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Summary

Accessible chromatin changes dynamically during development and
harbours functional regulatory regions which are poorly understood in the
context of wood development. We explored the importance of accessible
chromatin in Eucalyptus grandis in immature xylem generally, and MYB
transcription factor-mediated transcriptional programmes specifically.
We identified biologically reproducible DNase I Hypersensitive Site (DHSs)
and assessed their functional significance in immature xylem through their
associations with gene expression, epigenomic data and DNA sequence
conservation. We identified in vitro DNA binding sites for six secondary cell
wall-associated Eucalyptus MYB (EgrMYB) transcription factors using
DAP-seq, reconstructed protein-DNA networks of predicted targets based
on binding sites within or outside DHSs and assessed biological enrichment
of these networks with published datasets.

25,319 identified immature xylem DHSs were associated with increased
transcription and significantly enriched for various epigenetic signatures
(H3K4me3, H3K27me3, RNA pol II), conserved noncoding sequences and
depleted single nucleotide variants. Predicted networks built from EgrMYB
binding sites located in accessible chromatin were significantly enriched
for systems biology datasets relevant to wood formation, while those
occurring in inaccessible chromatin were not.

Our study demonstrates that DHSs in E. grandis immature xylem, most of
which are intergenic, are of functional significance to gene regulation in

this tissue.



Keywords: accessible chromatin, DNase I hypersensitivity, immature xylem,

DNase-seq, Eucalyptus, wood formation

Introduction

The analysis of the genome of the widely grown lignocellulosic feedstock,
Eucalyptus grandis (Myburg et al, 2014) and accompanying transcriptomics,
marker mapping and population genetics studies has equipped forest scientists
with a wealth of genomic tools to understand and improve woody biomass
production in hardwood trees. While functional genomics studies and rapidly
accumulating transcriptomic data continue to assist with the discovery and
functional annotation of wood formation genes in E. grandis, a remaining
challenge is the identification and evaluation of functional noncoding sequences
that regulate gene expression. DNA elements such as enhancers and insulators
act independent of distance and orientation to their target genes and are
particularly elusive (Narlikar & Ovcharenko, 2009). This so-called “dark
matter” (Jiang, 2015) of plant genomes typically harbours, among others, cis-
regulatory elements (CREs) that regulate transcription and rely on an open
chromatin context appropriate to a given tissue (Song et al., 2011). Chromatin-
based signatures can thus be used to identify new promoters and enhancers with
high sensitivity (Heintzman et al, 2007; Zhu et al., 2015; Daugherty et al., 2017;
Lu et al., 2018). Since the discovery that nuclease cleavage is affected by protein
binding (Galas & Schmitz, 1978), accessible chromatin regions that are
hypersensitive to DNase [ cleavage (DNase I hypersensitive sites; DHSs) have
also been found to accurately indicate protein binding and have a strong

association with active promoters,



enhancers, insulators, suppressors and specific histone modifications (Gross &
Garrard, 1988; Boyle et al,, 2011; Thurman et al., 2012; Calo & Wysocka, 2013;

Weber et al,, 2016).

The ENCODE (Encyclopedia of DNA Elements) and model organism ENCODE
(modENCODE) projects have identified active CREs in numerous tissues of
humans and model organisms, respectively (Gerstein et al, 2010; The
modENCODE Consortium, 2010; The ENCODE Project Consortium, 2012). While
no equivalent projects currently exist for plants, several genome-wide DNase-seq,
DNA methylation and histone modification studies have been conducted in
Arabidopsis thaliana, Zea mays, Populus trichocarpa, Solanum lycopersicum and
Oryza sativa, for example (Zhang et al., 2006; Zilberman et al., 2007; Li et al., 2008;
Zhang et al., 2009; Weinhofer et al., 2010; Zhang, Wenli et al., 2012; Du et al,, 2013;
Gent et al., 2014; Pajoro et al., 2014; Sullivan et al, 2014; Cumbie et al, 2015; Qiu
et al., 2016; Rodgers-Melnick et al.,, 2016; Engelhorn et al, 2017; Oka et al., 2017).
In one interesting study, DNA methylation was analyzed specifically in DNase I
accessible chromatin of poplar shoot apical meristems through tandem DNase I
treatment followed by methylated cytosine ChIP-seq (Lafon-Placette et al, 2013).
However, few studies have examined the epigenomic landscape of vascular tissues
(e.g. Hussey et al.,, 2015; Wang et al., 2016; Hussey et al., 2017) and only one study
has identified genome-wide accessible chromatin regions in the wvascular
cambium, in this case as part of an integrated co-expression network study of
wood formation (Zinkgraf et al., 2017). The latter revealed physical enrichment of

DHSs for genes in co-expression modules that are conserved across diverse



environments and linked to SNPs associated with wood chemistry and biomass-
related traits. While this result shows that DHSs may be important in gene co-
expression networks underlying wood formation, the study did not attempt to
demonstrate biological replication of the DHSs, assess selective constraints at these
regions or uncover possible mechanisms underlying the link between DHSs and the

regulation of transcriptional modules linked to wood quality traits.

Developmental programmes related to wood formation, such as secondary cell wall
(SCW) formation, lignification and programmed cell death, are regulated by at least
three tiers of transcription factors (TFs) involving principally MYB- and NAC-
domain regulators (reviewed by Hussey et al., 2013; Li et al., 2016; Zhang et al,,
2018). In Arabidopsis, the NAC master regulators VND6, VND7, NST1, NST2 and
NST3 activate second-level TFs MYB46 and MYB83, among others, which act as hub
nodes for the activation of other MYB TFs (e.g. MYB20, MYB58, MYB63, MYB85),
NAC TFs (e.g. KNAT7) and SCW structural genes (Mitsuda et al.,, 2007; Zhong et al.,
2008; McCarthy et al, 2009; Zhou et al.,, 2009; Li et al, 2011; Bhargava et al., 2013;
Ko et al, 2014). While there is some evidence that several TFs within the
Arabidopsis network are functionally conserved in woody plants (Zhong et al,
2010; Zhong et al, 2011; Kalluri et al, 2014; Nakano et al,, 2015), the presence of
woody plant-specific subgroups of MYB TFs with proven roles in regulating xylem
development (Soler et al., 2015; Soler et al, 2016) and a large number of novel
protein-DNA interactions in model woody plants (Chen et al., 2019) suggests that
SCW transcriptional networks undergo rewiring in different lineages. Systems

genetics and co-expression network analyses in Eucalyptus, which is emerging as



an important model for wood formation, are implicating new genes in certain
aspects of wood formation or linking them to lignocellulosic biomass traits
(Myburg et al., 2014; Dharanishanthi & Dasgupta, 2016; Mizrachi et al, 2017;
Pinard et al.,, 2019; Ployet et al, 2019). However, the mechanisms by which they
are transcriptionally regulated through interactions with CREs in the context of

accessible chromatin in developing xylem is not yet understood.

In this study, we employed DNase-seq to comprehensively explore the chromatin
landscape of E. grandis developing (immature) secondary xylem. We critically
evaluated different DHS detection algorithms, employed stringent biological
reproducibility measures and assessed DHSs identified from differing DNase-seq
fragment length distributions. We provide evidence of functional enrichment from
gene expression, modified histone, conserved noncoding sequence (CNS) and
single nucleotide variant (SNV) data, and demonstrate that immature xylem DHSs,
being associated with ~26% of annotated genes, can be used to significantly
enrich SCW-related EgrMYB-target gene networks for network modules linked to
wood quality traits. The immature xylem DHSs identified in this study also serve
as an important resource for the functional annotation of the E. grandis noncoding
genome, the prioritization of functionally relevant single nucleotide
polymorphism (SNP) markers, the computational prediction of transcriptional
networks and understanding the multi-dimensional control of gene expression
during xylogenesis (Ritchie et al., 2014; Van de Velde et al., 2014; Banf & Rhee,

2017).



Materials and methods

Tissue collection

For DNase-seq, we used immature secondary xylem samples previously collected
from three eight-year-old ramets of Eucalyptus grandis clone TAG0014 in
Kwambonambi, South Africa (Hussey et al, 2017). For whole-genome re-
sequencing, young leaf and mature xylem were collected from different TAG0014
ramets. To verify their clonal identities, the trees were genotyped using a set of
ten custom microsatellite markers (Byrne et al, 1996; Brondani et al, 1998;
Brondani et al,, 2002) and compared to a pre-established consensus clonal DNA

fingerprint for TAG0014.

Nuclear isolation

Plant tissue was ground to a fine powder with liquid nitrogen using an A 11
analytical grinder (IKA Works GmbH & Co., Staufen im Breisgau, Germany)
followed by fine grinding with a mortar and pestle. Nuclei were isolated according
a protocol adapted from Cumbie et al. (2015). Briefly, the ground tissue (~9 g) was
added to 100 ml of Nuclear Isolation Buffer (NIB; 20 mM Tris-HCI, 25 mM EDTA,
40% (w/v) glycerol pH 7.5, 10 mM spermidine, 0.1% 2-mercaptoethanol) by
gently stirring the mixture on ice for 5 minutes. The solution was successively
filtered through a 100 pum and 60 pm nylon filter mesh. The filtrate was divided
into 50 ml falcon tubes before being centrifuged for 10 minutes at 1800 x g at 2
°C. The pellets were gently resuspended in 15 ml NIB supplemented with 0.5%

Triton X-100 and complete Protease Inhibitor Cocktail (Roche) and centrifuged at



1800 x g for 8 minutes (repeated twice). The resultant nuclear pellet was rinsed
by resuspension in 20 ml RSB buffer (10 mM Tris-HCI pH 7.4, 10 mM NacCl, 3 mM
MgCl,) followed by centrifugation at 1100 x g for 10 minutes. Nuclei were
digested, DNA extracted and libraries prepared as described in Method S1. Briefly,
nuclear extracts were subdivided and treated with four DNase I concentrations
(0U, 15U, 25U and 40U) to allow for selection of optimally sheared chromatin. The
reactions were immediately flash-frozen (1 min) to permeate the nuclear
membrane, and allowed to thaw for 15 min at 37 °C. The nuclease digestions were
attenuated with EDTA, and genomic DNA was extracted from the pellets and size-
selected on an agarose gel (50 - 150 bp for small-fragment libraries; 150 - 300 bp
for large-fragment libraries) across all DNase I concentrations to account for
batch-to-batch variation in DNase I cleavage efficiency. DNase-seq libraries were
constructed by Novogene, Inc. USA) and SE50 sequencing performed on the

HiSeq2500 platform.

Whole-genome re-sequencing and construction of a custom E. grandis

sequence

Genomic DNA was extracted from young leaf and xylem samples (Qiagen DNeasy
Plant Kit) and sequenced (PE100) on a HiSeq2500 (Beijing Genome Institute,
Hong Kong) to >30X coverage of the E. grandis genome (Myburg et al, 2014). Read
mapping and variant detection was performed in Galaxy (Goecks et al., 2010) with
input parameters given in Table S1. First, 66,064,029 paired-end xylem sequences
and 68,833,129 paired-end young leaf sequences were merged and mapped to the

E. grandis v.1.1. reference genome (Myburg et al, 2014) using the Burrows-



Wheeler Aligner v0.6.1 (BWA, Li and Durbin 2009). Paired Read Mate Fixer
(Galaxy v1.56.0, Picard Tools) was used to ensure that mate-pair information was
coordinated for paired reads, followed by re-alignment of reads around small
Insertions and Deletions (InDels) using RealignerTargetCreator (Galaxy v0.0.4,
GATK) and IndelRealigner (Galaxy v0.0.6, GATK) and flagging of PCR duplicates
with MarkDuplicates (Galaxy v1.56.0, Picard Tools). MPileup (Galaxy v0.0.1,
SAMtools) was used to obtain a mapped read summary and generate a variant file,
while coverage was determined using BEDtools coverageBed (Galaxy v0.0.1,
BEDtools). The MPileup output BCF file was converted to VCF format and high-
confidence SNVs and small InDels were filtered using BCFtools (Galaxy v0.0.1,

SAMtools).

The predicted genotypic ratios from the VCF file were used to determine whether
a SNV differing from the BRASUZ1 reference (Myburg et al, 2014) should be
substituted. If the reference allele was present in the called TAG0014 variant, the
reference variant was retained. If the most likely TAGOO14 genotype was
homozygous for an alternative allele to the reference, then the reference was
substituted with the TAG0014 allele. For positions where two alternative alleles
differing from the reference allele were present in TAG0014, the allele associated
with the largest Alt;Alt; and Alt; Alt; predicted genotypic values (represented by a

larger number of mapped reads) was substituted.



DNA affinity purification sequencing (DAP-seq)

Coding sequences of EgrMYB20 (Eucgr.F02864), EgrMYB46 (Eucgr.B03684),
EgrMYB52 (Eucgr.F02756), EgrMYB83 (Eucgr.G03385), EgrMYB85
(Eucgr.D02014) and EgrMYB103 (Eucgr.D01819) from a synthetic gene panel
(Hussey et al., 2019) were cloned into pCR8© /GW/TOPO™ (Invitrogen) and then
transferred to the pIX-HALO expression vector (The Arabidopsis Interactome
Mapping Consortium, 2011). HaloTag-TF fusion proteins were expressed in vitro
(TNT SP6 Coupled Wheat Germ Extract System, Promega), confirmed via Western
Blot and quantified via semi-quantitative dot blot analysis. DAP-seq binding
assays were performed as described by Bartlett et al. (2017) using 50 - 500 ng
protein and 50 ng adaptor-ligated genomic DNA prepared from E. grandis clone
TAG0014 immature xylem sonicated to ~200 bp with a Covaris S2 sonicator
(Covaris Inc., Woburn, MA). A negative control library was prepared using
HaloTag standard protein (Promega). Eluted DNA was PCR-amplified with
[llumina TruSeq Index primers (21 cycles), pooled, size-selected (~200 to 400 bp)

on an agarose gel, and sequenced on an Illumina MiSeq.

Bioinformatics and statistical analysis

The E. grandis v1.1 TAG0014 custom reference genome was indexed using BWA
(Li & Durbin, 2010). Raw DNase-seq sample reads (50 nt) were assessed for
quality using FastQC (Andrews, 2010) and aligned to the custom reference using
BWA. Duplicates and reads of poor quality (MAPQ < 30) were flagged and filtered

out using Samtools (Li et al,, 2009). To evaluate different peak-callers, peaks in

10



three samples [X1-small, [X2-small and 1X3-small were identified with a lenient
threshold using MACS2 (Zhang et al., 2008; P-value < 0.05), Hotspot2 (Sabo et al,
2004; FDR < 0.8), and F-seq (Boyle, Alan P. et al, 2008; FDR < 0.05). The peak sets
were then compared using the IDR method (see Note S1) to establish the biological
reproducibility of peaks identified within and between peak callers. Once
optimized, IX-DHS peaks were predicted at a lenient threshold (P-value =< 0.05)
using MACS2 (Zhang et al., 2008) with a 3’ to 5’ shift of 25 bp (i.e. the midpoint of
a 50 bp read) in order to correct for the read coverage relative to the DNase I cut
site. The TAG0014 re-sequencing data was used as the background control. Peaks
predicted from the DNase I digested naked DNA control (NDC) were used as a
reference dataset for potential DNase I cleavage bias; any chromatin DNase-seq
peaks overlapping an NDC peak by at least 1 bp were discarded. After assessing
biological reproducibility and determining an experiment-wide threshold (Note
S1), DNase-seq datasets across biological replicates were merged into a single
BAM file, the peaks were called again using MACS2 (P-value < 0.05) and then
ranked by P-value followed by application of the experiment-wide cut-off

threshold to arrive at a final set of 25,319 peaks.

The E. grandis v1.1 annotation was used as reference for the genomic location of
gene features (5’ UTR, exons, introns and 3’ UTR) and 1.5 kb promoter regions.
The distribution of peak summits across genomic features was determined using
BEDtools intersectBed (Quinlan & Hall, 2010). Genes overlapping DHSs were
defined based on any overlap with the gene annotation (transcribed region) or 1.5

kb upstream of the transcribed region. Corresponding RNA-seq data was derived
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from For SNV density analysis, DHSs were centered around their summits and
artificially extended 2500 bp to either side using BEDtools, discarding overlapping
extended DHSs. SNV count at each position of extended DHSs was determined

using BEDtools and normalized according to number of DHSs.

Histone modification enrichment was assessed by the percentage of DHSs
overlapping the histone marks (from Hussey et al., 2017), determined by BEDtools
intersectBed. An analysis of IX- and NDC DHS proximity to H3K4me3 and
H3K27me3 histone modification sites was performed using the summit of each
histone modification site as the centerpoint, determining the number of DHS
summits falling within each 50 bp sliding window from the summit and
normalizing the results for the number of histone modification sites. A random
sample was produced by BEDtools shuffleBed on the IX-DHS datasets and mapped
as before, taking the median of 1,000 iterations. The number of CNSs overlapping
DHSs was determined using BEDtools intersectBed and, using coverageBed, the

coverage over 2,500 bp to either side of DHS summits by CNSs was determined.

DAP-seq analysis, MiSeq reads were mapped to the custom E. grandis TAG0014
genome described above using Bowtie2 (Langmead & Salzberg, 2012). Duplicated
reads were discarded. Significant binding event and motif discovery was
conducted using GEM v2.5 (Guo et al.,, 2012) with parameters --f SAM --k_min 6 --
kmax 20 --k_seqs 600 --k_neg_dinu_shuffle. Binding sites were assessed for IX-DHS
and NDC DHS enrichment relative to the median of 1000 randomly shuffled

binding sites for each TF dataset. A TF-target gene network of the six EgrMYB TFs

12



was constructed by assigning target genes to binding sites if they fell within the
1.5 kb promoter or transcribed region, the latter considered possible given that
TF binding to exons is widespread (Sullivan et al, 2015). In ambiguous cases
where more than one gene met these criteria (~12% of cases), both genes were
regarded as potential targets. A power-law was fitted to the node degree
distribution using fit_power_law() (https://igraph.org/). Genes associated with
DHSs that co-located with the HaloTag DAP-seq library (n = 122) served as a
negative control. Hypergeometric tests of genes in each network were conducted
with respect to xylogenesis-related dataset enrichment. Four E. grandis
xylogenesis-related datasets were considered, namely 1,597 genes associated
with thirteen complex wood property traits from a network-based systems
genetics study (Dataset S1 from Mizrachi et al, 2017), a curated list of 542 E.
grandis homologs of SCW-related reference genes (Dataset S2 from Mizrachi et
al, 2017), 1,047 genes across three co-expression modules (PC3, MC3, MC5)
from a xylem organellar carbon allocation study with significant enrichment for
SCW-related terms (Pinard et al, 2019), and 377 genes across six co-expression
modules (M1-M6) from an abiotic stress-related xylem systems biology study
that were enriched for xylogenesis-related terms and significantly correlated
with woody traits such as vessel density, vessel diameter and saccharification
yield (Ployet et al, 2019). A set of 363 genes across six non-xylogenesis-related
co-expression modules for the latter study (M7-M12) was used as a negative

control for specific enrichment for xylogenesis.
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Results

Identification of DNase I hypersensitive sites in immature xylem

We implemented a DNase-seq protocol to detect genome-wide accessible
chromatin in developing xylem tissue from three ramets (IX1, X2, and 1X3) of an
E. grandis genotype (clone TAG0014) grown in the field. In optimisation
experiments, DNA extracted from untreated chromatin was of high molecular
weight, while chromatin digested with various amounts of DNase I (15U, 25U and
40U) yielded desired fragment smears ranging from high (several kb) to low (~50

bp) molecular weight (Fig. S1a).

He et al. (2014) and Vierstra et al. (2014) reported that small digested fragments
(<125 bp) are more likely to originate from DHSs in nucleosome-free regions
where TF binding sites have been exposed while larger fragments (126-185 bp)
spanning a ~147 bp nucleosome complex often originate from loosely packed
chromatin rather than true nucleosome-free regions. To study these individually,
we prepared two separate libraries for each sample consisting of DNase I-digested
fragments of 50 bp to <150 bp (small-fragment libraries) and >150 bp to 300 bp
(large-fragment libraries) (Fig. S1a). For large- and small-fragment libraries,
DNase-seq libraries were prepared from digested chromatin from the three
optimal DNase I concentrations (15U, 25U and 40U) and sequenced on an Illumina
HiSeq 2500. As a control, genomic DNA extracted from IX1 was hydrolysed with
low concentrations of DNase I (Fig. S1b) to account for potential DNase I cleavage
biases in different sequence and DNA methylation contexts (Lazarovici et al,

2013; Koohy et al., 2014; Meyer & Liu, 2014).
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The DNase-seq libraries yielded between ~36 and ~49 million reads (Table S2).
After mapping the reads, we identified high-confidence, biologically meaningful
DHSs by assessing the performance of three peak-calling software, MACS2 (Zhang
et al., 2008), Hotspot2 (Sabo et al, 2004), and F-seq (Boyle, Alan P. et al., 2008)
(Table S3). The greatest mean number of peaks identified with a lenient threshold,
by a large margin, was called by F-seq (Fig. S3a). Despite this, F-seq called the
fewest biologically reproducible peaks (Fig. S3b). Hotspot2 and MACS?2 identified
a similar number of reproducible peaks but, to achieve this, a lenient false
discovery rate threshold of 0.8 had to be applied initially in the case of Hotspot2
(Fig. S3a). Overall, the reproducibility of MACS2 peaks across biological replicates
and across algorithms was clearly superior to Hotspot2 and F-seq (Fig. S3b).
Furthermore, unlike F-seq, MACS2 can accommodate a control dataset (whole-
genome re-sequencing data in this case) and was our preferred method for

identifying DHSs.

The largest number of peaks that were reproducibly called at an IDR < 0.05 was
25,319 (see Note S1). Three bulked libraries were then compiled by combining
mapped reads from (1) the small-fragment library replicates, (2) the large-
fragment library replicates and (3) pooled-fragment fragment reads libraries,
which we denoted as immature xylem DHSs (IX-DHSs). Based on physical overlap,
46.8% of the DHSs were shared between all three fragment size libraries, with the
remainder of DHSs primarily originating from either the small- or large-fragment

libraries (Fig. 1). The IX-DHS library contributed less than 2% of unique peaks,
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(@) Small-fragment DHSs Large-fragment DHSs
(n=25319) (n=25319)

Pooled-fragment DHSs

(n=25319)
(b)
Compared DHS sets Jaccard index
Small-fragment vs Large-fragment 0.49
Small —fragment vs Immature xylem 0.76
Large-fragment vs Immature xylem 0.60

Figure 1. Overlap of Eucalyptus grandis DNase | hypersensitive site (DHS) datasets from
different DNase-seq fragment size ranges. DNase-seq libraries consisting of small-fragments
(50 to < 150 bp), large-fragments (> 150 to 300 bp) or pooled immature xylem fragments (50-
300 bp) sizes were used to call three sets of DHSs; the DHS overlap percentage is indicated as a
Venn diagram (a) and a Jaccard Index (b) of shared DHSs.
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while the large-fragment library had the largest proportion of unique peaks
(~17%). These results suggest that large-fragment and small-fragment DHSs
represent biologically reproducible but contrasting chromatin biology, while the
pooled-fragment (IX-DHS) library captured approximately 72% of the DHSs

identified across small-fragment and large-fragment chromatin contexts.

Immature xylem DNase I hypersensitive sites occur preferentially near

genes and transcription start sites

Because of their association with TF binding, DHSs tend to display a non-random
distribution throughout the genome with a strong bias towards gene features,
especially the TSS (Boyle, A. P. et al, 2008; Zhang, Wenli et al., 2012). To confirm
whether this is true of IX-DHSs, we determined the distribution of the IX-DHS
summits across genomic annotations. While most IX-DHSs were intergenic, the IX-
DHSs were significantly enriched (P < 0.05, Fisher’s exact test) for gene features,
particularly promoters (1.2-fold), 5° UTRs (6.2-fold) and exons (2.7-fold), while
being depleted in 3’ UTRs (0.4-fold) and intergenic sequences (0.9-fold) (Fig. 2a).
In contrast, the NDC DHSs were not significantly biased to any genomic features.
The distribution of DHSs among genic features was further investigated with
respect to DHSs unique to small- and large-fragment datasets (Fig. 2b). Unique
small-fragment DHSs showed a significantly higher enriched in the 5’-UTRs (8.3-
fold) and exons (2.6-fold), compared to unique large-fragment DHSs (2.3-fold in 5’
UTRs, 1.7-fold in exons). Since the IX-DHS dataset was representative of the DHSs
across small- and large-fragment chromatin contexts (Fig. 1), we concentrated

further analyses on this dataset.
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Figure 2. Distribution of DNase [ hypersensitive sites (DHSs) across genomic annotations in
Eucalyptus grandis. (a) Distribution of immature xylem DHSs and naked DNA control (NDC)
DHSs (n = 25 319) across gene features. (b) Distribution of DHSs unique to small-fragment (n =
8731) and large-fragment DHS sets (n = 8651). The genomic background shows the
proportion of each annotation relative to the genome size. Significance (Fisher's exact test
with Bonferroni correction) indicated as ?P-value < 0.05 relative to the genomic background,
bP-value < 0.05 relative to NDC DHSs and °P-value < 0.05 between small- and large-fragment
DHS datasets.
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coverage peaks of the IX-DHSs and H3K4me3 histone marks is c. 160 bp.
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The association of IX-DHSs with proximal promoter regions was further
investigated by comparing the coverage patterns of DHSs across transcription
start sites (TSSs) with published RNA Pol II occupancy and H3K4me3 histone
modification data (Hussey et al, 2017) (Fig. 3). H3K4me3 and RNA Pol II
occupancy peaked ~310 bp and ~190 bp downstream of the TSS, respectively. The
[X-DHSs coverage summit occurred slightly upstream of RNA Pol II at ~170 bp
downstream of the TSS, while NDC DHS coverage was relatively uniform 5,000 bp
surrounding TSSs. An approximate distance of 160 bp separated the X DHSs and
H3K4me3 coverage summits (marked d in Fig. 3). While the sequence of peaks
(DHSs preceding RNA Pol II, followed by H3K4me3) is in line with the role of
accessible chromatin in the binding of TFs and transcriptional machinery to the
promoter and TSS, it is surprising that the DHSs occurred downstream of the
annotated TSSs. This result suggests that the TSS is misannotated in a large

number of cases.

Enrichment of immature xylem DNase I hypersensitive sites for functional

genomic and epigenomic data

The relationship between DHSs and gene expression was investigated by
comparing the immature xylem transcript levels of genes overlapping IX-DHSs to
those that did not, using RNA-seq data derived from the same samples (Hussey et
al, 2017). Compared to a negative control of genes overlapping NDC DHSs (n =
6,284; median FPKM 2.67) which produced a slight but significantly shifted

distribution to those that did not (n = 30,093; median FPKM 0.79; P-value = 0,

20



(a) Immature xylem DHSs Naked-DNA control DHSs

0.5 0.5
DHS overiap DHS overlap
No DHS overlap No DHS overiap
0.4+ 0.4
> 03+ > 0.3
»n ‘B
& ]
0 0.2 0 0.2
0.1 0.1
0.0 == v 0.0 +== v =
1e-3 1.0 1e+3 1e-3 1.0 1e+3
Log10(FPKM) of gene Log10(FPKM) of gene
(b)
I
Expression quantiles : N
S 15001 [J75-100% (2110)
g |_150-75% (2110) \
2 25-50% (2110) ‘ \
8 E 1-25% (2112) ) \
Not expressed (876) \
@ 1000 1 P : \
& | \
— \
) ! \
o / B \
® !
g 500 ] W/ : \‘-\
2 |
< o . AN
0 - - + - -
-3 kb -2 kb -1 kb TSS 1 kb 2 kb
Distance from TSS (bp)

Figure 4. Immature xylem DNase [ hypersensitive sites (DHSs) are positively associated with
gene transcription in Eucalyptus grandis. (a) The kernel density estimation of logio(FPKM)
values were compared for 9318 genes overlapping and 27 058 genes not overlapping
immature xylem DHSs (left panel, P-value = 0, Kolmogorov-Smirnov test). Distribution of
genes overlapped (6283) and not overlapped (30 093) by naked DNA control DHSs (right
panel, P-value = 0). (b) Transcriptional start site (TSS) occupancy by DNase-seq reads for bins
of genes overlapping DHSs divided within four quantiles of increasing transcript levels. FPKM,
Fragments Per Kilobase of transcript per Million mapped reads.

21



Kolmogorov-Smirnov test), genes associated with IX-DHSs (n = 9,318; median
FPKM 5.03) were expressed at far higher levels than those not overlapping DHSs
(n =27,058; median FPKM 0.52; P-value = 0) (Fig. 4a). When we investigated the
coverage of [X-DHSs near TSSs as a function of gene expression level in immature
xylem, there was clearly a direct relationship between gene expression level and
chromatin accessibility near the TSS (Fig. 4b), showing that the positioning of
DHSs near the TSS has a particularly strong association with gene expression
levels. The expression of IX-DHS-associated genes were similarly affected in six
additional tissues as they were in immature xylem, however (Fig. S4). This
suggests that most IX-DHSs are not exclusively associated with xylem

development.

DHSs may co-occur with both activating (e.g. H3K4me3) and repressive (e.g.
H3K27me3) histone marks (Shu et al,, 2011; Zhang, W. et al, 2012). To test this
for immature xylem DHSs, the association of DHSs with H3K4me3 and H3K27me3
ChIP-seq data derived from the same tissue samples (Hussey et al., 2017) was
investigated. Compared with NDC and randomly shuffled DHS data, significantly
higher percentages of H3K4me3 (~23.6%) and H3K27me3 regions (~17.5%)
overlapped IX-DHSs (P << 10199; Fisher’s Exact Test) (Fig. 5a). Additionally, IX-
DHS summits (i.e. the position of maximum local library coverage) preferentially
occurred proximal to the summits of both H3K4me3 and H3K27me3 regions,
while the NDC DHSs showed no such preference (Fig. 5b). The significant
enrichment for overlap and strong spatial correlation between IX-DHSs and

H3K4me3 regions is in line with the expectation that activating histone marks are
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Figure 5. Association of DNase [ hypersensitive sites (DHSs) with histone modifications in
Eucalyptus grandis immature xylem. Physical overlap between genomic intervals occupied by
the activating histone mark H3K4me3 (n = 31 784) or the repressive histone mark H3K27me3
(n =16 690) and immature xylem DNase [-hypersensitive sites or naked-DNA control DHSs are
shown. Shuffled DHSs represent the median outcome of 1000 permutations. (a) The percentage
of DHS-overlapping histone modifications. (b) The relative frequency of DHS summits within
50-bp nonoverlapping windows of H3K4me3 summits (upper panel) and H3K27me3 summits
(lower panel).
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often associated with DHSs near genes to allow for protein binding. Furthermore,
the small-fragment DHS dataset displayed a higher degree of proximal enrichment
for H3K4me3 and H3K27me3 relative to the large-fragment dataset (Fig. S5), and

are therefore likely more important in gene expression regulation.

CNSs are intimately associated with gene regulation, acting as conserved TF
binding sites or other cis-acting regulatory elements (Hardison, 2000; Lockton &
Gaut, 2005). It follows then that we expected immature xylem DHSs to be
enriched for CNSs identified across ten dicot species including E. grandis (Van de
Velde et al., 2016), with the caveat that IX-DHS data is tissue-specific whereas the
CNSs may function in many tissues and conditions. Some 4,567 of the IX-DHSs
(18,0%) intersected with CNSs 12,933 times (a 4.5-fold enrichment; P-value = 0,
Fisher’s Exact Test), compared to 1.3-fold enrichment for NDC DHSs (P-value =
1.8 x 10°19) (Table S5). We also explored the proximal relationship between DHS
summits and CNSs in the E. grandis genome. Relative to randomly shuffled and
NDC DHS control datasets, DHSs from immature xylem showed a strong
enrichment for CNSs proximal to the DHS summits across the genome (Fig. 6a).
These results are consistent with the expectation that IX-DHSs are enriched for

regulatory elements that participate in protein binding.

To explore local sequence evolution constraints on IX-DHSs, we re-sequenced a
ramet of the E. grandis clone (TAG0014) sampled in this study and identified
1,519,673 single-nucleotide variants (SNVs) that differed from the BRASUZ1

reference genome as a proxy for naturally occurring SNP diversity. Interestingly,
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Figure 6. Association of DNase [ hypersensitive sites (DHSs) with conserved noncoding
sequences (CNSs) and single nucleotide variants (SNVs) in Eucalyptus grandis immature xylem.
(a) The relative CNS coverage (per 100 bp bin) is plotted over a 5-kb window centred along the
summits of the immature xylem DHSs and those of naked DNA control DHS and randomly
shuffled DHS control datasets. (b) Relative SNV density centred on DHS summits in the E.
grandis clone TAG0014 genome for all DHSs (left), DHSs overlapping transcriptional start site-
proximal CNSs (centre; n = 4556 of immature xylem DHSs) and those that do not (right; n = 20
419 for immature xylem DHSs).
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the IX-DHSs displayed a notable depletion of SNV density +1000 bp surrounding
the DHS summits, suggesting local purifying selection acting on the DHSs, whereas
the NDC DHS and shuffled DHS control datasets revealed no relationship with SNV
density as a function of proximity to their peaks (Fig. 6b, left). When DHSs were
separately analyzed for SNV density depending on whether they overlapped TSS-
proximal CNSs, CNS-overlapping IX-DHSs showed a more pronounced SNV
depletion near their summits compared to those that did not overlap a CNS (Fig.
6b centre, right), further suggesting that an enrichment for functionally conserved
CNSs may partially explain the SNV depletion observed within [X-DHS. Combined
with the enrichment of IX-DHSs for other functional elements in the coding and
noncoding genome (genes, gene expression, H3K4me3 regions, H3K27me3
regions and CNSs), this data supports the idea that the IX-DHSs identified in this
study represent accessible chromatin of importance to gene regulation in

Eucalyptus.

DNase I hypersensitive sites in immature xylem link woody biomass
candidate genes to a regulatory network involving MYB transcription

factors

Given the general importance of TSS-proximal DHSs in TF-mediated gene
regulation, we aimed to better understand the relevance of accessible chromatin
to TF-mediated regulation of genes linked to wood formation and lignocellulosic
biomass traits. First, we identified genome-wide binding sites of six E. grandis
homologs of SCW-associated MYB-domain TFs (Hussey et al, 2013), named

EgrMYB20, EgrMYB46, EgrMYB52, EgrMYB83, EgrMYB85 and EgrMYB103 after
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their closest Arabidopsis homologs, using DAP-seq (Bartlett et al.,, 2017). Between
3,536 and 16,414 significant binding events were identified for each EgrMYB TF
(Table 1). Overrepresented motifs were identified within the EgrMYB TF binding
sites for each candidate, most of which contained ACC-like sequences which are
typical of MYB TFs (reviewed by Hussey et al, 2013). Statistically, EgrMYB TF
proteins bound within [X-DHS accessible regions more frequently than random
chance, while the HaloTag negative control library was not associated with open
chromatin (Table 1). This result is particularly interesting because DAP-seq assays
identify in vitro binding events but nonetheless the EgrMYB TFs displayed a
statistical preference for in vitro binding to sites within accessible chromatin in

immature xylem.

Next, we reconstructed a TF-target gene network of the six EgrMYB TFs by
considering binding events within accessible chromatin (IX-DHS regions) and
assigning putative gene targets based on proximity of the binding site. This simple
approach identified 899 potential target genes linked by five of the EgrMYB TFs.
A second network was similarly reconstructed using EgrMYB binding sites that
did not occur in accessible chromatin, yielding 6,347 putative target genes for the
six EgrMYB TFs. The nodes of both networks displayed a power-law distribution
typical of biological networks (Fig. S6). We then investigated the relevance of
these networks to wood formation with respect to TF binding within IX-DHSs by
calculating the enrichment of the genes in each network to various published
SCW-related and non-SCW-related Eucalyptus datasets (see Methods). We found

that the accessible chromatin-restricted network (i.e. EgrMYB-DHS-gene) was
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Table 1. Enrichment of secondary cell wall-associated E. grandis MYB-domain transcription factors within immature xylem accessible
chromatin. Significance was assessed using a Fisher’s Exact Test of the observed DHS overlap relative to the median of 1000-fold
randomly shuffled binding coordinates for each dataset.

Arabidopsis | Number of significant Top enriched motif IX-DHSs® NDC DHSs¢
ortholog binding events?®
Enrichment P-value® Enrichment P-value
EgrMYB85 | MYB85 3,536 (434) CCTC cc CCT C 4.93 <3.08x 1016 | 1.04 0.922
Co=anc AVCT SasSGas
EgrMYB83 | MYBS83 16,414 (1,348) C c CC*T cc . 3.27 <3.08x 10716 | 1.01 0.927
EgrMYB46 | MYB46 5,962 (424) C cc cc 2.85 <3.08x 1016 | 0.94 0.758
- =ESTa n -—=__°
EgrMYB52 | MYB52 7,386 (385) c chc 2.07 <3.08x 1016 | 1.15 0.325
= = c__'__--—.- L | [« _— =
EgrMYB103 | MYB103 3,783 (135) - CTTC 5T 1.42 0.010 | 0.96 0.924
HaloTag(-) | - 13,039 (302) iy TT T 1.18 0.054| 1.04 0.775

bImmature xylem DNase [ hypersensitive sites

“Naked DNS control DNase I hypersensitive sites
dAdjusted P-value (Benjamini & Hochberg, 1995)

4The numbers in parentheses indicate those located in accessible chromatin
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Figure 7. Enrichment of potential target genes of Eucalyptus grandis MYB (EgrMYB) transcription factors linked by DNase I hypersensitive sites
(DHSs) in immature xylem for datasets associated with wood development and lignocellulosic biomass traits. Accessible EgrMYB-gene and
HaloTag-gene interactions represent those occurring within IX-DHS regions. Adjusted P-values: *, P < 0.05; **, P < 0.01. SCW, secondary cell wall.
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significantly enriched for three out of four xylogenesis-related datasets, while only
a slight non-significant enrichment was observed for the EgrMYB-gene network
that excluded binding events in accessible chromatin (Fig. 7). No such enrichment
was observed for the HaloTag-DHS-gene negative control or the non-SCW-related
dataset, showing that the link between TF binding, accessible chromatin and

target gene functional enrichment is specific to the EgrMYB network.

Discussion

The roles of noncoding DNA elements in regulating wood formation are poorly
understood, partially due to the difficulty in identifying them. Accessible
chromatin representing nucleosome-depleted regions have a strong association
with preferential binding of regulatory proteins to CREs at promoter and enhancer
regions (Felsenfeld et al,, 1996; Zhang, W. et al., 2012; Zhang et al., 2015; Zhu et
al, 2015). In plants, whole-genome identification of such DHSs has been mostly
limited to seedlings, roots, leaves and flowers in Arabidopsis thaliana, seedling, ear
and husk in Zea mays, developing fruit of tomato, vascular cambium in Populus,
and seedling and callus in Oryza sativa (Zhang, W. et al.,, 2012; Zhang, Wenli et al,
2012; Gent et al., 2014; Pajoro et al., 2014; Sullivan et al., 2014; Vera et al., 2014;
Cumbie et al,, 2015; Qiu et al., 2016; Rodgers-Melnick et al., 2016; Liu et al., 2017;
Oka et al, 2017; Zinkgraf et al., 2017; Alexandre et al, 2018) , in addition to a
comparative study of accessible chromatin across four herbaceous plants (Maher
et al,, 2018). Cell type-specific chromatin accessibility assays have also recently
been implemented in plants (Sijacic et al., 2018; Tannenbaum et al., 2018). Our
study intended to provide the first comprehensive overview of accessible

chromatin in developing xylem. It contributes high-confidence DHSs that are
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conserved between clonal ramets as well as evidence of their importance to
Eucalyptus gene regulation and EgrMYB-family transcriptional networks linked to

systems biology studies of wood biology.

Vierstra et al. (2014) found that DNase-seq fragment sizes reflect the chromatin
structure in which resulting DHSs are identified, specifically those that are
depleted of nucleosomes (small DNase-seq fragments) and those that span
nucleosomes in a loose chromatin configuration (large DNase-seq fragments). The
library size selection used in this study clearly enriched the small-fragment library
for TSS-proximal DHSs associated with TF-binding, given the higher enrichment
for gene regions, TSSs and CNSs compared to the large-fragment DHSs (Fig. 2b,
Table S5). Our two-pronged approach hence distinguishes these overlapping but

differing chromatin contexts in immature xylem.

We demonstrated that, in a broad sense, IX-DHS represent functional regions of
the (mostly) noncoding genome due to their significant association with, or
proximity to, genes and TSSs, gene expression, CNSs, depleted SNV density, and
histone modifications. The tight relationship between IX-DHSs, SNV depletion and
CNS enrichment observed in this study is likely due to purifying selection at
protein binding sites (Blanchette & Tompa, 2002; Haudry et al.,, 2013; Korku¢ et
al, 2014). In human populations, for example, DHSs have reduced SNP diversity
overall (The ENCODE Project Consortium, 2012). In one study, CNSs identified in
A. thaliana overlapped flower and leaf DHSs by a fold-enrichment of 4.0 (Van de

Velde etal, 2014), a degree very similar to what we observed with [X-DHSs (Table
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S5). Enrichment of IX-DHSs with modified histones is also significant because, at
an epigenetic level, modified histones act as “signatures” of enhancer or
promoter CREs regulating gene expression (reviewed by Weber et al, 2016).
H3K4me3, for example, can distinguish CREs near TSSs, while H3K4mel can
identify activated (H3K4mel-enriched) or inactive/poised (H3K27me3-
enriched) distal enhancers occurring in accessible chromatin in mammals
(Heintzman et al., 2007; Rada-Iglesias et al,, 2011). The enrichment of IX-DHSs
for both H3K4me3 and H3K27me3 (Fig. 6), suggests that the DHSs identified are
relevant to both proximal and distal regulatory elements. In maize seedlings and
callus, an enrichment for H3K27me3 in close proximity to DHSs was observed
only for intergenic regions (Zhang, W. et al, 2012), which comprise the vast
majority of IX-DHSs in our data (Fig. 3a). It may seem counterintuitive that
H3K27me3 could flank certain DHSs: this association seems to be the case when
a mixture of cell types containing cell type-specific DHSs are analyzed, since cell
type-specific DHSs are enriched for H3K27me3 whereas ubiquitous DHSs are not
(Shu et al, 2011) and single-cell DHSs negatively correlate with H3K27me3 (Jin
et al, 2015). In some cases this could also be explained by bivalent nucleosomes
containing both H3K4me3 and H3K27me3 (Chen et al, 2018). While no
H3K4mel or H3K27ac data has yet been generated in Eucalyptus, histone
modification co-localisation may be used as a second line of evidence to identify

intergenic enhancer-exposing DHSs.

We also provided evidence that open chromatin regions in IX-DHS are of relevance

to the regulation of genes underlying certain processes underlying wood
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formation through EgrMYB TFs which are homologous to those regulating SCW
deposition in Arabidopsis (Hussey et al, 2019). The significant enrichment for
accessible chromatin among in vitro binding sites for all 6 EgrMYB TFs suggests
that many of them are functional and can be prioritised within the context of the
immature xylem chromatin structure. In fact, DNase I footprints at well-
characterized motifs have been used to infer transcriptional regulatory networks
(Van de Velde et al, 2014; Sullivan et al, 2015). Based on this rationale,
restricting EgrMYB binding events to those occurring in accessible chromatin
clearly improved the enrichment of their potential target genes for several
systems biology datasets linking co-expression modules and candidate genes to
wood formation processes and/or lignocellulosic biomass traits (Fig. 7). A
similar approach of linking MYB binding sites to putative targets through
accessible chromatin was recently adopted by Maher et al. (2018), allowing them
to identify a MYB regulatory module associated with cell fate and abiotic stress
regulation. As a caveat, we acknowledge that using proximity of TF binding
events to genes alone is a complex topic and does not necessarily imply a
regulatory relationship between TFs and potential target genes. Furthermore, it
cannot differentiate between positive and negative transcriptional regulatory
effects. Thus, the protein-DNA networks reconstructed here will need to be
functionally validated.

The number of DHSs identified in this study is higher than those of AP1-induced
seedlings (up to 8,789; Pajoro et al., 2014), somewhat less than the 38,290 leaf and
41,193 flower tissue DHSs identified in A. thaliana (Zhang, Wenli et al., 2012), and

much lower than 97,975 to 371,692 DHSs reported in O. sativa or P. trichocarpa
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(Zhang, W. et al., 2012; Zinkgraf et al.,, 2017). A likely reason for higher numbers
in some studies is the use of F-seq (Boyle, Alan P. et al., 2008), which in our study
yielded large numbers of DHSs using default settings (Fig. S3a), coupled to
statistical approaches that control for technical rather than biological false
discovery rates. The critical assessment of DNase-seq analysis algorithms and
biological reproducibility adopted in this study allowed us to identify high-
confidence, albeit it stringent, DHSs in immature xylem. Another strength of our
study was the use of a naked-DNA control library to account for intrinsic DNase-
seq bias evident in its significant association of NDC DHSs with expression (Fig.
4a) and CNSs (Table S3). A further advantage of our experimental design is that
the modified histone and RNA pol II ChIP-seq, RNA-seq and DNase-seq data all
originated from the same samples, allowing for a direct comparison of overlap

metrics and enrichment in these tissues.

DNase-seq profiles from other E. grandis tissues will help to identify tissue-specific
DHSs that serve critical regulatory roles in wood formation specifically. In our
experience, each tissue poses unique optimization challenges for DNase-seq, with
some failing to produce high-quality DNase-seq data using the methods followed
here possibly due to a high phenolics content (not shown). Linking distal DHSs
(housing potential enhancers) to target genes will greatly benefit from Hi-C
(Lieberman-Aiden et al., 2009) or other chromatin interaction data for developing
wood, a feat that has not yet been achieved. Nonetheless, DNase-seq data from this
study provides critical information on the chromatin level of gene expression,

serving as a useful addition to integrative multi-omics approaches aimed at
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unravelling noncoding genome function and gene regulatory network

architecture.
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