A total of 199 TFs were identified
with a C/P transcript abundance ratio > 2 (FDR < 0.05), and 143 TFs were
identified with a C/X transcript abundance ratio > 2 (FDR < 0.05). The overlap
between the199 TFs and the 143 TFs was 95 TFs, which were identified as VCS TFs.

(WOXS5)" each organize a feedback regulatory loop to modulate stem
cell homeostasis in the SAM™ and the RAMY, respectively. At a higher
regulatory level, histone acetylation’>* and deacetylation” of WUSin
the chromatin activates and suppresses WUS expression, respectively,
to determine floral meristem activity. Histone trimethylation modifica-
tions of the WOX5 promoter regulate its gene expression to affect RAM
development in Arabidopsis roots>.

WOX4 is a common regulator of hypocotyl procambium proli-
feration’* and root cambium development® in Arabidopsis. In stems,
WOX4 expressionisinduced in a WOX4-centred regulatory signalling
pathway to promote cambium cell proliferation**?*, In Arabidopsis
roots, 32 cambium transcription factors (TFs) have been identified,
of which13 areinterconnected through predicted directinteractions
to form a layered network®. In this network, WOX4 is amajor node in
regulating vascular cambium development®. Epigenetic control of
WOX4 expression has not yet been reported.

WOX4 is also animportant regulator of vascular cambium devel-
opment in wood formation, but the underlying regulatory system
is still in an earlier stage of identification?*?’, A basic knowledge of
all key stem vascular-cambium-specific (VCS) TF genes is lacking.
Ten Populus stem-cambium-expressed (specific or non-specific) TF
genes—PttWOX4a/b*>, PtrHB4 (ref.31), PtrHB7 (ref.32), PRE (popREVO-
LUTA)*, PtrVCMI and PtrVCM2 (ref. 34), ARK2 (ref. 35), POPCORONA*
and PtoTCP20 (ref. 37)—have beenreported, and their genetic functions
were tested mostly in heterologous Populus species. These studies
showed the effects of perturbing these TF genes on cambium develop-
mentbut found no clear clues to their underlying regulatory pathways
and mechanisms.

Inthis study, we identified 95 VCS TFsin P. trichocarpa stems. We
reportaregulatory pathway in which the second mostabundant VCS,
PtrVCS2, controls the expression of the most abundant VCS, PtrWOX4a,
through the system’s epigenetic modification apparatus to regulate
the number of cambium cell layers for wood formation.

Results

Cell-type transcriptome analysis identified 95 VCS TF genes
We used P. trichocarpa as a model wood-forming system to study
cambium development. Using laser capture microdissection (LCM),
we identified 95 VCS TF genes (Fig. 1a-c, Supplementary Table 1and
Supplementary Text). These genes were numbered from PtrVCSI to
PtrV/CS95 (Supplementary Table 1) on the basis of their transcript levels
inthe vascular cambium. PtrVCSI (Potri.014G025300, the most abun-
dant VCS) isidentical to PtrWOX4a*°, and PtrVCS2 (Potri.004G126600,
the second most abundant VCS) encodes a zinc finger (ZF) protein
belonging to a subfamily®**° of ZF-homeodomain (HD) TF proteins*.
We focused on these two most abundantly expressed VCSs and their
homologues (PtrWOX4a, PtrWOX4b, PtrVCS2 and PtrVCS2-h, described
below) to explore the regulatory mechanism behind vascular cambium
developmentinwood formation. Because RNAi PttWOX4a phenotypes
were reported previously®’, we first characterized PtrVCS2.

PtrVCS2negatively regulates vascular cambium proliferation

We generated PtrVCS2 overexpression lines and selected two,
OE-PtrVCS2#2 (Extended Data Fig.1a,b) and OE-PtrVCS2+#3 (Fig.2a,b),
that had a high increase in the PtrVCS2 transcript level (-8-fold in #2
and ~84-fold in #3) in stem cambium and stunted growth in height
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and stem diameter (Fig. 2a,b and Extended Data Fig. 1a,b) for further
analysis. Stem cross-sections revealed that all OF-PtrVCS2internodes
examined (5th to 20th from #3 in Fig. 2¢,d and 5th to 8th from #2 in
Extended DataFig.1c,d and Supplementary Text) lacked a fixed number
(four to six) of cambium cell layers compared with the wild type (WT).
The same abatement of four to six cambium cell layers also occurred in
steminternodes of the overexpression lines when compared with those
of the WT after the same growth or stem elongation period (30 days;
Supplementary Fig. 3). These results suggest inbuilt cell-layer abate-
ments along stem elongation when PtrCVS2transcripts were elevated.
PtrVCS2 has one homologue, PtrVCS2-h (Potri. 017G082700)
(Extended Data Fig.2a,b), whichisnotaVCS gene butis highly expressed
inthe cambium, xylem and phloem, with a cambium expression level
as high as that of PtrVCS2 (Extended Data Fig. 2¢c). Neither PtrVCS2
nor PtrVCS2-h had been previously studied. The same phenotypic
changesin OE-PtrVCS2were also observed in OE-PtrVCS2-h (Extended
DataFig. 1c,e-j, Supplementary Fig. 3 and Supplementary Text), sug-
gesting redundant functions for PtrVCS2 and PtrVCS2-h; these were
also supported by their loss-of-function mutation in P. trichocarpa.
CRISPR-edited single-knockout ptrucs2 and the WT exhibited similar
phenotypes (Fig. 2e, Extended Data Fig. 3a-c and Supplementary
Text). However, double-knockout ptrucs2 ptrucs2-h plants (Fig. 2e and
Extended Data Fig. 3d; lines #1 and #2 were analysed) had increased
stem diameter (Fig. 2f and Supplementary Fig.7). The steminternodes
examined (5thto 8th) in both double-knockoutlines exhibited two to
four more cambium cell layers than the WT (Fig. 2g,h, Extended Data
Fig. 3e,f and Supplementary Text). When compared with the inter-
nodes of the same age (30-day growth period), the cell layer increase
persistedinthe two tested double mutant lines (Supplementary Fig. 3).
The contrasting development in cambium cell layers between the
gain- and loss-of-function transgenics suggests a unique function for
PtrVCS2inregulating cell proliferationin vascular cambium.

PtrVCS2represses PtrWOX4a expressionin cambium
development
We next performed RNA-sequencing (RNA-seq) analysis onthe WT and
OE-PtrVCS2,whichrevealed that PtrVCS2 regulates 13,266 genes (false
discovery rate (FDR) < 0.05; Supplementary Table 2, Supplementary
Text and Methods). We also conducted chromatin immunoprecipita-
tion sequencing (ChIP-seq) on OF-PtrVCS2transgenics (Supplementary
Text and Extended Data Fig. 4a-d) and identified 6,790 PtrVCS2 binding
sites (P<1x1075; Extended DataFig. 4e and Supplementary Table 3a,b)
representing 2,087 putative PtrVCS2 target genes with one or more
PtrVCS2bindingsites within the 3-kb promoter region (Supplementary
Table 3cand Methods). Integrative analysis of ChIP-seq (2,087 targets)
and RNA-seq (13,266 differentially expressed genes (DEGs)) suggested
that 905 genes are transcriptionally repressed or activated by PtrvVCS2
through TF-DNA binding (Fig. 3a).

One telling result of the integrative analysis is that PtrVCS2
(the second most abundant VCS) could directly trans-repress the
most abundant VCS, PtrVCS1 (denoted as PtriWOX4a hereafter) (Fig. 3a).

The overexpression of PtrVCS2repressed cambium’s PtrWOX4a expres-
sion by nearly one half, compared with the WT (Fig. 3b) and reduced
PtrWOX4a RNA signals (Fig. 3d). It could be argued that, despite
the reduced RNA signals (Fig. 3d), the PCR with reverse transcription
(RT-PCR) based reduction of PtrWOX4a transcriptlevel in OE-PtrVCS2
cambium could be due to fewer cambium cells in these transgenics
thanin the WT. We then tested this using a P. trichocarpa stem xylem
protoplast system*>** and demonstrated that the overexpression of
PtrVCS2 repressed PtrWOX4a expression (Fig. 3¢c), revealing that the
reduced PtriWOX4a expression in OE-PtrVCS2 was mediated by the
PtrVCS2 function rather than fewer cells. When PtrVCS2 functions
were eliminated through double mutation of PtrVCS2 and PtrVCS2-h
(ptrucs2 ptrucs2-h in Fig. 2e and Extended Data Fig. 3d), cambium’s
PtriWOX4a transcript levels increased by approximately 1.6-fold
(Fig. 3e) with aslightincrease in PtrWOX4a RNA signals (Fig. 3d).

We next asked (1) whether increased PtrWOX4a transcript
levels would result in altered cambium proliferation as observed in
ptrucs2 ptrucs2-hand (2) whether loss of function in PtriWOX4a would
yield cambium systems resembling those in gain of functionin PtrVCS2
or PtrVCS2-h. To address these questions, we performed transgenesis
in PtriWOX4.

PtrWOX4is required for promoting cambium cell
proliferation
Like ptrucs2 ptrucs2-h (Fig. 2g,h, Extended Data Fig. 3e,f and Supple-
mentary Fig. 3), the two OE-PtrWOX4a transgenics generated (lines
#1 and #2; Extended Data Fig. 5a,b) had four to six more cell layers in
their stem vascular cambium than the WT (5th-8th internodes of all
plants; Fig. 4a,b and Extended Data Fig. 5c,d). When compared with
theinternodes of the same age (30-day growth), the cell layer addition
persistedin the two tested OE-PtrWOX4alines (Extended Data Fig. 5e,f).
The CRISPR double mutations in PtrWOX4a and Ptr WOX4b (Extended
DataFig. 5g,h) severely disrupted the normal vascular cambium devel-
opment, leaving the cambium zone with only one to two cell layers—
that is, an elimination of six to eight cell layers (4th-10th internodes
of all plants; line #1in Fig. 4c,d and line #2 in Extended Data Fig. 5i,j).
The celllayer elimination persisted in the same-aged (30-day growth)
steminternodesin the two tested double mutantlines (Extended Data
Fig.5e,f). Theseresults are consistent with the reduction of four to six
cambium cell layers in OE-PtrVCS2 transgenics where PtriWOX4a was
partially repressed (Fig. 3b). These gain/loss-of-function and pheno-
typeresults may suggest regulatory associations between PtrVCS2and
PtriWOX4a. We next investigated this possible regulatory association.
The presence of a ZF but the lack of an HD in PtrVCS2 (Supple-
mentary Text) and integrated RNA-seq/ChlP-seq analysis suggest that
PtrVCS2 may trans-activate or trans-repress its target genes (Fig. 3a,
Supplementary Fig.9 and Supplementary Table 3) by interacting with
other HD-bearing TFs that can directly bind to such targets, such as
PtriWOX4. We then searched for PtrVCS2’s possible direct interactive
partners through yeast two-hybrid (Y2H) screening of 59 PtrVCS TFs
(Supplementary Table 4a) that we had cloned (Methods).

Fig.2|PtrVCS2regulates vascular cambium proliferationin P. trichocarpa.
a, Phenotypes of the WT and OE-PtrVCS2 #3 transgenics. The inset shows
amagnification of an OE-PtrVCS2 #3 transgenic plant. Scale bars, 10 cm.

b, Basal stems of the WT and OE-PtrVCS2 #3 transgenics. Scale bar, 1 mm.

¢, Histochemistry and histological analysis of the WT and OE-PtrVCS2 #3
transgenics. d, Number of cambium cell layers in stem vascular tissues of the
WT and OE-PtrVCS2 #3 transgenics. e, Phenotypes of the WT and the ptrucs2
and ptrucs2 ptrucs2-h mutants. Scale bar, 10 cm. f, Basal stems of the WT and the
ptrucs2#1 and ptrucs2 ptrucs2-h #1 mutants. Scale bar, 1 mm. g, Histochemistry
and histological analysis of the WT and ptrucs2 ptrucs2-h #1 mutants. h, Number
of cambium cell layers in stem vascular tissues of the WT and ptrucs2 ptrucs2-h
#I mutants. Incand g, the cross-sections were stained with toluidine blue O.
Scale bars, 25 um. The black brackets mark the cambium cells in one radial cell

file. The insets show close-ups of cambium cells (green), adjacent phloem cells
(blue) and adjacent xylem cells (yellow). Ind and h, the number of cambium cell
layers of at least ten radial cell files was counted within one cross-section from
each biological replicate. Three biological replicates were analysed. n = 30 for d;
nforhisshowninthe panel. The boxes show the median and the upper and lower
quantiles, and the whiskers represent the data range excluding outliers. Two-
tailed Student’s t-test: **P < 0.01; ***P < 0.001. The Pvalues versus the WT control
for the OE-PtrVCS2 #3transgenics in d are as follows: 5th, 0.0025; 6th, <0.0001;
7th, <0.0001; 8th, <0.0001; 10th, <0.0001; 12th, <0.0001; 14th, <0.0001; 16th,
<0.0001;18th,<0.0001; 20th, <0.0001. The Pvalues versus the WT control for
the ptrucs2 ptrucs2-h #1 mutants in h are as follows: 5th, <0.0001; 6th, <0.0001;
7th, <0.0001; 8th, <0.0001.
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We identified four PtrVCS TF proteins—PtrVCS3 (identical to
PtrWOX4b*°), PtrVCS12 (identical to PtrWOX13a**), PtrvVCS19 and
PtrVCS94—that couldinteract withPtrVCS2inyeast (Extended DataFig. 6
and Supplementary Table 4a). Bimolecular fluorescence complemen-
tation (BiFC) assays validated that PtrVCS2 could dimerize with three
of these TFs in planta: PtrWOX13a, PtrVCS19 and PtrvVCS94 (Fig. 5a-i).
Among these three, PtrWOX13a exhibited expression patterns very
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Fig.3|PtrVCS2regulates PtrWOX4a expression in the vascular cambium.

a, Venn diagram showing the common genes between RNA-seq DEGs (FDR < 0.05)
of OE-PtrVCS2 transgenics and PtrVCS2 target genes (P <1x 107°). The downward
arrow indicates the downregulation of PtrVCSI (PtrWOX4a) by PtrVCS2
overexpression. b,e, Relative expression levels of PtrWOX4a in the cambium of
OE-PtrVCS2transgenics (b) and ptrucs2 ptrucs2-h mutants (e) were determined
by RT-qPCR. The data are shown as mean + s.e.m.; n = 3 biological replicates
(*P<0.01, two-tailed Student’s t-test). ¢, Relative expression levels of PtrWOX4a
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instem xylem protoplasts overexpressing GFP (control) or PtrVCS2. The dataare
shownasmean +s.e.m.; n =3biological replicates (three independent batches
of stem xylem protoplast transfections). The asterisk indicates a significant
difference between control protoplasts and the samples overexpressing PtrVCS2
(*P<0.05, two-tailed Student’s ¢-test). d, In situ hybridization of PtrWOX4a
mRNA inthe WT, OE-PtrVCS2 transgenics and ptrucs2 ptrucs2-h mutants. Paraffin
sections are from the 6th internode of P. trichocarpa stems. The black brackets
mark vascular cambium cells in one radial cell file. Scale bars, 25 um.

PtrVCS2isrecruited to PtrWOX4a by interacting with
PtrWOX13a
We analysed the DNA sequences flanking all peak summits identified
from ChIP-seq for PtrVCS2 and identified C(A/C)ATCA(A/C) as one
of the top-ranked motifs in the PtrWOX4a promoter for TF binding
(e-value, 5.2 x107'; Fig. Sk and Methods). This motif is highly similar
to the cis-regulatory sequences that WOX13 would bind to for
trans-regulation in plants*. There are two such CAATCAC binding
sites (M1and M2 inthe P2 fragment; Fig. 5I) in the Ptr WOX4a promoter
within the 2-kb sequences upstream of the transcription start site.
We next performed electrophoretic mobility shift assays
(EMSAs) and demonstrated that PtrWOX13a binds directly to the
PtriWOX4a promoter’s M1 and M2 sites (Fig. 5m). The binding requir-
ing the CAATCAC motif was demonstrated by competition assays
with single-nucleotide-mutated M1 and M2 competitors (Fig. 5m).
The EMSA results with a negative control (an HD-bearing protein,
PtrZHD1 (Potri.002G035200)) at high concentrations supported
PtrWOX13a’s binding specificity to PtriWOX4a (Extended Data Fig. 8).
This TF-DNA binding suggested a gene trans-regulation function, as
the overexpression of PtrWOXI13a in P. trichocarpa stem xylem pro-
toplasts**** doubled the PtrWOX4a transcript level (Supplementary
Fig.10a). Glucocorticoid-receptor-based inducible gene expression
assays*’ confirmed direct regulation of the PtrWOX4a transcription
by PtrWOX13a (Supplementary Fig. 10b-d). Further EMSA experi-
ments demonstrated that PtrVCS2 could not bind to the PtrWOX4a
promoter’s M1and M2 sites, but PtrWOX13a-PtrVCS2 protein dimers
could (Fig. 5n). EMSAs thus supported PtrWOX13a’s binding specificity

to PtrWOX4a as individual proteins or PtrWOX13a-PtrVCS2 protein
dimers, suggesting a trans-regulatory association between PtrVCS2
and PtriwOX4athroughindirect TF-target gene binding.

We then performed ChIP with quantitative PCR (qPCR) on stem
vascular cambium of transgenics overexpressing PtrVCS2 tagged
with FLAG (OE-PtrVCS2-3xFLAG; Extended Data Fig. 4a-d) using
anti-FLAG antibodies and detected a -2.5-fold enrichment of the
M1 and M2 motif-containing P2 promoter fragment of PtriWOX4a
(Fig.51,0). Using stem vascular cambium of WT P. trichocarpa plants for
ChIP-gPCR with anti-PtrVCS2 antibodies, we obtained similar results
on the enrichment of the PtrWOX4a fragments (Fig. 51,p). Therefore,
in vitro and in vivo (both transgenic and WT plants) evidence sup-
ports anassociationbetween PtrVCS2 and Ptr WOX4a throughindirect
protein-PtrWOX4a binding specifically to the P2 promoter fragment
via PtrWOX13a-PtrVCS2 protein dimers.

Overall, these results suggest that PtrVCS2 is recruited to
PtriWOX4a (Fig. 50,p and Supplementary Table 3) through its inter-
action with PtrWOX13a (Fig. 5a,¢,f,j), which directly binds to the M1and
M2 motifs of the PtrWOX4a promoter (Fig. 51-n). Our results suggest
aPtrVCS2-PtrWOX13a-PtrWOX4a regulatory system.

PtrVCS2 regulates Ptr WOX4a through PtrWOX13a and the
histone acetyltransferase complex

The presence of a PtrVCS2-PtrWOX13a-PtrWOX4a regulatory sys-
tem suggests that PtrVCS2 may repress PtrWOX4a gene expression
through this pathway to regulate cambium development (Figs. 3
and 5). Because levels of epi-markers may influence gene expression,

Nature Plants | Volume 9 | January 2023 | 96-111

100


http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-022-01315-7

a b
O WT O OE-PtrWOX4a #2
8th | H:DED "M
o 7th 'H:EH*;*
3 HIH-
@
£ 6th EDH:EH
5th | . D]_{D]_{ Hkek
v g 4 : T T T T T
' OE- PtrWOX4a #25th | ’ﬂé‘ OE-PtrWOX4a #2 6th 2 4 6 8 1012 14
- Number of cambium
cell layers
Cc 4th 8th 10th
ptrwox4a ptrwox4b #1 ptrwox4a ptrwox4b #1
d
O wT
O ptrwox4a ptrwox4b #1
10th - 0 [
g |k
8 8th 4 [
g - HIH
C
4th 4 H [ +#%

Yol | NS= s - |\

T
0O 2 4 6 8 10

Number of cambium
cell layers

Fig. 4 | PtrWOX4 s crucial for vascular cambium proliferationin
P.trichocarpa. a, Histochemistry and histological analysis of the WT and
OE-PtriWOX4a #2 transgenics. Cross-sections of the 5th-8th internodes of
P.trichocarpa stems were stained with toluidine blue O. The black brackets mark
the cambium cells in one radial cell file. The insets show close-ups of cambium
cells (green), adjacent phloem cells (blue) and adjacent xylem cells (yellow). Scale
bars, 25 um. b, Number of cambium cell layers in stem vascular tissues of the WT
and OE-PtrWOX4a #2 transgenics. ¢, Histochemistry and histological analysis of
the WT and the ptrwox4a ptrwox4b #1 mutants. Cross-sections of the 4th, 8th
and10thinternodes of P. trichocarpa stems were stained with toluidine blue O,
safranine O and fastgreen. The black brackets for the WT and black arrowheads
for the ptrwox4a ptrwox4b mutants mark the cambium cells in one radial cellfile.
Theinsetsin the sections stained with toluidine blue O show close-ups of cambium

cells (green), adjacent phloem cells (blue) and adjacent xylem cells (yellow). In
each column, the image in the middle panel is a magnification of the region marked
by ablack box from the section stained with safranine O and fast green in the lower
panel.Scalebars,100 um. PF, phloem fibre.d, Number of cambium cell layersin
stem vascular tissues of the WT and the ptrwox4a ptrwox4b #1 mutants. Inb and
d, the number of cambium cell layers of ten radial cell files was counted within

one cross-section from each biological replicate. Three biological replicates were
analysed. n=30. The boxes show the median and the upper and lower quantiles,
and the whiskers represent the data range excluding outliers. Two-tailed Student’s
t-test:**P< 0.01; **P < 0.001. The Pvalues versus the WT control for OE-Ptr WOX4a
#2transgenics in b are as follows: 5th, <0.0001; 6th, <0.0001; 7th, <0.0001; 8th,
0.0031. The Pvalues versus the WT control for ptrwox4a ptrwox4b #1 mutants
ind are as follows: 4th, <0.0001; 8th,<0.0001; 10th, <0.0001.

we compared levels of acetylated lysine residues 9,14 and 27 of histone
H3 (H3K9ac, H3K14ac and H3K27ac) at the PtriWOX4a promoter
between the WT and ptrucs2 ptrucs2-h double mutants, and between
the WT and OE-PtrVCS2 transgenics. ChIP-qPCR analysis revealed
that the levels of the three epi-markers at the P2 PtrWOX+4a pro-
moter fragment were substantially increased in the double mutants
(Fig. 6a,b) and decreased in the OE-PtrVCS2 transgenics (Fig. 6a,c), sug-
gesting that PtrVCS2 may regulate the expression of PtrWOX4a through
its effects on histone acetylation. We then cloned 13 P. trichocarpa
histone deacetylase genes and 4 histone acetyltransferase (HAT) genes
(Supplementary Table 4b) for Y2H screening of interactions between
PtrVCS2 and these acetylation effectors. We found no interactions with
histone deacetylase, but one HAT, PtrGCN5-1 (ref. 48) (P. trichocarpa
GENERAL CONTROL NON-DEREPRESSIBLES5-1), interacted with

PtrVCS2 (Extended DataFig. 9). BiFC (Fig. 6d,h,i) and invitro pull-down
(Fig. 61) experiments confirmed the PtrVCS2-PtrGCN5-1 (denoted as
V-G) interaction and the interaction specificity in the nucleus in vivo.
We also found that PtrWOX13ainteracted with PtrGCNS5-1 (denoted as
W13-G; Fig. 6e,h,j,m).

GCNS5, the subunit of a HAT, dimerizes with ALTERATION/DEFI-
CIENCY IN ACTIVATION2 (ADA2) to confer HAT catalytic activity** ™"
We have previously confirmed a PtrGCN5-1-PtrADA2b-3 complex
(denoted as G-A) for HAT functions in P. trichocarpa*®. Here, we
observed the formation of nuclear dimers of PtrADA2b-3-PtrWOX13a
using BiFC (denoted as A-W13; Fig. 6f,j k), but we detected nointerac-
tion between PtrVCS2 and PtrADA2b-3 (Fig. 6g,i,k). The interaction
between PtrADA2b-3 and PtrWOX13awas further confirmed by in vitro
pull-down (Fig. 6n). We identified the PtrWOX13a-PtrVCS2 dimer
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above (W13-V; Fig. 5a,¢e,f,j). These five sets of dimers (W13-V, V-G,
W13-G, G-A and A-W13) each having components that can couple
with another two of the four proteins may suggest interactions for a
tetrameric protein complex, W13-V-G-A. Further in vitro pull-down
experiments demonstrated the formation of all the possible trimers,
W13-V-G (Fig. 60), W13-G-A (Fig. 6p), V-G-A (Fig. 6q) and A-W13-V
(Fig. 6r), associated with the tetramer. All protein interaction results
indicate that in this W13-V-G-A tetramer, V interacts with W13-G-A

through W13 (Fig. 5a,¢e,f,j) and G (Fig. 6d,h,i,I) but not through A (as
thereis nointeraction between Vand A; Fig. 6g,i,k).

PtrVCS2 acts as asuppressor of the HAT complex functions

The binding of the PtrWOX13a-PtrVCS2-PtrGCN5-1-PtrADA2b-3
tetramer to the PtrWOX4a promoter suggests a histone-acetylation-
mediated trans-regulation of PtrWOX+4a. Consistently, in the
stem vascular cambium of the ptrgcn5-1 ptrgcn5-2 double mutant
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Fig.5|PtrVCS2isrecruited to the Ptr WOX4a promoter through dimerization
with PtrWOX13a. a-i, BiFC assaysin P. trichocarpa stem-differentiating xylem
(SDX) protoplasts showing that PtrVCS2 interacts with PtrWOX13a (a), PtrVCS19
(b) and PtrvVCS94 (c) but not PtrWOX4b (d) in vivo. Each BiFC pair of constructs
was co-transfected with the H2A-1-mCherry nuclear marker construct.
Co-transfection of each construct of interest with empty plasmid served as
controls (e-i). Scale bars, 10 pm. j, Interaction of PtrWOX13a-PtrVCS2 dimer
determined by pull-down assays. k, MEME-ChIP analysis identifies C(A/C)
ATCA(A/C) as astatistically defined motif (e-value, 5.2 x 10™°). A total of 6,790
PtrVCS2 binding peaks identified from three biological replicates of ChIP
experiments were used for MEME-ChIP analysis. I, Schematic diagram of

the WOX13 binding motif in the Ptr WOX4a promotor. m, EMSA showing

that PtrWOX13abinds to the CAATCAC motif in the PtrWOX4a promoter.

n, PtrVCS2 alone fails to bind to the CAATCAC motif in the PtrWOX4a promoter,
and PtrWOX13ais required for the association of PtrVCS2 with the PtrWOX4a

promoter. Inmand n, the nucleotide sequences of the WT M1and M2 and the
mutated M1(mM1) and M2 (mM2) are shown. The core sequences are shaded
inblack, and the mutated nucleotide is shaded in grey. Unlabelled PtrWOX4a
promoter fragments were used as competitors. Empty vector (pET101-His)

was used as a negative control. o,p, ChIP-qPCR assays showing that PtrvVCS2
associates with the PtrWOX4a promoter. Transgenic plants overexpressing
3xFLAG (control) or PtrVCS2-3xFLAG were used for the ChIP assays with anti-
FLAG antibody in 0. WT plants were used for the ChIP analysis with anti-PtrVCS2
antibody in p, and anti-IgG antibody was used as a control. Enrichment of DNA
was calculated as the ratio between PtrVCS2-3xFLAG and 3xFLAG or between
anti-PtrVCS2 antibody and anti-IgG antibody, normalized to that of the PtrACTIN
gene. The dataare shown as mean +s.e.m.; n =3 biological replicates; two-tailed
Student’s t-test; *P < 0.05; NS, not significant. The experiments in a—j,m,n were
repeated independently three times, with consistent results.

(Extended DataFig.10a) and PtrGCNS-I-RNAi transgenics*®, we found
reduced expression of PtriWOX4a (Fig. 6s) accompanied by drastically
decreased histone acetylation (H3K9ac, H3K14ac and H3K27ac) levels
at the PtriWOX4a promoter (Fig. 6t) and fewer cambium cell layers
(Extended Data Fig. 10b,c). Thus, while PtrVCS2 represses PtrWOX4a
transcription, PtrGCN5-1 may activate PtriWOX4a through elevated
H3K9ac, H3K14ac and H3K27ac markers, revealing regulatory inter-
plays for the PtrWOX13a-PtrVCS2-PtrGCN5-1-PtrADA2b-3 systemin
controlling PtrWOX4a expression.

Next, we used BiFC (Fig. 7a-h) to explore whether PtrVCS2 might
affect the stability of the PtrWOX13a-PtrGCN5-1-PtrADA2b-3 protein
complex. Tothisend, we fused PtrVCS2 to mCherry and co-transfected
the fusion with each of the three BiFC interaction pairs—PtrGCNS5-1-
YFP" and PtrWOX13a-YFP¢, PtrADA2b-3-YFP" and PtrWOX13a-YFPC,
and PtrADA2b-3-YFPNand PtrGCN5-1-YFP¢—into P. trichocarpa xylem
protoplasts. All three pairwise interactions were attenuated by PtrvVCS2
(Fig. 7a versus 7b, Fig. 7c versus 7d and Fig. 7e versus 7f), as exempli-
fied by the nearly diminished YFP fluorescent intensity (Fig. 7i and
Methods). As a negative control, our previously validated interaction
between PtrGCNS5-1and PtrAREB1-2 (which is not a paired member of
the tetramer*®) was not affected in the presence of PtrvVCS2 (Fig. 7g—i),
confirming the specificity of PtrVCS2 in voiding interactions among
PtrWOX13a, PtrGCNS5-1 and PtrADA2b-3. Without ADA2, GCNS has
inadequate HAT catalytic activity; therefore, the PtrVCS2-mediated
disruption of the PtrADA2b-3-PtrGCN5-1 interaction would reduce
the ternary complex’s histone acetylation functions.

Totest whether PtrVCS2 acts as a suppressor of the ternary’s HAT
functions for repressing Ptr WOX4a expression, we purified PtrGCN5-1,
PtrADA2b-3 and PtrVCS2 recombinant proteins (Methods) for HAT
activity assays. We found that PtrGCN5-1 alone or with bovine serum
albuminshowed only weak HAT activity (Fig. 7j). Strong HAT activities
were detected when PtrGCN5-1and PtrADA2b-3 were present together

(Fig.7j), and such activities were not affected by the addition of bovine
serum albumin (Fig. 7j) but were sharply reduced in the presence of
PtrVCS2 (Fig. 7j). Overall, our results support a regulatory system
involving a tetrameric protein complex that may leverage the levels
of histone acetylation of PtrWOX4a for trans-regulating the
normal development of the vascular cambium for wood formationin
P.trichocarpa.

Discussion

We used a cell-type-specific approach to identify 95 stem VCS TFs
in P. trichocarpa. In Arabidopsis, a TF-based regulatory network
has been established for vascular cambium development in roots®.
Inthis network, AtWOX4 is amajor node for the regulation of vascular
cambium development®. This is an organ- and species-specific
network, because many stem-cambium-specific TFs (such as
AtWOX14, ETHYLENE RESPONSE FACTOROIS (AtERF018), AtERF109,
AUXIN RESPONSE FACTORS (AtARFS) and AtARF7 (refs. 24,52-54)) are
not involved in this network. Only four members of this network
(Supplementary Table 5) have homologues in the 95 VCS TFs in
P.trichocarpa stems.

Ofthe 95VCS TFs, PtrWOX4a and PtrVCS2 are the two most abun-
dant ones. Our work suggests a unique regulatory system coupling
these two TFs for the maintenance of normal vascular cambiumdevel-
opmentinwood formation (Fig. 7k-m). The system consists of atetra-
meric protein complex, PtrWOX13a-PtrVCS2-PtrGCN5-1-PtrADA2b-3,
whichbinds directly to PtrWOX4a through PtrWOX13a (Figs. 5and 6).
We analysed the CAATCAC motif in WOX4 gene promoters in 13 plant
species and found that the motif is conserved in 11 (mostly woody
plants) of these 13 species (Supplementary Fig.11). Arabidopsis AtWOX4
andrice OsWOX4 promoters do not have this motif. These results sug-
gest that the CAATCAC motif may formatransacting platform for regu-
lating WOX4 expression for processes that are more conserved for wood

Fig. 6 | PtrVCS2 regulates the histone acetylation levels at the Ptr WOX4a
promoter via the PtrWOX13a-PtrVCS2-PtrGCN5-1-PtrADA2b-3 tetrameric
protein complex. a, Schematic diagram of the CAATCAC motif (the WOX13-
binding motif) in the PtrWOX4a promoter. b,c, Relative enrichment fold of
H3K9ac, H3K14ac and H3K27ac at the PtriWOX4a promoter in the ptrucs2
ptrucs2-h #1 mutants (b) and OE-PtrVCS2 #2 transgenics (c). d-k, BiFC assays in
P. trichocarpa SDX protoplasts showing that PtrGCNS5-1linteracts with PtrVCS2
(d) and PtrWOX13a (e) and that PtrADA2b-3 interacts with PtrWOX13a (f) but not
with PtrVCS2 (g). Each BiFC pair of constructs was co-transfected with the
HZ2A-1I-mCherry nuclear marker construct. Co-transfection of each construct
ofinterest with empty plasmid served as a control (h-k). Scale bars, 10 pm.

I-n, Interactions of PtrVCS2-PtrGCNS5-1 (1), PtrWOX13a-PtrGCNS5-1(m) and
PtrADA2b-3-PtrWOX13a (n) dimers, as determined by pull-down assays.

o-t, Interactions of PtriWOX13a-PtrVCS2-PtrGCN5-1 (o), PtrWwOX13a-
PtrGCN5-1-PtrADA2b-3 (p), PtrVCS2-PtrGCNS-1-PtrADA2b-3 (q) and

PtrADA2b-3-PtrWOX13a-PtrVCS2 (r) trimers, as determined by pull-down
assays. s, Relative expression levels of PtrWOX4a in PtrGCN5-I-RNAi transgenics
and the ptrgcn$-1 ptrgen5-2 mutants, as determined by RT-qPCR. The dataare
shownasmean +s.e.m.; n =3 biological replicates; two-tailed Student’s t-test;
**P<0.01;**P<0.001. t, Relative enrichment fold of H3K9ac, H3K14ac and
H3K27ac at the PtrWOX4a promoter in PtrGCN5-1-RNAi transgenics and the
ptrgcnS-1 ptrgen5-2 mutants. Inb, cand t, ChIP assays were performed using
antibodies against H3K9ac, H3K14ac and H3K27ac, and the precipitated DNA
was quantified by qPCR. Enrichment values represent the relative fold change
compared with WT plants. The data are shown as mean + s.e.m.; n =3 biological
replicates, and the asterisks indicate significant differences between each
transgenic lineand WT plants (two-tailed Student’s ¢-test; *P < 0.05; **P < 0.01).
The experiments in d-r were repeated independently three times, with
consistentresults.
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formation. It is possible that this trans-regulation may also be medi-
ated by phytohormones such as cytokinin®, auxin and gibberellin*®
that play crucial roles in cambium development in Populus species.
The hormone mediation may be related to VCS2 genes, which have
been suggested to integrate signals from multiple phytohormones*.
Further exploration of the connections between the VCS2-mediated

WOX4 trans-regulation and hormone signalling should yield new
insightsinto the regulation of cambium development. In this study, we
revealed that atetramer-Ptr WOX4a pathway forms aunique epigenetic
modification machinery enabling PtrVCS2 to control the dynamics of
histone acetylation at Ptr WOX4a and thus the dynamics of PtrWOX4a
transcription. Epigenetic modifications are key factors influencing
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many attributes associated with growth and adaptation*®*”, Our
work providesinsights into how such factors affect vascular cambium

development for wood formation.
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We suggest that under normal growth conditions, the tetrameric
protein-PtrWOX4a network (Fig. 7k) maintains a typical cambium
cell proliferation system producing roughly eight cell layers***?,
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Fig.7|PtrVCS2reduces the HAT activity of the PtrWOX13a-PtrGCN5-1-
PtrADA2b-3 ternary complex by attenuating the three pairwise interactions.
a-f, BiFC assays in P. trichocarpa SDX protoplasts showing that PtrVCS2
attenuates the YFP fluorescence signal resulting from the interactions between
PtrwOX13a and PtrGCNS5-1(b), PtrWOX13a and PtrADA2b-3 (d), and PtrGCN5-1
and PtrADA2b-3 (f) compared with the control H2A-1-mCherry (a,c.e).g,h,

BiFC assays showing that PtrVCS2 has no effect on the interaction between
PtrGCN5-1and PtrAREB1-2 (ref. 48). All BiFC assays were performed with the
same conditions. Scale bars, 10 pm. The experimentsin a-h were repeated
independently three times, with similar results. i, YFP fluorescence intensity
ofthe interactions between PtrWOX13a and PtrGCNS5-1, PtrWwOX13a and
PtrADA2b-3, PtrGCNS-1and PtrADA2b-3, and PtrGCN5-1and PtrAREB1-2 with
co-expression of PtrVCS2-mCherry or the control H2A-1-mCherry. a.u., artificial
units. Each transformation was performed with three biological replicates. The
boxes show the median and the upper and lower quantiles, and the whiskers
represent the data range excluding outliers. Two-tailed Student’s ¢-test;

***P < 0.001; NS, not significant. j, HAT activity assay. Enzymatic activity was

shown as relative fluorescence units (RFU). BSA, bovine serum albumin. The data
areshownas mean *s.e.m.; n =3 biological replicates. Two-tailed Student’s ¢-test;
*P<0.05; NS, not significant. k-m, Model of the tetramer-Ptr WOX4a regulatory
pathway and its effects on cambium cell proliferation. Under normal conditions
(k), PtrVCS2is at normal expression levels, and the tetrameric protein complex
allows histone acetylation in PtrWOX4a at normal levels, thereby conferring
normal expression levels of PtrWOX4a for the maintenance of normal vascular
cambium development. When the expression of PtrVCS2becomes inadequate
(), PtrGCN5-1-PtrADA2b-3 HAT activity is activated to hyperacetylate
PtrWOX4a and upregulate PtrWOX4a transcription, resulting in an extended
proliferation phase with more layers of cambium cells. When the expression of
PtrVCS2is elevated (m), the interaction of PtrADA2b-3-PtrGCN5-1is disrupted,
thereby reducing the histone acetylation functions of the complex, resulting
insuppressed PtriWOX4a expression and thus fewer cambium cell layers. Ac,
acetylation; developing phloem cells are shown inblue, developing cambium
cells are shownin green and differentiating xylem cells are shown in yellow.

defined by the network members’ expression and chromatin histone
acetylation levels. When PtrVCS2 expression becomes inadequate,
PtrGCN5-1-PtrADA2b HAT activities are activated (Fig. 7j) for hypera-
cetylating PtriWOX4ato upregulate PtriWOX4atranscription, resulting
inanextended proliferation phase with more layers of enlarging cam-
bium cells (Fig. 7). When PtrV/CS2 expressionis elevated, the elevation
imparts PtriWOX4a hypoacetylation for suppressed PtriWOX4a func-
tion, resulting in reduced cambium cell proliferation and thus fewer
cell layers (Fig. 7m). The proliferation of cambium cells affects the
progression of the differentiation and maturation of these cells into
fibre and vessel elements for the formation of the secondary xylem
(wood). The tetramer-Ptr WOX4a system (Fig. 7k) is therefore a key
regulator of wood formationin P. trichocarpa.

Abbreviated cambium proliferation (Fig. 7m) in OE-PtrVCS2
allowsforrapiddifferentiation and maturation, and thus promotes early
secondary xylem formation (Supplementary Text and Supplementary
Fig.5). Expanded cambium proliferation (Fig. 71) inthe ptrucs2 ptrvcs2-h
mutants delays secondary xylem formation (Supplementary Text
and Supplementary Fig. 6b). The rate of wood formation is critically
important for a tree’s adaptation to biotic and abiotic stresses. To
defend against pathogen infection (for example, from stem canker
pathogens®), trees need to rapidly produce more specialized wood, the
‘defence wood’, to limit pathogen growth®®* ‘“Tension wood’ is another
type of specialized wood formed in trees, particularly in Populus and
Eucalyptus, in response to the perception of gravity or mechanical
stresses, suchas wind and bending®*®. Less wood may allow tree stems
orbranches tobe moreflexible so that they can tolerate bending with-
out breakage. This flexibility is a well-known feature of the ‘rubbery
wood’ in apple trees®. Although the extent to which the tetramer-
PtrWOX4a system could affect the plasticity of wood remains to be
explored, the system s probably specific to forest trees or to Populus.

In addition to the abbreviated cambium zone, OE-PtrVCS2 and
OE-PtrVCS2-hexhibited severely retarded growth (Fig. 2a and Extended
DataFig.1b,f).In WT shoot apices, or the primary growth stage (inter-
nodes 1to 4), the expression of PtrVCS2 and PtrVCS2-h was negligi-
ble compared with that in cambium of the secondary growth stage
(represented by internodes 20 and 40) (Extended Data Fig. 2d). The low
expression levels of PtrVCS2 and PtrVCS2-h in shoot apices of the WT
andin the ptrucs2 ptrucs2-h mutant having no effects on plant growth
(Extended Data Fig. 2d and Fig. 2e) indicate that these two PtrVCS2s
have no direct regulatory function in plant primary growth. We also
found that cambium cell-layer abatement occurred in the internodes
ofthe OE-PtrVCS2and OE-PtrVCS2-h transgenics when compared with
those of the WT after the same growth or stem elongation period
(30 days; Supplementary Fig. 3). These results excluded the effects of
the developmental age between the WT plants and the transgenics on

secondary vascular growth and supported the notion that high expres-
sion levels of PtrVCS2 or PtrVCS2-h resulted in fewer cambium cell
layers and thus reduced secondary development of stems. However,
itis still possible that the primary growth deficits in the overexpres-
sion lines affect the secondary growth. We suggest that the strong
35S-promoter-driven ectopic expression of PtrVCS2 or PtrVCS2-h may
adversely interfere with the normal SAM system, broadly nullifying
growth signalling pathways and regulation from the primary to the
secondary growth, thereby reducing the growth rate. These sugges-
tions need to be tested and verified—for example, by conducting recip-
rocal grafting experiments between the WT plants and the transgenics,
which may also lead to new insights into the transition from primary
tosecondary growth. Suchinsights are particularlyimportant for for-
est tree species, where this transition could have profound impacts
on woody biomass production. Our work provides unique biological
resources (transgenics and mutant trees) that could help shed light
onthe complex co-regulation of growth and adaptation during wood
formation. These resources also represent vascular cambium systems
forunderstanding lateral meristem development—thatis, its stem cells
and their differentiation, specifically for wood formation.

Methods

Plant materials and growth conditions

P. trichocarpa Torr. & Gray (genotype Nisqually-1) was used for all
experiments. WT, transgenic and mutant plants were growninagreen-
house under controlled environmental conditions (21to 25°C,16 h
light/8 hdark and 60-80% humidity)*®. Stems of healthy 4-month-old
clonally propagated P. trichocarpa plants were used for paraffin sec-
tions, in situ hybridization, RNA extraction, and histochemical and
histological analysis. Six-month-old plants were harvested for ChIP
assays and for the isolation of SDX protoplasts.

LCM

The 8thsteminternodes of P. trichocarpa were cutinto 2 mm segments
and fixed with 100% acetone for a total of 1 h under vacuum at room
temperature. After vacuum treatment, the segments were fixed with
100% acetone at4 °C overnight and then fixed at 37 °C for 1 h. The fixed
segments were dehydratedinagraded n-butanol:acetoneseries (30:70,
50:50,70:30 and 90:10; v/v) and 100% n-butanol at 58 °C. The segments
were thenimmersed in paraffin:n-butanol solution (50:50, 60:40 and
80:20; v/v) and 100% paraffin (Sigma, P3683) sequentially at 58 °C. The
embedded segments were sectioned into 16 m by arotary microtome
(Leica RM2245). The sections were attached to a nuclease-free frame
slide with PET membranes (Leica, 11505190) and then dewaxed with
100% xylene for 4 min. The tissue sections were totally air-dried at room
temperature before use. The developing cambium, differentiating
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xylem and developing phloem cells from the prepared tissue sections
were dissected by a laser microscope (Leica Laser Microdissection
Microscope, LMD7000)% and collected into RNeasy Lysis Buffer
(Qiagen, RNeasy Plant Mini Kit, 74904).

Total RNA extraction and RNA amplification

AnRNeasy Plant MiniKit (Qiagen, 74904) was used to isolate total RNA
from cambium, LCM-collected samples and SDX protoplasts. RNA
concentration was detected with a NanoDrop 2000 spectrophotom-
eter (Thermo Scientific), and RNA quality and integrity were analysed
with an Agilent 2100 Bioanalyzer (Agilent). For the RNA amplification
of LCM-based samples, 750 pg of RNA was used as the starting RNA®,
The amplification was performed with the Ovation RNA-Seq System
V2Kit (NuGEN, 7102) as described in the manufacturer’s handbook.

RNA-seq and data analysis

To identify VCS TF genes, RNA-seq was performed with total RNA iso-
lated from developing cambium, differentiating xylem and developing
phloem cells collected from P. trichocarpa stems by LCM. A total of
nine RNA-seq libraries for three biological replicates were generated
using a TruSeq RNA Library Prep Kit (Illumina, RS-122-9001DOC), fol-
lowed by sequencing with the lllumina HiSeq 4000 platformto obtain
paired-end reads with a length of 150 base pairs (bp). To detect gene
expressionin OE-PtrVCS2transgenic lines, cambium cell mixture was
collected by scrapingslightly on the inner side of bark peeled from the
WT and transgenic P. trichocarpa stems using a double-edged razor
blade. A total of six RNA-seq libraries for three biological replicates
were generated using a NEBNext Ultra RNA Library Prep Kit (NEB,
7530), followed by sequencing with the [llumina HiSeq x Ten system
to obtain paired-end reads with alength of 150 bp. After the sequenc-
ing data were filtered with SOAPnuke®, the clean reads were aligned
to the P. trichocarpa genome v.3.0 (Phytozome) by using Bowtie2
(ref. 68). The raw counts were determined and normalized follow-
ing our established analysis pipeline*’. DEGs were characterized by
FDR < 0.05 by using DESeq2 (ref. 69).

RT-qPCR

RT reactions were performed using TagMan Reverse Transcription
Reagents (Invitrogen, N8080234) following the manufacturer’s pro-
tocol. All qPCRs were carried out on the Agilent Mx3000P Real-Time
PCR System with FastStart Universal SYBR Green Master Mix (Roche,
4913914001) following the standard protocol. Gene expression was
normalized to the expression of the PtrACTIN gene. The primers used
for RT-qPCR and ChIP-gPCR are listed in Supplementary Table 6.

Generation of gene overexpression and CRISPR-edited
transgenic P. trichocarpa

The coding sequences of PtrV/CS2, PtrVC2-h and PtriWOX4a were ampli-
fied from the complementary DNA prepared from the cambium of
P. trichocarpa plants, followed by assembling the coding sequences
into the pBI121 vector driven by a CaMV 35S promoter for generating
overexpression constructs. The CRISPR-Cas9 system’® was used to
generate single-knockout mutants of PtrV/CS2 and double-knockout
mutants of PtrV/CS2 and PtrVCS2-h, PtrWOX4a and PtrWOX4b, and
PtrGCNS5-1and PtrGCNS-2. The single guide RNAs designed by CRISPR-P
v.2.0 (http://crispr.hzau.edu.cn/cgi-bin/CRISPR2/CRISPR) were syn-
thesized and cloned into the pMgP237-2A-GFP vector for targeting
PtrVCS2 and PtrVCS2-h or the pEgP237-2A-GFP vector for targeting
PtrWOX4a and PtrWOX4b, and PtrGCNS5-1 and PtrGCNS5-2. All transgenic
plants were generated by Agrobacterium tumefaciens-mediated trans-
formation of P. trichocarpa®. The A. tumefaciens cells (GV3101) were
cultured to OD,, 0f 0.4 and infected with stem explants from healthy
tissue-cultured P. trichocarpa seedlings. After regeneration, the trans-
genic plants were confirmed by genomic DNA PCR analysis. The expres-
sion levels of the transgenes in the cambium of the transgenic plants

were detected by RT-qPCR. For identification of the knockout mutants,
the genome sequences containing the single guide RNA target sites
were amplified from the genome DNA prepared from mutant plants and
sequenced in the pMD18-T vector (Takara, 6011). At least 20 colonies
were selected for sequencing. The primers for vector construction,
RT-qPCR and mutation detection are listed in Supplementary Table 6.

RNA insitu hybridization

The 6th stem internodes of P. trichocarpa were cut into 2 mm
segments and fixed in formalin-acetic acid-alcohol liquid solution
(50% ethanol, 5% aceticacid and 3.7% formaldehyde; v/v) overnight at
4 °C. The fixed segments were dehydrated in a graded ethanol series
at4 °Candthenincubatedin50% xylene inethanoland 100% xylene at
roomtemperature. After dehydration, the fixed segments were embed-
ded in paraffin (Sigma, P3683) and sectioned into 12 pm by a rotary
microtome (Leica RM2245). The tissue sections were then attached
toapoly-L-lysine-coated glass slide (Sigma, P0425) for hybridization.
A 207-bp region of PtrV/CS2 and a 187-bp region of PtrWOX4a were
selected as specific probes. The antisense and sense probes were syn-
thesized with T7 RNA polymerase and labelled using a digoxigenin RNA
labelling kit (Roche, 11175025910). The in vitro transcription reactions
and quantification were performed following the manufacturer’s pro-
tocol. After deparaffinization and pretreatment, the tissue sections
were incubated with 250 ng ml™ digoxigenin-labelled antisense or
sense probes at48 °C overnightin the hybridization solution contain-
ing 50% (v/v) formamide. After hybridization, a digoxigenin nucleic
acid detection kit (Roche, 11175041910) was used for the detection
of digoxigenin-labelled probes and colour reactions following the
manufacturer’sinstructions. Before colour observation, the slides were
rinsed in 70% (v/v) ethanol for 2 minonce, 100% ethanol for 2 min twice
and xylene for 1 min, and then sealed with neutral balsam (Solarbio,
G8590). The images were captured by a digital microscope and scan-
ner M8 (Precipoint).

Histochemical and histological analysis

The internodes of the same age (30-day growth) were prepared by
marking the newborn internodes of the WT and transgenic plants at
the same date and collecting the marked internodes after 30 days.
Histochemical and histological analyses were performed as described
previously”. Briefly, stem internodes of P. trichocarpa were cut into
2 mm segments and fixed with formalin-acetic acid-alcohol solu-
tion. The fixed segments were dehydrated in a graded ethanol series
at4 °Candthenincubatedin50% xylene inethanol and 100% xylene at
room temperature. For paraffinembedding, the dehydrated segments
wereincubated in xylene/paraffin (75:25; v/v) overnight at 42 °Candin
100% paraffin (Sigma, P3683) at 60 °C. The embedded fragments were
sectionedinto12 umby using arotary microtome (LeicaRM2245). The
sections were stained with toluidine blue O or with safranin O and fast
green. Stem section micrographs were processed using ascanner M8
(Precipoint) and ViewPoint (v.1.0.0.0, PreciPoint, Freising, Germany)
setup software.

Gene expression analysis in SDX protoplasts

The coding sequences of PtrVCS2and PtrWOXI13awereinserted into the
pENTR/D-TOPO vector (Invitrogen, 450218), followed by recombining
into the pUC19-35S,,,~RfA-35S,,,~SGFP’* destination vector, generat-
ing pUC19-35S,,,,-PtrVCS2-35S,,,-sGFPand pUC19-35S,,,,~Ptr WOX13a-
355,,,-SGFP. Using a CsCl gradient, the plasmids were extracted and
transfected into SDX protoplasts following an established protocol*>*.
The transfected protoplasts were cultured for 12 h and collected for
RNA extraction and RT-qPCR analysis as described above. For the
glucocorticoid receptor (GR)-based inducible system*, the coding
sequence of PtriWOX13a was fused with the GR domain and cloned into
the p2GW?7 vector*””, generating the p2GW7-35S,,,~PtrWOX13a-GR
effector construct. The promoter sequence of PtriWOX4a (2,032 bp
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upstream of ATG) was amplified from the P. trichocarpa genome and
inserted into the pGreen0800 vector™, generating the pGreen0800-
PtrWOX4a,,,~LUCreporter construct. P. trichocarpa SDX protoplasts
were transfected with the effector and reporter constructs as described
above. The transfected protoplasts were cultured for 12 h and were
then treated with 10 pM dexamethasone (Sigma, D4902) in ethanol
for 6 htoallow PtrWOX13a-GRto translocate into the nuclei. The same
amount of ethanol alone was used for treating the protoplasts asacon-
trol. To block new protein synthesis, 2 uM cycloheximide (CHX, MCE,
HY-12320) in DMSO or DMSO alone (as a control) was applied to the
protoplasts for 30 minbefore the addition of the dexamethasone. The
treated protoplasts were then used for dual-luciferase reporter activity
assays with a kit (Promega, E1910) according to the manufacturer’s
protocol or RT-qPCR analysis as described above. Three biological
replicates were performed. The primers for construct generation and
RT-gPCRarelisted in Supplementary Table 6.

ChIP assays

The cambium from P. trichocarpa stems was harvested for the ChIP
assays following our established protocol®. Anti-FLAG (Sigma, F1804,
5ug ml™), anti-H3K9ac (Abcam, ab10812, 5 pg ml™), anti-H3K14ac
(Abcam, ab52946, 5 pg mi™), anti-H3K27ac (Abcam, ab4729, 5 ng mi™),
anti-PtrvVCS2 (Abmart, 6 pg ml™) or anti-IgG (Abcam, ab205719,
5pg mi™) antibodies were used for immunoprecipitation of the frag-
mented chromatin. The anti-PtrVCS2 monoclonal antibody (against
the full-length PtrVCS2 protein) was produced in mice and purified
by the IgG affinity chromatography column (Abmart). Afterimmuno-
precipitation, the ChIP-DNA was purified and quantified using Qubit
Fluorometer. The ChIP-DNA was used for ChIP-qPCR analysis or
ChlIP-seq library construction. The primers used for ChIP-qPCR are
listed in Supplementary Table 6. For ChIP-seq library construction, six
libraries (ChIP-DNA and input DNA for three biological replicates) were
produced by using the NEBNext Multiplex Oligos for Illumina (NEB,
E7335S) and the NEBNext Ultrall DNA Library Prep Kit for [llumina (NEB,
E7645S) following the manufacturer’s protocol. The ChIP-seq libraries
were sequenced using an lllumina NextSeq 500 platform.

ChIP-seq data analysis

Single-end reads with an average length of 50 bp were obtained. The
sequencingreadswereprocessed totrimadaptor sequencesandfilter low-
quality reads using FASTX-Toolkit (v.0.0.14) (http://hannonlab.cshl.edu/
fastx_toolkit/). The processed reads were mapped to the P. trichocarpa
genome reference v.3.0 using Bowtie 2 (v.2.3.5.1) allowing for no more
than one mismatch®®. After duplicated reads were removed, uniquely
mapped reads were used for peak identification, using MACS2 (ref. 75)
withthe default parameters (P <1x107%). Peaks identifiedin two or three
biological replications (peak summits between replications were less
than 100 bp) were defined as PtrVCS2 binding peaks. Each peak was
assigned to the closestgene. Genes containing one or more PtrVCS2 bind-
ing peaks withinthe 3-kb promoter region were defined as PtrVCS2 target
genes. For the discovery of binding motifs, 500-bp flanking sequences
around the peak summits of PtrVCS2 were used for MEME-ChIP”
(Multiple Em for Motif Elicitation) analysis with Fisher’s exact test.

Y2H assays

Y2H assays were carried out according to the Matchmaker Gold Yeast
Two-Hybrid System (Clontech, 630489). The full-length coding region
of PtrV/CS2was cloned into the GAL4 binding domain vector (pGBKT?7,
Clontech, 630489). Atotal of 59 VCS TFs (Supplementary Table 4) were
fused tothe GAL4 activating domainin the pGADT7 vector (Clontech,
630489), thereby generatinga collection of 59 VCS TFs for Y2H screen-
ing. The transformed yeasts (strain Y2HGold) with the binding domain
and activating domain constructs were incubated on selection medium
—-LW (SD/-Leu/-Trp) and —~LWH/X (SD/-Leu/-Trp/-His/X-a-Gal) with
40 mg ml™ X-a-Gal to assess their growth status.

BiFCassays

The coding regions of PtrVCS2, PtrWOX13a, PtrVCS19, PtrVCS94,
PtrWOX4b, PtrGCNS5-1 and PtrADA2b-3 were cloned into the pUGWO
and pUGW?2 vectors. Each pair of the constructs (PtrVCS2-YFP"/
PtrWOX13a-YFP¢, PtrVCS2-YFP"/PtrVCS19-YFP*, PtrVCS2-YFP"/
PtrVCS94-YFPS, PtrVCS2-YFP"/PtrWOX4b-YFP¢, PtrVCS2-YFP"/
PtrGCNS-1-YFPS, PtrGCNS-1-YFP"/Ptr WOX13a-YFP, PtrADA2b-3-
YFP"/PtrWOX13a-YFPC, PtrADA2b-3-YFP"/PtrVCS2-YFP<, PtrADA2b-
3-YFP"/PtrGCNS-1-YFP and PtrGCNS5-1-YFP“/PtrAREBI-2- YFP") was
co-transfected into P. trichocarpa SDX protoplasts with the H2A-1-
mCherrynuclear marker or PtrVCS2-mCherryfollowing an established
protocol®. The YFP or YFPY empty vector was used as a negative con-
trol. The transfected protoplasts were cultured for 12 hand were then
collected for observation by using a confocal laser scanning micro-
scope (Zeiss LSM 800). Quantification of the YFP fluorescence signals
was carried out using ImageJ (1.53e)”". The average local background
signal (measured in the region without a cell) was subtracted from
the values. Each transformation was performed with three biological
replicates, and more than 30 individual protoplast cells with specific
fluorescent signals were measured.

Expression and purification of recombinant proteins

The full-length coding sequences of PtrVCS2, PtrWOX13a, PtrZHD1,
PtrGCN5-1and PtrADA2b-3wereinsertedinto the pET101/D-TOPO vector
(Invitrogen, K10101) for generating the 6xHis tag fusion proteins. The
primers used for construct generation are listed in Supplementary
Table 6. Recombinant proteins were expressed in the Escherichia coli
BL21strain, followed by purification with HisPur Ni-NTA Resin (Thermo
Scientific, 88221). After washing and elution, the recombinant proteins
were collected in PBS buffer (137 mM NacCl, 2.7 mMKCI, 10 mMNa,HPO,,
2 mMKH,PO,) using Centrifugal Filter Devices (Millipore, UFC501096).

Pull-down assays

For the pull-down assays, the pETDuet-1 vector (Novagen, 71146)
was used to produce recombinant proteins fused with 6xHis tag
and recombinant proteins fused with S tag. The coding sequences
of PtrVCS2, PtrWOX13a, PtrGCN5-1, PtrADA2b-3 and GFP were cloned
intothe pETDuet-1vector to generate constructs harbouring, respec-
tively, PtrVCS2-6xHis-tagand PtrWOX13a-S-tag, PtrGCNS-1-6xHis-tag
and PtrVCS2-S-tag, PtrGCNS5-1-6xHis-tag and PtrWOX13a-S-tag,
PtriWOX13a-6xHis-tag and PtrADA2b-3-S-tag, PtrWOX13a-6xHis-tag
and PtrVCS2-S-tag, PtrVCS2-6xHis-tag and GFP-S-tag, PtrGCNS5-1-
6xHis-tagand GFP-S-tag,and PtrWOX13a-6xHis-tagand GFP-S-tag. GFP
was used as a negative control. For FLAG-tagged protein constructs, we
cloned the coding sequences of PtrWOX13a-fused 3xFLAG, PtrADA2b-3-
fused 3xFLAG and GUS-fused 3xFLAG into the Ndel-Pacl-digested
pETDuet-1vector, respectively, to generate single-tagged PtrWOX13a-
3xFLAG, PtrADA2b-3-3xFLAG and GUS-3xFLAG constructs. GUS-3xFLAG
was used as anegative control. The primers used for construct genera-
tionarelisted inSupplementary Table 6. For dimer or trimer pull-down,
the 6xHis-tagged proteins were used as bait proteins, and S-tagged or
3xFLAG-tagged proteins were used as prey proteins. The recombinant
bait proteins together with the prey proteins were incubated with His-
Pur Ni-NTA Resin (Thermo Scientific, 88221) inbinding buffer (50 mM
NaH,PO,, pH8.0,500 mMNaCl) for2 hat 4 °C, followed by washing the
beads with 20 mMimidazole in washing buffer and eluting the proteins
with 250 mM imidazole in elution buffer. The pulled-down proteins
were analysed by SDS-PAGE and detected by immunoblotting using
anti-His (Abcam, ab1187), anti-S (Abcam, ab183674) and anti-FLAG
(Sigma, F1804) antibodies.

Immunoblotting

SDS-PAGE electrophoresis was used to separate proteins. The protein
samples were then transferred to a PYVDF membrane (Millipore,
IPVH00010). After blocking with non-fat dry milk, the membranes
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were probed with the corresponding antibodies (anti-His antibody,
Abcam, ab1187,1:10,000 dilution; anti-S antibody, Abcam, ab183674,
1:10,000 dilution; anti-FLAG antibody, Sigma, F1804,1:2,000 dilution)
at4 °Covernight. Signals were detected by using SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific, 34577) and X-ray film
(Sigma, F1274-50EA).

EMSA

The PtrWOX13a, PtrVCS2 and PtrZHD1 recombinant proteins were
produced from E. coli as described above. The PtrZHD1 recombinant
protein and an empty pET101/D-TOPO vector were used as negative
controls. DNA probes were synthesized and labelled with biotin at the
3’end (Thermo Scientific, 89818). The CAATCAC sequencesin the pro-
moter fragments were mutated by changing the third Ato Ttogenerate
mutated probes. The primers used for probe preparation are listed in
Supplementary Table 6. EMSAs were carried out following the manufac-
turer’s protocol withthe Lightshift Chemiluminescent EMSAKkit (Thermo
Scientific,20148). Briefly, binding reactions were performed by incubat-
ing the probes and recombinant proteins for 20 min at room tempera-
tureinbindingbuffer (10 mM Tris-HCI, pH7.5,50 mMKCl, 10 mM EDTA,
2.5%glycerol (v/v), 5 mM MgCl,, 0.05% Nonidet P-40 (v/v),and 50 ng pl™
poly (dI-dC)). Unlabelled WT or mutated probes (100-,200- or 400-fold
of labelled probes) were used as competitors. Protein-DNA mixtures
were separated on a 6% (w/v) nondenaturing polyacrylamide gel and
transferred to a nylon membrane (Thermo Scientific, 77016). After the
transferred protein-DNA mixtures were crosslinked withthe membrane,
the biotin-labelled DNA was detected with chemiluminescence.

HAT activity assays

The recombinant proteins PtrVCS2, PtrGCNS5-1and PtrADA2b-3 were
produced fromE. coli as described above. The HAT assays were carried
outusingthe HAT Fluorometric Assay Kit (BioVision, K334-100) follow-
ing the manufacturer’sinstructions. Briefly, the purified recombinant
proteins were added to the HAT Assay Buffer. HeLa Nuclear Extract was
used as the positive control protein. The HAT Assay Buffer was used as
abackground control. The enzymatic activity was measured by a fluo-
rescence plate reader in kinetic mode at 25 °C for 40 min (excitation/
emission, 535/587 nm).

Statistical analysis

Two-tailed Student’s t-tests were carried out for all statistical analyses
to determinessignificance. Significance levels were defined as*P < 0.05,
*P<0.0land **P<0.001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available in the
article and its Supplementary Information files. The RNA-seq and
ChiIP-seq datahave been depositedin the National Center for Biotech-
nology Information Sequence Read Archive under accession num-
bers SRR18274403-SRR18274417 and SRR18272729-SRR18272734.
Sequence datafromthis article canbe foundin P. trichocarpa genome
v.3.0 (Phytozome, https://phytozome.jgi.doe.gov/pz/portal.html)
under the accession numbers listed in Supplementary Tables1and 6.
Source data are provided with this paper.
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Extended Data Fig. 1| Overexpression of PtrVCS2 and PtrVCS2-hin P.
trichocarpa and cambium phenotype analysis. a, Relative expression levels
of PtrVCS2inwild-type (WT) and OE-PtrVCS2 transgenic plants, as determined
by RT-qPCR. b, Phenotypes of WT and OF-PtrVCS2 transgenics. The inset shows
the magnification of an OE-PtrVCS2#3 transgenic plant. Scale bars,10 cm.

¢, Histochemistry and histological analysis of WT, OE-PtrVCS2#2, and
OE-PtrVCS2-h#2transgenics. d, Number of cambium cell layers in stem vascular
tissues of WT and OE-PtrVCS2 #2 transgenics. e, Relative expression levels of

PtrVCS2-hin WT and OE-PtrVCS2-h transgenic plants as determined by RT-qPCR.

In (a) and (e), data are shown as meanzs.e.m.; n = 3 biological replicates.
Asterisks indicate significant difference between the transgenicand WT plants,
*P<0.05,*P<0.01,**P< 0.001 (Two-tailed Student’s t-test). f, Phenotypes

of WT and OE-PtrVCS2-h #3 transgenics. The inset shows the magnification of

an OE-PtrVCS2-h transgenics plant. Scale bars, 10 cm. g, Basal stem of WT and
OE-PtrVCS2-h #3 transgenics. Scale bars, 1 mm. h, Histochemistry and histological
analysis of WT and OE-PtrVCS2-h #3 transgenics. In (c) and (h), cross-sections
of the 5th-8thinternodes of P. trichocarpa stems were stained with toluidine
blue O. Black brackets mark the cambium cells in one radial cell file. Scale bars,
25 um. C, cambium; P, phloem, X, xylem. i,j, Number of cambium cell layers
instem vascular tissues of WT and OE-PtrVCS2-h #3 (i) and OE-PtrVCS2-h #2

(j) transgenics. In (d), (i) and (j), the number of cambium cell layers of at least
tenradial cell files was counted within one cross-section from each biological
replicate. Three biological replicates were analyzed. n =30 for (i); n for (d) and
(j) are shown in the panel. Boxes show the median with the upper and lower
quantiles, and the whiskers represent the data range excluding outliers.
Two-tailed Student’s t-test: *P < 0.05, **P < 0.01, **P < 0.001.
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Extended Data Fig. 2| Expression patterns of PtrVCS2 and its homolog
PtrVCS2-h. a, Phylogenetic tree of PtrVCS2 and homologous proteins from

10 species. The homologous protein sequences are more than 60% similarity
with PtrVCS2. The phylogenetic tree was constructed using MEGA 5 with the
neighbor-joining method and 1000 bootstrap replicates. Bar, 0.02 changes per
amino acid position. b, PtrVCS2 and PtrVCS2-h proteins share 92.7% sequence
identity and 93.8% sequence similarity. Sequence alignment was carried out with
ClustalW. ¢, Transcript abundance of P¢trVCS2 and PtrVCS2-hin three cell types.

PtrvCSs2 PtrvCS2-h

Cambium, xylem and phloem cells in the 8th internode of P. trichocarpa stems
were collected by LCM for RNA-seq analysis. CPM, counts per million. The data
areshown as meanzs.e.m.; n =3 biological replicates. d, Transcript abundance
of PtrVCS2 and PtrVCS2-h, as determined by RT-qPCR in the shoot apices
(containing the apical meristem, leaf primordia, developing leaves and early
vascular tissues), 1-4th, 20th and 40th internodes of P. trichocarpa stems.

The dataare shown as mean+s.e.m.; n = 3 biological replicates.
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Extended Data Fig. 3 | Identification of ptrucs2 single mutants and ptrvcs2/
ptrucs2-h double mutants and analysis of their cambium phenotypes.

a,d, Mutations at the sgRNA target sites for PtrV/CS2 and PtrVCS2-hin two
independent ptrvcs2 mutant lines (a) and three independent ptrvcs2/
ptrvcs2-hmutant lines (d). Deleted nucleotides are depicted as red dashes, and
substitutions or inserted nucleotides are represented in red font. Blue font
indicates the protospacer-adjacent motif (PAM), and the nucleotide length of
insertions and/or deletions (In/Del) is presented on the right. b, Histochemistry
and histological analysis of WT and ptrvcs2 #1 mutants. Insets show close-ups

of the cambium cells (green), adjacent phloem cells (blue) and adjacent xylem
cells (yellow). c, Number of cambium cell layers in stem vascular tissues of WT
and ptrvucs2 #1 mutant plants. The data are shown as meants.e.m.; n = 3 biological
replicates. The number of cambium cell layers of ten radial cell files was counted

within one cross-section from each biological replicate. The average number

of cambium cell layers from each biological replicate was analyzed. Two-tailed
Student’s t-test were used for statistical analysis, and n.s. denotes no significant
difference. e, Histochemistry and histological analysis of WT and ptrvcs2/vcs2-h
#2mutants. In (b) and (e), cross-sections of P. trichocarpa stem internodes were
stained with toluidine blue O. Black brackets mark the cambium cellsinone
radial cell file. Scale bars, 25 pm. C, cambium; P, phloem; X, xylem. f, Number of
cambium cell layers in stem vascular tissues of WT and ptrvcs2/vcs2-h #2 mutants.
Boxes show the median with the upper and lower quantiles, and the whiskers
represent the data range excluding outliers. The number of cambium cell layers
of atleast ten radial cell files was counted within one cross-section from each
biological replicate. Three biological replicates were analyzed. nis shownin the
panel. Two-tailed Student’s ¢-test: **P < 0.01, **P < 0.001.
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Extended Data Fig. 4 | Cambium phenotype analysis of OF-PtrVCS2-3xFLAG
transgenics and ChIP-seq analysis of OE-PtrVCS2-3xFLAG transgenics.

a, Relative expression levels of PtrV/CS2in WT and OE-PtrVCS2-3xFLAG transgenic
plants, as determined by RT-qPCR. The data are shown as meants.e.m.;n=3
biological replicates, and asterisks indicate significant differences between
eachline of the transgenics and WT plants (Two-tailed Student’s ¢-test:
*P<0.05,**P<0.01,**P< 0.001). b, Phenotypes of WT and OE-PtrVCS2-3xFLAG
transgenics. Scale bars, 10 cm. ¢, Histochemistry and histological analysis

of WT and OE-PtrVCS2-3xFLAG #3 transgenics. Cross-sections of the 5th-8th
internodes of P. trichocarpa stems were stained with toluidine blue O. Black
brackets mark the cambium cells in one radial cell file. Scale bars, 25 um.

=35

OE-PtrV/CS2-3 XFLAG #3 7"
— 7Y vy dl AR
e ChIP bio1
ChIP bio2 ChIP bio3

C, cambium; P, phloem, X, xylem. d, Number of cambium cell layers in stem
vascular tissues of WT and OE-PtrVCS2-3xFLAG #3 plants. The number of
cambium cell layers of at least ten radial cell files was counted within one
cross-section from each biological replicate. Three biological replicates were
analyzed. nis shownin the panel. Boxes show the median with the upper and
lower quantiles, and the whiskers represent the data range excluding outliers.
Two-tailed Student’s ¢-test: ***P < 0.001. e, Venn diagram showing the common
PtrVCS2 binding peaks among three biological replicates (bio) of ChIP-seq
analysis. The 6790 reproducible peaks in two or three biological replicates are
underlined.
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Extended DataFig. 5| Identification of OF-PtrWOX4a transgenics and
double-knockout ptrwox4a/ptrwox4b mutants and analysis of their
cambium phenotypes. a, Relative expression levels of the PtriWOX4a transgene
inthe cambium of independent OF-PtrWOX4a transgenic lines, as determined
by RT-qPCR. The data are shown as meanzs.e.m.; n = 3 technical replicates,
two-tailed Student’s ¢-test: ***P < 0.001. b,h, Phenotypes of WT, OE-PtrWOX4a
transgenics (b) and ptrwox4a/ptrwox4b mutants (h). Scale bars, 10 cm. c,i,
Histochemistry and histological analysis of the WT, OE-PtrWOX4a #I transgenics
(c) and ptrwox4a/ptrwox4b #2 mutants (i). d,j, Number of cambium cell layers
instem vascular tissues of WT, OE-PtrWOX4a #1 transgenics (d) and ptrwox4a/
ptrwox4b #2 mutants (j). e, Histochemistry and histological analysis of the

same age internodes (30-day growth) from WT, OE-PtrWOX4a transgenics and
ptrwox4a/ptrwox4b mutants. f, Number of cambium cell layers in stem vascular
tissues of the same age internodes (30-day growth) from WT, OE-PtrWOX4a

transgenics and ptrwox4a/ptrwox4b mutants. g, Mutations at the sgRNA target
sites for PtrwOX4a and PtrWOX4b in three independent ptrwox4a/ptrwox4b
mutant lines. Deleted nucleotides are depicted as red dashes, and substitutions
orinserted nucleotides are represented in red font. Blue font indicates the
protospacer-adjacent motif (PAM), and the nucleotide lengths of insertions
and/or deletions (In/Del) are presented on the right. In (c), (e) and (i), cross-
sections of P. trichocarpa stem internodes were stained with toluidine blue O.
Black brackets mark the cambium cells in one radial cell file. Scale bars, 25 pm.
C, cambium; P, phloem; X, xylem. In (d), (f) and (j), cambium cell layer numbers
ofatleast ten radial cell files were counted within one cross-section from each
biological replicate. Three biological replicates were carried out. nis shownin
the panel. Boxes show the median with the upper and lower quantiles, and the
whiskers represent the data range excluding outliers. Two-tailed Student’s ¢-test:
**P<0.01,**P<0.001.
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Extended DataFig. 6 | Y2H screening of PtrVCS2 for PtrVCS TFs. a, The full-
length coding sequence of PtrVCS2in the pGBKT7 BD vector (PtrVCS2-pGBKT?7)
was used for transcriptional activation assay. There was no transcriptional
activation activity for the full-length PtrVCS2. b, PtrVCS2 was fused to the DNA
binding domain (BD) of GAL4 in the pGBKT7 vector, and PtrVCS TFs were fused
to the GAL4 activation domain (AD) in the pGADT7 vector. Each bait and prey

LW -LWH/X LW -LWH/X -LW -LWH/X

pair were co-transformed in yeast cells and selected on -LW: SD/-Leu/-Trp and
-LWH/X: SD/-Leu/-Trp/-His/X-a-Gal medium. Red boxes show interactions
between PtrVCS2 and its interacting proteins. BD-53/AD-Lam was used as the
negative control and BD-53/AD-T as the positive control. The experiments were
repeated independently three times with consistent results.
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Extended Data Fig. 7 | Expression profiles of PtrVCS2 and its interaction partners. Expression profiles of PtrVCS2 and PtrVCS2-interacting PtrVCS TF genes across
secondary stem tissues based on the RNA-seq datasets of trees*. The horizontal axis corresponds to the transverse cross-section shown to the right, which is modified
from AspWood (http://aspwood.popgenie.org).
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Extended Data Fig. 8 | EMSAs show that the binding of PtrWOX13a to

the CAATCAC motifiin the promoter of PtriW0X4a s specific. The empty

vector (PET101-His) was used as a negative control. The homeodomain
transcription factor PtrZFD1 (Potri.002G035200) did not bind to the CAATCAC
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motifatagradient of protein concentrations, which further confirmed the
binding specificity of PtrWOX13a. The experiments in aand b were repeated

independently three times with similar results.
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Extended Data Fig. 9| Y2H assays between PtrVCS2 and HAT or HDAC
proteins. PtrVCS2 was fused to the DNA binding domain (BD) of GAL4 in the
pGBKT?7 vector and HATs or HDACs were fused to the GAL4 activation domain
(AD) in the pGADT?7 vector. Each bait and prey construct were co-transformed
inyeast cells and selected on -LW: SD/-Leu/-Trp and ~-LWH/X: SD/-Leu/-Trp/-

PtrvCs2

BD
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HDT901
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-LW -LWH/X
His/X-a-Gal medium. The red boxes showed the interaction between PtrVCS2 and
PtrGCNS5-1. BD-53/AD-Lam was used as a negative control and BD-53/AD-T was
used as a positive control. The experiments were repeated independently three
times with consistent results.
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Extended Data Fig. 10 | Identification of ptrgcn5-1/ptrgcn5-2 double mutants
and analysis of the cambium phenotypes. a, Mutations at the sgRNA target
sites for PtrGCNS5-1and PtrCN5-2in the ptrgen5-1/ptrgenS-2 mutant. Deleted
nucleotides are depicted as red dashes, and substitutions or inserted nucleotides
arerepresented in red font. Blue font indicates the protospacer-adjacent motif
(PAM), and the nucleotide lengths of insertions and/or deletions (In/Del) are
shownon theright. b, Histochemistry and histological analysis of WT and
ptrgenS-1/ptrgenS-2 #1 mutants. Cross-sections of the 7th and 8th internodes of

P. trichocarpa stems were stained with toluidine blue O. Black brackets mark the
cambium cellsin one radial cell file. Insets show closeups of the cambium cells

(green), adjacent phloem cells (blue) and adjacent xylem cells (yellow). Scale
bars, 25 um. ¢, Number of cambium cell layers in stem vascular tissues of WT and
ptrgenS-1/ptrgen5-2#1 mutant. Cambium cell layer numbers of at least ten radial
cell files were counted within one cross-section from each biological replicate.
Three biological replicates were carried out. nis shown in the panel. Boxes show
the median with the upper and lower quantiles, and the whiskers represent the
datarange excluding outliers. Asterisks indicate significant difference between
the mutant and WT plants, ***P < 0.001 (Two-tailed Student’s ¢-test). P values
versus WT control for ptrgcnS-1/ptrgen5-2 mutants are as follows: 7th, <0.0001,
8th,<0.0001.
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IZ Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

The raw sequencing data of ChIP-seq have been deposited in the National Center for Biotechnology Information Sequence

May remain private before publication.  Read Archive under accession number SRR18274403-SRR18274408. The analyzed data of ChIP-seq have been deposited in

the Gene Expression Omnibus database under accession number GSE201005.

Files in database submission SRR18274407 biol IP

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

SRR18274408 biol input
SRR18274405 bio2 IP

SRR18274406 bio2 input
SRR18274403 bio3 IP

SRR18274404 bio3 input

biollP.bw

bio2IP.bw

bio3IP.bw

bioinput.bw
biol_IPvspoolinput_peaks.narrowPeak
bio2_IPvspoolinput_peaks.narrowPeak
bio3_IPvspoolinput_peaks.narrowPeak
biollP_raw.R1.fq.gz
bio2IP_raw.R1.fq.gz
bio3IP_raw.R1.fq.gz
biolinput_raw.R1.fq.gz
bio2input_raw.R1.fq.gz
bio3input_raw.R1.fq.gz

A link to an anonymized genome browser session is not available now.

3 biological replicates

All ChIP-seq samples were 50-bp single-end reads sequencing.
Sample name; total reads; uniquely mapped reads:

biol IP; 63321007; 31652206

biol input; 64747205; 32037559

bio2 IP; 65575403; 30396484

bio2 input; 62353145; 30862321

bio3 IP; 63975664; 32950039

bio3 input; 62184627; 30730123

Anti-FLAG antibody, Monoclonal produced in mouse, Sigma, Cat# F1804

The raw sequencing reads were processed to trim adaptor sequences (fastx_clipper —a CCTTAAGG) and filter low-quality reads
(Fastg_quality_filter —p 85 —q 20) using FASTX-Toolkit (v0.0.14). The processed reads were mapped to Populus trichocarpa genome
reference v3.0 using Bowtie 2 (v2.3.5.1) with up to 1 mismatch allowed (Bowtie2 -N 1). Only uniquely mapped reads with removing
duplicated reads were used for peak identification. Default parameters of MACS2 were used for peak calling with p-value < 1e-05 in
this study.

Most of the reads (>85%) generated from the experiment were mapped to the the Populus trichocarpa genome v3.0. Only uniquely
mapped reads with removing duplicated reads were used for peak identification. Peaks identified in at least two biological replicates
(peaks summits between replicates were less than 100 bp) were defined as common peaks. Over 50% peaks of each biological
replicate were identified as common peaks. Common peaks between biological replicates were merged and assigned to the closest
genes. Data quality assessment using the irreproducible discovery rate framework with a 1% threshold indicated that the three
replicates are highly reproducible (shown in supplementary figure 8).
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Software FASTX-Toolkit (v0.0.14), Bowtie 2 (v2.3.5.1), MACS2
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