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Genomic regions free of nucleosomes, which are hypersensitive to DNase I digestion, are known as DNase I hypersensitive sites
(DHSs) and frequently contain cis-regulatory DNA elements. To investigate their prevalence and characteristics in maize (Zea
mays), we developed high-resolution genome-wide DHS maps using a modified DNase-seq technique. Maize DHSs exhibit
depletion of nucleosomes and low levels of DNA methylation and are enriched with conserved noncoding sequences (CNSs).
We developed a protoplast-based transient transformation assay to assess the potential gene expression enhancer and/or
promoter functions associated with DHSs, which showed that more than 80% of DHSs overlapping with CNSs showed an
enhancer function. Strikingly, nearly 25% of maize DHSs were derived from transposable elements (TEs), including both class I
and class II transposons. Interestingly, TE-derived DHSs (teDHSs) homologous to retrotransposons were enriched with
sequences related to the intrinsic cis-regulatory elements within the long terminal repeats of retrotransposons. We
demonstrate that more than 80% of teDHSs can drive transcription of a reporter gene in protoplast assays. These results
reveal the widespread occurrence of TE-derived cis-regulatory sequences and suggest that teDHSs play a major role in

transcriptional regulation in maize.

Plant growth and development rely on precise spa-
tiotemporal transcription of genes. Transcription is or-
chestrated by interactions between regulatory proteins
and cis-regulatory elements (CREs; Kaufmann et al.,
2010; Sparks et al., 2013). Although identification of
CREs is of great importance for understanding the
regulation of gene expression, this task is impaired by
inherent short sequence signatures and the lack of a
locational and orientational restriction to CREs, such as
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enhancers (Marand et al., 2017). In eukaryotic species,
nuclear DNA is organized as chromatin, in which DNA
is packaged into a string of nucleosomes. Chromatin
containing active CREs is required to be accessible for
the binding of regulatory proteins, which is achieved by
depletion or eviction of nucleosomes (Henikoff et al.,
2009; Tsompana and Buck, 2014). Thus, “open chro-
matin” is prone to cleavage by enzymes compared to
immediately neighboring chromatin that is tightly
bound by nucleosomes. Several technologies were de-
veloped to capture signatures of open chromatin based
on their biochemical characteristics, such as FAIRE-seq
(Giresi et al., 2007), sono-seq (Auerbach et al., 2009),
DNase-seq (Song and Crawford, 2010), and ATAC-seq
(Buenrostro et al.,, 2013). These technologies were
successfully applied to identify functional CREs in
several model animal species, including humans
(The ENCODE Project Consortium, 2004), mouse
(Stamatoyannopoulos et al., 2012), Caenorhabditis elegans,
and Drosophila melanogaster (Hesselberth et al., 2009;
Gerstein et al., 2010). Similar efforts have recently been
reported in plants (Zhang et al., 2012a; Zhang et al,,
2012b; Pajoro et al., 2014; Sullivan et al., 2014; Cumbie
et al, 2015, Qiu et al, 2016), which showed that
open chromatin possesses unique epigenetic modifica-
tions (Zhang et al., 2012a) and is associated with DNA
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sequences bound to transcription factors (TFs; Zhang
et al., 2012b) and with enhancer function (Zhu et al,,
2015). These studies provided insights on the regulatory
landscape and transcription factor networks in plant
species.

Transposable elements (TEs) are a major DNA com-
ponent of most plant genomes. TEs are classified into
two classes based on their replicative mechanisms.
Class I or retrotransposons transpose via an RNA in-
termediate, whereas class II or DNA transposons
transpose via a DNA-mediated mechanism (Wicker
et al, 2007). TEs were traditionally considered as
“selfish” or “junk DNA” because of their parasitic na-
ture and evolutional neutrality in hosts (Ohno, 1972;
Orgel and Crick, 1980). However, recent studies have
shown that TEs have a strong influence on the host
genomes (Feschotte, 2008; Bennetzen and Wang, 2014).
Although TE insertions within genes are frequently
detrimental, TEs can play important roles in the evo-
lution of gene regulation (Slotkin and Martienssen,
2007; Feschotte, 2008; Chuong et al., 2017; Hirsch and
Springer, 2017). Comparative genomic analysis in ani-
mals showed that TE insertions contributed to a large
portion of conserved noncoding elements and were
under positive selection (Nishihara et al., 2006; Lowe
et al., 2007; Mikkelsen et al., 2007). Thus, there has been
an increasing amount of evidence suggesting that TEs
are a rich source of cis-regulatory elements, either from
de novo evolution or from preexisting binding sites
within TEs (Rebollo et al., 2012). The participation of
TEs in gene regulation has also been reported in plant
species (Lisch, 2013; Hirsch and Springer, 2017). For
example, in rice (Oryza sativa), the DNA transposon
mPing preferentially inserts in the 5’ regions of genes and
up-regulates the expression of adjacent genes under stress
conditions (Naito et al., 2009). A recent genome-wide
study in maize (Zea mays) showed that TEs confer a reg-
ulatory role to nearby genes under stresses (Makarevitch
et al., 2015). These studies suggest that TEs have a global
impact on gene regulation in plant species, although the
underlying mechanism is not well understood.

Maize is a classical model plant species for various bi-
ological phenomena and is also an important crop. Major
research efforts have been devoted to discovering the
temporal and spatial transcriptional landscapes in maize
(Soderlund et al., 2009; Sekhon et al., 2011, 2013; Chen
et al., 2014), which is crucial for the identification and
functional annotation of genes. However, scarce infor-
mation is available describing the underlying regulatory
networks of maize transcriptional landscapes. With the
sequencing of the maize genome, characterizing the
functional elements of the remaining noncoding sequence
will be essential to fully understand gene expression and
regulation during growth and development. The binding
sites of several maize TFs have been identified using
chromatin immunoprecipitation (ChIP) coupled with se-
quencing (ChIP-seq; Bolduc et al., 2012; Morohashi et al.,
2012; Eveland et al., 2014; Li et al., 2015; Pautler et al.,
2015). In addition, open chromatin associated with mi-
crococcal nuclease (MNase) sensitivity has recently been
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mapped in maize (Rodgers-Melnick et al., 2016). How-
ever, the daunting task of identifying the binding sites of
thousands of TFs in the maize genome remains. We de-
veloped a modified DNase-seq technique to identify
DNase I hypersensitivity sites (DHSs) in the maize ge-
nome. We also developed a protoplast-based transient
transformation assay to validate the promoter and en-
hancer functions of randomly selected maize DHSs. We
discovered that a significant portion of maize DHSs were
derived from TEs, supporting the notion that TEs con-
tribute to gene expression regulation in the maize genome.

RESULTS

Development of the Modified DNase-Seq Protocol
in Maize

We initially developed and sequenced a DNase-seq li-
brary from maize leaf chromatin using our original
DNase-seq protocol that generates ~20-bp sequence
reads (Zhang et al., 2012a). Only 16.1% of these ~20-bp
DNase-seq reads could be mapped to unique positions in
the maize genome. By contrast, nearly 70% of the DNase-
seq reads can be mapped to unique positions in the
Arabidopsis (Arabidopsis thaliana) genome (Zhang et al.,
2012b). Thus, the ~20-bp reads from the original DNase-
seq protocol are not ideal for highly repetitive and com-
plex plant genomes such as maize. To overcome this
limitation, we modified our DNase-seq library construc-
tion method (modified DNase-seq [mDNase-seq]) to
generate longer sequence reads (Fig. 1; see details in
“Materials and Methods”). The mDNase-seq method
generated reads with an average length of 100 bp. We
developed mDNase-seq libraries from both leaf and root
tissues and generated 176 and 279 million 100-bp single-
end reads, respectively. The increased read length effec-
tively doubled the mappability of sequencing data. We
mapped 59 million (33.3%) and 98 million (35.2%)
mDNase-seq reads, from leaf and root tissues, respec-
tively, to unique locations in the maize genome. These
reads were used for further DHS peak calling.

To examine the saturation and reproducibility of our
data, we sampled one-quarter, one-half, and three-quarters
of the total mDNase-seq data for DHS identification
using F-seq (Boyle et al., 2008) and Popera, an in-house
developed software (https://github.com/forrestzhang/
Popera). The number of peaks identified was linear to the
data size (Supplemental Fig. S1A) and did not plateau,
suggesting that DHSs were not saturated in our data set.
However, most DHSs (86-93%) from the downsampled
data sets overlapped with the top 50% of DHSs from the
whole data set (Supplemental Fig. S1B), suggesting that the
strongest DHSs were consistently identified.

Genomic and Epigenomic Features and Functional
Validation of Maize DHSs

We identified 35,822 and 36,467 DHSs using F-seq
(Boyle et al., 2008) and Popera (false discovery rate
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Figure 1. Principles of the DNase-seq and mDNase-seq used in this study. Chromatin was partially digested by DNase I. A and B,
High molecular weight DNA was extracted, end repaired, and ligated with adaptor I. In the traditional DNase-seq protocol (A),
the DNA sample is digested by Mmel, resulting in ~20-bp fragments. In mDNase-seq (B), the DNA was sheared into 200- to
500-bp fragments by sonication. DNA fragments associated with adaptor | were enriched, end repaired, and ligated with adaptor
Il. DNA fragments with both adaptors were amplified for library development. C, The DNase-seq technique developed by
Hesselberth et al. (2009). Chromatin was digested with an amount of DNase | to release short (<300 bp) DNA fragments, which
are isolated and sequenced (Hesselberth et al., 2009).

digestion localized mainly around active genes
(Rodgers-Melnick et al., 2016). We investigated nucle-
osome occupancy at genic regions by analyzing the
distribution of DNA fragments associated with mono-

[FDR] < 0.0064) in leaf and root tissues, respectively.
The distribution of DHSs along the maize chromo-
somes followed a similar pattern as genes but was an-
tagonistic to the density of TEs along the chromosomes

(Supplemental Fig. S2A). Indeed, nearly half (47-56%)
of DHSs were mapped to genes and their surrounding
1-kb regions (Supplemental Fig. S2B). Similarly, maize
genomic regions differentially sensitive to MNase
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nucleosomes (Struhl and Segal, 2013). Briefly, the chro-
matin was digested into single nucleosomes and the
resulted DNA fragments were isolated and sequenced
(Zhao et al., 2016). The length of these fragments showed a
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peak at 147 bp, suggesting that these fragments represent
the DNA sequences that are protected by mono-
nucleosomes. DHS peaks around genes coincided with a
low level of nucleosome occupancy (Fig. 2A). Maize DHSs
showed depletion of nucleosomes, very low levels of his-
tone modifications (Fig. 2B), and DNA methylation (Fig.
2C). Analysis of the differential nuclease sensitivity based
on MNase digestion (Rodgers-Melnick et al., 2016) of the
DHS regions showed that DHSs are associated with a high
levels of differential nuclease sensitivity (Supplemental
Fig. S3). Thus, the genomic features of maize DHSs are
consistent with the known characteristics of open chro-
matin observed in both maize (Rodgers-Melnick et al.,
2016) and other plant species (Zhang et al., 2012a, 2012b).

Conserved noncoding sequences (CNSs) are consid-
ered as regions harboring potential regulatory elements
(Freeling and Subramaniam, 2009). We analyzed the
profile of mDNase-seq reads that overlapped with
CNSs, which were identified based on sequence con-
servation between maize and rice (Turco et al., 2013).
Aggregated mDNase-seq reads showed a clear peak at
the center of CNSs (Supplemental Fig. S4). We found
that 8,888 of 63,237 (14%) of the CNSs overlap DHSs
(Supplemental Resource 1).

Tissue specificity analysis revealed that 22,413 DHSs
(62.6%) are specific to leaves and 23,058 DHSs (63.2%)
are specific to roots. To analyze the relationship be-
tween DNase sensitivity and gene expression in these
two tissues, we developed replicated RNA-seq data sets
using the same leaf and root tissues that were used for
mDNase-seq (see “Materials and Methods”). We iden-
tified 28,383 and 28,716 genes differentially expressed

2792
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in leaves and roots, respectively. DNase sensitivity was
positively correlated with gene expression levels
(Supplemental Fig. S5A). We then divided the genes
into three groups according to the expression patterns
in the two tissues: (1) preferentially expressed in leaves,
(2) preferentially expressed in roots, (3) and not pref-
erentially expressed in either tissue. DNase I sensitivity
at transcriptional start sites (TSSs) was positively cor-
related with gene expression levels in different tissues
(Supplemental Fig. S5B). The genes differentially
expressed between leaf and root tissues were com-
mensurate with changes to DNase I sensitivity at TSSs.

Chromatin Accessibility in Centromeric Regions

Centromeric nucleosomes contain CENH3, a
centromere-specific H3 variant (Henikoff et al., 2001).
Centromeric chromatin often exhibits distinct genomic
and epigenomic features (Fukagawa and Earnshaw,
2014). Several maize centromeres have been well se-
quenced and provide a rare opportunity to analyze
chromatin accessibility of maize centromeres. Analysis
of the chromosome-wide distribution of DHSs showed
that centromeric/pericentromeric regions contain
low number of DHSs (Supplemental Fig. S2A). Only
51 DHSs were found within 12.6 Mb of sequenced
centromeric regions (4 DHSs/Mb). The density of DHSs
in centromeric regions was significantly lower than that
in chromosome arms (17 DHS/Mb, empirical P value <
1 X 107°). We identified 12 centromeric genes that were
expressed in leaf and root tissues (Zhao et al., 2016).

Plant Physiol. Vol. 176, 2018
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However, only four genes were associated with DHSs
within the gene body or 1-kb flanking regions. This
could be a result of the low levels of saturation of our
data in addition to the repetitiveness of centromeric
sequences. Nevertheless, the centromeric regions
showed a low level of chromatin accessibility, which is
consistent with a lack of transcriptional activity ob-
served in maize centromeres (Zhao et al., 2016).

Functional Validation of DHSs Using a Protoplast-Based
Transient Transformation Assay

We developed a protoplast-based transient transfor-
mation assay (see “Materials and Methods”) to validate
the potential regulatory function (enhancer and/or
promoter) of putative DHSs. We first selected 11 CNS-
associated DHSs (DHSs that overlapped CNSs with at
least one base pair) for the assay. DNase sensitivity of
these 11 CNS-associated DHSs was within 10 to 90% of
all DHSs, representing DNase sensitivity levels of most
DHSs. Briefly, target DNA sequences were amplified
from genomic DNA of the maize inbred B73 and
inserted into a modified pJIT163-hGFP vector that
contains GFP driven by a mini355 promoter. The con-
structs were used to transform maize protoplasts pre-
pared from young leaf tissue. The mini35S promoter
alone cannot drive the transcription of GFP in the assay
(Figure 3D). Of the 11 DHSs examined (Supplemental
Fig. S6), nine (82%) constructs resulted in consistent
expression of the GFP marker when the DHS was
placed in front of the mini35S in the forward direction,
or in both forward and reverse directions (Fig. A and B;
Supplemental Table S1). We also examined three DHSs

Plant Physiol. Vol. 176, 2018
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Figure 3. Functional validation of a
CNS-cognate DHS using the protoplast-
based transient transformation assay. A,
Protoplast transformation using a con-
struct with GFP expression driven by the
DHS in forward orientation. B, Proto-
plast transformation using a construct
with GFP expression driven by the DHS
in reverse orientation. C, Positive con-
trol of protoplast transformation using a
construct with GFP expression driven by
the 35S promoter. D, Negative control of
protoplast transformation using a con-
struct with GFP expression driven by a
mini35S promoter. Note: Nonambigu-
ous GFP signal was not observed in
protoplasts transformed with the nega-
tive control. Bars = 10 wm.

(DHS-a, -b, and -c in Supplemental Fig. S7) that do not
overlap with CNSs. These three DHSs were associated
with ribulose bisphosphate carboxylase small subunitl
(SSU1; GRMZM2G098520). DHS-c showed enhancer
function, whereas both DHS-b and DHS-c¢ showed
promoter activity (Supplemental Fig. S57).

DHSs Are Associated with Regulation of Retained
Duplicated Genes

The maize genome underwent a whole-genome du-
plication between 5 to 12 million years ago (Swigonova
et al., 2004). The majority of duplicated genes tend to be
functionally lost after a duplication event (Sémon and
Wolfe, 2007; Schnable et al., 2009). The retained dupli-
cated genes often develop new functions, a process
known as subfunctionalization (Moore and Purugganan,
2005). Subfunctionalization could be due to missense
mutation since the fidelity of duplicated genes is typically
under less selective constraint (Ohno, 1970; Kondrashov
etal., 2002). Alternatively, changes to regulatory elements
can lead to differential expression patterns (Lockton and
Gaut, 2005; Freeling and Subramaniam, 2009). To inves-
tigate the potential contribution of regulatory elements to
transcriptional divergence of duplicate genes, we exam-
ined the expression patterns of 3,984 pairs of duplicated
genes in leaf tissue using RNA-seq data. The expression
patterns of these duplicated pairs can be divided into four
categories: pairs with at least 1.5-fold change (40%), pairs
with only one copy expressed (20%), pairs with <1.5-fold
change (21%), and pairs with both copies silenced (19%;
Fig. 4A). Duplicated pairs with differential expression
levels (fold change = 1.5) showed distinct changes in
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DNase I sensitivity around TSSs and throughout gene
bodies (Fig. 4A). In contrast, duplicated pairs with no
differences in expression (fold change < 1.5) showed the
same level of DNase I sensitivity.

We then compared the numbers of DHSs associated
with duplicated genes. We focused on 2,452 duplicated
gene pairs of which at least one copy of a duplicated pair
contains DHSs within genic and/or the 1-kb flanking
regions. We found that the duplicated gene copy with
a higher expression level contained a larger count of DHSs
(P value < 22 X 107" Wilcoxon rank-sum test;
Supplemental Fig. S8). We also analyzed the number of
CNSs from the entire set of 3,983 duplicated pairs of
which at least one copy of a duplicated pair was associ-
ated with CNSs. Consistent with the results associated
with DHSs, the duplicated gene copy with a higher ex-
pression level contained more counts of CNSs (P value =
5.3 X 1077, Wilcoxon rank-sum test; Supplemental Fig.
S8). For example, gene GRMZM2G347056 is highly
expressed in leaves and contains six CNSs located in the
upstream promoter region (Fig. 4B). Three of the CNSs
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overlapped with leaf DHSs, suggesting that these CNSs
play regulatory roles in leaves. GRMZM2G034278, which
is not expressed in leaves, is the duplicated copy of
GRMZM2G347056. Consistently, DHSs and CNSs are
absent in GRMZM2G034278. Thus, the orthologous reg-
ulatory elements of GRMZM2G034278 may have
decayed following the duplication event.

DHSs and DNA Sequence Motifs Associated with
Proximal and Distal Promoters

We partitioned genes according to the distribution of
their associated DHSs by k-means clustering (Fig. 5A).
We found two distinct classes of DHSs based on their
locations within promoters (clusters 2 and 3) that dis-
played higher levels of DNase I sensitivity compared to
other clusters (Fig. 5A). DHSs in cluster 3 had the highest
overall DNase I sensitivity and were restricted to within
200 bp upstream of TSSs (proximal DHSs). The mDNase-
seq reads of DHSs in cluster 2 were distributed more

Plant Physiol. Vol. 176, 2018
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Positional preference of the GDCCCA motif in proximal and distal promoters.

broadly across the 500 bp upstream of TSSs (distal DHSs;
Fig. 5A). For convenience, we refer to proximal/distal
promoters for promoters containing proximal/distal
DHSs, respectively. Gene Ontology (GO) analysis
revealed that genes with proximal promoters are enriched
in basic biological activities, including translation and
cellular protein metabolic processes. By contrast, genes
with distal promoters are enriched with functions related
to biological regulation, including posttranslational pro-
tein modifications and regulation of gene transcription
(Supplemental Table S2). The average expression level of
genes with proximal DHSs was higher than that of genes
with distal DHSs (61.0 versus 40.2 fragments per kilobase
of transcript per million mapped reads [FPKM], P value <
7.0 X 10~°, Wilcoxon rank-sum test).

We next conducted DNA motif enrichment analysis for
+50 to —200 bp and —200 to —500 bp regions corre-
sponding to proximal and distal promoters, respectively,
using MEME suite programs (Bailey and Elkan, 1994).
Interestingly, a DNase I footprint containing the
GDCCCA motif was discovered in the proximal pro-
moters (Fig. 5B). To analyze the organization of this motif
in promoters, we conducted positional preference analysis
of this motif in the proximal and distal promoters (Bailey
and Machanick, 2012). We observed that 41% of proximal
promoters contain the GDCCCA motif (D represents G or
A or T), which exhibited a positional preference of be-
tween —155 to —35 bp and peaked at —55 bp, consistent
with the distribution of DNase I sensitivity at proximal
promoters (Fig. 5C). Although the GDCCCA motif was
also detected in 31% of distal promoters, it showed less
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sensitivity and a broader positional preference compared
to those located in proximal promoters (Fig. 5, B and C).

The GDCCCA motif matches the consensus binding
sites (GGNCCCAC) of type I TCP proteins, which are
plant-specific transcription factors (Kosugi and Ohashi,
2002; Martin-Trillo and Cubas, 2010) that are known to
promote plant growth morphogenesis (Hervé et al,
2009) and to regulate genes involved in cell division and
growth (Li et al.,, 2005; Welchen and Gonzalez, 2006).
Thus, the overrepresented GDCCCA motifs in proximal
promoters are likely involved in functional regulation of
the corresponding genes mediated by type I TCP pro-
teins, which mainly function in cellular housekeeping,
including translation and biosynthetic processes. In
contrast with proximal promoter regions, the lack of
positional preference motifs at distal promoters suggests
that genes with distal promoters are possibly regulated
by a wider range of transcription factors (Fig. 5C).

Maize Genes Expressed at Different Levels Are Associated
with Distinct Patterns of Chromatin Accessibility and
Histone Modifications

To assess the combinatorial influence of histone
modifications and DHSs on transcriptional regulation,
we conducted ChIP-seq using antibodies against five
active histone modifications (H3K4mel, H3K4me2,
H3K4me3, H3K4ac, and H3K27ac) and one repressive
modification (H3K27me3) using maize leaf tissue. We
specifically focused on genes that contain DHSs (n =
24,220), because the cis-regulatory sequences of these
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Figure 6. Chromatin accessibility and histone modifications orchestrate gene expression. A, k-means clustering of maize genes
based on their levels of expression. Orange bar, percentage of expressed genes; gray line, median of expression level in each
cluster. B, Distribution of histone modifications and DNase | sensitivity at genic regions. The black bar represents the gene body.

C, Functional enrichments of genes in each group.

genes are putatively accessible to regulatory trans-
factors. Histone marks, together with DNase I sensi-
tivity of these genes, were analyzed by k-means
clustering, which resulted in 14 distinct clusters
(Supplemental Fig. S9). To analyze how the chromatin
state relates to gene regulation, we assessed the ex-
pression of genes in each cluster. Transcriptional ac-
tivity varied among clusters. For example, more than
99.5% of genes in cluster 1 were expressed, whereas
only 46.2% of genes in cluster 14 were expressed. Ad-
ditionally, the expression levels (measured by median
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FPKM of genes in each cluster) varied among clusters
(Fig. 6A; Supplemental Fig. S9).

Several clusters shared similar transcriptional activity.
For example, genes from clusters 1, 2, and 3 were highly
expressed, whereas genes from clusters 12, 13, and
14 were expressed at low levels (Fig. 6A). Hence, we
merged clusters that shared similar transcriptional ac-
tivity and generated three groups: high activity, mod-
erate activity, and low activity (Fig. 6A; Supplemental
Fig. S9). We observed distinct profiles of DNase I sensi-
tivity and histone modifications, specifically at TSSs and
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promoter regions. In the high activity group, DNase I
sensitivity and four active histone modification
(H3K4me2, H3K4me3, H3K4ac, and H3K27ac) form
sharp peaks and aggregated around TSSs (Fig. 6B).
However, the aggregation of DNase I sensitivity and
histone modifications around TSSs was noticeably re-
duced in the moderate group and was accompanied by a
broader distribution for each signal (Fig. 6B). These re-
sults suggest that the regulation of moderately expressed
genes is mediated by distal promoter regions, which is
likely due to the involvement of distal cis-regulatory el-
ements (Fig. 5A). Consistent with this notion, genes in
the moderate activity group exhibited tissue specificity
and were enriched for functions related to “response to
stimulus” (see below). In the low group, DNase I sensi-
tivity and the four active histone marks were no longer
aggregated around TSSs. The repressive mark
H3K27me3 was enriched throughout the gene body and
the flanking regions, which is consistent with the low
transcriptional activity of this group. However, there is
still substantial DNase I sensitivity upstream of TSSs
(Fig. 6B; Supplemental Fig. S9).

To investigate whether there are any functional differ-
ences in the corresponding genes for each group, we an-
alyzed gene ontology enrichment and compared
expression patterns between the leaf and root. We found
that the three groups were enriched for genes associated
with distinct biological processes. The high activity group
was enriched in basic cellular processes, including “pro-
tein metabolism,” “macromolecule modification,” and
“signaling” (Fig. 6C). The moderate activity group was
enriched with genes associated with “response to abiotic
stimuli” and “biological regulation” (Fig. 6C). The low
activity group mainly functioned in polysaccharide, car-
bohydrate, and lipid metabolic processes, as well as
“peptide transport.” Interestingly, genes in the high ac-
tivity group were consistently expressed in both leaf and
root tissues, whereas genes in the moderate group, espe-
cially in clusters 4 and 5, exhibited preferential expression
in leaf tissue (Supplemental Figs. S9 and S10). In contrast,

W W—
(AC200740-6986) —{ R and US
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the low activity group showed preference for expression in
roots (clusters 11 and 14; Supplemental Figs. S9 and S10).

Identification and Functional Assays of DHSs Derived
from TEs

The maize genome is dominated by TEs (Schnable
et al., 2009). Recent studies have revealed that TEs are a
potential source of regulatory elements and may actas a
driving force in the evolution of regulatory networks, a
process known as TE exaptation (Feschotte, 2008;
Rebollo et al., 2012). We scanned the maize genome for
TE-derived DHSs (teDHSs). Briefly, we used Repeat-
Masker (http://www.repeatmasker.org/) and Censor
(Jurka et al., 1996) in sensitive mode to annotate all
DHSs against transposable elements. A teDHS is de-
fined if more than 50% of the DHS sequence is anno-
tated as a TE. Strikingly, a total of 8,950 teDHSs were
identified, which account for 25% of the 35,822 DHSs
identified in leaf tissue. Retrotransposons and DNA
transposons account for 6,558 (73.3%) and 2,389 (26.7%)
of the teDHSs, respectively. DNA transposons account
for only 11.5% of all transposons in the maize gnome.
Thus, the percentage of teDHSs derived from DNA
transposons was greater than by chance, using the
whole-genome background (26.7% versus 11.5%, P
value < 2.2 X 10~ ', Fisher’s exact test). This may reflect
the preferential insertion of DNA transposons into
genic regions, whereas retrotransposons tend to be
present in gene-poor regions (Bennetzen, 2000).

To exclude the possibility that teDHSs are a result of
mapping bias at repetitive DNA sequences, we gener-
ated 100-bp artificial reads from the sequences of
teDHSs and regular DHSs that are not related to TEs.
We then mapped these artificial reads to the B73 ge-
nome. Nearly all of the artificial reads (99% for teDHSs
and 99% for regular DHSs) were uniquely mapped to
the correct locations, confirming that these teDHS, al-
though related to TEs, are unique in the B73 genome
and not the result of mapping bias. Indeed, average
similarity between teDHSs and their related TEs

—— teDHSs
ESTs
Background
RLG_Prem1 f\ i T ... W = V.
R and U5
[ T T I ]
0 2000 6000 8000 10000

Position on Prem1 elements (bp)

Figure 7. Distribution of DHSs and ESTs on Prem1 retrotransposon. Purple bars represent positions of teDHSs. Light-blue bars
represent U3 regions, whereas yellow bars represent R and U5 regions. Positions of U3, R, and U5 of the LTR were determined by
EST alignment. The arrows show transcriptional start sites within LTRs, which were determined by mapping ESTs to Prem1 ret-
rotransposon sequence. The gray bar represents internal sequences of the Prem1 element. The black line represents the distri-
bution of teDHSs. The gray line represents the distribution of artificial reads that were simulated from B73 reference genome

sequences. The green line represents the distribution of ESTs.
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(the closest homologous TEs in the genome) was 78%,
indicating that the TE sequences related to DHSs were
highly decayed. The average similarity between the
artificial reads from teDHSs and the related TEs was
90%. TE families that are highly repetitive were ex-
cluded because we only retained uniquely mapped
reads for further analysis. Therefore, our analysis likely
underestimates the number of teDHSs. Nevertheless,
these results suggest that a significant proportion of the
regulatory elements are derived from decayed TEs in
the maize genome.

To validate the functional role of teDHSs, we ran-
domly selected 10 teDHSs (Supplemental Fig. S11) to
assess in the protoplast-based transient transformation
assay. We designed two different types of constructs for
each teDHS. The first type of construct consisted of the
teDHS, an enhancer derived from the 355 promoter,
and GFP (Supplemental Fig. S12). This construct lacks a
functional promoter and was used to test the potential
core promoter function of each teDHS (Hernandez-
Garcia and Finer, 2014). The second type of construct,
which consisted of the teDHS, the mini35S promoter,
and GFP (Supplemental Fig. 512), was used to examine
the potential enhancer function of each teDHS (Zhu
etal., 2015). Each construct was designed to include the
teDHS in either forward or reverse orientation to fur-
ther examine the directionality of DHS function. We
found that seven teDHSs exhibited promoter function
and three teDHSs showed both promoter and enhancer
functions (Supplemental Table S3). The proportion of
teDHSs with enhancer function was lower than that of
CNS-associated DHSs (30% versus 82%), suggesting
that teDHSs mostly function in local regulation.

Contribution of Retrotransposon LTRs to Open Chromatin
in the Maize Genome

teDHSs could be derived from intrinsic regulatory
elements associated with TEs or formed de novo.
Strikingly, more than 57% of teDHSs were derived from
the LTR (long terminal repeat) of Gypsy and Copia ret-
rotransposons. The Gypsy and Copia retrotransposons
contain two identical LTRs at their 5’ and 3’ ends with
lengths ranging from hundreds of base pairs to several
kilobases (Kumar and Bennetzen, 1999). LTRs can be
divided into U3, R, and U5 regions, which contain the
promoters and enhancers required for transcription of
the retrotransposon. In order to determine whether
LTRs are a potential source of novel cis-regulatory el-
ements, we analyzed the distribution of DHSs along the
full length of the Prem1 retrotransposon, which contains
a 3-kb LTR (SanMiguel and Vitte, 2009). Ten subfam-
ilies of Prem1 were identified (http://maizetedb.org/).
We found that most of the teDHSs localize to the LTR
regions of all 10 subfamilies (Fig. 7; Supplemental Fig.
S13A). To rule out the influence of overrepresented LTR
sequences in the genome, we mapped simulated arti-
ficial reads from the maize B73 genome to the full-
length Prem1 elements. We found that the distribution
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of teDHSs on Prem1 is distinct from the background
based on the simulated reads, suggesting that the en-
richment of DHSs in LTR regions is not due to over-
representation of LTR sequences in the genome. We
then mapped maize ESTs to Prem1 elements to identify
the TSSs within LTRs (Du et al., 2010a). A total of 2,013
maize ESTs can be mapped to Preml elements. Strik-
ingly, teDHSs were located upstream of TSSs, as de-
fined by the distribution of ESTs (Fig. 7). The location of
teDHSs on LTRs is consistent with the regulatory roles
of these teDHSs. Interestingly, some subfamilies of
Preml were associated with additional teDHSs that
were located distantly upstream of TSSs, rather than
immediately upstream of the TSS (Supplemental Fig.
S13A). We speculate that these distal teDHSs may act as
enhancers for the transcription of cognate TEs. We
conducted the same analysis on DNA transposons, but
did not observe a similar pattern as for LTRs
(Supplemental Fig. S13B). These results suggest that
LTR sequences can donate their intrinsic regulatory
sequences (Rebollo et al., 2012), whereas DNA trans-
posons likely gain de novo binding sites during evo-
lution.

We hypothesize that teDHSs may contribute to the
distinct classes of transcriptional expression of their
cognate genes, compared to non-TE DHS-associated
genes. The expression levels of genes with teDHSs lo-
cated in their promoters were higher than those of
genes without DHSs (P value < 2.2 X 10~ '¢, Wilcoxon
rank-sum test; Supplemental Fig. S14). This is consis-
tent with the protoplast result (Supplemental Table S3)
and suggests that teDHSs can positively regulate ex-
pression of proximal genes. However, genes associated
with teDHSs showed lower expression levels than did
genes associated with non-TE derived DHSs (P value =
9.7 X 10~?, Wilcoxon rank-sum test). We found that the
majority of teDHS-associated genes (821/1,071 genes,
76.7%) contain only teDHSs (that is, an absence of
non-TE DHSs), suggesting that teDHSs are the major
source of regulatory elements within the proximal
promoter regions (as marked by mDNase-seq) of these
genes in the tissues that we examined. This may be a
consequence of cis-regulatory destruction by insertion
of the TE and subsequent establishment of novel cis-
regulatory sequences derived from the newly inser-
ted element. Approximately 79% (7,052/8,950) of
teDHSs were specific to leaves. The locations of
teDHSs tended to show a broader distribution
at promoters compared to non-TE derived DHSs
(Supplemental Fig. S515). The remaining genes
(250 genes, 23.3%) contain both teDHSs and non-TE
DHSs. Non-TE DHSs of these genes were primarily
located near TSSs, similar to the genome-wide pat-
tern of DHSs, and teDHSs tended to locate further
upstream of promoters (Supplemental Fig. S15).
These patterns suggest that teDHSs participate in the
regulation of gene expression, either by acting as the
lone source of regulatory sequences or by contribut-
ing additional sequences in addition to the standing
cis-regulatory landscape.
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DISCUSSION

DNase-seq has been used in both animal and plant
species to capture open chromatin in genomes. In our
original DNase-seq method, small fragments (~20 bp)
were collected and sequenced for identification of open
chromatin. While the short length of such sequence reads
is not a problem for genomes with less repetitive se-
quences, such as Arabidopsis and rice, it hinders the
application of this technology in species with highly re-
petitive genomes because of the poor mappability of the
20-bp reads. Therefore, we developed a modified
DNase-seq method (mDNase-seq) and collected ~100-bp
sequences around DNase I cutting sites (Fig. 1). We
demonstrated that the longer reads generated from
mDNase-seq doubled the mappability. This method can
potentially be further optimized to conduct paired-end
sequencing of libraries with longer insert size, which
will resolve more repetitive sequences and further in-
crease the power of DHS detection. Differential MNase
sensitivity analysis (Rodgers-Melnick et al., 2016) can
also identify open chromatin in the maize genome. Data
from MNase- and DNase I-based methodologies should
be complementary to recover the open chromatin re-
gions in the maize genome. Maize DHSs exhibit deple-
tion of nucleosomes, low levels of histone modifications,
and low level of DNA methylation, which is consistent
with the characteristics of DHSs in rice and Arabidopsis
(Zhang et al., 2012a, 2012b). We compared the width of
DHS peaks in Arabidopsis, rice, maize, and human
HeLa cells and found a similar overall distribution of
width of DHSs in the four species.

DHSs are typically associated with cis-regulatory
elements such as enhancers and promoters (Jiang,
2015). However, computationally identified DHSs
represent putative cis-regulatory regions and therefore
require validation through experimental assays. Tra-
ditional validation methods based on plant transfor-
mation are often technically demanding and time
consuming. Thus, we developed a protoplast-based
transient transformation assay. Using this methodol-
ogy, we demonstrated that 82% (9/11) of CNS-cognate
DHSs enable transcriptional activity of GFP linked to a
null promoter. Thus, combining DHS and CNS data
sets provides a high success rate for enhancer identifi-
cation. We speculate that the DHSs that did not activate
GFP transcription may function in specific cell types or
developmental stages or otherwise act as insulators or
repressors. Although our protoplast-based assay is
faster than plant transformation-based assays (Zhu
etal., 2015), itis cost-prohibitive and time-consuming to
validate a large number of DHSs. Thus, further devel-
opment of functional assays will be required to validate
development- and environment-specific DHS catalogs
and their associated genes. Similarly, we detected pro-
moter and/or enhancer function of 80% (8/10) of
teDHSs based on the protoplast-based transient trans-
formation assay.

Transcriptional regulation is a complex process that in-
volves both regulatory factors and epigenetic modifications.
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We found that maize genes are associated with different
patterns of DNase I sensitivity at promoter regions.
Genes involved in basic biological functions possess
DHSs close to the TSS, presumably to maintain a high
level of expression. However, genes involved in bio-
logical regulation have DHSs comparatively distal to
TSSs, which may facilitate the regulation of these genes
by a wide range of regulatory factors. The correlation
between gene expression and histone modifications is
evidenced by genome-wide analysis in both plant and
animal species. Previous studies showed that tran-
scription factors interact with histone modifications
during transcription regulation. Histone methyltrans-
ferase Setl is associated with Pol II and generates
H3K4me3 at the beginning of transcription elongation
(Ng et al., 2003). In humans, basal transcription factor
TFIID directly binds to H3K4me3 via a PHD domain of
TAF3 and promotes gene transcription (Vermeulen
et al., 2007). We showed that maize genes exhibit dif-
ferent patterns of DNase I sensitivity and histone
modifications around TSSs. Genes associated with dif-
ferent patterns of these chromatin signatures were
enriched in different functional catalogs and showed
distinct expression levels and expression patterns be-
tween leaf and root tissues. Thus, the combinatorial
specificity of chromatin accessibility and histone mod-
ifications at genic regions may allow for the precise
regulation of gene expression levels.

TEs are a major component of genomes, especially in
complex eukaryotes. There is an increasing amount of
evidence that TEs play crucial roles in genome evolution
via various mechanisms, including gene mutagenesis,
sequence rearrangement, epigenetic regulation, and
exaptation of TE sequences (Feschotte, 2008; Lisch,
2013; Bennetzen and Wang, 2014; Friedli and Trono,
2015; Hirsch and Springer, 2017). The host genome can
co-opt TEs into de novo coding sequences or regulatory
elements (Feschotte, 2008). Some TEs can be activated
by various abiotic stresses (Beguiristain et al., 2001;
Naito et al., 2009; Pecinka et al., 2010). Genome-wide
studies revealed a correlation between TE insertions
and expression of nearby genes under stress condi-
tions (Naito et al., 2009; Ito et al., 2011; Makarevitch
et al., 2015). It is likely that TEs may benefit the host
genome by promoting environmental adaptation via
exaptation of their regulatory elements (Casacuberta
and Gonzélez, 2013). Another interesting question is
whether TEs contribute to speciation. In animals, ex-
pansion of TEs has been shown to promote species-
specific regulatory networks (Marifio-Ramirez et al.,
2005; Wang et al., 2007; Jacques et al., 2013; Sundaram
et al., 2014).

We demonstrated that thousands of regulatory ele-
ments in the maize genome are derived from decayed
TEs, either by exaptation of intrinsic regulatory elements
located within LTRs or by de novo co-opt of TE se-
quences. Remarkably, eight of the 10 randomly selected
teDHSs can drive the transcription of a reporter gene in
protoplast-based functional assays (Supplemental Table
S3). The TE-derived regulatory elements are likely to be
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fixed in the maize genome, as these elements are highly
decayed and remain functional in normal conditions. It
is important to note that we may significantly underes-
timate the percentage of teDHSs in our current data set.
Recently evolved teDHSs will be difficult to identify
because of their sequence similarity to TEs and stress-
related teDHSs cannot be detected under normal growth
conditions. Thus, further investigations are required to
obtain insights into the influence of teDHSs on envi-
ronmental adaption and diversity of the transcriptional
regulatory landscape among maize populations.

MATERIALS AND METHODS
mDNase-Seq, ChIP-Seq, and RNA-Seq

Leaf and root tissues were collected from 10-d-old B73 maize (Zea mays) plants
grown in a greenhouse and were divided for mDNase-seq, ChIP-seq, and RNA-
seq. Briefly, three pots with 10 seeds in each pot were planted in the greenhouse at
the same time; all leaf tissues except for the first leaf were collected from the
30 plants and were pooled for the downstream process. All pooled leaf and root
tissues were ground into a fine powder using liquid nitrogen. mDNase-seq library
construction, including nuclei isolation, was performed according to published
DNase-seq protocols (Zhang and Jiang, 2015) with modifications. Specific mod-
ifications (Fig. 1) of the procedures included adaptor I-ligated HMW DNA frag-
mentation into 200- to 500-bp segments using sonication in place of Mmel
cleavage. After purification using a Qiagen PCR purification column, sonicated
DNA was incubated with dynal M-280 beads (Invitrogen) for the enrichment of
adaptor I ligation products. Adaptor I ligated DNA fragments were treated fol-
lowing the standard protocol for preparing ChIP-seq libraries from Illumina, in-
cluding end repair, adding “dA” to the 3’ ends of blunt-ended DNA fragments,
and ligation with PE adaptors. mDNase-seq libraries were sequenced on the
IMlumina Hi-Seq 2000 platform after final amplification by PCR using linker-
specific primers and agarose-based purification.

ChIP experiments were performed following published protocols (Zhangetal.,
2012a) using commercial antibodies against H3K4me2 (07-030; Millipore),
H3K27me3 (07-449; Millipore), H3K4ac (07-539; Millipore), H3K4mel (ab8895;
abcam), H3K4me3 (ab8580; abcam), and H3K27ac (ab4729; abcam). ChIP-seq li-
braries were prepared and sequenced on the Illumina Hi-Seq 2000 platform fol-
lowing published protocols (Zhang et al., 2012a). Total RNA from two biological
replicates were extracted from 10-d-old leaf tissue and treated with DNase 1.
Approximately 10 ug of total RNA was reverse-transcribed into cDNA subjected
to library construction following the manufactures protocol (Illumina). Bar-coded
mRNA-seq libraries were sequenced on the Illumina Hi-Seq 2000 platform.

Protoplast Transformation

Maize protoplasts were isolated from leaf tissue harvested from 10-d-old
seedlings and transfected with the GFP fusion constructs using the polyethylene
glycol-mediated method as described previously (Zhang et al., 2011). Briefly,
maize leaf tissue was collected and cut into strips followed by digestion for 5 to
6 hin the dark using 10 mL of enzyme solution (1.5% Cellulase “Onozuka” R-10
[Yakult Pharmaceuticals], 0.75% MacerozymeR-10 [Yakult Pharmaceuticals],
0.6 M mannitol, 10 mm MES, pH 5.7, 10 mm CaCl,, and 0.1% BSA). The proto-
plasts were released and purified by washing several times. The purified pro-
toplasts were resuspended using MMG solution (0.6 M mannitol, 15 mm MgCl,,
and 4 mm MES, pH 5.7) and were ready for polyethylene glycol-mediated
transfection according to the published protocol (Yoo et al., 2007). The proto-
plasts transfected with vectors containing DHSs were cultured in the dark at
room temperature for 16 to 20 h. GFP signals were observed and recorded with
a confocal microscope. Each construct was triplicated for transformation. The
DHSs for validation were randomly selected, except that (1) the DNase sensi-
tivity was 10 to 90% percentile of all DHSs (extreme values removed), (2) it was
possible to design primers at the very ends of the DHS interval so that no
flanking sequences of DHSs will be included in the constructs, and (3) a single
band was amplified using the primers.
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Read Mapping and DHS Identification

The reads from mDNase-seq, ChIP-seq, and MNase-seq (SRR2000648; Zhao
etal., 2016) were aligned to the Maize B73 genome (Schnable et al., 2009) version
3 (AGRv3.22, http://plants.ensembl.org/Zea_mays) using BWA-MEM (Li
et al., 2009) with default parameters. Reads with mapping quality greater than
20 were extracted using SAMtools (Li et al., 2009) for further analysis. RNA-seq
data from leaf and root tissue were analyzed using TopHat (Trapnell et al.,
2009) and Cufflinks (Trapnell et al., 2010) with default parameters. Bisulfite
sequencing reads (SRR850328; Li et al., 2014) of B73 were analyzed using bis-
mark (-q -N 1). DHSs were identified using F-seq (Boyle et al., 2008) with pa-
rameter “-1300-t9 -of bed -f 0” and Popera (https:/ /github.com/forrestzhang/
Popera) with parameter “-b 300.” DHSs identified by both tools were retained
and DHS scores generated from F-seq were assigned to each DHS. To calculate
the FDR of DHSs, we used random reads from the B73 genome to identify
DHSs. FDR was calculated as the ratio of DHSs identified from random data
sets to DHSs from mDNase-seq. We set the cutoff of DHS score to 0.07, corre-
sponding to FDR < 0.0064, based on manual inspection of DHS peaks. To de-
termine the saturation of mDNase-seq data, we sampled 25, 50, and 75% of
reads from our leaf and root data. DHSs were identified for each subset of data,
and the number of DHSs was then plotted against the total reads used.

DNase I Sensitivity Profile and Epigenomic Features
of DHSs

The distribution of DHSs was analyzed by dividing the maize genome into
1-Mb nonoverlapping windows and calculating the number of DHSs in each
window. To analyze DNase I sensitivity, histone modification, and nucleo-
some occupancy, we divided genic regions, gene bodies, and 1-kb up- and
downstream of genes into 20 bins. DNase sensitivity was calculated as the
number of 5’ ends of mDNase-seq reads in each bin averaged across all genes.
Histone modification densities and nucleosome occupancy were calculated as
the numbers of ChIP-seq and MNase-seq reads in each bin averaged across all
genes. DNase sensitivity and nucleosome occupancy were then scaled from
0 to 1. To analyze the cutting frequency of DNase I around CNSs, CNSs were
centered at their midpoints and the number of 5" end of mDNase-seq reads
was counted at each base pair from the midpoint. To analyze the epigenomic
features of DHSs, DHSs and the 1-kb flanking regions were divided into
20 bins. The profile of histone modifications and nucleosome occupancy over
DHSs were generated by calculating the average number ChIP-seq and
MNase-seq reads at each bin across all DHSs. The average number of reads
obtained from these data sets was transformed to Z-scores to allow com-
parison. The DNA methylation level of each bin was calculated and averaged
across all DHSs.

k-Means Clustering, Motif Identification, and
Transposable Element Derived DHSs

The DNase I sensitivity and histone densities of genes (see above) were for-
matted as a matrix. DNase I sensitivity and histone modification density were
scaled from 0 to 1 and analyzed using k-means clustering in R. We conducted k-
means clustering using K from 5 to 20. The best K was chosen to minimize the sum
of squares of the K clusters. K was determined as 8 for DNase I sensitivity of genes
(Fig. 4A) and 15 for DNase I sensitivity and histone modifications (Supplemental
Fig. S5). Motif identification, local motif enrichment, and motif annotation were
conducted using DREME (Bailey, 2011), CentriMo (Bailey and Machanick, 2012),
and Tomtom (Gupta et al., 2007) from the MEME Suite with default parameters.
Transposable elements were annotated using RepeatMasker (http://www.
repeatmasker.org/) and Censor (Jurka et al., 1996). To remove potential genic
sequences, DHSs with more than 70% sequence similarity to CDSs from rice
(Oryza sativa) or sorghum (Sorghum bicolor) were removed. RepeatMasker was run
against maize transposable element database (maizetedb.org) with parameter
“-norna —s —no_is —gff” and censor was run against transposable element from
Repbase with parameter “-mode sens.” The output from RepeatMasker and
censor were combined. We defined teDHSs as DHSs that overlap with annotated
TEs by at least 50 bp and the annotated TEs cover at least 50% of the DHS. GO
annotation was conducted using agriGO (Du et al., 2010b). Duplicated genes were
identified using SynMap (Lyons et al., 2008) with parameters “-D 20 —-A 6” and
“-Dm 25” for Quota Align to merge syntenic blocks.
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Accession Numbers

All Illumina sequence data from this study were submitted to the NCBI
Sequence Read Archive under project number PRINA382414.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Saturation and rediscovery rate of DHSs.
Supplemental Figure S2. Distribution of DHSs in the maize genome.
Supplemental Figure S3. Differential nuclease sensitivity over DHSs.
Supplemental Figure S4. Cutting frequency of DNase I centered at CNSs.

Supplemental Figure S5. DNase I sensitivity and differentially expressed
genes in maize.

Supplemental Figure S6. Annotations of the 11 CNS-cognate DHSs used
for protoplast-based transient transformation.

Supplemental Figure S7. Protoplast-based transformation assay of three
DHSs associated with the SSUI gene.

Supplemental Figure S8. DHSs and CNSs associated with duplicated
genes.

Supplemental Figure S9. Heat map of histone modifications, DNase sen-
sitivity, and expression levels of genes associated with DHSs.

Supplemental Figure S10. Tissue-specific expression of genes in specific
clusters.

Supplemental Figure S11. Annotations of the 10 teDHSs used for
protoplast-based transformation.

Supplemental Figure S12. Diagrams of constructs designed to examine the
potential promoter and/or enhancer function of teDHSs.

Supplemental Figure S13. Distribution of DHSs and ESTs on transposable
elements.

Supplemental Figure S14. Expression levels of genes associated with dif-
ferent types of DHSs.

Supplemental Figure S15. Distribution of different types of DHSs at pro-
moter regions.

Supplemental Table S1. Summary of functional validation of DHSs using
protoplast-based transient transformation assay.

Supplemental Table S2. GO enrichment of genes with distal and proximal
promoters.

Supplemental Table S3. Summary of functional validation of teDHSs us-
ing protoplast-based transient transformation assay.

Supplemental Resource 1. List of DHSs associated with CNSs.
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