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Abstract: Glandular trichome (GT) is the dominant site for artemisinin production in Artemisia annua.
Several critical genes involved in artemisinin biosynthesis are specifically expressed in GT. However,
the molecular mechanism of differential gene expression between GT and other tissue types remains
elusive. Chromatin accessibility, defined as the degree to which nuclear molecules are able to interact
with chromatin DNA, reflects gene expression capacity to a certain extent. Here, we investigated
and compared the landscape of chromatin accessibility in Artemisia annua leaf and GT using the
Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) technique. We identified
5413 GT high accessible and 4045 GT low accessible regions, and these GT high accessible regions
may contribute to GT-specific biological functions. Several GT-specific artemisinin biosynthetic
genes, such as DBR2 and CYP71AV1, showed higher accessible regions in GT compared to that in
leaf, implying that they might be regulated by chromatin accessibility. In addition, transcription
factor binding motifs for MYB, bZIP, C2H2, and AP2 were overrepresented in the highly accessible
chromatin regions associated with artemisinin biosynthetic genes in glandular trichomes. Finally, we
proposed a working model illustrating the chromatin accessibility dynamics in regulating artemisinin
biosynthetic gene expression. This work provided new insights into epigenetic regulation of gene
expression in GT.
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1. Introduction

Malaria, as one of the most-deadly diseases, threatens the lives of nearly half of
the world population. According to the World Health Organization (WHO), more than
200 million malaria cases and 405,000 deaths were reported in 2018 (WHO, World Malaria
Report 2019). Artemisinin, a sesquiterpene metabolite discovered from Chinese herb
Artemisia annua, is a potent drug against malaria [1,2]. Artemisinin-based combination
therapies (ACTs) have been highly recommended since 2008 [3]. More recently, Artemisia
annua has gained increasing attention as a potential source as a drug against COVID-
19 [4,5]. However, despite its importance, artemisinin abundance in Artemisia annua is too
low (about 0.1–1.0% dry weight) to meet the increasing demands [6,7]. Although genetically
engineered yeast and tobacco have been used to produce artemisinin in vitro [8,9], Artemisia
annua plants still remain the major commercial source for artemisinin production. There are
also multiple breeding efforts for high-yielding Artemisia annua. For example, artemisinin-
related traits were investigated and improved through population genetics [10,11] and
molecular genetic breeding [12,13]. A comprehensive understanding of artemisinin’s
biosynthetic regulatory mechanism is of great importance for improving the artemisinin
yield through genetic engineering approach.
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Glandular trichome (GT) is the dominant site for artemisinin biosynthesis and seques-
tration [14–16], although non-GT cells in leaf can also produce artemisinin [17]. Glandular
trichome in Artemisia annua is a specialized 10-celled biseriate structure, composed of
two non-photosynthetic apical cells, four photosynthetic subapical cells, two stalk cells,
and two basal cells. The apical cells are surrounded by subcuticular space for the stor-
age of secondary metabolites [18]. The artemisinin biosynthetic pathway originates from
isopentenyl diphosphate (IPP), which is derived from either the mevalonate pathway
or non-mevalonate pathway [19]. CYP71AV1, ADS, DBR2, and ALDH1 are the key en-
zymes involved in artemisinin biosynthesis [20–24]. The last biosynthetic step occurs in
subcuticular space, where the dihydroartemisinic acid is converted to artemisinin in a
photo-oxidation manner [25].

Artemisinin biosynthesis is subject to a sophisticated network incorporating regulatory
transcription factors (TFs) that mainly belong to the MYB (myeloblastosis) family [6,26],
WRKY (WRKY domain containing) family [27,28], AP2/ERF (AP2/ERF domain containing)
family [29,30], bZIP (basic leucine zipper) family [31], and bHLH (basic helix-loop-helix)
family [32]. For example, AaERF1 and AaERF2 are two positive regulators of artemisinin
biosynthesis via binding to CBF2 and RAA motifs present in both ADS and CYP71AV1
promoters in response to jasmonates [33]. Likewise, AaMYB1 positively regulated the
expression of critical artemisinin biosynthetic genes and its overexpression resulted in
increased artemisinin yield [26].

Chromatin accessibility is the degree to which nuclear macromolecules are able to
make physical access to DNA, reflecting the gene regulatory capacity [34]. The landscape
of chromatin accessibility changes dynamically in response to both external stimuli and
developmental cues [35,36]. It is mainly determined by the occupancy and topological
organization of nucleosomes, together with other chromatin binding factors. Nucleosome
is the core structural unit of chromatin assembly in eukaryotic species. An octamer of
histone proteins is encircled by about 147 bp of DNA [37,38]. However, nucleosomes
are not uniformly organized across the genome. While densely arranged at facultative
and constitutive heterochromatin, histones are depleted or loosely placed at regulatory
loci, such as enhancers and promoters [39]. Transcription factor (TF) is an important
player in DNA accessibility modulation. By dynamically competing with histones, TFs
rearrange nucleosome occupancy and increase DNA accessibility. Mutually, the accessibility
landscape of a cell type in turn adjusts TF binding [34]. Therefore, chromatin accessibility
mirrors both aggregate TF binding events and the regulatory potential of a genetic locus.

Chromatin accessibility is generally detected by profiling the susceptibility of chro-
matin to either enzymatic methylation or cleavage of its constituent DNA [34]. There are
several methods for DNA accessibility measurement, such as DNase-seq [40], ATAC-seq
(assay for transposase-accessible chromatin using sequencing) [41], and MNase-seq [42].
ATAC-seq takes advantage of a hyperactive Tn5 transposase which cuts accessible DNA
regions and meanwhile adds Illumina adaptor to the ends. Due to the high efficiency of
Tn5-mediated adaptor ligation, ATAC-seq thus required less sample input amount and a
simplified library construction procedure as well [41].

Previous investigations on artemisinin biosynthetic regulation were mostly focused
on TFs that were specifically expressed in GT, whereas the epigenetic regulation of gene
expression in Artemisia annua remains largely unknown. In this study, we analyzed and
compared the chromatin accessibility of Artemisia annua GT and leaf using ATAC-seq [41],
aiming to provide new insights into the regulatory mechanism of artemisinin biosynthesis
from an epigenetic perspective.

2. Results
2.1. Mapping Accessible Chromatin in Artemisia annua

We sought to investigate the accessible chromatin in GT and leaf of Artemisia annua.
Glandular trichomes from the young leaves of six-month-old plants were isolated with
glass beads and manually collected under a microscope. Isolated GTs contained intact
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apical and sub-apical cells (stalk and basal cells were missing) and little contamination
(Figure 1A). Meanwhile, GTs were removed by gentle brushing using a writing brush to
minimize GT in leaf sample. The autofluorescence signal in GT under 488 nm excitation
channel was used as an indicator for efficient GT removal. Only a few GTs remained in the
leaf sample after brushing and thus were neglectable for ATAC-seq and RNA-seq library
construction (Figure 1B,C, Table S1).
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Figure 1. Sample preparation for GT (glandular trichome) and leaf for ATAC-seq and RNA-seq. (A) Purified GTs (left).
Scale bar: 500 µM. A zoom-in view of the purified GT (right). Scale bar: 30 µM. (B,C) Artemisia annua leaf under fluorescence
(left) and light (right) microscopy before (B) and after (C) trichome removal. Scale bar: 400 µM.

Spearman correlation analysis showed that the ATAC-seq libraries displayed good
reproducibility for both tissues (Figure 2A). In total, we identified 60,823 and 58,422 ACRs
(Accessible Regions) in GT (two replicates) and 58,387 and 58,452 ACRs in leaf (two repli-
cates) (Figure 2B). Overall, the expression level of genes with ACRs was significantly higher
than those without ACRs in both GT and leaf (p < 2.2×10−16 Figure 2C), indicating that
ACRs may be involved in promoting the expression of their associated genes. In addition,
more than half of the ACRs appeared to be located at distal regions (Figure 2D) and the
distance between distal ACRs and transcription start site (TSS) was about 10 kb (Figure 2E).
This is consistent with the genome features of large-genome plant species [43].
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Figure 2. ATAC-seq analysis of GT and leaf in Artemisia annua. (A) Heatmap and clustering of Spearman correlation of
ATAC-seq libraries. (B) ACR (accessible region) number detected in GT and leaf samples with MACS2. (C) Expression
level of genes with or without associated ACRs in GT and leaf. The statistical analysis was performed using Student’s
t-test. (D) Distribution of ACR within different genomic regions in GT and leaf. (E) Density of distance from ACR to TSS
(transcriptional start site) in GT and leaf.
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2.2. Glandular Trichome High-Accessible Differential Accessible Regions (DARs) Are Likely
Involved in Regulating GT-Specific Cellular Function

We identified 5431 and 4045 differential accessible regions (DARs) with high and low
accessibility in GT, compared to leaf (fold change ≥ 2, q value < 0.05, Figure 3A, Tables S2
and S3). These regions were assigned to 4869 and 3231 genes by associating with the nearest
genes. It is noteworthy that a higher proportion of proximal and genic ACRs were found
in GT high-accessible DARs. Contrarily, for GT low-accessible DARs, the majority of ACRs
lay in distal regions (Figure 3B). Proximal and genic ACRs were more likely to impose a
direct and profound effect on transcriptional regulation. For genes only associated with
distal ACRs, their expression levels were significantly lower than those associated with
proximal ACRs (Figure 3C). In addition, we found that additional distal ACR exhibited
little effects on genes with proximal ACRs (Figure 3C).
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differential accessible regions (DARs) identified by DESeq2. The orange and green circles represent differentially accessible
regions meeting the threshold (q value ≤ 0.05 and fold change of ≥ 2). (B) Genomic feature distribution for GT low and
GT high DARs. Proximal and genic regions were enriched in GT high DARs. (C) Expression level of genes associated
with distal ACR, distal and proximal ACR, and proximal ACR. Genes associated with proximal ACRs showed higher gene
expression levels. The statistical analysis was performed using Student’s t-test. “n.g.” means not significant. (D) Venn
diagram of overlaps between DEG (purple and blue stands for GT-up and GT-down DEGs, respectively) and DAR (pink
and green stands for GT high and GT low DARs, respectively) associated genes.

In total, we identified 5553 and 4865 differential expressed genes (DEGs) that were
upregulated and downregulated in GT respectively, and we designated them as GT-up
and GT-down DEGs (fold change ≥ 2, q value ≤ 0.05, Figure 3D, Tables S4 and S5). We
found that 728 GT-up DEGs were overlapped with GT high-accessible DARs (P(X ≥ 728) =
1.51×10−46, hypergeometric test, Figure 3D, Table S6), while only 205 GT-down DEGs were
overlapped with GT low-accessible DARs. We speculated that the overlapped gene sets
may be associated with GT-specific biological function regulated by chromatin accessibility.
In GO (Gene Ontology) enrichment analysis, the 728 overlapped genes were enriched
in biological processes such as “metabolic process”, “photosynthesis, light harvesting”,
“biosynthetic process”, etc. (Figure 4, Table S7). Artemisia annua glandular trichomes
are known to be active in photosynthesis [44] and bio-factories for the production of
artemisinin and other secondary metabolites. The top ranked GO terms identified for
molecular function were “binding”, “transporter activity”, and “catalytic activity”, which
can be linked to active biosynthesis, transport, and secretion function of GTs (Figure 4,
Table S8). Plasmid, cytoplasm, and chloroplast were the top three ranked subcellular sites
for these overlapped genes (Figure 4, Table S9).
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associated genes (number of genes = 728). The fold of differential enrichment (Log10FDR (false discovery rate)) associated
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represented in orange, green, and blue respectively, on the left half of the bar plots. The number of genes associated
with each of these GO terms is shown in grey on the right half of the bar plots. The full GO enrichment results are listed
in Tables S7–S9.

2.3. Some Artemisinin Pathway Gene Expressions Are Associated with Chromatin Accessibility

Next, we investigated the possible association between artemisinin biosynthesis
and chromatin accessibility. Notably, several GT-specific artemisinin biosynthesis genes:
HMGR (AA201470), DXS (AA422860), DXR (AA444110), CYP71AV1 (AA566140), and DBR2
(AA049700), showed higher DNA accessibility in GT compared to that in leaf (Figure 5A).
The gene expression and chromatin accessibility were further validated by RT-qPCR (Real-
time quantitative PCR) and ATAC-qPCR (Assay for Transposase-Accessible Chromatin
using quantitative PCR) (Figure 5B). HMGR, DXS, and DXR are involved in the biosyn-
thesis of FPP (farnesyl pyrophosphate), the necessary precursor for terpene [45], while
CYP71AV1 (AA566140) and DBR2 (AA049700) are two key enzymes in artemisinin biosyn-
thesis and actively expressed in GT [22,23]. Interestingly, some artemisinin pathway genes,
such as HDR (AA477650), HMGS (AA036900 and AA288120), and HMGR (AA271980),
did not show GT high-accessible DARs or associated ACRs. Also, several GT-up DEG
genes showed no difference in chromatin accessibility between leaf and GT. For example, a
GT-up DEG CYP71AV1 (AA502080, not the functional one), a homolog of CYP71AV1
(AA566140, the functional one) [6], showed no difference in ACR, which is possibly
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related with its low expression level (Figure 5C, Table S4). Taken together, the association
between chromatin accessibility and artemisinin biosynthesis gene expression is highly
complex. However, our results indicated that at least some of the key pathway genes are
likely regulated by chromatin accessibility. In Artemisia annua, artemisinin analogs include
artemisinic acid, dihydroartemisinic aldehyde, and arteannuin B. The three all share the
same biosynthetic pathway with artemisinin, therefore, the regulation of accessible regions
on genes associated with artemisinin analogs’ biosynthesis is consistent with artemisinin.
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negative control. Blue bar indicated the DAR. (B) Results in (A) were further validified by RT-qPCR
(Real-time quantitative PCR) and ATAC-qPCR (Assay for Transposase-Accessible Chromatin using
quantitative PCR) For RT-qPCR, beta-actin was used as an internal control. For ATAC-qPCR, values
were first normalized by internal control ACT1 and then by genomic DNA. “*” means p ≤ 0.05,
“**” means p ≤ 0.01. (C) Alterations of gene expression and ACRs in artemisinin biosynthetic
pathway. Heatmaps show fold change of gene expression (left) and ACRs (right). “*” means
q value ≤ 0.05 and fold changes ≥ 2. Backslash in right box means that no associated ACRs were
detected for that gene. DXS, 1-deoxy-D-xylulose-5-phosphate synthase; DXR, 1-deoxy-Dxylulose-
5-phosphate reductoisomerase; HDR, hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase;
HMGS, 3-hydroxy-3-methyl-glutaryl coenzyme A synthase; HMGR, 3-hydroxy-3-methyl-glutaryl
coenzyme A reductase; IPPI, isopentenyl pyrophosphate isomerase; ADS, amorpha-4,11-diene
synthase; CYP71AV1, amorphadiene-12-hydroxylase; DBR2, artemisinic aldehyde ∆11(13) reductase;
ALDH1, aldehyde dehydrogenase; MVA, mevalonic acid; MEP, 2-C-methyl-D-erythritol 4-phosphate;
DMAPP, dimethylallyl diphosphate; FPP, farnesyl pyrophosphate; IPPI, isopentenyl pyrophosphate.
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Putative cis-responsive elements (CREs) and TF families that may play a role in mod-
ulating the GT-specific transcriptome were identified from the GT high DARs (Table S10).
We focused on motifs with a p < 1×10−10 for the enrichment analysis. The top four over-
represented TF families were MYB, AP2, bZIP, and C2H2 family (Figure 6A), which were
all enriched in the ACR center (Figure 6B). The five potentially DAR-regulated artemisinin
biosynthetic genes (Figure 5A) harbored motifs for at least two TF families in their ACRs
(Figure 6C). Transcription factors that are potentially involved in regulating the observed
DARs can be identified by asking whether they are differentially expressed and meanwhile
putatively bind to differentially accessible DNA [34]. We thus constructed a regulatory
network by incorporating the identified motifs and TFs with high expression (GT/leaf
fold change ≥ 2, TPM ≥ 50, Figure 6D). From the constructed network, six MYB, one
C2H2, three AP2, and three bZIP transcription factors were selected as potential regulators
(Figure 6C,D, Table S11). These TFs showed significantly high expression levels in GT
and were very likely involved in artemisinin biosynthesis regulation since their binding
motifs were discovered in the accessible regulatory regions of several key artemisinin
biosynthetic genes.
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Homer. (B) AP2, bZIP, C2H2, and MYB TF binding motifs were enriched in GT high DAR center. (C) AP2, bZIP, C2H2, and
MYB TF binding motifs were discovered by FIMO in the five artemisinin biosynthetic genes that were possibly regulated by
DAR. (D) A gene regulatory network for artemisinin biosynthetic genes based on TF expression and binding motif detected.
Transcription factors selected meet the threshold (GT/leaf fold change ≥ 2, TPM ≥ 50). Motifs detected in DAR build
the potential link between the TF and DAR-associated artemisinin biosynthetic genes. (E) Working model illustrating the
possible association between chromatin accessibility and tissue-specific artemisinin biosynthesis genes.

Based on these findings, chromatin accessibility seems to play an important role in reg-
ulating gene function in GT. We further proposed a working model to describe the possible
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association between chromatin accessibility and tissue-specific artemisinin biosynthesis
gene expression in Artemisia annua (Figure 6E). In GT, the highly accessible regulatory
regions for several artemisinin biosynthetic pathway genes (e.g., CYP71AV1 and DBR2)
provide access for TF binding, which consequently promotes gene expression. Contrarily,
the counterpart regions in leaf were less accessible, resulting in low gene expression.

3. Discussion

Glandular trichome and leaf cells exhibit different morphology and functions, which
is a readout of cell-specific gene expression pattern during differentiation. According
to our analysis results, one-sixth of the total genes were differentially expressed in GT
compared to leaf. These genes are likely responsible for the establishment and maintenance
of cellular identity and function of glandular trichome, which is the main site for secondary
metabolite biosynthesis (Figure 3D). Plant gene expression regulation is a complex process
subject to precisely coordinated multilayer controls. Chromatin accessibility is considered
as a context-dependent regulatory mechanism, which partially reflects gene expression
potential [34]. In our study, we found that GT high DARs overlapped with GT-up DEGs,
suggesting a possible link between chromatin accessibility and gene expression. Glandular
trichome high DAR greatly contributes to GT-specific biological function. Specifically, the
GT high DAR-associated genes showed an enrichment in metabolism-related processes,
consistent with GT’s role as the bio-factories for the production of artemisinin and other
plant secondary metabolites. We found that five of the GT-specific artemisinin synthe-
sis pathway genes were associated with higher chromatin accessibility and tended to
show generally higher expression levels compared to those that were not subject to ACR
regulation. Chromatin remodeling complex is involved in the regulation of chromatin
landscape. In Tetrahymena thermophila, ChIP-Seq (chromatin immunoprecipitation assays
with sequencing) analysis of a bromodomain-containing protein indicated that it primarily
binds to highly expressed genes during growth [46]. Likewise, in yeast, chromatin remod-
eling complex SWI/SNF and RSC occupancies are greatest at the most highly expressed
genes [47]. Another chromatin remodeler, Ino80C in yeast, also preferred to target highly
expressed genes [48]. It is reasonable to speculate that highly expressed genes in GT, such as
CYP71AV1 (AA566140), are more likely subject to the regulation of chromatin remodeling
and thus show greater DNA accessibility plasticity between different tissues.

Interestingly, photosynthesis and primary metabolites were also highly enriched in
GT-up DEG and GT high DAR overlapped genes in GO analysis. Artemisia annua GTs
contain photosynthetically active chloroplast, and photosynthesis-related proteins are
among the top 10 most highly expressed transcripts [44,49]. Photosynthetic activity was
also reported in tobacco glandular trichome, which has particular Rubisco type uniquely
adapted to secretory cells, where CO2 is released by the active specialized metabolism [50].
We presumed that the energy and substrate produced by photosynthesis better fuel and
enhance the active metabolic processes in GT. However, the regulation mechanism of highly
active photosynthesis is largely unknown. Our results indicated that they were possibly
associated with greater chromatin accessibility. Genes involved in photosynthesis showed
greater ACRs and higher transcription in GT, compared to those in leaf. The concurrently
increased transcription and enhanced chromatin accessibility have been reported in root cell
identity maintenance [35], response to plant hormone [36], and flower development [51], etc.
Taken together, these findings further emphasized the importance of chromatin accessibility
in transcriptional regulation throughout plant development and growth.

Our study pointed out a possible link between chromatin accessibility and gene
expression in GT. However, among these GT high DARs, only 728/4869 were associated
with GT-up DEGs. Similarly, another study in Arabidopsis thaliana also reported that only
851 out of 3282 root hair-up DEGs were overlapped with root hair high DARs [35]. In our
study, ADS (AA425620), a key enzyme for artemisinin biosynthesis, was highly expressed
in GT but no nearby ACR was detected. This discrepancy of DEG and DAR was actually
common and has been reported in other biological processes, such as flower bud induction
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in Arabidopsis thaliana and early embryo development in Oryzias latipes [51,52]. One possible
explanation is the dynamic chromatin remodeling event during gene regulation. In fact,
some chromosomal regulatory regions become accessible before significant increase of
transcripts [51]. The discrepancy also reflects the complexity of transcriptional regulation,
which is well-orchestrated in a complex, multi-layered, and interconnected fashion [34].
Due to the large genome size (1.74 Gb), high heterozygosity (1.0–1.5%), highly repetitive
sequence (>60%), and low GC content (31.5%), Artemisia annua genome assembly needs
further improvement, despite the efforts dedicated to accomplishing the current version
(approximate 40,000 scaffolds) [6]. The poorly assembled genome may cause mis-assigned
ACRs. In addition, some ACRs function as long-distance enhancers involved in chromatin
looping [53], which may result in a high proportion of distal ACRs (Figure 2D). With respect
to the relationship between gene expression and chromatin accessibility, the gene expression
level used in this study reflects the total mRNA amount without taking its dynamics and
stability into consideration. Methods that measure the production of nascent RNAs, such as
GRO-seq (Global run-on sequencing), may be more precise to study the effect of chromatin
accessibility on gene expression [54].

In conclusion, we comprehensively investigated and compared the landscape of
chromatin accessibility in GT and leaf of the important medicinal plant Artemisia annua. Our
results further validated the complex gene expression regulation in artemisinin biosynthesis
and provided new insights into the regulatory mechanism of GT-specific biological function
from an epigenetic perspective.

4. Materials and Methods
4.1. Plant Materials and Sample Preparation

Artemisia annua seeds (a high artemisinin-producing chemotype, artemisinin con-
tent: 1.34% for dry weight) were purchased from Youyang, Sichuan, China. Artemisia
annua plants were grown under natural light condition in the greenhouse of the Chinese
University of Hong Kong.

Young and just expended leaves (the fourth to sixth leaf from the top on the stem) of
6-month-old plants were collected into 50 mL sterile Falcon tubes containing 20 mL PBS
(Phosphate buffered saline) with 0.1% TritonX-100 and 5 mL 0.5 mm glass beads (BioSpec
Products, Bartlesville, OK, USA). The tube was shaken by hand vertically and vigorously
more than 300 times to abrade GT off the leaves to obtain crude GTs [44]. Then, individual
GT was manually collected under microscopy with a home-made tool (made of syringe,
infusion tube, and capillary tube).

For the leaf sample, leaves at the same age as leaves used for GT preparation were
collected. As many GTs as possible were removed by gently brushing with a writing
brush. After brushing, leaves were checked under a fluorescence microscope to confirm
the removal of trichomes. Purified GTs and leaves were directly used for ATAC-seq and
RNA-seq library construction.

4.2. ATAC-seq Library Generation, Sequencing, and Mapping

There are several methods for DNA accessibility measurement, such as DNase-seq [55],
ATAC-seq [41], and MNase-seq [42]. Here, we used ATAC-seq to measure the accessible
regions in Artemisia annua since the GT sample could not meet the input requirements for
other methods. ATAC-seq was performed as previously described with minor modifica-
tions [41,43]. Glandular trichomes and leaves were finely ground in liquid nitrogen. 1 mL
(for GT) and 3 mL (for leaf) prechilled lysis buffer (15 mM Tris-HCl, pH 7.5, 20 mM NaCl,
80 mM KCl, 0.5 mM spermine, 5 mM 2-mercaptoethanol, 0.5% TritonX-100, 1 × proteinase,
and 1 × PMSF(phenylmethylsulfonyl fluoride)) were added to the ground sample and
mixed by pipetting. The slurry was filtered twice through a 40 µm filter and centrifuged at
1000 g at 4 ◦C for 10 min. The supernatant was discarded and the pellet was washed twice
with lysis buffer and once with tag buffer (10 mM Tris-HCl, pH 8.0, 5 mM MgCl2). The nu-
clei were incubated with 2 µL Tn5 transposase (Vazyme, Nanjing, China, TD501) in 40 µL
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tag buffer at 37 ◦C for 30 min without rotation. The integration products were purified
using DNA clean and concentration column (Zymo, Orange County, CA, USA) and then
amplified using non-hot-start DNA polymerase for 10–13 cycles. Amplified libraries were
purified using VAHTS DNA clean beads (Vazyme, Nanjing, China) to remove adapters.

ATAC-seq libraries were pooled and sequenced using the Illumina Hiseq X Ten
platform. Raw reads were trimmed using trim_galore with parameter: “-q 25 –phred33
–length 40 –paired”. Trimmed reads were aligned to Artemisia annua reference genome using
bowtie2 with the following parameters: “-p 10 -X 1000” [56]. Aligned reads were sorted,
followed by PCR duplicates and multiple aligned reads’ removal with sambamba [57].

4.3. Identification and Annotation of ACRs and Differential Accessible Regions (DARs)

ACRs were identified using MACS2 (Model-based Analysis of ChIP-seq) with param-
eter:“ –nomodel –shift 100 –extsize 200” [58]. Peak files were merged and reads in each
ACR were counted with Feature-Counts and DARs (differential accessible regions) were
detected with DEseq2 [59]. ACRs were annotated with ChIPseeker and the Artemisia annua
genome annotation file [60].

4.4. GO Analysis

Since we did not find GO numbers in the Artemisia annua genome annotation file,
BLAST (Basic Local Alignment Search Tool) was used to search Artemisia annua ortholog
genes from sunflower Helianthus annuus genome. DAR-associated genes were transferred
to their ortholog genes in sunflower Helianthus annuus to perform GO analysis with online
tools (http://geneontology.org/, accessed on 19 February 2021).

4.5. RNA-seq Library Generation, Sequencing, and Mapping

Total RNA of GT and leaves were extracted by TRIzol (Invitrogen, Waltham, MA, USA)
and mRNA was purified by the Dynabeads mRNA DIRECT kit (Invitrogen). First-strand
DNA was synthesized with reverse transcription with oligo dT as a primer and second-
strand DNA was synthesized by random hexamer and followed by Tn5 tagmentation.
DNA fragments with adapters were amplified and pooled for sequencing. Raw reads
were trimmed using trim_galore with parameter: “-q 25 –phred33 –length 40 –paired”.
Trimmed reads were aligned to the Artemisia annua reference genome using Hisat2 [61].
Aligned reads were sorted with sambamba [57] and clean reads were used to calculate
TPM (Transcripts Per Million) and DEGs with DEseq2 [59].

4.6. RT-qPCR and ATAC-qPCR

RNA was extracted with TRIzol reagent (Invitrogen,), followed by reverse transcrip-
tion with SuperScript IV reverse transcriptase (Invitrogen). cDNA was then used for
RT-qPCR (Vazyme). Beta-actin was used as an internal control. Primers used for RT-qPCR
are listed in Table S12.

ATAC-qPCR was performed using the ATAC-seq library with 1 ng DNA as a DNA
sample. Values was first normalized by ACT1 (ACTIN1) and then by genomic DNA. ACT1
was selected for its low variation among different samples and high accessibility. Primers
used for ATAC-qPCR are listed in Table S13.

4.7. Network Construction

Motif enrichment was performed with Homer using default parameters [62]. Motif
discovery was performed with FIMO (Find Individual Motif Occurrences) in MEME suite
(Motif-based sequence analysis tools) using default parameters [63]. Transcription factors
were selected according to their expression levels (TPM > 50). The network was plotted
with Cytoscape [64].

Supplementary Materials: The following are available online. Table S1: Library information statis-
tics. Table S2: Glandular trichome high DAR information. Table S3: Glandular trichome low DAR

http://geneontology.org/
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information. Table S4: Glandular trichome upregulated DEG information. Table S5: Glandular
trichome downregulated DEG information. Table S6: List of overlap genes for GT-up DEG and GT
high DAR-associated genes. Table S7: Full list for GO analysis (Biological Process). Table S8: Full
list for GO analysis (Molecular Function). Table S9: Full list for GO analysis (Cellular component).
Table S10: Motif enrichment in GT high DAR. Table S11: TFs selected for network construction. Table
S12: RT-qPCR primers. Table S13: ATAC-qPCR primers.

Author Contributions: Conceptualization, D.G. and L.Z.; methodology, L.Z., Y.H. and Q.W.; val-
idation, L.Z. and Y.H.; formal analysis L.Z., Y.H. and Q.W.; resources, Q.W.; writing—original
draft preparation, L.Z.; writing—review and editing, D.G.; supervision, D.G.; project administra-
tion, D.G.; funding acquisition, D.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by a grant from Department of Science and Technology of
Guangdong Province, and partially by State Key Laboratory of Agrobiotechnology, CUHK, grant
number 8300052.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The high-throughput sequencing data generated in this study were
deposited in the NCBI SRA database with accession number PRJNA663216.

Acknowledgments: We are grateful to Yilong Hu and Mingkun Huang for constructive suggestions
on data interpretation. We also thank Xusheng Zhao for experimental assistance.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References
1. Qinghaosu, C.R.G.f. A new sesquiterpene lactone-qinghaosu. Kexue Tongbao 1977, 3, 142. (In Chinese)
2. Tu, Y. The discovery of artemisinin (qinghaosu) and gifts from Chinese medicine. Nat. Med. 2011, 17, 1217–1220.

[CrossRef] [PubMed]
3. German, P.I.; Aweeka, F.T. Clinical pharmacology of artemisinin-based combination therapies. Clin. Pharmacokinet. 2008, 47,

91–102. [PubMed]
4. Haq, F.U.; Roman, M.; Ahmad, K.; Rahman, S.U.; Shah, S.M.A.; Suleman, N.; Ullah, S.; Ahmad, I.; Ullah, W. Artemisia annua:

Trials are needed for COVID-19. Phytother. Res. 2020, 34, 2423–2424. [CrossRef]
5. Law, S.; Leung, A.W.; Xu, C. Is the traditional Chinese herb “Artemisia annua” possible to fight against COVID-19? Integr. Med.

Res. 2020, 9, 100474. [CrossRef] [PubMed]
6. Shen, Q.; Zhang, L.; Liao, Z.; Wang, S.; Yan, T.; Shi, P.; Liu, M.; Fu, X.; Pan, Q.; Wang, Y.; et al. The Genome of Artemisia

annua Provides Insight into the Evolution of Asteraceae Family and Artemisinin Biosynthesis. Mol. Plant 2018, 11, 776–788.
[CrossRef] [PubMed]

7. Xiao, L.; Tan, H.; Zhang, L. Artemisia annua glandular secretory trichomes: The biofactory of antimalarial agent artemisinin. Sci.
Bull. 2016, 61, 26–36. [CrossRef]

8. Ro, D.K.; Paradise, E.M.; Ouellet, M.; Fisher, K.J.; Newman, K.L.; Ndungu, J.M.; Ho, K.A.; Eachus, R.A.; Ham, T.S.; Kirby,
J.; et al. Production of the antimalarial drug precursor artemisinic acid in engineered yeast. Nature 2006, 440, 940–943.
[CrossRef] [PubMed]

9. Farhi, M.; Marhevka, E.; Ben-Ari, J.; Algamas-Dimantov, A.; Liang, Z.; Zeevi, V.; Edelbaum, O.; Spitzer-Rimon, B.; Abeliovich,
H.; Schwartz, B.; et al. Generation of the potent anti-malarial drug artemisinin in tobacco. Nat. Biotechnol. 2011, 29, 1072–1074.
[CrossRef] [PubMed]

10. Graham, I.A.; Besser, K.; Blumer, S.; Branigan, C.A.; Czechowski, T.; Elias, L.; Guterman, I.; Harvey, D.; Isaac, P.G.; Khan,
A.M.; et al. The genetic map of Artemisia annua L. identifies loci affecting yield of the antimalarial drug artemisinin. Science 2010,
327, 328–331. [CrossRef] [PubMed]

11. Townsend, T.; Segura, V.; Chigeza, G.; Penfield, T.; Rae, A.; Harvey, D.; Bowles, D.; Graham, I.A. The use of combining ability
analysis to identify elite parents for Artemisia annua F1 hybrid production. PLoS ONE 2013, 8, e61989. [CrossRef]

12. Han, J.L.; Liu, B.Y.; Ye, H.C.; Wang, H.; Li, Z.Q.; Li, G.F. Effects of overexpression of the endogenous farnesyl diphosphate
synthase on the artemisinin content in Artemisia annua L. J. Integr. Plant Biol. 2006, 48, 482–487. [CrossRef]

13. Shi, P.; Fu, X.Q.; Liu, M.; Shen, Q.; Jiang, W.M.; Li, L.; Sun, X.F.; Tang, K.X. Promotion of artemisinin content in Artemisia annua by
overexpression of multiple artemisinin biosynthetic pathway genes. Plant Cell Tissue Organ. Cult. 2017, 129, 251–259. [CrossRef]

http://doi.org/10.1038/nm.2471
http://www.ncbi.nlm.nih.gov/pubmed/21989013
http://www.ncbi.nlm.nih.gov/pubmed/18193915
http://doi.org/10.1002/ptr.6733
http://doi.org/10.1016/j.imr.2020.100474
http://www.ncbi.nlm.nih.gov/pubmed/32742919
http://doi.org/10.1016/j.molp.2018.03.015
http://www.ncbi.nlm.nih.gov/pubmed/29703587
http://doi.org/10.1007/s11434-015-0980-z
http://doi.org/10.1038/nature04640
http://www.ncbi.nlm.nih.gov/pubmed/16612385
http://doi.org/10.1038/nbt.2054
http://www.ncbi.nlm.nih.gov/pubmed/22158354
http://doi.org/10.1126/science.1182612
http://www.ncbi.nlm.nih.gov/pubmed/20075252
http://doi.org/10.1371/journal.pone.0061989
http://doi.org/10.1111/j.1744-7909.2006.00208.x
http://doi.org/10.1007/s11240-017-1173-z


Molecules 2021, 26, 1194 12 of 14

14. Van Nieuwerburgh, F.C.; Vande Casteele, S.R.; Maes, L.; Goossens, A.; Inze, D.; Van Bocxlaer, J.; Deforce, D.L. Quantitation
of artemisinin and its biosynthetic precursors in Artemisia annua L. by high performance liquid chromatography-electrospray
quadrupole time-of-flight tandem mass spectrometry. J. Chromatogr. A 2006, 1118, 180–187. [PubMed]

15. Olsson, M.E.; Olofsson, L.M.; Lindahl, A.L.; Lundgren, A.; Brodelius, M.; Brodelius, P.E. Localization of enzymes of artemisinin
biosynthesis to the apical cells of glandular secretory trichomes of Artemisia annua L. Phytochemistry 2009, 70, 1123–1128.
[CrossRef] [PubMed]

16. Duke, M.V.; Paul, R.N.; Elsohly, H.N.; Sturtz, G.; Duke, S.O. Localization of artemisinin and artemisitene in foliar tissues of
glanded and glandless biotypes of Artemisia annua L. Int. J. Plant Sci. 1994, 155, 365–372. [CrossRef]

17. Judd, R.; Bagley, M.C.; Li, M.; Zhu, Y.; Lei, C.; Yuzuak, S.; Ekelof, M.; Pu, G.; Zhao, X.; Muddiman, D.C.; et al. Artemisinin
Biosynthesis in Non-glandular Trichome Cells of Artemisia annua. Mol. Plant 2019, 12, 704–714. [CrossRef] [PubMed]

18. Duke, S.O.; Paul, R.N. Development and Fine-Structure of the Glandular Trichomes of Artemisia annua L. Int. J. Plant Sci. 1993,
154, 107–118. [CrossRef]

19. Towler, M.J.; Weathers, P.J. Evidence of artemisinin production from IPP stemming from both the mevalonate and the nonmeval-
onate pathways. Plant Cell Rep. 2007, 26, 2129–2136. [CrossRef] [PubMed]

20. Mercke, P.; Bengtsson, M.; Bouwmeester, H.J.; Posthumus, M.A.; Brodelius, P.E. Molecular cloning, expression, and characteriza-
tion of amorpha-4,11-diene synthase, a key enzyme of artemisinin biosynthesis in Artemisia annua L. Arch. Biochem. Biophys. 2000,
381, 173–180. [CrossRef] [PubMed]

21. Kim, S.H.; Heo, K.; Chang, Y.J.; Park, S.H.; Rhee, S.K.; Kim, S.U. Cyclization mechanism of amorpha-4,11-diene synthase, a key
enzyme in artemisinin biosynthesis. J. Nat. Prod. 2006, 69, 758–762. [CrossRef] [PubMed]

22. Teoh, K.H.; Polichuk, D.R.; Reed, D.W.; Nowak, G.; Covello, P.S. Artemisia annua L. (Asteraceae) trichome-specific cDNAs reveal
CYP71AV1, a cytochrome P450 with a key role in the biosynthesis of the antimalarial sesquiterpene lactone artemisinin. FEBS Lett.
2006, 580, 1411–1416. [CrossRef] [PubMed]

23. Zhang, Y.; Teoh, K.H.; Reed, D.W.; Maes, L.; Goossens, A.; Olson, D.J.; Ross, A.R.; Covello, P.S. The molecular cloning of
artemisinic aldehyde Delta11 reductase and its role in glandular trichome-dependent biosynthesis of artemisinin in Artemisia
annua. J. Biol. Chem. 2008, 283, 21501–21508. [CrossRef]

24. Teoh, K.H.; Polichuk, D.R.; Reed, D.W.; Covello, P.S. Molecular cloning of an aldehyde dehydrogenase implicated in artemisinin
biosynthesis in Artemisia annua. Botany 2009, 87, 635–642. [CrossRef]

25. Czechowski, T.; Larson, T.R.; Catania, T.M.; Harvey, D.; Brown, G.D.; Graham, I.A. Artemisia annua mutant impaired in artemisinin
synthesis demonstrates importance of nonenzymatic conversion in terpenoid metabolism. Proc. Natl. Acad. Sci. USA 2016, 113,
15150–15155. [CrossRef] [PubMed]

26. Matías-Hernández, L.; Jiang, W.; Yang, K.; Tang, K.; Brodelius, P.E.; Pelaz, S. AaMYB1 and its orthologue AtMYB61 affect terpene
metabolism and trichome development in Artemisia annua and Arabidopsis thaliana. Plant J. 2017, 90, 520–534. [CrossRef]

27. Han, J.; Wang, H.; Lundgren, A.; Brodelius, P.E. Effects of overexpression of AaWRKY1 on artemisinin biosynthesis in transgenic
Artemisia annua plants. Phytochemistry 2014, 102, 89–96. [CrossRef]

28. Chen, M.; Yan, T.; Shen, Q.; Lu, X.; Pan, Q.; Huang, Y.; Tang, Y.; Fu, X.; Liu, M.; Jiang, W.; et al. GLANDULAR TRICHOME-
SPECIFIC WRKY 1 promotes artemisinin biosynthesis in Artemisia annua. New Phytol. 2017, 214, 304–316. [CrossRef] [PubMed]

29. Lu, X.; Zhang, L.; Zhang, F.; Jiang, W.; Shen, Q.; Zhang, L.; Lv, Z.; Wang, G.; Tang, K. AaORA, a trichome-specific AP2/ERF
transcription factor of Artemisia annua, is a positive regulator in the artemisinin biosynthetic pathway and in disease resistance to
Botrytis cinerea. New Phytol. 2013, 198, 1191–1202. [CrossRef] [PubMed]

30. Tan, H.; Xiao, L.; Gao, S.; Li, Q.; Chen, J.; Xiao, Y.; Ji, Q.; Chen, R.; Chen, W.; Zhang, L. TRICHOME AND ARTEMISININ
REGULATOR 1 Is Required for Trichome Development and Artemisinin Biosynthesis in Artemisia annua. Mol. Plant 2015, 8,
1396–1411. [CrossRef] [PubMed]

31. Zhang, F.; Fu, X.; Lv, Z.; Lu, X.; Shen, Q.; Zhang, L.; Zhu, M.; Wang, G.; Sun, X.; Liao, Z.; et al. A basic leucine zipper transcription
factor, AabZIP1, connects abscisic acid signaling with artemisinin biosynthesis in Artemisia annua. Mol. Plant 2015, 8, 163–175.
[CrossRef] [PubMed]

32. Ji, Y.; Xiao, J.; Shen, Y.; Ma, D.; Li, Z.; Pu, G.; Li, X.; Huang, L.; Liu, B.; Ye, H.; et al. Cloning and characterization of AabHLH1,
a bHLH transcription factor that positively regulates artemisinin biosynthesis in Artemisia annua. Plant Cell Physiol. 2014, 55,
1592–1604. [CrossRef] [PubMed]

33. Yu, Z.X.; Li, J.X.; Yang, C.Q.; Hu, W.L.; Wang, L.J.; Chen, X.Y. The jasmonate-responsive AP2/ERF transcription factors AaERF1
and AaERF2 positively regulate artemisinin biosynthesis in Artemisia annua L. Mol. Plant 2012, 5, 353–365. [CrossRef] [PubMed]

34. Klemm, S.L.; Shipony, Z.; Greenleaf, W.J. Chromatin accessibility and the regulatory epigenome. Nat. Rev. Genet. 2019, 20,
207–220. [CrossRef] [PubMed]

35. Maher, K.A.; Bajic, M.; Kajala, K.; Reynoso, M.; Pauluzzi, G.; West, D.A.; Zumstein, K.; Woodhouse, M.; Bubb, K.; Dorrity,
M.W.; et al. Profiling of Accessible Chromatin Regions across Multiple Plant Species and Cell Types Reveals Common Gene
Regulatory Principles and New Control Modules. Plant Cell 2018, 30, 15–36. [CrossRef] [PubMed]

36. Potter, K.C.; Wang, J.; Schaller, G.E.; Kieber, J.J. Cytokinin modulates context-dependent chromatin accessibility through the
type-B response regulators. Nat. Plants 2018, 4, 1102–1111. [CrossRef] [PubMed]

37. Marion, C. The structural organization of oligonucleosomes. J. Biomol. Struct. Dyn. 1984, 2, 303–317. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/16650427
http://doi.org/10.1016/j.phytochem.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19664791
http://doi.org/10.1086/297173
http://doi.org/10.1016/j.molp.2019.02.011
http://www.ncbi.nlm.nih.gov/pubmed/30851440
http://doi.org/10.1086/297096
http://doi.org/10.1007/s00299-007-0420-x
http://www.ncbi.nlm.nih.gov/pubmed/17710406
http://doi.org/10.1006/abbi.2000.1962
http://www.ncbi.nlm.nih.gov/pubmed/11032404
http://doi.org/10.1021/np050356u
http://www.ncbi.nlm.nih.gov/pubmed/16724836
http://doi.org/10.1016/j.febslet.2006.01.065
http://www.ncbi.nlm.nih.gov/pubmed/16458889
http://doi.org/10.1074/jbc.M803090200
http://doi.org/10.1139/B09-032
http://doi.org/10.1073/pnas.1611567113
http://www.ncbi.nlm.nih.gov/pubmed/27930305
http://doi.org/10.1111/tpj.13509
http://doi.org/10.1016/j.phytochem.2014.02.011
http://doi.org/10.1111/nph.14373
http://www.ncbi.nlm.nih.gov/pubmed/28001315
http://doi.org/10.1111/nph.12207
http://www.ncbi.nlm.nih.gov/pubmed/23448426
http://doi.org/10.1016/j.molp.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25870149
http://doi.org/10.1016/j.molp.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25578280
http://doi.org/10.1093/pcp/pcu090
http://www.ncbi.nlm.nih.gov/pubmed/24969234
http://doi.org/10.1093/mp/ssr087
http://www.ncbi.nlm.nih.gov/pubmed/22104293
http://doi.org/10.1038/s41576-018-0089-8
http://www.ncbi.nlm.nih.gov/pubmed/30675018
http://doi.org/10.1105/tpc.17.00581
http://www.ncbi.nlm.nih.gov/pubmed/29229750
http://doi.org/10.1038/s41477-018-0290-y
http://www.ncbi.nlm.nih.gov/pubmed/30420712
http://doi.org/10.1080/07391102.1984.10507569
http://www.ncbi.nlm.nih.gov/pubmed/6400938


Molecules 2021, 26, 1194 13 of 14

38. Kaplan, N.; Moore, I.K.; Fondufe-Mittendorf, Y.; Gossett, A.J.; Tillo, D.; Field, Y.; LeProust, E.M.; Hughes, T.R.; Lieb, J.D.; Widom,
J.; et al. The DNA-encoded nucleosome organization of a eukaryotic genome. Nature 2009, 458, 362–366. [CrossRef] [PubMed]

39. Poirier, M.G.; Bussiek, M.; Langowski, J.; Widom, J. Spontaneous access to DNA target sites in folded chromatin fibers. J. Mol. Biol.
2008, 379, 772–786. [CrossRef] [PubMed]

40. Sabo, P.J.; Kuehn, M.S.; Thurman, R.; Johnson, B.E.; Johnson, E.M.; Cao, H.; Yu, M.; Rosenzweig, E.; Goldy, J.; Haydock,
A.; et al. Genome-scale mapping of DNase I sensitivity in vivo using tiling DNA microarrays. Nat. Methods 2006, 3, 511–518.
[CrossRef] [PubMed]

41. Buenrostro, J.D.; Giresi, P.G.; Zaba, L.C.; Chang, H.Y.; Greenleaf, W.J. Transposition of native chromatin for fast and sensitive
epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position. Nat. Methods 2013, 10, 1213–1218.
[CrossRef] [PubMed]

42. Mieczkowski, J.; Cook, A.; Bowman, S.K.; Mueller, B.; Alver, B.H.; Kundu, S.; Deaton, A.M.; Urban, J.A.; Larschan, E.; Park,
P.J.; et al. MNase titration reveals differences between nucleosome occupancy and chromatin accessibility. Nat. Commun. 2016, 7,
11485. [CrossRef] [PubMed]

43. Lu, Z.; Marand, A.P.; Ricci, W.A.; Ethridge, C.L.; Zhang, X.; Schmitz, R.J. The prevalence, evolution and chromatin signatures of
plant regulatory elements. Nat. Plants 2019, 5, 1250–1259. [CrossRef] [PubMed]

44. Wang, W.; Wang, Y.; Zhang, Q.; Qi, Y.; Guo, D. Global characterization of Artemisia annua glandular trichome transcriptome using
454 pyrosequencing. BMC Genom. 2009, 10, 465. [CrossRef] [PubMed]

45. Schramek, N.; Wang, H.; Römisch-Margl, W.; Keil, B.; Radykewicz, T.; Winzenhörlein, B.; Beerhues, L.; Bacher, A.; Rohdich, F.;
Gershenzon, J.; et al. Artemisinin biosynthesis in growing plants of Artemisia annua. A 13CO2 study. Phytochemistry 2010, 71,
179–187. [CrossRef] [PubMed]

46. Mudalige, C.; Gingras, A.C.; Pearlman, R.E.; Fillingham, J. The bromodomain-containing protein Ibd1 links multiple chromatin-
related protein complexes to highly expressed genes in Tetrahymena thermophila. Epigenetics Chromatin 2018, 11, 10.

47. Rawal, Y.; Chereji, R.V.; Qiu, H.; Ananthakrishnan, S.; Govind, C.K.; Clark, D.J.; Hinnebusch, A.G. SWI/SNF and RSC cooperate
to reposition and evict promoter nucleosomes at highly expressed genes in yeast. Genes Dev. 2018, 32, 695–710. [CrossRef]

48. Qiu, H.; Biernat, E.; Govind, C.K.; Rawal, Y.; Chereji, R.V.; Clark, D.J.; Hinnebusch, A.G. Chromatin remodeler Ino80C acts
independently of H2A.Z to evict promoter nucleosomes and stimulate transcription of highly expressed genes in yeast. Nucleic
Acids Res. 2020, 48, 8408–8430. [CrossRef] [PubMed]

49. Bertea, C.M.; Voster, A.; Verstappen, F.W.; Maffei, M.; Beekwilder, J.; Bouwmeester, H.J. Isoprenoid biosynthesis in Artemisia
annua: Cloning and heterologous expression of a germacrene A synthase from a glandular trichome cDNA library. Arch. Biochem.
Biophys. 2006, 448, 3–12. [CrossRef]

50. Laterre, R.; Pottier, M.; Remacle, C.; Boutry, M. Photosynthetic Trichomes Contain a Specific Rubisco with a Modified pH-
Dependent Activity. Plant Physiol. 2017, 173, 2110–2120. [CrossRef] [PubMed]

51. Pajoro, A.; Madrigal, P.; Muiño, J.M.; Matus, J.T.; Jin, J.; Mecchia, M.A.; Debernardi, J.M.; Palatnik, J.F.; Balazadeh, S.; Arif, M.; et al.
Dynamics of chromatin accessibility and gene regulation by MADS-domain transcription factors in flower development. Genome
Biol. 2014, 15, R41. [CrossRef]

52. Li, Y.; Liu, Y.; Yang, H.; Zhang, T.; Naruse, K.; Tu, Q. Dynamic transcriptional and chromatin accessibility landscape of medaka
embryogenesis. Genome Res. 2020, 30, 924–937. [CrossRef] [PubMed]

53. Ricci, W.A.; Lu, Z.; Ji, L.; Marand, A.P.; Ethridge, C.L.; Murphy, N.G.; Noshay, J.M.; Galli, M.; Mejía-Guerra, M.K.; Colomé-
Tatché, M.; et al. Widespread long-range cis-regulatory elements in the maize genome. Nat. Plants 2019, 5, 1237–1249.
[CrossRef] [PubMed]

54. Danko, C.G.; Hyland, S.L.; Core, L.J.; Martins, A.L.; Waters, C.T.; Lee, H.W.; Cheung, V.G.; Kraus, W.L.; Lis, J.T.; Siepel, A.
Identification of active transcriptional regulatory elements from GRO-seq data. Nat. Methods 2015, 12, 433–438. [CrossRef]

55. Crawford, G.E.; Davis, S.; Scacheri, P.C.; Renaud, G.; Halawi, M.J.; Erdos, M.R.; Green, R.; Meltzer, P.S.; Wolfsberg, T.G.; Collins,
F.S. DNase-chip: A high-resolution method to identify DNase I hypersensitive sites using tiled microarrays. Nat. Methods 2006, 3,
503–509. [CrossRef]

56. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
57. Tarasov, A.; Vilella, A.J.; Cuppen, E.; Nijman, I.J.; Prins, P. Sambamba: Fast processing of NGS alignment formats. Bioinformatics

2015, 31, 2032–2034. [CrossRef] [PubMed]
58. Zhang, Y.; Liu, T.; Meyer, C.A.; Eeckhoute, J.; Johnson, D.S.; Bernstein, B.E.; Nusbaum, C.; Myers, R.M.; Brown, M.; Li, W.; et al.

Model-based analysis of ChIP-Seq (MACS). Genome Biol. 2008, 9, R137. [CrossRef] [PubMed]
59. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef]
60. Yu, G.; Wang, L.G.; He, Q.Y. ChIPseeker: An R/Bioconductor package for ChIP peak annotation, comparison and visualization.

Bioinformatics 2015, 31, 2382–2383. [CrossRef] [PubMed]
61. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,

357–360. [CrossRef] [PubMed]
62. Heinz, S.; Benner, C.; Spann, N.; Bertolino, E.; Lin, Y.C.; Laslo, P.; Cheng, J.X.; Murre, C.; Singh, H.; Glass, C.K. Simple combinations

of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and B cell identities. Mol. Cell
2010, 38, 576–589. [CrossRef] [PubMed]

http://doi.org/10.1038/nature07667
http://www.ncbi.nlm.nih.gov/pubmed/19092803
http://doi.org/10.1016/j.jmb.2008.04.025
http://www.ncbi.nlm.nih.gov/pubmed/18485363
http://doi.org/10.1038/nmeth890
http://www.ncbi.nlm.nih.gov/pubmed/16791208
http://doi.org/10.1038/nmeth.2688
http://www.ncbi.nlm.nih.gov/pubmed/24097267
http://doi.org/10.1038/ncomms11485
http://www.ncbi.nlm.nih.gov/pubmed/27151365
http://doi.org/10.1038/s41477-019-0548-z
http://www.ncbi.nlm.nih.gov/pubmed/31740772
http://doi.org/10.1186/1471-2164-10-465
http://www.ncbi.nlm.nih.gov/pubmed/19818120
http://doi.org/10.1016/j.phytochem.2009.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19932496
http://doi.org/10.1101/gad.312850.118
http://doi.org/10.1093/nar/gkaa571
http://www.ncbi.nlm.nih.gov/pubmed/32663283
http://doi.org/10.1016/j.abb.2006.02.026
http://doi.org/10.1104/pp.17.00062
http://www.ncbi.nlm.nih.gov/pubmed/28250069
http://doi.org/10.1186/gb-2014-15-3-r41
http://doi.org/10.1101/gr.258871.119
http://www.ncbi.nlm.nih.gov/pubmed/32591361
http://doi.org/10.1038/s41477-019-0547-0
http://www.ncbi.nlm.nih.gov/pubmed/31740773
http://doi.org/10.1038/nmeth.3329
http://doi.org/10.1038/nmeth888
http://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://doi.org/10.1093/bioinformatics/btv098
http://www.ncbi.nlm.nih.gov/pubmed/25697820
http://doi.org/10.1186/gb-2008-9-9-r137
http://www.ncbi.nlm.nih.gov/pubmed/18798982
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1093/bioinformatics/btv145
http://www.ncbi.nlm.nih.gov/pubmed/25765347
http://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
http://doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432


Molecules 2021, 26, 1194 14 of 14

63. Grant, C.E.; Bailey, T.L.; Noble, W.S. FIMO: Scanning for occurrences of a given motif. Bioinformatics 2011, 27, 1017–1018.
[CrossRef] [PubMed]

64. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape:
A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504.
[CrossRef] [PubMed]

http://doi.org/10.1093/bioinformatics/btr064
http://www.ncbi.nlm.nih.gov/pubmed/21330290
http://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658

	Introduction 
	Results 
	Mapping Accessible Chromatin in Artemisia annua 
	Glandular Trichome High-Accessible Differential Accessible Regions (DARs) Are Likely Involved in Regulating GT-Specific Cellular Function 
	Some Artemisinin Pathway Gene Expressions Are Associated with Chromatin Accessibility 

	Discussion 
	Materials and Methods 
	Plant Materials and Sample Preparation 
	ATAC-seq Library Generation, Sequencing, and Mapping 
	Identification and Annotation of ACRs and Differential Accessible Regions (DARs) 
	GO Analysis 
	RNA-seq Library Generation, Sequencing, and Mapping 
	RT-qPCR and ATAC-qPCR 
	Network Construction 

	References

