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Abstract
Enhancers located in introns are abundant and play a major role in the regulation of gene expression in mammalian spe-
cies. By contrast, the functions of intronic enhancers in plants have largely been unexplored and only a handful of plant
intronic enhancers have been reported. We performed a genome-wide prediction of intronic enhancers in Arabidopsis
thaliana using open chromatin signatures based on DNase I sequencing. We identified 941 candidate intronic enhancers as-
sociated with 806 genes in seedling tissue and 1,271 intronic enhancers associated with 1,069 genes in floral tissue. We vali-
dated the function of 15 of 21 (71%) of the predicted intronic enhancers in transgenic assays using a reporter gene. We
also created deletion lines of three intronic enhancers associated with two different genes using CRISPR/Cas. Deletion of
these enhancers, which span key transcription factor binding sites, did not abolish gene expression but caused varying lev-
els of transcriptional repression of their cognate genes. Remarkably, the transcriptional repression of the deletion lines oc-
curred at specific developmental stages and resulted in distinct phenotypic effects on plant morphology and development.
Clearly, these three intronic enhancers are important in fine-tuning tissue- and development-specific expression of their
cognate genes.

Introduction

Plant development is governed by precise patterns of gene
expression that are achieved by coordinated binding of

regulatory proteins to promoters, enhancers, and other cis-
regulatory elements (CREs). Enhancers contain short DNA
sequences that serve as binding sites for transcription factors
(TFs). In turn, TFs recruit transcriptional cofactors that
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modify nearby chromatin and lead to transcriptional activa-
tion (Shlyueva et al., 2014). Enhancers drive transcription in-
dependent of their distance and location relative to their
cognate promoter, and this allows a gene to be regulated by
multiple distal enhancers with different spatiotemporal ac-
tivities (Long et al., 2016). Divergence of enhancer sequence
and activities is thought to play an important role in inter-
and intra-species phenotypic variation (Long et al., 2016).
Enhancers had long been difficult to identify due to their
unpredictable genomic positions. However, enhancers can
be predicted using different types of genomic data sets, such
as open chromatin (or chromatin accessibility) data sets, his-
tone modifications, such as H3K27ac, and transcriptional co-
activators, such as P300/CBP (Jiang, 2015; Weber et al., 2016;
Marand et al., 2017; Catarino and Stark, 2018; Li et al.,
2019a). Such data have been used for enhancer prediction
and functional validation in a number of animal and plant
species (Heintzman et al., 2009; Creyghton et al., 2010; Hnisz
et al., 2013; Smemo et al., 2014; Zhu et al., 2015; Zhao et al.,
2018; Lu et al., 2019; Ricci et al., 2019; Yan et al., 2019; Zicola
et al., 2019).

Enhancers located in introns were first discovered in the
mouse immunoglobulin heavy chain gene (Banerji et al.,
1983; Gillies et al., 1983; Mercola et al., 1983). Early studies
based on this intronic enhancer showed that its activity is
cell-type specific and is independent of its position and ori-
entation relative to the promoter (Banerji et al., 1983; Gillies
et al., 1983). These interesting characteristics were later
found to be commonly associated with most developmental
enhancers. The abundance of intronic enhancers in mam-
malian species was not realized until the genomics era.
Human genes contain an average of 7.8 introns that have an
average size of 5.4 kb (Sakharkar et al., 2004). Strikingly,
intronic sequences account for �25% of the human genome
and are 4� 5 times the size of exons (Sakharkar et al.,
2004). The massive amount of intronic sequences provides a
hidden bed of various CREs, including enhancers (Jo and
Choi, 2015). For example, a total of 36,589 enhancers were
predicted in HeLa cells based on chromatin signatures, of
which, 37.9% were located in introns (Heintzman et al.,
2009). In Drosophila melanogaster, enhancers associated with
developmental core promoters are predominantly localized
in introns (Zabidi et al., 2015). Intronic enhancers are gener-
ally presumed to regulate their cognate genes. However, an
enhancer located in one gene can sometimes regulate the
expression of another gene(s) megabases away (Smemo
et al., 2014).

Regulation of plant gene expression by intronic sequences
was first reported 30 years ago (Callis et al., 1987; Vasil et al.,
1989). Since then, intronic enhancers have been reported in
a number of plant species (Fu et al., 1995; Rose, 2002; Jeong
et al., 2007; Sekhon et al., 2007; Weise et al., 2008; Giani
et al., 2009; Broeckling et al., 2016; Sicard et al., 2016; Friede
et al., 2017; Gallegos and Rose, 2017; Xie et al., 2018).
However, these reports have been sporadic and it is un-
known whether intron-mediated regulation of gene

expression is common in plants. Systematic analysis of
intronic sequences on plant gene expression has been per-
formed solely based on bioinformatics (Rose et al., 2008;
Parra et al., 2011; Rose, 2019). Intronic enhancers associated
with genes related to flower development in Arabidopsis
thaliana have recently been predicted based on open chro-
matin signatures revealed using DNase-seq analyses (Yan
et al., 2019). It is interesting to note that the structures of
plant genes are substantially different from those of mam-
malian species. Genes in two model plant species, A. thali-
ana and Oryza sativa (rice), contain an average of 6 and 5
introns, respectively. The average sizes of the introns are
merely 170 bp in A. thaliana (Kaul et al., 2000, TAIR 10) and
447 bp in rice (Kawahara et al., 2013, IRGSP-1.0); significantly
smaller than those in humans. In addition, the lack of muta-
tions and deletions of known intronic enhancers have pro-
hibited in-depth studies of the functional roles of intronic
CREs in plants.

We performed a genome-wide search of candidate
intronic enhancers in A. thaliana using open chromatin sig-
natures associated with hypersensitivity to DNase I digestion
(Zhang et al., 2012). We identified 941 and 1,271 candidate
intronic enhancers that are potentially functional in seedling
and floral tissues, respectively. We validated the function of
15 out of 21 (71%) candidate enhancers using a transgenic
assay with the b-glucuronidase (GUS) reporter gene. In addi-
tion, we created transgenic lines containing homozygous
deletions of predicted intronic enhancers associated with
two different genes using CRISPR/Cas-based genome editing.
Using these lines, we demonstrate that deletions of the can-
didate enhancers result in varying levels of transcriptional re-
pression of the cognate genes at specific developmental
stages.

Results

Prediction of intronic enhancers based on
chromatin accessibility
DNase I hypersensitive sites (DHSs) were previously used to
successfully predict enhancers located in intergenic regions
of A. thaliana (Zhu et al., 2015). We used a similar strategy
to assess the frequency and function of enhancers located in
the introns of A. thaliana genes. We first conducted a ge-
nome-wide search of DHSs that overlap with introns. DHS
peaks were identified using F-seq (Boyle et al., 2008; Zhang
et al., 2012), and we found 6,053 and 9,343 intron-overlap-
ping DHSs in seedling and floral bud DHS data sets, respec-
tively. We defined these as an “intronic DHS” if a minimum
of 80% of the DHS sequence overlapped with an intron.
Using this criterion, we identified 941 intronic DHSs associ-
ated with 806 genes in seedling tissue, and 1,275 intronic
DHSs associated with 1,069 genes in floral bud tissue
(Supplemental Figure S1A). For example, a DHS was found
in the second intron of the AGAMOUS (AG; AT4G18960)
gene (Figure 1A). The function of this intron in regulating
AG expression was previously demonstrated by reporter
gene-based transgenic assays (Sieburth and Meyerowitz,
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1997). A construct containing only the promoter, but with-
out this intron, conferred a GUS staining pattern that devi-
ates from normal AG expression (Sieburth and Meyerowitz,
1997). Similarly, a DHS was identified in the first intron of
AGL11 (At4g09960), also known as STK (Pinyopich et al.
2003; Supplemental Figure S1B). The regulatory role of this
intron was previously validated by transgenic assay and teth-
ered particle motion analysis (Kooiker et al., 2005).
Interestingly, we identified an additional DHS in the second
intron (1,576 bp) of AGL11 (Supplemental Figure S1B). We
also analyzed Assay for Transposase-Accessible Chromatin
(ATAC-seq) data generated from seedling tissue (Lu et al.,
2017) and identified 689 intronic peaks. We found that 373
(54.5%) of these ATAC-seq peaks overlap with intronic
DHSs. The remaining ATAC-seq peaks were generally in low
scores (Supplemental Figure S1C).

We found that 221 (22.8%) seedlings and 289 (22.1%) flo-
ral bud intronic DHSs overlapped with conserved noncoding
sequences in Arabidopsis (Van de Velde et al., 2016). Genes
containing intronic DHSs tended to have more introns com-
pared to genes without intronic DHSs (Supplemental Figure
S1D). Introns with DHSs tended to be closer to the pro-
moter, especially for genes containing more introns
(Figure 1B). For example, �50% of intronic DHSs were

located in the first intron for genes containing 10 introns.
Furthermore, 73% of the first introns containing DHSs were
also the largest or second largest intron of that gene. These
results agree with previous reports that introns close to pro-
moters are more likely to have enhancer function (Rose
et al., 2008; Parra et al., 2011).

It is known that the first intron of Arabidopsis genes tends
to be larger than downstream introns (Bradnam and Korf,
2008). To examine whether it is the size or position of an in-
tron that is the main factor for DHS enrichment in the first
intron, we calculated the log odds ratio (LOR) to test DHS
enrichment at different intron positions (see Methods).
Compared to random intronic sequences, the first intron
was significantly enriched for DHSs independent of intron
size (Figure 1C). Intronic DHSs are infrequent for down-
stream introns, especially after the third intron. These results
suggest that the physical position of the first intron is a fa-
vorable location for intronic enhancers.

Association of intronic DHSs with the expression of
cognate genes
We investigated the potential impact of intronic DHSs on
the expression of their cognate genes. We found that 78.7%
(634 of 806) leaf and 80.6% (862 of 1,069) floral genes

Figure 1 Characteristics of intronic DHSs in A. thaliana. A, A DHS associated with the second intron of AGAMOUS (AT4G18960). Black bars repre-
sent DHS sites. The peak height indicates the DNase-seq read enrichment. The red box includes the intronic region containing the DHSs. B,
Positional preference of introns containing DHSs. The Arabidopsis genes were grouped based on the number of introns. The positions of introns
in each gene were assigned as follows: 1 represents the first intron, 2 represents the second intron, and so on. The percentages of introns contain
DHSs at each position were calculated and plotted. The gray line represents the expected percentage of introns at a particular position. The x-axis
is the number of introns in genes. The y-axis is the percentage of introns at each position. C, DHS enrichment in different introns. The LOR scores
of intronic DHSs (circles) and random intronic sequences (squares) at different intron positions were calculated and plotted. Random intronic
sequences have the same numbers and lengths as intronic DHSs except that the intron positions of random intronic sequences are random. The
x-axis represents intron positions 1� 8. The y-axis represents LOR scores. The P-values of enrichment are shown at each intron position.
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containing intronic DHSs also contain DHSs at their pro-
moter regions (1 kb upstream of the transcription start site
[TSS]) in the same tissue. Genes containing both intronic
and promoter DHSs showed higher expression levels than
genes with only intronic DHSs or only promoter DHSs
(Supplemental Figure S2A). We found that 17.5% (165 of
941) of the intronic DHSs in seedlings were absent in floral
buds, and this was a significantly higher levels than the 8.3%
(2,685 of 32,456) of all seedling DHSs that were absent in
floral buds (P-value <2.2� 10�16, Fisher’s exact test;
Supplemental Figure S2B). Similarly, 39.1% (499 of 1,275)
intronic DHSs in floral buds were absent in seedlings, again
higher than the 27.7% (11,615 of 41,878) of all DHSs that
were absent in seedlings (P-value <2.2� 10�16, Fisher’s ex-
act test). These results indicate that intronic DHSs are gener-
ally more tissue-specific compared to all DHSs. Consistent
with this, the expression levels of genes containing intronic
DHSs showed more dynamic changes between seedling and
floral tissues than genes without intronic DHSs
(Supplemental Figure S2C).

Validation of the predicted intronic enhancers using
transgenic assays
We selected 21 intronic DHSs for functional validation (see
Methods) and then used a GUS-based reporter system to
confirm the enhancer activity of each candidate. Briefly, the
target DHSs, ranging in size from 173 to 778 bp
(Supplemental Table S1), were either amplified from geno-
mic DNA or synthesized, and were subsequently inserted
into the pKGWFS7.0 vector containing a minimal cauliflower
mosaic virus (CaMV) 35S promoter (mini35S, �50 to �2
bp) and a GUS reporter gene (Zhu et al., 2015; Figure 2A).
Due to an inability of the minimal CaMV35S to drive ex-
pression alone, GUS expression can be detected in trans-
genic plants only if the inserted DHS has enhancer function.
Constructs with only the mini35S promoter or the full
length 35S promoter were used as negative and positive
controls, respectively. We selected eight additional intronic
DNA fragments as negative controls. These intronic sequen-
ces, ranging in size from 219 bp to 627 bp (Supplemental
Table S1), were not associated with DHSs and also cloned
into the pKGWFS7.0 vector. All constructs were used to
transform A. thaliana (Col-0) plants. We obtained 14–31 in-
dependent transgenic lines from each construct. GUS assays
were performed at various developmental stages for each
transgenic plant. A DHS was considered to be validated as a
functional enhancer only if more than 50% of the transgenic
plants showed consistent GUS signals in the same tissue(s).
Through this approach, 15 (71%) of the 21 intronic DHSs
were validated as functional enhancers (Figure 2C,
Supplemental Table S2). Interestingly, this proportion was
similar to our previous experiments of intergenic candidate
enhancer assays, which validated 71% (10 out of 14) of the
DHSs located in intergenic regions (Zhu et al., 2015). GUS
signals were detected at various tissues/organs; including
leaves, roots, and different floral organs from the transgenic

plants (Figure 2, B�D). We did not detect any unambiguous
signals from the transgenic plants created from the eight
controls (non-DHS) intronic DNA fragments as only incon-
sistent and faint GUS signals were observed from a
few transgenic lines from these constructs (Supplemental
Table S2).

We further made constructs where the sequence was
inserted in the reverse orientation, for seven of the 15 vali-
dated intronic DHSs (Supplemental Table S2). We obtained
12–24 independent transgenic lines from each of these re-
versed constructs. Transgenic plants from all seven con-
structs showed similar GUS signal patterns, including both
signal strength and tissue specificity, as did the transgenic
plants derived from the respective forward constructs
(Supplemental Figure S3; Supplemental Table S2).

Compound enhancer activity of DHS7 is associated
with gene TRY
DHS7 (323 bp in length) is located in the second intron
(426 bp in length) of the gene TRIPTYCHON (TRY;
AT5G53200; Figure 3A), an MYB-related TF in A. thaliana.
This DHS was observed in the floral bud data set, but not in
the seedling data set (Figure 3A). TRY functions as a nega-
tive regulator of trichome formation and a positive regulator
of root hair formation (Schellmann et al., 2002; Yu et al.,
2010). Interestingly, TRY was also implicated to play a role
in flowering (Tominaga-Wada et al., 2013; Wada and
Tominaga-Wada, 2015). Transgenic assays using a GUS fu-
sion construct with the 1.4 kb upstream region of TRY
(TRYpro:GUS) revealed ubiquitous expression in young leaves,
but was exclusively expressed in the trichome initiation
zone and trichome cells of old leaves (Schellmann et al.,
2002). GUS activities of TRYpro:: GUS were also detected in
the inflorescence stem and floral organs from transgenic
lines (Yu et al., 2010). The TRY promoter is active in the
root epidermis (Tominaga et al., 2008). However, very weak
GFP signals were observed in the root epidermis of TRY-GFP
(TRYpro:TRY-GFP) transgenic plants (Tominaga-Wada and
Wada, 2017). These results highlight a complex regulatory
architecture underlying TRY expression.

To better understand the regulatory mechanisms that
govern TRY expression, we created transgenic lines with a
construct containing DHS7 and the mini35S promoter and
examined GUS signals throughout development. GUS signals
were mainly detected in primary root tips and emerging lat-
eral root tips of transgenic plants 7 d after germination
(Figure 3B). In addition, weak signals were observed in incipi-
ent trichomes at the base of first rosette leaf (Figure 3B). At
14 d, GUS signals were detected in trichome initiation zones
in parallel to enhanced GUS expression in root tips
(Figure 3C). At 28 d, GUS signals were detected in floral
buds and the trichome forming zone on young leaves
(Figure 3D). At 45 d, unambiguous signals were observed in
the stamen filaments and petals (Figure 3E). Thus, the CREs
contained within DHS7 can drive reporter gene expression
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in multiple tissues and developmental stages in a manner
similar to the promoter of TRY.

GUS signals detected in roots, trichomes, and floral organs
from transgenic plants suggest that DHS7 is likely a com-
pound enhancer containing multiple CREs. We recently gen-
erated a high-resolution open chromatin data set from
Arabidopsis seedling tissue using micrococcal nuclease
(MNase) hypersensitivity sequencing (MH-seq; Zhao et al.,
2020). MH-seq is based on digestion of chromatin with
MNase and can be used to identify open chromatin regions
that are not accessible to DNase I (Zhao et al., 2020). We
used this MH-seq data for fine mapping of the open chro-
matin region associated with DHS7 by mapping the mid-
points of all MH-seq reads within this region. The midpoints
of these reads represent the genomic regions that are pro-
tected by the regulatory proteins from MNase digestion.
Interestingly, analysis of midpoints revealed multiple peaks
within DHS7 (Figure 3A). Sequence analysis uncovered sev-
eral associated TF-binding motifs, including SPL9, SPL4,

REM1, EDT1, and AP1, within DHS7 (Figure 3A). SPL9 and
SPL4 are master regulators of phase transition and promote
flowering (Wang et al., 2009; Yu et al., 2010). EDT1 (HDG11)
belongs to the HD-ZIP IV family and is involved in trichome
branching (Nakamura et al., 2006; Khosla et al., 2014).

To establish whether the CREs within DHS7 are modu-
lar, we divided the DHS7 fragment (323 bp) into two
smaller fragments. The DHS7#1 (169 bp) fragment
spanned the putative SPL4- and SPL9-binding motifs,
whereas the DHS7#2 fragment (154 bp) spanned the
EDT1-binding motif (Figure 3A). These two fragments
were separately cloned into the pKGWSF7.0 vector.
Transgenic lines using DHS7#1 showed robust GUS activ-
ity in the stamen filaments and sepal, and sporadically in
a few sections of the root (Figure 3F). In contrast, trans-
genic lines using DHS7#2 showed GUS signals in roots,
rosette ,and cauline leaves, but not in flowers
(Figure 3G). These results confirmed that DHS7 contains
at least two independent enhancers.

Figure 2 Validation of predicted intronic enhancers and representative GUS expression patterns from transgenic plants transformed with different
enhancer constructs. A, A diagram illustrating the structure of the GUS fusion construct used for enhancer validation. B, Representative transgenic
seedlings showing GUS signals in leaves and roots. The enhancer construct used in transformation is marked on each seedling image. 35S repre-
sents the full 35S promoter. The bar indicates 2 mm for all images. C, A heat map of GUS expression in different tissues of transgenic plants trans-
formed with all enhancer constructs. White indicates no GUS expression was detected in any plants. Dark blue indicates that GUS expression was
detected in 100% of the transgenic plants. Red boxes mark the 15 DHSs that were validated as functional enhancers. D, Representative transgenic
plants at flowering stage showing GUS signals in different parts of flowers. The enhancer construct used in transformation is marked on each im-
age. All bars indicate 2 mm.
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Deletions of DHS7 alter TRY transcription
To further validate the functions of DHS7#1 and DHS7#2
enhancers in vivo, we used CRISPR/Cas9-mediated genome
editing to create DHS7#1 and DHS7#2 single deletion lines
and DHS7#1#2 double deletion lines (Supplemental Figure
S4A). We also made TRY CRISPR/Cas9 knockout mutants
using a single short guide RNA (sgRNA) targeting the first
exon. We created homozygous lines for three DHS7#1 dele-
tions, five DHS7#2 deletions, two DHS7#1#2 deletions, and two
TRY knockout mutants (Supplemental Figure S4, B and C). We
chose two homozygous deletion lines, labeled “a” and “b,”
respectively (Figure 4), from each group for further analysis.
Both knockout mutants, TRYa and TRYb, were single nu-
cleotide insertions, which resulted in frame shift mutations
(Supplemental Figure S4B).

We first conducted PCR-based analyses to examine
whether the homozygous deletion lines maintained normal
splicing after the loss of part of the second intron. We pre-
pared cDNAs from all deletion lines and found that RT-PCR

using primers (F1 and R1, Figure 4A) spanning exon 1 to 3
produced a DNA fragment identical in length across all lines
(Figure 4B). These RT-PCR products were cloned into the
pGEM-T vector, and 20 clones derived each amplicon were
sequenced. The sequencing results showed that transcripts
from all deletion lines were normally spliced products con-
taining all three exons. We further analyzed transcripts span-
ning exons 2–3 using primers F2 and R2 (Figure 4A).
Similarly, intron 2 was precisely spliced out in all deletion
lines (Figure 4, C and D). These results confirmed that par-
tial deletions of the intron did not alter the splicing of the
TRY gene.

We then analyzed the expression levels of TRY in the dele-
tion lines using real-time RT-PCR. In roots from 4-d-old
plants, the expression of TRY was reduced by �30% in
DHS7#2 single deletion lines and DHS7#1#2 double deletion
lines compared to wild type (Figure 4E). However, TRY ex-
pression in the DHS7#1 single deletion lines was unchanged
(Figure 4E). In rosette leaves from 14-d-old plants, expression

Figure 3 Validation of the DHS7 enhancer using transgenic assays. A, Integrative Genomics Viewer (IGV) tracks of TRY (AT5G53200) and its asso-
ciated DHSs. DHS7 (323 bp) was identified in the flower data set and is located in the second intron. The DHS7 region is expanded to show the se-
quence positions of DHS7#1 (169 bp) and DHS7#2 (154 bp), and the locations of midpoints of all sequence reads derived from MNase
hypersensitivity sequencing (MH-seq). The positions of binding motifs of five TFs and the four guide RNAs used for CRISPR/Cas editing are also
marked. B, GUS expression of 7-d-old transgenic plants derived from DHS7. GUS expression was observed in the main root tips, emerging lateral
root tips, and in the incipient trichome at the base of first rosette leaf. C, GUS expression of 14-d-old transgenic plants derived from DHS7. GUS
signals were detected in root tips and the trichome-forming zone of young leaves. D, GUS expression of 28-d-old transgenic plants derived from
DHS7. GUS signals were detectable in the flower buds as well as in the root tip and the trichome-forming zone of young leaves. E, GUS expression
of 45-d-old transgenic plants derived from DHS7. Robust GUS signals were detected in the stamen filaments and faintly in the petals. F,
Representative GUS expression patterns in transgenic plants derived from DHS7#1. GUS signals were faintly expressed in roots and robustly
expressed in stamen filaments and sepals. G, Representative GUS expression pattern of transgenic plants derived from DHS7#2. GUS activity was
detected in roots, rosette, and cauline leaves. All white bars represent 2 mm.
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of TRY was further reduced by �70% in DHS7#2 and
DHS7#1#2 deletion lines (Figure 4F). In rosette leaves from
21-d-old plants, the expression of TRY in DHS7#1 and
DHS7#1#2 deletion lines was significantly reduced
(Figure 4G). Remarkably, the expression of TRY returned to
wild-type levels in the DHS7#2 deletion lines at Day 21
(Figure 4G). In cauline leaves from 30-d-old plants, signifi-
cant repression was observed only in DHS7#1#2 deletion
lines (Figure 4H). In flowers from 35-d-old plants, expression
of TRY in all deletion lines was reduced by �25%
(Figure 4I). In the first internode of the main stems from 35-
d-old plants, expression of TRY of DHS7#1 and DHS7#1#2
deletion lines was slightly decreased compared to wild type

(Figure 4J). These results confirm that the DHS7#1 and
DHS7#2 enhancers regulate the expression of TRY in differ-
ent tissues and different developmental stages.

The DHS7#1 enhancer regulates flowering
We observed several distinct phenotypes associated with de-
letion lines. Both DHS7#1a (69 bp deletion) and DHS7#1b
(81 bp deletion) lost the putative SPL4- and SPL9-binding
motifs (Figure 3A). Under long-day condition (16 h light),
both DHS7#1a and DHS7#1b flowered later than wild-type
plants. DHS7#1b plants flowered slightly later than DHS7#1a
plants (Figure 5A). The TRY knockout mutants also showed
a late-flowering phenotype (Figures 5A and 6A). The rosette

Figure 4 Transcription of TRY in CRISPR/Cas lines. A, A diagram illustrating the structure of TRY. The positions of four PCR primers (arrows) and
four sgRNAs (arrowheads) are shown. B, RT-PCR analysis of six CRISPR/Cas lines using primers F1 and R1, which span all three exons. All deletion
lines produced a PCR product with the expected size (280 bp). C, RT-PCR analysis of six CRISPR/Cas lines using primers F2 and R2, which span the
junction of exon 2 and exon 3. All deletion lines produced a PCR product with the expected size (234 bp). D, Sequencing of RT-PCR products of
(C) confirmed the presence of a normal junction between exon 2 and exon 3 in all deletion lines. E–J, Real-time RT-PCR analysis of TRY expression
in: (E) root tips of 4-d-old deletion lines; (F) third and fourth leaves of 14-d-old deletion lines; (G) leaf tissues of 21-d-old deletion lines; (H) cauline
leaves of 30-d-old deletion lines; (I) flower buds of 35-d-old deletion lines; and (J) the first internode of 35-d-old deletion lines. Values are the aver-
age from three biological replicates. Ten plants per line were used in all independent experiments, with the exception of “4-day-old root tips” in
which 100 plants were used from each per line. Error bars show the standard deviation (SD) from the three biological replicates. Statistically signifi-
cant differences are indicated (*P < 0.05, **P < 0.01, Supplemental File S1).
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leaf numbers of DHS7#1 deletion lines and TRY mutants in-
creased under long-day conditions (Figure 6B). The
DHS7#1#2 double deletion lines (187 bp and 166 bp dele-
tions, respectively, Supplemental Figure S4) showed a similar
late-flowering phenotype as the DHS7#1 deletion lines
(Figure 5A). However, the two DHS7#2 deletion lines
showed normal flowering time (Figure 5A).

It was previously reported that TRY mutation can delay
the flowering of the cpl3 mutant, which has an early flower-
ing phenotype. It was proposed that TRY may compete
with CPL3 in the activation of CONSTANS (CO) and increase
FLOWERING LOCUS T (FT) expression, which alters flowering
time (Tominaga-Wada et al., 2013; Wada and Tominaga-
Wada, 2015). FT is produced in the leaves and moves to the
shoot apical meristem, where it evokes the transition from
vegetative to reproductive meristem identity (Corbesier
et al., 2007). Strikingly, the transcription of FT (AT1G65480;

Figure 6C) and TRY (Figure 4G) were similarly repressed in
the leaves of 21-d-old DHS7#1a and DHS7#1b plants com-
pared to wild type plants. In addition, both genes showed a
higher level of repression in DHS7#1b than DHS7#1a, which
correlated with the larger deletion in DHS7#1b (81 bp) than
in DHS7#1a (69 bp) as well as their flowering time
(Figure 6A). Collectively, these results showed that the
DHS7#1 enhancer regulates TRY transcription in late devel-
opment stages and impacts the expression level of FT, which
regulates flowering.

The DHS7#2 enhancer regulates trichome
development
The DHS7#2a (56 bp) and DHS7#2b (68 bp) deletions lost
the putative EDT1-binding motif (Figure 3A). Homozygous
DHS7#2 deletion lines and the TRY mutants showed slight
reductions in the length of main roots, although the

Figure 5 Phenotypes of DHS7 CRISPR/Cas9 lines and TRY mutants. A, Images of seedlings revealing their different flowering times. DHS7#2a and
DHS7#2b deletion lines showed normal flowering time compared to the wild-type plants. DHS7#1 deletions, DHS7#1#2 double deletions, and TRY
knockout mutants showed delayed flowering. All plants were of the same age and grown in parallel under long-day conditions (16 h light 8 h
dark). Images were taken from 30-d-old plants. Bar ¼ 2 cm. B, C, Trichome phenotypes. Increased percentage of trichome with altered numbers of
branches or trichome clusters were associated with DHS7#2 deletions, DHS7#1#2 double deletions, and TRY mutants. Images were taken from the
third leaf of 2-week-old seedlings. Bar ¼ 1 mm in (B), 0.5 mm in (C).

Figure 6 Transcription of FT and its related phenotypic changes of the DHS7 CRISPR/Cas9 lines and TRY mutants. A, Flowering times (days) of
the DHS7 CRISPR/Cas9 lines and TRY mutants. Plants were the same age and grown in parallel under long-day conditions (16 h light 8 h dark). B,
Leaf numbers of the DHS7 CRISPR/Cas lines and TRY mutant lines. C, Expression of FT in the leaf tissues of 21-d-old CRISPR/Cas lines. Data for
flowering time and leaf number were collected from a minimum of 10 plants per line. Values are average from three biological replicates. Ten
plants of each line were used in every independent experiment. Error bars in (A)–(C) show the SD from three biological replicates. Statistically sig-
nificant differences are indicated (*P < 0.05, **P < 0.01, Supplemental File S1).

2004 | THE PLANT CELL 2021: 33: 1997–2014 F. Meng et al.

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab093#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab093#supplementary-data


reductions were not statistically significant compared to
wild-type plants (Supplemental Figure S5). In leaf epidermis,
the density and spacing of the trichomes were very uniform
in wild-type plants, but were often irregular in DHS7#2a and
DHS7#2b deletion lines (Figure 5B). The trichomes of wild-
type plants have two or three branches (Figure 5, B and C),
while four or more branches were rare (�1.7%;
Supplemental Table S3; Khosla et al., 2014). Interestingly,
�10% of the trichomes from the DHS7#2 deletion lines
showed four or more branches, and �1% trichomes formed
as part of a cluster (Figure 5, B and C; Supplemental Table
S3), and this phenotype was not observed in wild type
plants. Thus, the DHS7#2 enhancer appears to play a minor
role in the regulation of development and distribution of tri-
chomes in the leaf epidermis.

The DHS7#1#2 double deletion lines largely mirrored the
branched and clustered trichome characteristics of the
DHS#2 deletion lines (Figure 5, B and C). However, a unique
aspect of the DHS7#1/#2 deletion lines was an increased fre-
quency of trichome clusters and four-branched trichomes
on the margin of cauline leaves (Supplemental Figure S6).
This is in contrast to the DHS#2 deletion lines, in which we
did not detect any four-branched trichomes or trichome
clusters on the margin of cauline leaves (Supplemental
Table S4).

The DHS7#2a and DHS7#2b deletion lines also lost the
binding motif of AP1 (Figure 3A), a TF associated with floral
development (Irish and Sussex, 1990). However, DHS7#2a
and DHS7#2b plants did not show altered flowering time
(Figure 5, B and C) or abnormal floral development. Thus,
this AP1-binding motif within DHS7 does not appear to be
functional under long-day conditions. We examined the ex-
pression of two genes flanking TRY (AT5G53190 and
AT5G53210) and found that the transcription levels of these
two flanking genes were not altered in the deletion lines
compared to wild type plants (Supplemental Figure S7,
A�D). Thus, the intronic enhancers appeared to only regu-
late the expression of TRY but no other nearby genes.

Enhancer activity of DHS44 is associated with gene
CSLA10
DHS44 (423 bp) is located in the seventh intron (426 bp) of
the gene CELLULOSE SYNTHASE LIKE A10 (CSLA10;
AT1G24070; Figure 7A), one of the nine members of the
CSLA gene family (Goubet et al., 2009), which is responsible
for synthesis of b-linked mannan and glucomannan polysac-
charides. Mannan is a type of hemicellulosic polysaccharide
found in plant cell walls (Liepman et al., 2005, 2007).
Previous analysis of single mutants for all nine genes showed
no obvious phenotypic abnormalities, with the exception of
the CSLA7 mutant, which was embryo lethal (Goubet et al.,
2003, 2009). Transgenic assays using a GUS fusion construct
with the 1.1 kb CSLA10 upstream region (CSLA10pro:GUS)
revealed GUS signals in cotyledons, leaves, petals, stamens,
style, and gynophore (floral organ abscission zone) of juve-
nile siliques (Skinner, 2012).

We created 15 transgenic lines using a forward DHS44 en-
hancer construct, and 20 transgenic lines using a reverse
DHS44 construct. Strikingly, GUS signals were observed ex-
clusively in the floral organ abscission zone from Position 6
and older flowers (the first flower showing visible white pet-
als was referred as Position 1 flower and then counted
down along the inflorescence sequence) in all transgenic
lines from both constructs (Figure 7B, Supplemental Figure
S3). No signals were observed in any other tissues. This re-
sult illustrated a distinct function of DHS44 compared to
the promoter of CSLA1 and suggested a potential role of
DHS44 in floral organ abscission.

DHS44 deletions resulted in delayed floral organ
abscission
We analyzed the distribution of midpoints of MH-seq reads
associated with DHS44 and identified four peaks in this re-
gion (Figure 7A). Interestingly, several sequence motifs lo-
cated close to the two middle peaks were identified to be
associated with TFs related to senescence and abscission, in-
cluding EDF, AtDOF4.7, and TGA (Wei et al., 2010; Wu
et al., 2012; Chen et al., 2015). Therefore, we attempted to
create CRISPR/Cas9 deletion lines targeting the region span-
ning these motifs (Figure 7A). Two independent homozy-
gous deletion lines, named DHS44a (159 bp deletion, bases
130–288 within the 426-bp intron) and DHS44b (160 bp de-
letion, bases 130–289 in the intron; Supplemental Figure
S8B). We also created two CSLA10 knockout mutants using
CRISPR/Cas9, named CSLA10a and CSLA10b, both carrying a
single bp insertion in exon 2, resulting in a frame shift muta-
tion (Supplemental Figure S8C). Both DHS44a and DHS44b
showed normal splicing of intron 7 based on RT-PCR and
sequencing analysis (Supplemental Figure S8, E�G).

We observed a delay in floral organ abscission phenotype
for both DHS44a and DHS44b, similar to the phenotypes of
the knockout mutants (Figure 7, D�E). Organ abscission of
petals, sepals, and stamens in the DHS44 deletion lines oc-
curred from the siliques at position 10� 13 flowers in
DHS44a and DHS44b, but at position 5� 8 flowers for the
control plants (Supplemental Figure S8H). Senescence and
abscission of floral organs usually occur after pollination and
are well coordinated in wild-type Arabidopsis plants (Chen
et al., 2015). The floral organs of DHS44a and DHS44b
showed a normal progression of senescence, with sepals be-
ginning to yellow at positions 3–4 flowers, and sepals, petals,
and stamens withering at position 5–6 flowers, similar to
that of the wild type (Figure 7C). These results suggest that
the deletion of DHS44 has a significant effect on floral organ
abscission but not on senescence.

We analyzed the expression of CSLA10 in various tissues.
CSLA10 transcripts were only detected in stems and floral
tissues but not in other tissues of wild-type plants and were
most abundant in the floral abscission zone (Figure 7H). We
then analyzed the expression of CSLA10 in different parts of
young siliques from position 5–8 flowers among the deletion
lines. In the floral abscission zone, the expression of CSLA10
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was reduced to 55% in DHS44 deletion lines and 22% in
CSLA10 mutants (Figure 7J). In the floral organs above the
abscission zone and pedicel below the abscission zone, re-
duction of CSLA10 transcripts was observed only in CSLA10
mutants (Figure 7, I�K). We also examined the expression
of the two genes flanking CSLA10 (AT1G24062 and
AT5G24090). The transcription levels of these two genes
were not altered in the deletion lines compared to wild-type
plants (Supplemental Figure S7, E�G). Collectively, these
results showed the DHS44 enhancer specifically regulates the
expression of CSLA10 in the floral abscission zone and shows
no impact on nearby genes.

Distinct features of TF-binding motifs in the
intronic enhancers vs. the promoters of TRY and
CSLA10
One intriguing question was—why did deletion of the
intronic enhancers not completely abolish the tissue-specific
expression of TRY and CSLA10? We wondered whether the
promoters of these two genes had the capacity to attract
similar TFs as those targeting the intronic enhancers.
Interestingly, the TRY promoter is marked by a DHS detect-
able in both seedling and floral tissues. This DHS does not
contain any of the TF motifs (SPL4, SPL9, and EDT1) that
were detected in DHS7 (Figure 8A). Instead, an SPL4-binding
motif was found upstream of the promoter DHS, 409 bp

away from the TSS of TRY. In addition, an SPL9-binding mo-
tif and four copies of the EDT1-binding motif were found
further upstream, 2,394–2,056 bp away from the TSS. These
motifs were not associated with any DHSs in seedling and
floral tissues. However, we cannot exclude the possibility
that these motifs are associated with DHSs in other tissues,
such as roots and stems, not yet analyzed by MH-seq/
DNase-seq.

The promoter of CSLA10 is also marked by a DHS detect-
able in both seedling and floral tissues. This promoter DHS
contains a TGA-binding motif and four copies of the
AtDof4.7-binding motif, both TFs being related to senes-
cence and abscission (Figure 8B). However, a binding motif
for EDF, a repressor of senescence and abscission (Chen
et al., 2015), was found in DHS44, but not in the CSLA10
promoter (Figure 8B). These analyses revealed that the TF-
binding motifs identified within the DHS7 and DHS44
enhancers are different from those located in the promoter
regions. These differences are manifested by presence/ab-
sence of a specific motif, the copy number of a motif, and
the distance from the motif to the promoter (Figure 8).

Functional assays of the SPL9- and EDT1-binding
motifs that were identified in the DHS7 enhancer
SPL9 is known to play a role in an endogenous flowering
pathway and to activate TRY expression by binding to its

Figure 7 Functional characterization of the DHS44 enhancer. A, IGV tracks of CSLA10 (AT1G24070) and the DHS data sets. DHS44 is 423 bp long
and is located in intron 7. DHS44 is expanded to show positions in the genomic sequence and the locations of midpoints of all MH-seq reads. The
positions of binding motifs for three TFs and for the two guide RNAs used for CRISPR/Cas editing are also shown. B, Flower tissues from a 5-week-
old transgenic plant-derived from construct DHS44. GUS signals were detected exclusively in the floral organ abscission zone of old flowers. Bar ¼
2 mm. C–G, Floral organ abscission phenotypes of wild type plants (C), deletion line DHS44a (D), deletion line DHS44b (E), mutant CSLA10a (F),
mutant CSLA10b (G). Organ abscission occurs between positions 6 and 8 (P6 and P8) of flowers in wild-type plants, between P10 and P12 of flow-
ers in DHS44a and DHS44b lines, and between P12 and P14 of flowers in CSLA10a and CSLA10b mutants. Bar for (C)–(G) ¼ 2 mm. H, The relative
expression levels of CSLA10 in different tissues. I, Expression of CSLA10 in floral organs above the abscission zone. J, Expression of CSLA10 in floral
organ abscission zone. K, Expression of CSLA10 in pedicels below the abscission zone. Values are the average of three biological replicates.
Statistically significant differences are indicated (**P < 0.01, Supplemental File S1). Error bars in (H)–(K) show the SD from three biological
replicates.
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promoter (Wang et al., 2009; Yu et al., 2010). We identified
an ATATGTACTTTA sequence within the DHS7#1 en-
hancer, a sequence similar to the consensus SPL9-binding
motif NNYGTACKKHH (O’Malley et al., 2016). We per-
formed yeast one-hybrid (Y1H) experiments to determine
whether SPL9 can bind to the ATATGTACTTTA sequence
(see Methods). The Y1H assay confirmed that SPL9 bound
to the ATATGTACTTTA sequence in yeast cells and
strongly activated the transcription of the downstream LacZ
reporter gene (Figure 9A).

EDT1 (AT1G73360) is known to negatively regulate tri-
chrome branching (Nakamura et al., 2006; Khosla et al.,
2014). EDT1 mutants (Khosla et al., 2014) show a phenotype
similar to the DHS7#2 deletion lines. We identified a
CATTAAATTA sequence within the DHS7#2 enhancer, a se-
quence similar to the consensus EDT1-binding motif
HMWTWAATGH (Weirauch et al., 2014). Our Y1H assays
revealed that EDT1 can bind to the CATTAAATTA se-
quence and moderately activate the transcription of the
LacZ reporter gene (Figure 9B).

We then made luciferase reporter vectors harboring three
copies of the predicted SPL9-binding motif ATATGTACTTTA
or the EDT1-binding motif CATTAAATTA (Figure 9C). We
examined the ability of SPL9 or EDT1 to activate reporter
gene expression in Nicotiana benthamiana leaves. Transient
expression assays showed that the ATTTGTACTTTA se-
quence was strongly activated by SPL9 (Figure 9D), and the
CATTAAATTA sequence was activated by EDT1 at a modest,

but significant level (Figure 9E). Collectively, these results
showed that the predicted SPL9- and EDT1-binding motifs
identified in the DHS7#1 and DHS7#2 enhancers are func-
tional. Thus, these motifs represent the functional units of
CREs underlying the regulation of TRY gene expression.

Discussion
Transgenic assays using reporter genes have been among
the most commonly used techniques to validate the func-
tion of predicted enhancers in both animals (Visel et al.,
2008; Kvon et al., 2014; Osterwalder et al., 2018) and plants
(Zhu et al., 2015; Yan et al., 2019). However, transgenic
assays do not reveal the endogenous activity of the candi-
date enhancers. The random integration of reporter con-
structs into the host genome can strongly influence reporter
gene transcription (Akhtar et al., 2013). Thus, careful pheno-
typic evaluation of multiple transgenic lines from the same
reporter construct is required to obtain reliable information
regarding the function of a candidate enhancer. A key ques-
tion not addressed by transgenic assays is whether and how
the candidate enhancer affects the expression of its cognate
gene in vivo (Yao et al., 2015). The advent of CRISPR/Cas-
based genome editing techniques has made it possible to
mutate or delete specific enhancers, enabling evaluation and
quantification of endogenous enhancer activities. Several
cases of enhancer editing using CRISPR/Cas have been
reported in animals (Hnisz et al., 2015; Shin et al., 2016; Tak
et al., 2016; Moorthy et al., 2017; Rogers et al., 2017; Sancisi

Figure 8 Distribution of TF-binding motifs in the promoter regions of genes TRY and CSLA10. A, TF-binding motifs identified in the 50 region of
TRY. A DHS located in the promoter is shaded by a light blue box. The SPL4-binding motif upstream of the promoter is 409 bp away from the TSS
of TRY. The SPL9-binding motif and four copies of the EDT1-binding motif are 2394–2056 bp from the TSS. Similar TF-binding motifs were not
found in the TRY promoter. B, TF-binding motifs in the promoter of CSLA10. A single TGF- and four copies of AtDof4.7-binding motifs were iden-
tified in the promoter. An EDF-binding motif is identified in DHS44, but not in the promoter.
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et al., 2017; Will et al., 2017; Barakat et al., 2018; Miao et al.,
2018). Generally, deletions of targeted enhancers result in re-
duced expression of associated genes in mammalian species
(Hnisz et al., 2015; Moorthy et al., 2017). In the current
study, we demonstrate that deletions of three intronic
enhancers did not abolish gene expression but resulted in
aberrant levels of transcriptional repression of their cognate
genes, a pattern similar to that reported in mammalian
species.

One of the most intriguing questions of enhancer func-
tion is whether and how intronic enhancers affect gene ex-
pression differently from intergenic enhancers. Genome-wide
analysis showed that the first introns are favorable locations
of intronic enhancers in Arabidopsis (Figure 1C). The close
distance to the TSSs may be favorable for such intronic
enhancers to cooperate with the promoters in regulating
gene expression. For instance, activation of Fgf5 expression
in mice upon exit from naive murine pluripotency is regu-
lated by one enhancer located in the first intron and four
intergenic enhancers located at the downstream of the gene
(Thomas et al., 2021). Interestingly, deletion of the intronic
enhancer caused a significantly reduced Fgf5 expression
compared to the deletions of the four intergenic enhancers
(Thomas et al., 2021). All five enhancers were transcribed,
but the levels of RNA Pol II at the intronic enhancer were 5-
to 10-fold higher compared to the four intergenic enhancers.
In addition, the levels of RNA Pol II at the enhancers corre-
late with the distance to the closest promoter rather than

intrinsic enhancer strength (Thomas et al., 2021). A recent
study in Arabidopsis using several known enhancers revealed
that enhancers are most active immediately upstream of the
promoter, and their activity levels are reduced when they
are placed away from the promoter (Jores et al., 2020).
These results showed that the distance of an enhancer to
the promoter is a key factor for its function in Arabidopsis.
Thus, introns, especially the first introns, are ideal locations
for enhancers.

Intronic enhancers presumably regulate their cognate
genes, although there are rare examples in which an intronic
enhancer can regulate the expression of a different gene
through long-range interactions (Smemo et al., 2014).
Deletions of the DHS7 and DHS44 enhancers caused exclu-
sive repression of their cognate genes, TRY and CSLA10, but
had no impact on the transcription of genes flanking TRY
and CSLA10. In contrast, we previously demonstrated that
insertion of a 32-kb T-DNA near an intergenic enhancer can
cause alteration of transcription of multiple flanking genes,
suggesting that intergenic enhancers may regulate multiple
flanking genes (Zhu et al., 2015). Data from more intronic
and intergenic enhancers are required to tell whether the
results from currently available enhancer studies represent a
general trend.

Introns can elevate gene expression via other mechanisms
than serving as a dock for TF binding, often referred to as
intron-mediated enhancement (IME). Specifically, the pres-
ence of introns can increase the steady-state levels of

Figure 9 Functional assays of the SPL- and EDT1-binding motifs identified in the DHS7#1 and DHS7#2 enhancers. A, Y1H assay of the SPL9-bind-
ing motif (atatgtacttta) identified in the DHS7#1 enhancer. SPL9 can bind to the “atatgtactttta � 3” motif in yeast and strongly activates LacZ
transcription. B, Y1H assay of the EDT1-binding motif (cattaaatta) identified in the DHS7#2 enhancer. EDT1 can bind to the “cattaaatta � 3” motif
in yeast, and moderately activated LacZ transcription. AD: empty pB42AD; LacZ: empty vector pLacZi. C, Schematic diagrams of the effector and
reporter constructs used in luciferase bioluminescence assay. D, Luciferase bioluminescence assay showing the activation of the atatgtactttta-
driven luciferase reporter gene by SPL9 in N. benthamiana leaves. Bar for (D) and (E) ¼ 1 cm. E, Luciferase bioluminescence assay showing the acti-
vation of cattaaatta-driven luciferase reporter gene by EDT1 in N. benthamiana leaves. A. tumefaciens strain GV3101 carrying different combina-
tion of constructs was infiltrated into different regions of a N. benthamiana leaf. Images of luciferase activities were taken 2 d after the infiltration.
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mature mRNAs in the cytosol or the efficiency of mRNA
translation (Shaul, 2017; Rose, 2019). Nevertheless, it is
unclear if the functions of traditionally identified IME introns
are in fact associated with TFs or other regulatory proteins.
This question can now be addressed by analyses of genomic
and epigenomic data sets derived from chromatin.

We predicted 941 intronic enhancers associated with 806
genes in seedling tissue and 1,271 associated with 1,069
genes in floral tissue. These numbers are likely an underesti-
mate. First, we used a threshold of at least 80% of the DHS
located in an intron to avoid calling DHSs associated with
exons or UTR regions as intronic enhancers. Thus, some
intronic DHSs may be neglected by our computational pipe-
line. Second, we recently showed that some open chromatin
regions are not sterically accessible to DNase I or Tn5 and
will not be recovered by DNase-seq or ATAC-seq (Zhao
et al., 2020). Last and most importantly, our DHS data sets
were generated from seedlings and floral buds, both contain-
ing many cell types as well as cells at different developmen-
tal stages. Signals of open chromatin specifically associated
with a minority cell type are likely masked by bulk profiling.
For example, GUS signals are detected in trichome cells in
transgenic plants made using both DHS7 and DHS#2 en-
hancer constructs (Figure 3). However, open chromatin sig-
nals associated with DHS7 were not detected in the seedling
tissue, indicating that the signals associated with trichomes
were not detectable. Therefore, production of a complete
enhancer map will rely on open chromatin data sets associ-
ated with more specific cell or tissue types as well as tissues
at different developmental stages.

Methods

Enhancer validation using transgenic assays
Raw DHSs were identified using F-seq (Boyle et al., 2008)
with parameters “-l 300 –t 4.” DHS data sets associate with
2-week seedling and flower bud tissues were generated and
analyzed previously (Zhang et al., 2012). A total of 21
intronic DHSs (Supplemental Table S1) were selected for val-
idation using a b-GUS reporter-based system (Zhu et al.,
2015). Each of the selected DHSs was associated with an
expressed cognate gene. In addition, the function of the cog-
nate gene for selected DHSs has been previously studied.
The DHS sequences were either amplified from A. thaliana
genomic DNA or synthesized, and subsequently cloned into
the pKGWFS7.0 vector containing a minimal CaMV35S pro-
moter (mini35S, �50 to �2 bp) and the GUS reporter (Zhu
et al., 2015). Constructs were delivered into Agrobacterium
tumefaciens strain GV3101, and were used to transform A.
thaliana ecotype Col-0. Seeds were harvested and selected
on solid MS plates containing 50 mg mL�1 kanamycin.
Positive transformants were transferred to soil and grown
under normal greenhouse conditions (18�C–22�C, 16/8 h
light/dark, light intensity of 70 mmol m�2 s�1).

GUS activity of transgenic lines was examined according
to the published protocol (Zhu et al., 2015). Seedlings and
inflorescences of independent transgenic lines were mixed in

a single tube and soaked in GUS-staining solution (100 mM
sodium phosphate, pH 7.0, 10 mM EDTA, 0.1% [v/v] Triton
X-100, 0.5 mM potassium ferrocyanide, 0.5 mM potassium
ferricyanide, and 0.05% [w/v] X-Gluc), vacuum infiltrated for
30 min, and then incubated in dark at 37�C overnight. The
samples were then washed in 80% ethanol several times un-
til the green color was eliminated. The cleared samples were
observed directly using a microscope. The images were col-
lected using an EPSON Perfection 4180 scanner and a LEICA
MZ16F microscope. GUS signals were recorded for each
transgenic plant. A DHS is considered to be validated as a
functional enhancer only if more than 50% positive trans-
genic plants derived from the DHS construct showed consis-
tent signals in the same tissue(s).

Creation of deletion lines using CRISPR/Cas-based
genome editing
We used the Yao promoter-based CRISPR/Cas9 system (Yan
et al., 2015) to delete the DHS7#1, DHS7#2, and DHS7#1#2
enhancers in AT5g53200 or the DHS44 enhancer in
AT1G24070. In brief, two short guide RNAs flanking
DHS7#1, DHS7#2, DHS7#1#2, or the DHS44 enhancer were
designed (http://skl.scau.edu.cn/; Xie et al., 2017;
Supplemental Figures S4 and S8). The first sgRNA was
inserted into the BsaI site between the AtU6-26 promoter
and the sgRNA of SK vector. The resulting vector was then
double-digested with SpeI and NheI, and the fragment con-
taining the first sgRNA expression cassettes was purified.
The second sgRNA was also inserted into the AtU6-26-
sgRNA-SK vector and then linearized by SpeI. The purified
first sgRNA expression cassette was inserted into the linear-
ized vector so that the two sgRNAs were cloned into AtU6-
26-sgRNA-SK vector (Yan et al., 2015). The two sgRNA ex-
pression cassettes were then transferred into
pCAMBIA1300-pYAO:Cas9 vector (a gift from Dr. Qi Xi,
Institute of Genetics and Developmental Biology, Chinese
Academy of Sciences, China) using SpeI and NheI (Yan et al.,
2015). The sgRNAs of TRY and CLSA10 were assembled into
the pCAMBIA1300-pYAO:Cas9 vector to produce the TRY
and CLSA10 knockout lines. All oligomers for sgRNAs used
in the CRISPR/Cas9 vectors are listed in Supplemental Table
S5. All plasmid vectors were introduced into A. tumefaciens
GV3101 (Gold Biotechnology, Missouri, USA), and were used
to transform wild type Arabidopsis (Col-0) plants using the
floral dip method (Clough and Bent, 1998). Seeds from the
T0 generation were screened on MS plates containing 20
mg L�1 hygromycin and 150 mg L�1 carbenicillin.

Genomic DNA was extracted from �4-week-old T1 trans-
genic plants via the cetyltrimethylammonium bromide
method (Allen et al., 2006). PCR was conducted with Primer
STAR GXL DNA polymerase (Takara, Cat. # R051S) to am-
plify the genomic regions surrounding the target sites.
Primer sequences are listed in Supplemental Table S6. T1
lines showing the expected smaller PCR products were fur-
ther confirmed by the Sanger sequencing. To identify Cas9-
negative T2 plants, PCR was performed to amplify the Cas9
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gene (Q99ZW2.1) from Streptococcus pyogenes. Approximately
100 independent T2 plants of each transgenic line were
screened by PCR for the absence of SpCas9. Genomic DNA
from the Cas9-negative T2 plants was then used to identify
homozygous deletions.

Phenotyping of CRISPR/Cas deletion lines
Trichomes and root hairs associated with the CRISPR/Cas9
lines were analyzed and photographed using a LEICA MZ16F
microscope as described previously (Wang et al., 2007).
Seeds of all CRISPR/Cas9 lines were treated with 15% (w/v)
NaClO for 5 min and washed 5 times with sterile double-
distilled water. The surface-sterilized seeds were grown on
solid MS medium in vertically oriented Petri plates. For each
CRISPR/Cas9 line, at least ten individual 4-d-old seedlings
were assayed for root hair and root length. For leaf trichome
analysis, at least ten plants were examined for each line,
counting the trichomes on the third and fourth leaves of 2-
week-old plants. For flowering time analysis, 7-d-old seed-
lings were transplanted to soil and kept under long-day con-
ditions (16 h day/8 h night) at 22�C. Developmental
uniformity was controlled by selecting the 10 most uniform
plants at �7 d after transplanting and rotating the trays 3
times every week (Wada and Tominaga-Wada, 2015).

Seeds of DHS44 deletion lines and CSLA10 knockout
mutants were sown on soil, stratified for 2 d at 4�C, and
transferred to growth chambers (16-h day/8-h night at
22�C). Floral organ abscission was assessed on inflorescences
containing 13 or more open flowers before floral meristem
arrest as described previously (Bleecker and Patterson, 1997).
The flower position was counted from the first flower with
visible white petals (P1) at the top of the inflorescence
(Butenko et al., 2003). The inflorescences of all of the plants
were brushed gently to remove unattached floral organs.
Individual plants in which petals abscised after position 10
were selected as floral delayed abscission mutants and fur-
ther characterized (Bleecker and Patterson, 1997).

Gene transcription and splicing assays
RNAs were extracted from 4-d-old root tips, 14- and 21-d-
old rosette leaves, 30-d-old cauline leaves, 35-d-old flowers,
and the first internode of main stems using the RNeasy
Plant Mini Kit (Qiagen, Cat. # 74904). In addition, young sili-
ques from position 5–8 flowers in the DHS44 deletion lines
and CSLA10 knockout mutants were collected. Floral organ
abscission zones were dissected by taking a 2-mm section of
floral tissue comprised of 2/3 mm pedicel and 4/3 mm re-
ceptacle (Taylor and Walker, 2018). The floral organs above
the abscission zone and pedicel below the abscission zone
were also collected for RNA extraction. Complementary
DNAs were synthesized using PrimeScriptTM RT reagent Kit
with gDNA Eraser (Takara, Cat. # RR047A) according to the
manufacturer’s instructions. qPCR was performed with TB
GreenVR Fast qPCR Mix (Takara, Cat. # RR430A) on Roche
LightCyclerV

R

480 real-time PCR system (Roche, Switzerland)
using the following program: 95�C for 1 min, followed by 5 s
at 95�C and 1 min at 60�C for 40 cycles for TRY, FT,

CSLA10, and ACT2 (AT3G18780; Czechowski et al., 2005).
Relative expression levels were calculated by a formula using
LightCycler 480 Software v1.5.0 (Roche, Switzerland) and
normalized to the concentration of ACT2 mRNA.
Experiments were performed in triplicates in three indepen-
dent experiments and the results are presented as standard
error of means of the biological replicates. We used 10
plants per line for all independent experiments, with the ex-
ception of “4-day-old root tips” in which we used 100 plants
per line.

For splicing assays, we prepared cDNAs from leaf tissues
of all DHS7 deletion lines or flower tissues of all DHS44 dele-
tion lines. We use the TRY primers (F1: 50-CGTCGTCGCCG
TCGTAAGCA-30 R1: 50-GGTGAGGCTTGGTATGTTTG-30,
280 bp) and CSLA10 primers (F3: 50-GACAAAGCCAA
CTCCAGAT-30 R3: 50-CTCTAATGTTCCATCGAGG-30, 1,590
bp) to amplify the full-length transcript of TRY and CSLA10.
The exon 2 to exon 3 of TRY was amplified using primers
(F2: 50-CTCCATGACTCTGAAGAAGTG-30 R2: 50-CAGCAAA
GCCTTCACTGTTTC-30, 234 bp). Similarly, exon 7 to exon 8
of CSLA10 was amplified using primers (F4: 50-CGTTCG
TGCTGGTCTTCTC-30 R4: 50-CCCATTCGTTCACTCTTTG-30,
436 bp). The RT-PCR products were cloned into pGEM-T
vector (Promega, Wisconsin, USA) and 20 clones were ran-
domly selected for Sanger sequencing (Li et al., 2019b).

Y1H assay and transient expression analyses
The coding sequences of SPL9 and EDT1 were cloned in the
pB42AD vector (Clontech, California, USA; pB42AD-SPL9,
pB42AD-EDT1). Three copies of the predicted binding motif
for SPL9 (ATATGTACTTTA) and EDT1 (CATTAAATTA)
were synthesized and fused with the Placzi reporter vector
(Clontech; pLacZi-SPL9, pLacZi-EDT1). The pB42AD gene
construct and the Placzi vector containing three copies of
the binding motif were co-transformed into the EGY48 yeast
strain (Clontech) according to the Yeast Protocols
Handbook. Yeast strains containing the empty pB42AD in
combination with Placzi vectors or pB42AD gene vector
combined with an empty Placzi vector were used as nega-
tive controls. The transformants were grown on SD/-Trp/-
Ura for 48 h, and then spotted on the plate containing 5-
bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal) for
blue color development (Lin et al., 2007).

Transient expression assay was performed as described
previously with only minor modifications (Hellens et al.,
2005). The reporter construct pGreenII 0800-LUC (Creative
Biogene, New York, USA) containing the luciferase reporter
gene driven by three copies of TF binding motif sequences
linked to the CaMV 35S minimal promoter and the effector
construct pGreenII 62-SK containing SPL9 or EDT1 driven
by the CaMV 35S promoter. The effector construct pGreenII
62-SK was also used to express GFP as a negative control.
The reporter construct, transformed into Agrobacterium
strain GV3101, was mixed with a Agrobacterium strain
GV3101 carrying an effector construct and co-infiltrated
into Nicotiana benthamiana leaves. As a negative control,
the effector construct 35Spro:GFP was mixed with the
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respective reporter and infiltrated into the same leaf.
Luciferase activities were recorded in these regions 2 d after
infiltration.

Analyses of intronic sequences
To examine whether the size (length) or position of the
introns is the main factor for DHS enrichment in the first
introns, we calculated the LOR to test the DHS enrichment
at different intron positions using:

LORi ¼ log2

number of enhancers located within ith intron
length of ith intron ðbpÞ�number of transcripts with at least i introns

number of enhancers located wihin all intron
length of all introns ðbpÞ �number of transcripts containing introns

 !

The LOR score accounts for the sizes of the introns at dif-
ferent positions. To generate a background distribution of
LOR, we also created a set of random intronic sequences by
randomly permuting the intronic DHSs among all introns.
The LOR scores of these random intronic sequences were
calculated by the same formula. We used 1,000 times boot-
strap to determine the p-values.

DHSs and ATAC-seq peaks were obtained from GSE34318
and GSE85203, respectively. A. thaliana gene annotation of
Araport11 (Cheng et al., 2017) was used in overlaping analy-
sis. Overlaps between DHS/ATAC-seq peaks and introns
were analyzed using BEDTools (Quinlan and Hall, 2010).
Entropy was calculated using published methods (Schug
et al., 2005). Fisher’s exact test and correlation analysis were
conducted using R. Motif database were obtained from
MEME website (http://meme-suite.org/). Motifs in enhancers
and promoters were identified using FIMO (Grant et al.,
2011) against motif database “CIS-BP,” “ArabidopsisDAPv1,”
and “ArabidopsisPBM_20140210” using default parameters.

Accession numbers
The accession numbers of genes inlcuded in this research:
AT4G18960 (AG), AT4G09960 (AGL11/STK), AT1G24070
(CSLA10), AT1G73360 (EDT1), AT1G65480 (FT), AT2G42200
(SPL9) and AT5G53200 (TRY). The accession number of
SpCas9 is Q99ZW2.1.
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The following materials are available in the online version of
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Supplemental Figure S1. Analyses of intronic DHSs iden-
tified in A. thaliana.

Supplemental Figure S2. Expression of genes containing
intronic DHSs.

Supplemental Figure S3. Representative images of GUS
staining patterns from transgenic plants derived from seven
reverse constructs.

Supplemental Figure S4. Characterization of CRISPR/Cas
lines associated with DHS7.

Supplemental Figure S5. Root phenotypes of DHS7
CRISPR/Cas lines.

Supplemental Figure S6. Trichome phenotypes associ-
ated with mature cauline leaves from DHS7 CRISPR/Cas
lines.
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