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Summary

e The class | KNOX homeodomain transcription factor ARBORKNOX1 (ARK1) is a key regula-
tor of vascular cambium maintenance and cell differentiation in Populus. Currently, basic
information is lacking concerning the distribution, functional characteristics, and evolution of
ARK1 binding in the Populus genome.

e Here, we used chromatin immunoprecipitation sequencing (ChIP-seq) technology to iden-
tify ARK1 binding loci genome-wide in Populus. Computational analyses evaluated the distri-
bution of ARK1 binding loci, the function of genes associated with bound loci, the effect of
ARK1 binding on transcript levels, and evolutionary conservation of ARK1 binding loci.

e ARK1 binds to thousands of loci which are highly enriched proximal to the transcriptional
start sites of genes of diverse functions. ARK1 target genes are significantly enriched in para-
logs derived from the whole-genome salicoid duplication event. Both ARK1 and a maize (Zea
mays) homolog, KNOTTED1, preferentially target evolutionarily conserved genes. However,
only a small portion of ARK1 target genes are significantly differentially expressed in an ARK17
over-expression mutant.

e This study describes the functional characteristics and evolution of DNA binding by a tran-
scription factor in an undomesticated tree, revealing complexities similar to those shown for

transcription factors in model animal species.

Introduction

Secondary (radial) growth in woody stems is the result of coordi-
nated cell division within the meristematic cambial zone, and dif-
ferentiation of cambial daughter cells within inner bark and
wood tissues (Larson, 1994). Several lines of evidence support
the notion that transcriptional regulation is a principal mecha-
nism for regulating secondary growth. For example, microarray
transcript profiles across the radial developmental gradient in
Populus stems showed strong correlations between transcript
levels of genes of specific functions and developmental events
(Schrader ez al., 2004). Functional studies have also demonstrated
that specific aspects of secondary growth can be altered through
misexpression of transcription factors. For example, the Populus
class I KNOX transcription factor ARBORKNOXI (ARK]) is or-
thologous to Arabidopsis SHOOTMERISTEMLESS (STM), and
is expressed in the cambial zone during secondary growth
(Groover etal., 2006). Over-expression of ARKI conditions
pleiotropic phenotypes that include inhibition of differentiation
of cambium daughter cells and alteration of transcript levels
associated with secondary growth processes including cell
differentiation and hormonal regulation (Groover ezal., 2006).
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Interestingly, class III homeodomain leucine zipper (class III HD
ZIP) transcription factors have also been shown to play impor-
tant roles in the initiation of the cambium and cambial daughter
cell differentiation (Ko eral, 2006; Du etal., 2011; Robischon
eral., 2011; Zhu ez al., 2013), but the relationships among ARK1
and class III HD ZIPs have not been explored in Populus. As is
true for other transcription factors associated with woody growth,
basic features such as the number and identity of genes whose
promoters are bound by ARK1 are unknown. As a result, more
comprehensive and complex questions concerning transcriptional
networks in trees are largely unexplored.

New genomic and sequencing technologies can potentially be
extended to forest trees with sequenced genomes such as Populus
spp.> to reveal fundamental properties of transcriptional regula-
tion during growth and development. This potential is illustrated
by comprehensive modeling of transcriptional regulation in a
handful of model animal species, aided in part by chromatin
immunoprecipitation followed by high-throughput sequencing
(ChIP-seq) technologies that can identify transcription factor
binding loci genome-wide (Schmidt ezal., 2009). Notably, the
ENCODE project (Consortium, 2012) has used multiple data
types including transcript levels, location of epigenetic marks,
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and location of transcription factor binding to develop genome-
wide descriptions of transcriptional regulation (Gerstein ezal.,
2012). Major findings include the realization that many tran-
scription factors bind to thousands of loci in the genome, and the
action of transcription factors can be characterized in part by
their preference in where they bind relative to genes (e.g. proxi-
mal or distal). The binding of an individual transcription factor
to a gene is typically not sufficient to result in changes of expres-
sion (Cheng eral, 2012; Karczewski eral, 2014). Instead,
changes in transcription reflect the combined effects of chromatin
modification, sequence composition, chromatin accessibility, and
the combinatorial binding of multiple transcription factors.
Combinatorial binding of multiple transcription factors facili-
tates integration of developmental and environmental cues, and
is often requisite for changes in transcription of a given gene (Cha
& Zhou, 2014; Teng ez al., 2014).

Fundamental features of transcriptional regulation are also
being addressed in a handful of plant species. Most of these stud-
ies have been undertaken in Arabidopsis, employing chromatin
immunoprecipitation followed by hybridization to whole-
genome tiling arrays (ChIP-chip) or sequencing (ChIP-seq) to
identify transcription factor binding sites (Morohashi & Grote-
wold, 2009; Sun ezal., 2010; Ouyang ez al., 2011; Brandt ez al.,
2012; Gregis et al., 2013; Zhang et al., 2013), DNasel protection
assays to identify protein-bound regions of the genome (Zhang
etal., 2012), microarrays and RNA-seq to quantify transcript lev-
els (Giorgi eral., 2013), and ribosome-bound transcript profiling
to estimate levels of transcripts in active translation (Mustroph
etal., 2009). Hundreds or thousands of binding loci were identi-
fied for individual transcription factors assayed by ChIP-chip or
ChIP-seq in Arabidopsis (Morohashi & Grotewold, 2009; Sun
etal, 2010; Ouyang eral, 2011; Brandt eral, 2012; Gregis
etal., 2013; Zhang et al., 2013), indicating similar levels of com-
plexity for transcriptional regulation in plants to those seen in
animals. These tools are beginning to be extended to other plant
species with fully sequenced genomes. For example, ChIP-seq of
the maize (Zea mays) class | KNOX transcription factor KNOT-
TED1 (KN1) identified high-confidence KN1 binding sites asso-
ciated with 4274 genes, with KN1 binding modestly correlated
with transcript levels for those genes (Bolduc ez al., 2012).

One largely unaddressed question is how transcription factor
binding loci have been gained and lost during plant evolution,
including the fate of binding loci after genome duplication events
commonly found in angiosperm lineages (Soltis ez 4l., 2009). For
example, the Populus genome underwent a relatively recent
whole-genome duplication event (salicoid duplication, estimated
at 60—65 Myr ago), from which ¢. 8000 pairs of duplicated para-
logs were retained (Tuskan eral, 2006). Comparative analyses
revealed that the salicoid paralogs were preferentially preserved in
certain functional categories and have more conserved gene
expression than expected by chance (Rodgers-Melnick ezal.,
2012), but functional analysis of transcription factor binding in
paralogous Populus genes is currently lacking. As data for tran-
scription factor binding become available in additional species
with different phylogenetic, developmental, and life history attri-
butes, addressing basic questions regarding the evolution of

No claim to original US Government works
New Phytologist © 2014 New Phytologist Trust

Research™ 68

transcriptional networks and associated biological traits will
become tractable.

In this report, we describe experiments detailing attributes of
ARK]1 binding in the Populus genome, functional attributes of
ARK]1 binding, and the evolutionary history of ARK1 binding
through comparison of binding both within and between species.

Materials and Methods

Plant cultivation and sample collection

Wild type and ARK1 over-expression mutants (355:ARKI) estab-
lished in the hybrid aspen clone INRA 717-1B4 (Populus tremula x
Populus alba) were grown in Magenta boxes (bioWORLD, Dublin,
OH, USA) in controlled environmental chambers at 23°C with
18-h days as previously described (Groover ez al., 2006). Defoliated
whole stems were collected for RNA-seq experiments of each geno-
type 6 wk after subculture. Samples for ChIP-seq were collected
during active growth from mature Populus trichocarpa (Torr. &
A. Gray) trees located in Westport, Oregon in late June 2011.
Briefly, the bark was peeled from ¢. 1-m sections of stems, and
vascular cambium and derivatives were collected by light scraping
on both the xylem and phloem faces with double-edged razor
blades and immediately processed. Tissues for ChIP-seq were
fixed (0.4 M sucrose, 10 mM Tris-HCI, pH 8.0, 1 mM EDTA,
1% formaldehyde and 1 mM PMSF) under vacuum for 15 min.
Glycine was added to a final concentration of 0.1 M for 5 min to
terminate fixation. The tissues were then rinsed in distilled water
before being frozen in the field in a dry-ice alcohol bath.

Immunology

Peptides that are both unique (i.e. not present in related KNOX
transcription factors) and of predicted high antigenicity were
identified in ARKla (Potri.011G011100.1) and its paralog
ARK1b (Potri.004G004700.1). Two peptides (ARK1_3738,
EGNDRNASSEEELDV and ARKI1_3940, DPQAEDQELK
GQ) were selected as antigens for polyclonal antibody produc-
tion (Supporting Information Fig. S1a), and were synthesized as
Cys-conjugated peptides and used to immunize two rabbits per
peptide by Pacific Immunology (Ramona, CA, USA). Antibodies
were affinity-purified against the conjugated peptide, and evalu-
ated for titer based on enzyme-linked immunosorbent assay
(ELISA) of the peptide used for immunization.

For production of recombinant proteins, ARKIa, ARK1b and
ARK2 (Potri.002G113300.1) Protein Coding Sequences (CDS)
were amplified using primers adding BamHI and Nod sites (Sup-
porting Information Table S1), and cloned into expression vector
pET23a. Constructs were sequence confirmed and transformed
into Escherichia coli BL21 cells (Invitrogen) for protein expres-
sion. Total protein was extracted with 1 x phosphate-buffered
saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPOy, and 1.8 mM KH,POy,) and separated on 13% SDS
PAGE. Proteins were transferred to nylon membranes, blocked
with 5% nonfat milk in 1 x TBS buffer (50 mM Tris-Cl, pH
8.0, and 200 mM NaCl), and probed for 1 h with 0.4 pg ml™!
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anti-ARK1_3738 or with 0.4 ng ml™! anti-ARK1 3940 in the
blocking buffer (50 mM Tris-HCI, 200 mM NaCl, and 5% non-
fat milk). Membranes were incubated with a peroxidase-conju-
gated anti-rabbit secondary antibody for 1h, washed with
1 x TBST buffer (50 mM Tris-Cl, pH 8.0, 200 mM NaCl, and
0.05% Tween 20), developed with Pierce ECL Western Blotting
Substrate (32209; Thermo Scientific, Waltham, MA, USA) and
exposed to film.

ChlP-seq

Fixed P. richocarpa vascular samples were ground to powder in
liquid nitrogen. The nuclei were isolated with a CelLytic PN
extraction kit (Sigma-Aldrich). Chromatin was fragmented to a
size range of 200—-500 bp by sonication (model VCXX130PB, 3-
mm probe; Sonics & Materials Inc., Newtown, CT, USA) in lysis
buffer (50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 0.5% sodium
deoxycholate, 0.3% SDS, proteinase inhibitor (Sigma; P9599-
5ML) and 1 mM PMSF (Thermo Scientific; 36978)) on ice, with
40% amplitude and 10's on/10 s off pulse. Overnight chromatin
immunoprecipitations were performed using ChIP-IT® Express
(Active Motif, Carlsbad, CA, USA; 53008) following the manu-
facturer’s instructions. ChIP-seq libraries were prepared with an
Mlumina TruSeq DNA Sample Prep Kit (Illumina, San Diego,
CA, USA) following the manufacturer’s instructions, excluding
gel purification and 15 PCR cycles for library amplification. Con-
trol ‘input’ libraries were prepared with c. 10 ng whole genomic
DNA purified from sonicated chromatin. Libraries were
sequenced using Solexa (Illumina) 50-bp single-end sequencing.

ChlIP-seq data analysis

Raw reads were processed to trim adaptor sequences (using the
scythe utility) and filter low-quality reads (using the sickle utility)
(http://training.bioinformatics.ucdavis.edu/docs/2013/02/boot-

camp/galaxy/qa-and-i.html). The processed reads were mapped
to P. trichocarpa genome reference v3 (http://www.phytozome.
net/poplar.php) using Bowrie2 (Langmead & Salzberg, 2012)
with default parameters. Mapped reads were filtered to retain
only those with a mapping quality score of 10 for peak calling
(http://bowtie-bio.sourceforge.net/bowtie2/manual.sheml).  The
ENCODE irreproducible discovery rate (IDR) pipeline (Li ez al.,
2011)  (https://sites.google.com/site/anshulkundaje/projects/idr)
with peak caller macs2 (heeps://github.com/taoliu/MACS/)
(Zhang et al., 2008) was used for ChIP-seq data evaluation and
peak calling, using input library as a control. Conservative
thresholds were used to determine the final peaks: 0.02 threshold
for self-consistency or comparison of true replicates and 0.0025
threshold for pooled-consistency analysis. ChIP-seq peaks were
visualized using the INTEGRATED GENOME BRrOWSER (Thorv-
aldsdéttir eral., 2013). Target genes and genome-wide binding
patterns for ARK1 ChIP-seq peaks were calculated using the Bio-
CONDUCTOR package CHIPPEAKANNO (Zhu eral., 2010). Each
peak was assigned to the closest gene on either the positive or
negative strand of a given chromosome, and these genes treated
as putative ARK1 targets in follow-on analyses. The distance to
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the transcriptional start site (T'SS) was calculated as the distance
from the peak center to the nearest TSS on either the positive or
negative strand. ARK1 binding in relation to target genes was
classified into six possible categories: (1) upstream of TSS; (2)
downstream of the 3’ end of the gene feature; (3) overlapStart,
where the peak interval overlaps the TSS; (4) inside, where the
peak interval is found completely inside the gene feature; (5) in-
cludeFeature, where the gene feature is found completely inside
the peak interval; (6) overlapEnd, where the peak interval over-
laps the 3’ end of the gene feature.

ARK?1 salicoid paralog analyses and ARK1 comparison to
KNOTTED1

Populus salicoid duplicated paralogs were identified from the
P. trichocarpa V3 assembly using the algorithm previously
described (Rodgers-Melnick ezal., 2012). The observed versus
expected frequencies of ARK1 binding to salicoid paralogs were
determined. Salicoid paralogs of ARK1 target genes were identi-
fied, and the percentage of those salicoid paralogs bound by
ARK1 was determined. Random permutation tests were used to
test the statistical significance of the percentage of ARK1 target
genes with ARK1-bound salicoid paralogs. Syntenic mapping of
the Populus v3 genome onto the maize v2 genome and extraction
of putative orthologs were performed using the SYNMar tool
from CoGe (http://genomeevolution.org), with default options.

RNA-seq methods and data analysis

Three biological replicates were prepared for wild-type controls
and ARKI over-expression mutants. Each biological replicate
consisted of bulks of two defoliated stems. Total RNA was
extracted with Trizol (Invitrogen), treated with DNase (Qiagen;
154903-4X2L) and then purified with the RNeasy Mini kit
(Qiagen; 74104) following the manufacturer’s protocol. mRNA
sequencing libraries were prepared from total RNA using the
[lumina TruSeq RNA Sample PrepKit and submitted for ultra-
high-throughput Solexa (Illumina) 50-bp single-end sequencing.

Raw reads were processed using Scythe and Sickle with default
settings. The processed reads were mapped to the P. trichocarpa
v3 genome assembly using ToPHAT (Trapnell eral., 2009) with
default parameters. The raw mapped reads for each sample were
counted using HTSEQ-COUNT (http://www-huber.embl.de/users/
anders/HT Seq/doc/overview.html). Genes with zero read counts
in all samples were removed from further analysis. The EDGER
package was used for detection of differentially expressed genes
(Robinson ez al., 2010), TMM was used for read count normaliza-
tion (Robinson & Oshlack, 2010), and Fisher’s exact test was
used for evaluating statistical significance with a false discovery
rate (FDR) of less than 0.05.

Yeast one-hybrid

To identify the upstream regulators of popREVOLUTA (popREV;
Potri.009G014500), a yeast one-hybrid assay was performed
according to the method of Deplancke ¢z al. (2004), except that
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vector 476 p5e-mcs (https://www.addgene.org/) was used instead
of pDONR- P41r for initial cloning of the popREV promoter
(popREVp). popREVp (1.5 kb upstream of the translational start
site)  was amplified from genomic DNA isolated from
P. trichocarpa, using primers popREV-KpnI-5' and popREV-
Spel-3’ (Table S1). The Deplancke ez /. (2004) method allowed
for sequential integration of the popREVp:: HIS3 and popREVp::
LacZ reporter cassettes into the yeast genome, providing a more
robust and natural chromatin setting for transcription factor
binding and activation of reporter expression. Integration of the
promoter::reporter constructs was verified by PCR, using primer
popREV-Kpnl-5' with either HIS293RV or LacZ592RV. Trans-
formed strains were selected by growth on minimal medium lack-
ing histidine and uracil (the latter reflecting successful integration
of the LacZ reporter), and positive colonies were then tested for
auto-activation to identify the yeast bait strain exhibiting mini-
mal auto-activation (background) to facilitate screening. The
popREVp bait strain was screened against a pool of activation
domain transcription factor (AD-TF) fusions representing 42
transcription factors up-regulated in differentiating xylem
(Rodgers-Melnick ez al., 2012). Only those AD-TFs capable of
activating both reporters were considered for further analysis. To
identify the transcription factors that interacted with popREVp,
colony PCR was performed with AD (Gal4AD) and terminator-
specific (Gal4T) primers, followed by sequencing for those
colonies yielding a single amplified PCR product. To retest the
putative interactors, the popREVp bait strain was independently
transformed with each relevant AD-TF vector and scored for
reporter activation.

Gene ontology (GO) analysis

Opver-representation of gene ontology (GO) terms was tested for
gene sets derived from ARKI target genes and differentially
expressed genes using the BlocONDUCTOR package GOSsTATS
(Falcon & Gentleman, 2007) with P < 0.01. GO annotation of
poplar genes was obtained from the P. mrichcocarpa v3 genome
annotation. Visualization of enriched GO categories was con-
ducted using REVIGO (Supek ez al., 2011) with default settings.

Motif analysis

For de novo discovery of putative cis-motifs, sequences underlying
ARK1 ChIP-seq peaks were extracted and analyzed using RSAT
(http://rsat.ulb.ac.be/) using the peak-motifs tool (Thomas-Chollier
etal., 2012) with the cut peak sequence parameter set as 1000 bp
on each side of peak center. Algorithms oligo-analysis, position-
analysis, local-word-analysis, and dyad-analysis were chosen for
motif prediction with oligomer lengths 6 nt, 7 nt, or 8 nt, and
the top five best-scored motifs returned for each algorithm. The
1000-bp window for motif discovery encompassed >95% of the
peak intervals, and allowed evaluation of motf enrichment
around the center of peak intervals. To determine whether a pre-
viously identified KNOX protein binding motif was enriched in
ARK1 peak intervals, the previously reported 12-nt probability
matrix of the maize class I KNOX KN1 binding motif (Bolduc
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etal., 2012) was used in the Finding Individual Motif Occur-
rences (FIMO) tool from the MEME suite (http://meme.nhcr.net)
(Grant ez al., 2011) to compare motif occurrence in ARK1 peak
intervals versus the Populus genome. Motif occurrences were
expressed in terms of the number per kilobase and considered sig-
nificant if the P-value was below 1e-5.

Data archiving

All ARK1 ChIP-seq and RNA-seq sequences are archived in the
NCBI Sequence Read Archive (SRA) under accession number
SRP042635.

Results

Genome-wide identification of ARK1 binding loci

ChIP-seq was used to identify the genome-wide binding loci of
ARBORKNOX1 (ARK1) (Groover etal., 2006) in the vascular
cambium and its recent derivatives of mature P. trichocarpa trees
(see the ‘Materials and Methods’ section) following the ChIP-seq
guidelines of the ENCODE consortia (Landt etal, 2012).
The Populus genome contains two ARKI paralogs (ARKla,
Potri.011G011100; and ARK1b, Potri.004G004700). Two pep-
tide-specific polyclonal antibodies were raised against endo-
genous ARK1 proteins (see the ‘Materials and Methods’ section)
(Liu eral, 2014). As shown in Fig. S1, antibody ARK1_3940
recognized both ARKla and ARKIb proteins in denaturing
western blots, while antibody ARK1_3738 recognized ARK1b
but not ARK1a, presumably as a result of a single amino acid
change from glutamic acid to aspartic acid in ARKla versus
ARK1b. Neither antibody recognizes the closely related Populus
KNOX protein ARBORKNOX2 (Du et al., 2009), showing high
specificity of each antibody against ARK1 proteins.

[lumina libraries were sequenced for two independent ChIP-
seq biological replicates for each antibody and for DNA ‘input’
libraries used as a control for ChIP-seq peak calling (see the
‘Materials and Methods’ section) (Liu et al., 2014). Cross-corre-
lation analysis (Landt eral, 2012) with randomly subsampled
sequencing reads from replicate ARK1_3738_r2 (Liu etal,
2014) showed that at least 21 million mapped reads were
required to reach the RSC (relative strand correlation) threshold
suggested by ENCODE (Fig. S2a). Therefore, libraries were rese-
quenced to obtain >75 million sequencing reads for each repli-
cate (Table S2). ChIP-seq replicates with antibody ARK1_3738
showed a higher RSC value than those with antibody
ARK1_3940 in cross-correlation analysis (Fig. S2b).

Peak detection for the ChIP-seq replicates of two ARKI anti-
bodies showed different patterns of peak reproducibility when
evaluated using IDR analysis (Supporting Information Notes S1)
(Zhang et al., 2008). Two replicates from ARK1_3738 ChIP-seq
(ARK1_3738_r1 and ARK1_3738_r2) showed consistent detec-
tion of reproducible peaks (Fig. 1a, comparison 1 in the all peak
plot) and low IDR scores until the number of peaks reached ¢
15000 (Fig. 1a, comparison 1 in the IDR plot). Two replicates
from ARKI1_3940 (ARK1_3940_r1 and ARKI1_3940_r2)
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showed less reproducible peaks and the IDR scores increased
quickly after 5000 peaks when compared to each other (Fig. 1a,
comparison 6 in all peak and IDR plots) and when compared to
replicates from ARK1_3738 (Fig. la, comparisons 2—5 in all
peak and IDR plots). The better performance of antibody
ARK1_3738 presumably reflects differences in antibody recogni-
tion or performance in the ChIP protocol.

The final set of ChIP-seq peaks for follow-on analyses was cal-
culated by pooling all four ARKI replicates. Consistency analysis
of the pooled data set showed detection of reproducible peaks
with low IDR scores undil ¢. 16 000 peaks (Fig. 1b, all peak and
IDR plots). Based on a conservative threshold (see the ‘Materials
and Methods’ section), 14 463 highly significant and reproduc-
ible ChIP-seq peaks were identified as putative ARK1 binding
loci and used in the following studies (Table S3).

ARK1 binding loci are highly enriched in genic regions
ARK1 ChIP-seq peaks were highly concentrated around the TSS

of genes (Fig. 2a). Using the distance of the peak center to the
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closest gene’s TSS as a standard (see the ‘Materials and Methods’
section), 70% of the peaks localized within 0.5 kb of the TSS,
and up to 95% localized within 3 kb of the TSS (Table 1). Up to
91% of the peaks overlapped with annotated gene features: 73%
of peaks overlapped the closest gene’s TSS, while only 8% resided
upstream or downstream of the transcribed region of genes
(Fig. 2b).

Each peak was assigned to the closest gene, which are
referred to as ARKI target genes hereafter. In total, 13944
ARK]1 target genes were identified, including 500 genes that
had >1 associated ChIP-seq peaks. There are no previously
experimentally validated target genes for ARK1 in Populus, but
KNOX protein binding to gibberellin-related Gibberellin 2-
oxidase (gaz2ox) has been experimentally validated in other spe-
cies (Sakamoto eral, 2001; Bolduc & Hake, 2009; Spinelli
eral., 2011; Bolduc eral, 2012). As shown in Fig. 2(c), two
ga2ox genes were identified as ARKI target genes. Similar to
KN1 (Bolduc & Hake, 2009; Bolduc ezal, 2012), the ARK1
binding loci are within the protein coding sequence of the
gaox genes (Fig. 2¢).
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Fig.2 Overview of ARBORKNOX1 (ARK1) binding loci in the Populus
genome. (a) ARK1 binding loci are highly enriched in the promoter regions
around the transcriptional start site (TSS) of genes. (b) ARK1 binding loci
relative to gene features. (c) Significant ARK1 chromatin
immunoprecipitation sequencing (ChIP-seq) peaks associated with two
Gibberellin 2-oxidase (ga20x) genes, homologs of which were characterized
as direct targets of the class | KNOX protein KN1 in maize. For each gene,
tracks from top to bottom represent the gene size and orientation, ARK1
ChiP-seq peak called by macs2 (red bars), mapped reads of the pooled
ARK1 ChlIP-seq, and mapped reads of the input control used to subtract
background differences in read mapping efficiencies from ChlIP-peak
calling, respectively. The black arrow indicates the gene TSS and orientation.

Putative ARK1 binding motifs

A total of 33 statistically overrepresented cis-element sequence
motifs were identified in ARK1 ChIP-seq peaks (Notes S2) using
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Table 1 Distribution of ARBORKNOX1 (ARK1) chromatin
immunoprecipitation sequencing (ChIP-seq) peaks relative to the closest
transcriptional start site (TSS)

<100 0.1-0.5 0.5-1 1-2 2-3 >3
bp? kb* kb* kb* kb* kb*
Percentage 3.7 66.8 17.9 4.6 2.4 4.5

of peaks®

3Distance from peak center to the TSS of the closest gene; °percentage of
total peaks within each distance range.

the de novo regulatory sequence search tool peak-motifs (see the
‘Materials and Methods’ section) (van Helden, 2003; Thomas-
Chollier eral, 2008, 2011). The motif containing the core
sequence ‘AAACCCT/A’ was most frequently identified. Only
five out of the 33 significant motifs are found in the JASPAR core
plants database and footprintDB-plants database (Mathelier
eral., 2014). Four high-confidence motifs were identified inde-
pendently by different algorithms (Fig. 3a—d).

The previously characterized class I KNOX binding motif,
which has a “TGAC’ core sequence (Sakamoto et al., 2001; Bol-
duc & Hake, 2009; Spinelli ez al., 2011; Bolduc ez al., 2012), was
not retrieved from the de novo search. To further determine
whether this motif was present in ARK1 binding loci, we used
FIMO (Grant eral, 2011) to perform a directed search for the
occurrence of this motif. As shown in Fig. 3(b), the frequency of
this motif was approximately two times higher in ARK1 ChIP
peaks compared with the whole genome, with a total of 560
occurrences in ARK1 binding loci.

ARK1 binding is enriched and retained in whole-genome
duplication-derived paralogs

There were 7138 ARKI target genes with at least one salicoid
paralog in the genome (Rodgers-Melnick ez al., 2012), for which
a total of 7141 corresponding salicoid paralogs were found,
suggesting that ARK1 preferentially targets genes with salicoid
paralogs in the genome (P< le-5). Whole-genome duplication-
derived salicoid paralogs have more conserved gene expression
than expected by chance (Rodgers-Melnick ezal., 2012), which
indicates more conserved transcriptional regulation. Therefore,
we hypothesized that if a gene was bound by ARK1, then its sali-
coid paralogs would have a higher chance to be bound by ARKI.
Consistent with this hypothesis, 71% (5068) of the 7141 corre-
sponding salicoid paralogs were bound by ARKI, a significant
enrichment (P<1le-5) as determined by a permutation test
(Table 2). These results are consistent with overall conserved bio-
logical function and selection for retention of a significant frac-
tion of ARK1 binding loci in the genome.

Comparison of ARK1 targets in Populus and KN1 targets in
maize

Comparison of identified gene targets of ARK1 in Populus and
the homologous targets of KNOTTED1 (KN1) in maize can
offer an evolutionary perspective of class I KNOX binding across
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Fig. 3 Putative ARBORKNOX1 (ARK1) binding motifs. (a—d) Four high-
confidence putative ARK1 binding motifs identified by different
algorithms. (a) Positions_ént_m1 (significance score =300.00); (b)
positions_6nt_m3 (significance score =300.00); (c) positions_6nt_m5
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score =218.25). (e) Occurrence of a previously identified KNOX protein
binding motif among ARK1 binding loci compared to the whole genome.
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species. To that end, we performed syntenic mapping and
retrieved the putative orthologous gene sets between Populus and
maize (see the ‘Materials and Methods’ section).

At 52% or higher sequence similarity cutoff, 23 369 maize
genes out of 39 657 (59%) mapped onto 23 676 Populus genes
out of 41 335 (57%). Interestingly, the concentration of Populus
genes with homologs in maize that were also ARK1 targets was
much higher than expected. Specifically, out of the 13 944 ARK1
targets in Populus, 11 473 (82%) had maize homologs (i.e. were
among those 23 676). Similarly, out of the 4274 KNI targets in
maize (Bolduc eral, 2012), 3040 (71%) had homologs in
Populus. A hypergeometric distribution test yielded a zero proba-
bility of obtaining these results by chance, showing that ARK1
and KN1 bind more selectively to genes that are evolutionarily
conserved between the two species.

The gene homology relationships between Populus and maize
are generally many-to-many, consistent with the known complex
genome duplications and fractionations following their diver-
gence. For example, at 52% sequence similarity cutoff, 3040
KN1-bound maize genes had 9769 homologs in Populus, of
which 3688 were ARK1 targets; at 75% sequence similarity cut-
off, 586 KN1-bound maize genes had 1056 Populus homologs,
of which 475 were ARKI1 targets; and at 80% sequence similarity
cutoff, 107 KN1-bound maize genes had 183 Populus homologs,
of which 83 were ARK1 targets (Table S4). As a consequence of
the many-to-many relationships among orthologs, a more
detailed statistical analysis of the enrichment of KN1 target ho-
mologs among ARK1 targets is not a well-defined task. However,
ARK1 and KNI have many common target genes which are
homologous (Table S4) and include important regulators of
plant development, such as transcription factor-encoding genes
from the homeobox, NAC (NAM, ATAF1/2 and CUC2)
domain, Myb (Myeloblastosis) domain, basic helix-loop-helix
(bHLH), and MADS (MCM1, AG, DEF A and SRE)-box fami-
lies; genes encoding ARGONAUTE proteins that are essential
for small regulatory RNA processing; as well as genes encoding
proteins involved in hormone perception and response (Table
S4; see the next section).

ARK1 target genes participate in diverse biological
functions

ARK1 target genes were significantly overrepresented within
specific functional categories, as determined by GO analysis (see
the ‘Materials and Methods’ section). In total, 605 GO
enriched categories were identified, including 361 ontologies in

Table 2 Frequency of binding by ARBORKNOX1 (ARK1) to salicoid duplication-derived paralogs

ARK1 target genes Corresponding Corresponding paralogs Corresponding paralogs Expected by
with paralog(s) # paralogs® bound by ARK1¢ bound by ARK1¢ chance® P-value
Salicoid paralogs 7138 7141 5068 71% 33% P<1e-5

3Number of ARK1 target genes that have at least one salicoid paralog; "number of genes that are salicoid paralogs of ARK1 target genes from (%) in
Populus genome; “number of genes from (°) that are also identified as ARK1 target genes; %he percentage of () in (°); °the percentage of all genes in the

genome bound by ARK1; fP-value was derived from permutation test.
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biological process (BP), 143 in molecular function (MF), and
100 in cellular component (CC) (Table S5). Overall, ARK1
was found to bind to genes participating in a wide variety of
cellular activities and biological processes, such as the establish-
ment of localization in cell, cellular macromolecular catabolism,
carbohydrate derivative biosynthesis, and metabolism (Fig. S3).
Notably, many of these enriched categories are related to DNA
repair, RNA processing, and protein transport and modifica-
tions (Fig. 4).

Many genes encoding hormone receptors and their interacting
proteins from different hormone pathways were found to be tar-
geted by ARK1 (Table S6). For example, five cytokinin histidine
kinase receptor genes in Populus were all identified as ARK1 tar-
gets; several F-box receptors of auxin (zransport inhibitor response
1 (TIRI), TIR3, AUXIN SIGNALING F-BOX 2 (AFB2) and
AFB5) (Greenham ez al., 2011; Calderon Villalobos ez 4L, 2012)
and jasmonates (coronatine-insensitive 1 (COILI)) (Ralhan eral.,
2012; Yan eral., 2013), and an F-box component of gibberellin
signaling (Sleepy I) (Ariizumi eral., 2011; Hauvermale etal.,
2014) are bound by ARK1. Multiple receptor genes of ethylene
(Ethylene  receptor 1 (ETRI), ETR2 and ETHYLENE
INSENSITIVE 4 (EIN4) (Hall etal, 2012; Liu & Wen, 2012)
and brassinosteroid (brassinosteroid insensitive 1 (BRII), BRI
Associated receptor Kinase 1 (BAKI) and BR-signaling kinase 1
(BSK1)) (Friedrichsen ez al., 2000; Tang ez al., 2008; Wang ez al.,
2012) signaling pathways were identified.

Class Il HD-ZIP genes are targeted by ARK1

Class III HD-ZIP genes belong to a small plant-specific gene fam-
ily, which contains five members in Arabidopsis (REVOLUTA
(REV), PHABULOSA (PHB), PHAVOLUTA (PHYV), CORONA/
AtHB15 (CNA), and Arabidopsis thaliana HOMEOBOX GENE
8 (AtHBS)) and eight members in Populus (Ko ez al., 2006; Zhu
eral., 2013). Similar to ARKI, previous studies in Populus
showed that class Il HD-ZIP genes are involved in the initiation
of vascular cambium, patterning of secondary vascular tissues,
and differentiation of cambial daughter cells (Ko ez /., 2006; Du
etal., 2011; Robischon etal, 2011; Zhu etal., 2013). We thus
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asked whether there was any evidence of ARKI regulation of
these class III HD-ZIP genes affecting the cambium and second-
ary growth. As shown in Fig. 5(a), four (PerHB3, PtrHBI,
PirHB2/popREV, and PtrHB5/popPCN) out of the eight Populus
class IIl HD-ZIP genes were found to be bound by ARK1. ARK1
was also independently identified as binding to the promoter of
PtrHB2/popREV in a yeast one-hybrid screen of upstream regula-
tors of PrrHB2/popREV (Fig. 5b). Notably, beside ARKI, four
other transcription factors were isolated as upstream regulators of
popREV in the yeast one-hybrid screen (Fig. 5b), suggesting that
ARK1 probably regulates transcription of PwHB2/popREV
through combinatorial binding in concert with other transcrip-
tional regulators.

Effects of ARK1 binding on differentially expressed genes

To investigate the effects of ARK1 binding on transcript levels of
target genes, genome-wide changes in transcript levels were com-
pared using RNA sequencing (RNA-seq) for wild-type controls
and an available ARKT over-expression mutant in hybrid aspen
(Fig 6a) (see the ‘Materials and Methods” section). Of the 3560
significantly differentially expressed genes (DEGs) identified,
2284 were up- and 1276 down-regulated in the ARKI over-
expression mutant (Table S7). GO analysis found 121 categories
enriched in these DEGs (Fig. S4; Table S8).

ARK]1 binding was associated with expression modulation of
only a subset of target genes in the genotypes and conditions
tested. As shown in Fig. 6(b), there were 866 genes in common
between DEGs and ARKI1 target genes, representing 24% of the
3560 DEGs in ARKI over-expression mutants (Table S9), but
only 6.2% of the 13944 ARKI1-bound genes (P<2.244¢-35),
showing that ARK1 binding alone is not highly influential with
target gene transcript levels. However, of the 866 genes that were
both bound and differentially expressed, 683 were up-regulated
while only 183 were down-regulated, suggesting that ARK1 is
associated with transcription activation.

Gene ontology analysis of the DEGs bound by ARKI1 indi-
cated enrichment in categories of cellular protein modification
processes, such as protein phosphorylation (76 genes), protein
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ubiquitination (12 genes), and protein metabolic processes
(Table S10). Other enriched categories included carbohydrate
biosynthesis/metabolism and cell surface receptor signaling
pathways (Fig. 6¢). On a finer scale, some gene families showed
significant overrepresentation among the 866 overlapping genes
of the DEGs and ARK1 binding data sets. For example, 12 out
of 17 up-regulated MAP kinase genes were bound by ARKI
(£<0.002); all seven up-regulated cellulose synthase family genes
were bound by ARK1 (P<4.630e-04); as were two up-regulated
poltergeist-like genes (PLLI and PLL4), which in Arabidopsis are
dosage-sensitive regulators of meristem and organ development
(Yu eral., 2003; Song & Clark, 2005; Gagne ez al., 2008). These
broad-acting and diverse genes that are bound and modulated by

New Phytologist (2015) 205: 682-694
www.newphytologist.com

pOopREV (Populus trichocarpa HOMEOBOX
GENE 2/Populus REVOLUTA) indicate that
sequence read mapping in this region was off
the scale, and is not enriched in ARK1 ChlP-
seq reads compared with the input control.
The black arrow indicates the gene
transcriptional start site (TSS) and
orientation. (b) Yeast one-hybrid assay
identification of five Populus transcription
factors, including ARK1, that putatively
interact with the popREV promoter. RAD-like
(MYB protein RADIALIS-like)
(Potri.002G260000) and NAC118
(Potri.003G022800) are positive (strong
interactor) and negative (noninteractor)
controls, respectively. Four additional
transcription factors were able to support
weak to moderate growth: Myb-like,
Potri.005G063200; NAC157,
Potri.004G049300; bZIP (basic leucine zipper
domain protein), Potri.008G018400; and
POPCORONA (PCN), Potri.001G188800.
Cells were diluted to OD Agoo of 0.100 and
grown for 3 d on minimal medium deficient
in His, Ura, and Trp, and in the presence of
60 mM 3-Amino-1,2,4-triazole (3-AT).

ARKI1 are consistent with the strong and pleiotropic phenotype
of ARK1 over-expression mutants.

Discussion

Transcriptional regulation is central to plant development,
including the regulation of secondary growth and wood forma-
tion. To date, little is known about fundamental aspects of the
interaction of transcription factors with their target genes in trees,
including the identities of genome-wide binding targets, func-
tional characteristics of binding, or how transcription factor
binding correlates with transcript levels of target genes. Even less
is known about the evolutionary gain and loss of transcription
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Fig. 6 Overlap between ARBORKNOX1 (ARK1) target genes and significantly differentially expressed genes in an ARK7 over-expression mutant. (a)
Whole-plant phenotype of wild-type control (left) and ARK7 gain-of-function mutant (right) hybrid aspen (Populus tremula x Populus alba). Bar, 1.0 cm.
(b) Venn diagram showing the overlap between ARK1 chromatin immunoprecipitation sequencing (ChIP-seq) target genes and RNA-seq significantly
differentially expressed genes. (c) Visualization of enriched biological pathway gene ontology (GO) categories of the overlapping genes between ARK1

direct targets and significantly differentially expressed genes.

factor binding loci during plant evolution or after genome dupli-
cation events. In the study reported here, we explored these and
other fundamental aspects of transcriptional regulation genome-
wide for the class I KNOX transcription factor ARK1, which has
been previously shown to regulate the vascular cambium and dif-
ferentiation of cambium daughter cells (Groover ez al., 2006).
We performed ChIP-seq of cambium and its recent derivatives
from mature, field-grown P. trichocarpa trees. This strategy
involved raising polyclonal antibodies against peptides from
ARK]1 proteins, resulting in highly specific antibodies that can be
used in any Populus genotype, including mature untransformed
trees, thus bypassing the need for expression of epitope-tagged

No claim to original US Government works
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ARKI1 for ChIP-seq. The success of this approach demonstrates
that the ability to harvest large quantities of cambium and
wood-forming cells in Populus can be exploited for mapping of
transcription factor binding loci or chromatin marks using
custom or commercially available antibodies. This is unique in
meristem biology, given that harvesting of significant quantities
of shoot or root meristems for ChIP or biochemical approaches is
challenging.

Using rigorous standards established by the ENCODE project
(Landt eral, 2012), we identified 14463 highly reproducible
ARK1 binding sites in the P. #richocarpa genome. This large
number of binding sites is roughly in keeping with what has been
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reported for other plant as well as animal transcription factors
(Morohashi & Grotewold, 2009; Sun et al., 2010; Ouyang ez al.,
2011; Brandt eral, 2012; Gregis etal, 2013; Zhang etal.,
2013). The challenge shared by this and other ChIP-seq studies
is to determine the biological relevance of the large number of
binding sites, which would seem excessive if each binding event
has direct relevance to the regulation of gene expression. We used
six criteria to evaluate the biological relevance of ChIP peaks,
which collectively support the notion that the ARK1 binding
revealed by ChIP-seq peaks is reflective of ARK1 function. First,
ARKI1 binding is not randomly distributed throughout the
genome, but rather is highly concentrated proximal to the tran-
scriptional start sites of genes. Secondly, salicoid duplication-
derived paralogs have a higher frequency of ARK1 binding than
unduplicated genes, and ARK1 binding to paralogous genes is
highly correlated. Thirdly, ARK1 in Populus and the homologous
KNOTTED in maize preferentially bind to evolutionarily con-
served genes. Fourthly, ARKI target genes are enriched in specific
GO categories. Fifthly, enriched cis motifs are associated with
ARK]1 binding loci although, similar to findings for KN1 in
maize (Bolduc eral, 2012), there is no single consensus motif
among all loci, indicating complexities for iz planta binding spec-
ificity not revealed by previous 7z vitro binding studies for
KNOX proteins. The sixth criterion evaluated ARK1 binding in
relation to gene transcript levels, finding only a modest portion
of ARK1 target genes differentially expressed in an ARKT over-
expression mutant. This low overlap is not unlike findings for
other transcription factors (Cheng ez al., 2012), but was probably
further reduced by practical limitations of our experimental
design. We used mature P. trichocarpa trees for ChIP-seq, to
facilitate both harvest of sufficient cambium and recent deriva-
tives for efficient ChIP of these specific tissues and efficient map-
ping of ChIP-seq reads to the P. mrichocarpa reference genome.
Unfortunately, P. trichocarpa performs poorly in transformation,
and thus we used a readily transformed P. rremula x alba hybrid
for transformation and RNAseq assay of transcript levels. These
limitations will probably be addressed in the near future, as refer-
ence genomes become available for aspens and other Populus spe-
cies. However, the modest correlation of ARKI binding and
transcript levels in the present study probably reflects other basic
features of ARK1 function.

Our findings allow us to draw some important conclusions
regarding the function of ARKI. Notably, binding by ARKI
alone is not sufficient to significantly modulate the expression of
most target genes. While some ARK1 binding loci possibly repre-
sent ‘scanning’ of promoters (Biggin, 2011), it is likely that fac-
tors in addition to ARKI are required to activate or repress
transcription. Indeed, combinatorial regulation of gene expres-
sion through binding of multiple transcription factors to a
promoter is common (Slattery eral., 2011; Bochkis ezal., 2012;
Zhang etal., 2013), and facilitates integration of environmental
and developmental cues into transcriptional outputs. The well-
established heterodimerization of KNOX and BELL-like
transcription factors (Bellaoui ezal, 2001; Muller ezal, 2001)
demonstrates that ARK1 co-associates with other transcription
factors on the promoters of target genes. Moreover, the binding
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of ARKI to the promoter of the poplar REVOLUTA ortholog
(popREV) was detected here by both ARK1 ChIP-seq and yeast
one-hybrid assay, yet popREV is not significantly misexpressed in
ARKI over-expression mutants. That yeast one-hybrid assays
identified at least four other transcription factors that bind to the
popREV promoter may be a reflection of the requirement for
these or other transcription factors in combination with ARK1 as
regulators of popREV.

The present study was successful in cataloging and describing
genome-wide binding for an important transcription factor regu-
lating plant meristems and growth, ARK1. However, the results
also make clear that knowledge of binding of a single transcrip-
tion factor is not sufficient to build robust, predictive models of
transcriptional regulation of secondary growth. To meet this
larger goal, it is likely that consideration of additional factors
found by the ENCODE project will need to be addressed (Ger-
stein ez al., 2012). Critically, binding data for multiple transcrip-
tion factors involved in secondary growth will be required to
model combinatorial binding. Transcription factor binding data
should be further augmented by mapping of active and repressive
chromatin marks, as well as more direct measures of transcription
than simple quantification of transcript levels. The relative cost
and power of nucleic acid sequencing are making such compre-
hensive experiments increasingly tractable, and data thus
obtained would be highly complementary to the growing genome
and gene expression databases for forest trees.
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