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ABSTRACT

Chromatin structure plays a pivotal role in facilitat-
ing proper control of gene expression. Transcrip-
tion factor (TF) binding of cis-elements is often as-
sociated with accessible chromatin regions. There-
fore, the ability to identify these accessible regions
throughout plant genomes will advance understand-
ing of the relationship between TF binding, chromatin
status and the regulation of gene expression. Assay
for Transposase Accessible Chromatin sequencing
(ATAC-seq) is a recently developed technique used
to map open chromatin zones in animal genomes.
However, in plants, the existence of cell walls, sub-
cellular organelles and the lack of stable cell lines
have prevented routine application of this technique.
Here, we describe an assay combining ATAC-seq
with fluorescence-activated nuclei sorting (FANS) to
identify and map open chromatin and TF-binding
sites in plant genomes. FANS-ATAC-seq compares
favorably with published DNaseI sequencing (DNase-
seq) results and it requires less than 50 000 nuclei
for accurate identification of accessible genomic re-
gions.

Summary: Application of ATAC-seq to sorted nu-
clei identifies accessible regions genome-wide.

INTRODUCTION

Eukaryotic genomes are tightly packed, beginning with
wrapping short stretches of DNA around nucleosomes in a
repeating unit that forms the structural basis of chromatin
(1). Chromatin is categorized as either euchromatin or het-
erochromatin based on its transcriptional competence, its
density and its accessibility (2,3). The distribution of nucle-
osomes along the chromosome provides different levels of
accessibility of transcriptional machinery to cis-regulatory
elements such as promoters and enhancers (4). These cis-

regulatory regions, which are usually targeted by a diverse
array of transcription factors (TFs), play pivotal roles in
the regulation of gene expression (5,6). Therefore, identifi-
cation of cis-regulatory sequences in their native chromatin
environment is important for understanding how gene ex-
pression is coordinated throughout the plant to facilitate
growth, development and responses to the environment.

The gold-standard method for identifying in vivo pro-
tein:DNA interactions and cis-regulatory regions for TFs
of interest is chromatin immunoprecipitation-sequencing
(ChIP-seq). However, the lack of antibodies for most plant
TFs necessitates production of transgenic plants expressing
epitope-tagged versions of proteins of interest that has pre-
vented widespread application of this method in plants (7).
Therefore, the development of feasible and scalable meth-
ods is required to facilitate identification of regulatory ele-
ments in plant genomes. Additional methods do exist that
systematically reveal the identity of cis-regulatory elements
by taking advantage of their location in ‘open chromatin’
zones, which makes them particularly prone to enzymes that
digest exposed DNA such as microccocal nuclease (MNase)
and DNase I (8,9). As a result, several methods that com-
bine enzymatic digestion of isolated chromatin with high-
throughput sequencing, such as DNase-seq, MNase-seq
and FAIRE-seq (formaldehyde-assisted isolation of regu-
latory elements) have been developed to pinpoint poten-
tial accessible regions genome wide (8,10–12). For example,
DNase-seq reveals regions of open chromatin (accessible re-
gions) that are a few kilobases in size. Within accessible re-
gions, direct interactions between proteins, such as TFs, and
DNA prevent enzymatic digestion by DNase I, leaving pro-
tected ‘footprints’ of these proteins (13). These footprints
are often less than 15 base pairs (bp) in size and they can be
used to identify potential interacting TFs for which target
motifs have been identified from in vitro protein:DNA in-
teraction assays such as yeast-one hybrid, protein binding
microarrays (PBMs) or DNA affinity purification sequenc-
ing (14,15). Finally, the totality of TF-footprint pairs can
be used to construct gene regulatory networks (16,17).
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A new method, assay for transposase-accessible chro-
matin with high-throughput sequencing (ATAC-seq) im-
proved the ability to identify accessible regions and DNA
footprints (18). In this method, the Tn5 transposase is used
instead of DNase I to access open chromatin. The Tn5
transposase integrates sequencing adapters directly into
DNA eliminating the need for multiple reactions and purifi-
cations typically required for sequencing library construc-
tion. As a result, significantly lower amounts of starting nu-
clei are required for investigation of cis-regulatory elements.
In fact, 50 000 nuclei are sufficient for this technique, as op-
posed to others like MNase-seq or DNAse-seq that often
require 20- to 100-fold more nuclei (18). ATAC-seq has even
been performed on single cells (19). However, in single cells
or samples with reduced input of nuclei the identification
of footprints is challenging due to limited Tn5 integration
events.

ATAC-seq is now routinely being applied to systemat-
ically identify cis-regulatory regions and DNA footprints
in animal genomes (20), however, the application of this
method to plant species has been challenging. The major
hurdle has been contamination of chromatin extracts by
the mitochondrial and chloroplast genomes. The organel-
lar genomes are completely accessible to Tn5, which likely
depletes Tn5 activity from the nuclear genome (18). To cir-
cumvent this impediment we have developed a novel and
robust method that combines ATAC-seq with fluorescence-
activated nuclei sorting (FANS) for the identification of cis-
regulatory regions and DNA footprints in plant genomes.

MATERIALS AND METHODS

Plant growth and extraction of crude nuclei

The Arabidopsis thaliana accession Col-0 and
Pro35S:H2AX-GFP transgenic plants were grown on
a vertical plate with 1

2 LS media and 1% sugar in long day
light conditions (16 h light/8 h dark) for 7–8 days. Approx-
imately 0.2 g of whole seedlings or roots were collected and
immediately chopped in 2 ml of pre-chilled lysis buffer (15
mM Tris-HCl pH7.5, 20 mM NaCl, 80 mM KCl, 0.5 mM
spermine, 5 mM 2-ME, 0.2% TritonX-100). After chopping
the total mixture was filtered with miracloth twice and then
loaded on the surface of 2 mL dense sucrose buffer (20
mM Tris-HCl Ph8.0, 2 mM MgCl2, 2 mM EDTAl, 15 mM
2-ME, 1.7 M sucrose, 0.2% TritonX-100) in a 15 ml Falcon
tube, as described before (21). The nuclei were centrifuged
at 2200 g at 4C for 20 min and the pellets were resuspended
in 500 �l pre-chilled lysis buffer. Key steps and notes are
listed in items 1–4 in the Supplementary Methods.

Nuclei sorting and Tn5 integration

Crude nuclei were stained with 4,6-Diamidino-2-
phenylindole (DAPI) and loaded into a flow cytome-
ter (Beckman Coulter MoFlo XDP). The exciting light
strength of DAPI is set as 600 eV. A total of 50 000 nuclei
were sorted based on their size, the strength of the DAPI
signal and were subsequently collected in a tube with 500 �l
of lysis buffer (Figure 1). The nuclei were pelleted by cen-
trifugation at 1000 g at 4C for 10 min. After checking the

quality of nuclei under a microscope using a DAPI chan-
nel, the nuclei were washed with Tris-Mg buffer (10 mM
Tris-HCl pH8.0, 5 mM MgCl2) once and the supernants
were removed as clean as possible. To prepare transpo-
somes, 10 �l of Tn5 transposase, which was purified and
quantified following a previously published protocol (22),
was incubated with 0.143 �l of annealed adapter mixture
(25 �M each) at room temperature for 60 min. The purified
nuclei were next incubated with 2 �l of transposomes (Tn5
transposase loaded with adapters) in 40 �l of Tagment
buffer (10 mM TAPS-NaOH ph 8.0, 5 mM MgCl2) at 37C
for 30 min. Tn5 integration can also be carried out using
the Illumina kit (Illumina, # FC-121-1031) at 37C for 30
min. The products are purified using a QIAGEN minielute
kit and then amplified using Phusion DNA polymerase for
10–15 cycles. The PCR cycles are determined as described
in (18). Key steps and notes are listed in items 5–7 in the
Supplementary Methods. Amplified libraries were purified
with AMPure beads and library concentrations were
determined using a Qubit and qPCR prior to sequencing.
The libraries were multiplexed and then sequenced using
an Illumina NextSeq500 (Supplementary Table S1).

Analysis of sequencing data

Sequencing reads and Col-0 wild-type control DNase-seq
(22) were mapped to Release 10 of the Arabidopsis Genome
(TAIR10) using bowtie1 with parameters ‘-v 2 -m 3′ (23)
(Supplementary Table S1). Duplicated reads were removed
using the default parameters of picard. Accessible regions
and peaks were identified using the default parameters of
HOTSPOT (24). The center of identified peaks was used to
define peak overlaps with genomic features using the fol-
lowing criteria. If a center site is located in (1) the promoter
of a gene (2000 bp upstream from the transcriptional start
site (TSS)), or (2) gene body, the peaks will be assigned to
that gene. The distal intergenic regions refer to regions >3
kb from the TSS and >1 kb from the transcriptional end
site (TES). The plot and heatmap of regulatory region dis-
tribution were obtained using ChIPseeker (25). Footprints
were identified with pyDNase (26) using the following pa-
rameters ‘-fp 4,30,1 –dm –A’. The identified footprints were
extracted and compared with the PBM database (27) using
find individual motif occurrences (28). If the entire sequence
of the motif was contained within a footprint it was assigned
to that motif.

H2AX GFP transgenic plant

A full-length coding sequence of the histone 2A variant
X (H2AX) (At1g08880) was PCR-amplified from cDNA,
cloned into pDONR221® and subsequently into the
pK7WG2 vector using the following primers (H2AXAt1g
08880 AttF ggggacaagtttgtacaaaaaagcaggctccatgagtacagg
cg-caggaa and H2AXAt1g08880 AttRev ggggaccactttgtac
aagaaagctgggtcgaactcctgagaa-gcagatcc) and the Gateway
technology according to the manufacturer’s instructions
(Life TechnologiesTM) (29): Arabidopsis (Col-0) plants were
transformed and homozygous transgenic lines were selected
as described previously (30).
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Figure 1. Overview of fluorescence-activated nuclei sorting-assay for transposase-accessible chromatin (FANS-ATAC)-sequencing. (A) Workflow of
FANS-ATAC-sequencing. Fresh tissue is chopped in lysis buffer to release the nuclei, mitochondria and chloroplasts. Density centrifugation (DC) was
used to isolate crude nuclei, which were subsequently stained with DAPI and used for FANS. High quality sorted nuclei were then collected and incubated
with Tn5 for integration of adapters, which were then used to construct sequencing libraries. (B–E) Strategy of nuclei sorting with flow cytometry. The
nuclei are sorted by (B) size, (C) DAPI width and the strength of (D) DAPI signals. R1, R2 and R3 refer to the nuclei selected for ATAC-seq. The number
and quality of nuclei were verified using the (E) DAPI channel of a microscope. DAPI width refers to the time for the cell/nuclei to pass through the
laser-detecting region of the flow cytometer. DAPI height indicates the strongest signal of a single drop. DAPI area refers to the total DAPI signal in each
drop. (F) A representative gel image of an ATAC-seq library constructed after FANS. Discrete bands indicative of nucleosome fractions are found with
high quality FANS-ATAC-seq libraries. 50K SL Nu was amplified for 11 cycles, 50K SL Nu for 15 cycles and 50K RT Nu for 12 cycles. SL, seedlings; RT,
roots; Nu, nuclei; 50K, 50 000. (G) The insert sizes of ATAC-seq paired-end reads in the sample prepared from 500 nuclei. The dotted line indicates the
trendline. Black arrows indicate the fragments containing one or more nucleosomes. The red arrow indicates the helical pitch of DNA that is observed due
to steric hindrance between Tn5 transposases (52).
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Scatter plots, correlations and signal portion of tags (SPOT)
value calculations

To obtain peak intensity files for pairwise comparisons be-
tween different FANS-ATAC-seq experiments, accessible
regions were identified using HOTSPOT (24). The overlap-
ping accessible regions were then identified using BEDtools
(31). Next, an equal number of reads from each sample were
used to count the read numbers located in each overlapping
regulatory region. These values were then used to create
scatter plots and correlation scores between any two investi-
gated samples using linear regression and the lm() function
in R (32). To obtain SPOT values, 5 000 000 reads from each
sample were randomly selected. The accessible regions were
then identified by HOTSPOT and the proportion of reads
that align to accessible regions versus the entire genome was
calculated to determine the SPOT value as described previ-
ously (24,33).

Identification of tissue or assay specific peaks and footprints
and gene ontology (GO) analysis

To identify peaks and footprints that are specific to each
sample, an equal number of reads were randomly selected
from compared samples. A total of 48 million reads were
selected for the comparison of the Col-0 50 000 seedling
FANS nuclei replicate 1 and Col-0 50 000 root FANS nu-
clei replicate 1 samples. A total of 59 million reads were
selected for the comparison of the Col-0 50 000 seedling
FANS nuclei replicate 1 and the Col-0 wild-type control
DNase-seq (22) samples. The specific peaks were identified
using the findPeaks function in Hypergeometric Optimiza-
tion of Motif EnRichment (HOMER) (34) with one sam-
ple in each sample as a control to compare to the other
sample, using the following parameters ‘-region -size 200 -
minDist 50 -tbp 0′’. Genes with at least one specific peak
within 1 kb upstream of the TSS or gene bodies were labeled
as sample specific genes. To identify significantly overrepre-
sented GO terms, Fisher’s exact test was performed using
the GO Consortium browser tool that identifies biological
process, molecular function and cellular component related
GO terms (35,36). Bonferroni correction was used to adjust
for multiple testing, and categories with a P-value < 0.01
were considered statistically significant.

Accessible regions of the Col-0 50 000 seedling nuclei
replicate 1 and the Col-0 50 000 root nuclei replicate 1
were identified using HOTSPOT (24), and common regions
containing all the regulatory regions in both samples were
later used to identify footprints with pyDNase (26). To
identify tissue-specific motifs de novo, the identified tissue
specific footprint sequence were first masked with repeat-
masker (http://www.repeatmasker.org) and then the result-
ing sequences were used for analysis using discriminative
regular expression motif elicitation (28). To identify known
motifs in tissue-specific peaks, find individual motif occur-
rences was used to search for matching motifs from the Ara-
bidopsis PBM database (28).

RESULTS

Overview of FANS-ATAC-seq

In ATAC-seq experiments of mammalian cells, typically
∼30–70% of the sequenced reads align to the mitochon-
drial genome (18). This problem is exacerbated in plants
that have chloroplasts along with their own genomes. Or-
ganellar genomes, such as the mitochondria and chloro-
plasts, are highly accessible and therefore susceptible to Tn5
integrations that decreases the efficiency of using ATAC-
seq to map regulatory elements in the nuclear genome. To
reduce the effect of organelle DNA interference on Tn5,
we combined FANS followed by treatment of Tn5 transpo-
somes (Tn5 loaded with sequencing adapters) according to
the standard ATAC-seq protocol (FANS-ATAC-seq) (Fig-
ure 1A).

First, Arabidopsis tissue lysates were prepared by chop-
ping samples in lysis buffer and nuclei were subsequently
collected via density centrifugation. Next, crude nuclei were
stained with DAPI and further enriched using flow cytom-
etry. Nuclei were isolated according to size and intensity
of the DAPI signals (Figure 1B and C). For fast growing
young tissues, multiple DAPI signal peaks were observed as
a result of endoreplication, which can be used as an impor-
tant index to further select nuclei of interest (e.g. trichomes)
(Figure 1D). DAPI stained nuclei were then screened us-
ing a microscope for quantity and quality (Figure 1E). A
total of 50 000 or as few as 500 nuclei were collected and
then washed with a Tris-Mg buffer to remove ethylenedi-
aminetetraacetic acid, which was present in the lysis buffer
prior to treatment with Tn5 transposomes. After incubation
with Tn5, PCR and electrophoresis, discrete bands were ob-
served (Figure 1F and G), as integration events are enriched
in regions between nucleosomes.

Assessment of the quality of ATAC-seq data

A paired-end sequencing strategy was used to increase the
number of nucleotide resolution integration sites per li-
brary. As shown in Table 1, samples from purified nu-
clei contained a significantly higher fraction of reads that
mapped to the nuclear genome when compared to nuclei
that were not obtained via FANS (crude nuclei – all samples
described in this study are further enriched using FANS un-
less otherwise noted). The percentage of reads that aligned
to the organellar genomes decreased from >50% to ∼30%,
which is similar to observations from mapping open chro-
matin using DNase-seq in Arabidopsis (17). In general, du-
plicate reads and smaller integration products were abun-
dant for those that aligned to the chloroplast and mito-
chondrial genomes as compared to reads that aligned to
the nuclear genome (Figure 1G and Supplementary Fig-
ure S1). The percentage of reads that aligned to the nu-
clear genome for each of the samples generated from plants
expressing green fluorescent protein labelled histone 2A.X
(H2AX-GFP) replicates was 77.5% and 60.5%, which is
comparable to observations from non-GFP experiments.
This indicates that using GFP to further sort nuclei only
marginally improves the purity of nuclei in Arabidopsis.
Auto-fluorescence of organelles as well as their similar size
to the Arabidopsis nuclei likely prevents better purity. As
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Table 1. Alignment of FANS-ATAC-seq reads to organellar and nuclear genomes

ATAC samples Reads percentage in rep 1 Reads percentage in rep 2

Before
removing
duplicates

After removing
duplicates

Reads
remaining if
duplicates
removed

Before
removing
duplicates

After removing
duplicates

Reads remaining if
duplicates
removed

Crude nuclei
(50k)

48.31% 49.20%

Chr1-5 48.00% 72.43% 72.91% 46.39% 83.37% 79.61%
ChrC 45.10% 19% 20.30% 48.71% 7.58% 18.79%
ChrM 6.90% 9% 59.90% 4.89% 9.05% 64.17%

FANS Seedling nuclei
(50k)

69.73% 76.60%

Chr1-5 71.66% 83.69% 81.43% 64.90% 76.19% 89.95%
ChrC 24.57% 12.23% 34.70% 32.13% 20.41% 48.68%
ChrM 3.77% 4.08% 75.50% 2.97% 3.40% 87.57%
Root nuclei
(50k)

80.90% 79.78%

Chr1-5 78.70% 75.03% 85.74% 85.13% 95.92% 80.72%
ChrC 11.02% 18.59% 55.69% 7.16% 6.19% 68.92%
ChrM 10.29% 6.38% 71.18% 7.71% 7.68% 79.84%
Seedling nuclei
(500)

12.72% 12.40%

Chr1-5 71.70% 72.80% 12.92% 55.08% 59.95% 13.53%
ChrC 24.40% 21.40% 11.15% 40.83% 33.76% 10.28%
ChrM 3.90% 5.80% 19.07% 4.09% 6.29% 19.14%
H2AX-GFP
nuclei (50k)

64.41% 58.10%

Chr1-5 77.51% 88.48% 73.48% 60.53% 79.34% 76.64%
ChrC 20.06% 8.84% 28.38% 36.9% 17.46% 27.49%
ChrM 2.43% 2.68% 70.99% 2.57% 3.20% 72.36%

The percentage of reads aligning to the nuclear, chloroplast and mitochondrial genomes for each sample assayed. Crude nuclei indicate a sample that was
prepared without using FANS, whereas FANS was used for all other samples. Using FANS substantially increases the number of nuclear aligned reads.
The number of duplicate reads is significantly higher from the ATAC-seq library prepared from 500 nuclei, as more PCR cycles were required to produce
this library. 50k indicates 50 000.

expected, the number of reads that result from PCR dupli-
cates increases with the number of PCR cycles, as is evident
in data from the 500 nuclei sample (Table 1). Therefore, al-
though purification of nuclei is not essential for successful
implementation of ATAC-seq in Arabidopsis, enrichment
of nuclei will substantially increase the number of useable
reads for identification of integration sites in the nuclear
genome as a result of depleted organellar genomes.

Identification of potential regulatory regions

To determine the efficiency of FANS-ATAC-seq, we com-
pared our results with a high-quality published DNase-seq
data set generated from nuclei isolated via INTACT (iso-
lation of nuclei tagged in specific cell types) (17). FANS-
ATAC-seq resulted in similar patterns of genome sequenc-
ing coverage when compared to the published DNase-seq
(Figure 2A) (17). To identify potential cis-regulatory re-
gions in our data, the HOTSPOT software (24) was used,
which identified more than 20 000 accessible regions from
each sample. Additionally, peak intensities of these identi-
fied accessible regions were highly reproducible between bi-
ological replicates (R2 > 0.86) (Figure 2B and C and Sup-
plementary Figure S2A and B), and were also compara-
ble to a published high-quality DNase-seq data set (R2 >
0.77) (Figure 2D). The identified accessible regions were
reproducible as a large number of regions overlapped be-
tween replicates (Supplementary Table S2). The accessible

regions identified from FANS-ATAC-seq are also highly
consistent with those identified from DNase-seq. A total of
85.9% of the accessible regions identified by FANS-ATAC-
seq (26 894 accessible regions) overlapped DNase-seq data
and 77.2% of the accessible regions identified by DNase-
seq (29 905 accessible regions) overlapped with ATAC-seq
results (Figure 2E). The differential accessible regions be-
tween FANS-ATAC-seq and DNase-seq were identified us-
ing HOMER’s findPeaks option. A total of 6283 regions
were specific to the FANS-ATAC-seq sample and 4979 re-
gions were specific to the DNase-seq sample (Supplemen-
tary Figure S3A and B). Many of the FANS-ATAC-seq spe-
cific regions were located where accessible regions are ex-
pected to reside (Supplementary Figure S3), whereas the
DNase-seq specific regions were mostly enriched in gene
bodies (Supplementary Figure S3). Lastly, GO analysis
of the assay-specific accessible regions revealed that many
genes belonged in ‘response to environment stimulus’ cat-
egory, which could be attributed to the fact these samples
were grown by two different labs in different environments
(Supplementary Figure S4).

The purity of nuclei is critical to the quality of the ATAC-
seq results. Although we were able to, at times, produce use-
able ATAC-seq data from nuclei not purified using FANS
(crude nuclei), comparisons of these data to other samples
uncovered some issues. For example, a comparison of the re-
producibility between replicates of samples prepared from
crude nuclei revealed a much lower correlation (R2 = 0.78)
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Figure 2. Identification of accessible regions with FANS-ATAC-seq. (A) A representative 160 kb region from chromosome 1 showing a comparison
between DNase-seq (17), ATAC-seq and FANS-ATAC-seq including a sample sequenced from 500 nuclei and a sample sequenced for sorting a nuclear
GFP line. The nuclei were first sorted using the DAPI signal and then both the DAPI and GFP signal were used for isolation of the Pro35S:H2AX-
GFP nuclei. 50k indicates 50 000. (B and C) Correlation of peak intensities among different FANS-ATAC-seq biological replicates. (D) Correlation of
peak intensities between DNase-seq and FANS-ATAC-seq. (E) A Venn diagram showing the overlap of accessible regions between FANS-ATAC-seq and
DNase-seq. A total of 45M reads were randomly selected from DNase-seq (17) and FANS-ATAC-seq using the Col-0 50 000 seedling nuclei rep1 sample
and then HOTSPOT was used to identify accessible regions.
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than other samples (Supplementary Figure S2C). More-
over, to evaluate the potential impact of the sorting proce-
dure, we prepared two independent batches of nuclei and
for each batch we used half for preparation for a FANS li-
brary and the other half for preparation for a non-FANS
(crude nuclei) library. A comparison of the peak intensities
between the two samples revealed that they were relatively
reproducible (R2 > 0.76 and R2>0.86 in two replicates,
respectively) (Supplementary Figure S5A) and as repro-
ducible as a comparison between the two crude nuclei repli-
cates (R2 = 0.78). The accessible regions identified from
the FANS prepared sample and the same non-sorted sam-
ple showed more than 87% overlap (Supplementary Figure
S5B). These results indicate that the inclusion of FANS re-
sults in higher quality data and limits additional effects due
to the enrichment of higher purity of intact nuclei.

Next, the SPOT value was calculated, which refers to
the percentage of reads that aligned to the identified ac-
cessible regions, as this is a good indicator of the signal-to-
noise ratio from open chromatin sequencing assays. These
results revealed that the signal-to-noise ratio was similar
or higher between FANS-ATAC-seq and other published
DNase-seq data sets from Arabidopsis (Supplementary
Figure S6) (33,37,38). For the FANS-ATAC-seq libraries
prepared from 500 nuclei, a similar enrichment of reads
aligning to accessible regions was observed when compared
to libraries prepared from 50 000 nuclei (Figure 2A and
Supplementary Figure S7A and B). Furthermore, the ac-
cessible regions identified from the 500 nuclei sample shares
substantial overlap of accessible regions when compared to
samples prepared from 50 000 nuclei (Supplementary Fig-
ure S7C and D). This indicates that FANS-ATAC-seq is a
useful methodology for the identification of cis-regulatory
regions even from samples that have limited numbers of nu-
clei such as those found in the stem cell niche.

To determine how many reads are sufficient for identifi-
cation of Tn5 integration-sensitive regions, a rank test was
performed with 10–100 million reads for 10 ranks randomly
selected from a FANS-ATAC-seq experiment that started
with 50 000 nuclei isolated from a plant expressing a nu-
clear GFP-tagged protein (Pro35S:H2AX-GFP). This anal-
ysis revealed that 10 million aligned chromosome reads are
sufficient to detect 26 967 accessible regions, which covers
more than 92% of the 29 147 accessible regions that were
found from alignment of 100 million reads (Supplementary
Figure S8A). Furthermore, the identified accessible regions
using different numbers of input reads shared a large over-
lap, although using 100 million reads resulted in the largest
number of identified regions (Supplementary Figure S8B).
For example, the experiment using 10 million input reads
shared all but 114 accessible regions with the 100 million
input read sample, however, the 100 million read sample
identified an additional 4824 regions (Supplementary Fig-
ure S8C). Notably, the quality of accessible regions from us-
ing 100 million reads was stronger (Supplementary Figure
S8D).

Genomic distribution of accessible regions identified by
FANS-ATAC-seq

Of the putative accessible regions identified using FANS-
ATAC-seq, more than 90% were located within 3 kb up-
stream of a TSS whereas less than 10% were located in dis-
tal intergenic regions (further than 3 kb from the TSS or
further than 1 kb from the transcriptional termination site
and gene bodies (Figure 3A). The accessible regions iden-
tified are mostly enriched around the TSS (Figure 3B and
C), which is consistent with these regions containing cis-
regulatory elements in Arabidopsis. Interestingly, we find
the accessible regions were also highly enriched in the TES
regions (Figure 3B), consistent with some downstream re-
gions being required for transcription.

To test whether the identified accessible regions are as-
sociated with biological functions, we searched for tissue-
specific accessible regions using nuclei isolated from whole
seedlings (Col-0 50 000 seedling replicate 1) and separately
from roots (Col-0 50 000 root replicate 1). A total of 10 863
accessible regions were identified as seedling specific and
4246 accessible regions were identified as root specific (Sup-
plementary Figure S9). Of these a total of 1265 seedling-
specific genes and 808 root-specific genes were identified
by defining genes with peaks within 1 kb upstream of the
TSS or within the gene body as tissue-specific genes. GO
analysis revealed that many of the seedling-specific genes
are involved in photosynthesis whereas root specific genes
are mostly involved in response to environment stimulus
(Supplementary Figure S10), which is consistent with some
of the major functions of these different tissues. Collec-
tively, these results show that FANS-ATAC-seq success-
fully and efficiently identifies open chromatin regions and
by extension likely a large number of biological relevant cis-
regulatory elements.

Identification of DNA footprints

In addition to identifying open chromatin regions, assays
such as DNase-seq and ATAC-seq also reveal DNA foot-
prints, which are regions of the genome that are bound
by a protein, often a TF that protects the DNA from en-
zymatic digestion or Tn5 integration (17,18). These foot-
prints can be used to identify potential TF-binding motifs in
vivo. To determine whether FANS-ATAC-seq can likewise
detect TF-binding profiles, we first compared published
ChIP-seq data from seven transcription factors with FANS-
ATAC-seq results, which showed that most of the ChIP-
seq peaks are associated with accessible regions (Figure 4A
and Supplementary Table S3) (39–45). These results indi-
cate that FANS-ATAC-seq is an appropriate method for
genome-wide discovery of DNA-TF interactions. To sys-
tematically identify DNA footprints genome-wide we used
pyDNase to identify Tn5 integration-insensitive sites from
the 50 000 Col-0 seedling sample and for the extraction
of footprints from the candidate accessible regions identi-
fied by HOTSPOT (Figure 4B). A total of 93 956 DNA
footprints were identified from 26 894 accessible regions.
Comparing the sequences of these footprints with the pro-
tein binding motif database (PBM) (14), identified 29 135
DNA footprints associated with a known footprint from
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from FANS-ATAC-seq using the Col-0 50 000 seedling nuclei rep1 sample. The center of accessible regions was used to produce the distribution plots.
(C) A heatmap showing the distribution of accessible regions around the TSS identified by FANS-ATAC-seq using the Col-0 50 000 seedling nuclei rep1
sample.
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the PBM data, demonstrating the ability of FANS-ATAC-
seq to identify TF-binding sites in vivo. A deeper charac-
terization of the identified footprints showed that Tn5 inte-
gration enrichment occurs in a 50 bp region surrounding
the footprint (Figure 4B and C). To establish how many
reads are sufficient for identification of footprints, the same
rank-test approach used to study accessible regions was
used to identify how many reads are required for accu-
rate DNA footprint identification. From these data, ∼60
million reads are sufficient to identify ∼80% of the high-
quality footprints (96 464 footprints) identified from using

100 million reads (124 627 footprints) (Supplementary Fig-
ure S11A). Furthermore, using greater numbers of reads in-
creased the quality of identified footprints (Supplementary
Figure S11B). However, there was a substantial number of
footprints from the 100 million input read sample that could
not be identified using 60 million input reads (Supplemen-
tary Figure S11C and D), indicating additional reads are
required to obtain more accurate footprints.

To determine if the footprints identified by FANS-
ATAC-seq are relevant to biological processes, we identified
tissue-specific footprints by comparing FANS-ATAC-seq
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data from whole seedlings and roots. A total of 54 722
root-specific and 36 624 seedling-specific footprints
were found. Next, the DNA sequence in these foot-
prints were masked (see Materials and Methods) and
used to identify conserved motifs with discriminative
regular expression motif elicitation (28). Several tissue-
specific motifs were identified, including TCP and PIF3
binding motifs in seedlings whereas WRKY and some
HOMEODOMAIN binding motifs were found in roots
(Supplementary Figure S12). We also searched for known
motifs in these tissue-specific peaks and found that
some tissue-specific binding motifs showed significant
variation between tissues. For example, there was signif-
icantly more Related to AP2/Ethylene Response Factor
(RAP/ERF) protein binding motifs in roots compared to
seedlings, whereas there was more TCP/PIF (TEOSINTE
BRANCHED1-CYCLOIDEA-PROLIFERATING
CELL FACTOR1/PHYTOCHROME INTERACTING
FACTOR) protein binding motifs in seedlings (Supple-
mentary Figure S13) that is consistent with some of their
functions. These results indicate that FANS-ATAC-seq can
be used to identify cis-regulatory regions and transcription
factor binding profiles in plant genomes, opening new
avenues into studying plant gene regulation.

Tn5 integration bias

Both DNase I and Tn5 transposase show a bias for DNA
substrates, as is the case with most enzymes (46,47). We
tested the integration bias of Tn5 by using the ATAC-seq
protocol on genomic DNA; in this experiment there are no
proteins present and therefore DNA footprints should not
exist. At a genome-wide view it appears there is no integra-
tion bias (Figure 5A), however, zooming in reveals an appre-
ciable amount of bias near some of the identified footprints
from FANS-ATAC-seq (Figure 5A). Using the same analy-
sis methods to study footprints from nuclei, a similar distri-
bution of integration sites was observed in genomic DNA
(Figure 5B). This indicates that some DNA sequences are
prone to Tn5 integrations leading to the presence of ‘pseudo
DNA footprints’ even if a protein does not bind the mo-
tif. The bias was further confirmed when only considering
pseudo DNA footprints that overlapped with known motifs
present in the PBM data (Figure 5C). Lastly, we analyzed
the distribution of Tn5 integration events at 18 different
known TF-binding motifs that revealed varying degrees of
potential bias (Figure 5D and Supplementary Figure S14).
For example, the distribution around AHL20 was similar
between genomic DNA and FANS-ATAC-seq, although
the strength of the footprint signal was not as strong in ge-
nomic DNA (Figure 5D). Another TF, WOX13, showed no
such bias (Figure 5E). Therefore, some footprints found in
ATAC-seq data will result from the integration bias of Tn5
and not necessarily from TF occupancy.

DISCUSSION

ATAC-seq has proven to be a powerful method to advance
studies of protein:DNA interactions and to study gene reg-
ulatory networks (17,18,48,49). Here, we report the combi-
nation of FANS with ATAC-seq to identify cis-regulatory

regions in plant genomes. Our initial attempts to perform
ATAC-seq in plants repeatedly failed or resulted in data
that were not highly reproducible between replicates. For
example, although we have generated ATAC-seq data from
non-sorted nuclei, in a closer inspection of the nuclei us-
ing a microscope it was revealed that many were broken,
which leads to a higher background after sequencing. This
is further supported by reduced correlations between ac-
cessible regions identified in the two samples that were not
sorted (Supplementary Figure S2). In our experience the use
of FANS minimizes contamination by organellar genomes
and it also ensures stable high quality intact nuclei are used
in the assay making the performance of FANS-ATAC-seq
more robust. The nuclei in Arabidopsis are similar in size
to the organelles that result in some contamination of nu-
clei purification. This limitation is alleviated in plant species
with larger genomes, as the larger size and stronger DAPI
signal of high-quality intact nuclei decreases the cross con-
tamination of organelles from sorting methods. For exam-
ple, in FANS-ATAC-seq performed with maize, we found
that over 98.77% of the sequenced reads aligned to the
nuclear genome (Supplementary Table S4). Other meth-
ods to enrich high quality nuclei, such as INTACT, can
also be combined with ATAC-seq. However, this requires
production of transgenic plants, which is time consuming,
expensive and not feasible for all experimental plant sys-
tems. By contrast, FANS-ATAC-seq requires the ability to
sort nuclei using either DAPI or nuclear florescent proteins.
FANS-ATAC-seq combined with laser capture microdissec-
tion could be especially impactful for cell-type specific stud-
ies as cis-regulatory regions can be identified with as few
as 500 nuclei and likely can be performed on single nuclei
as has been demonstrated in mammalian systems (19). One
challenge of adding FANS in assessing cell-type specific ac-
cessibility is the potential impact of the sorting procedure.
To evaluate this possibility we compared accessible regions
identified via FANS to the non-sorted sample that showed
more than 87% overlap (Supplementary Figure S5). Even
though the non-sorted samples have a higher background
this level of overlap suggests that the sorting procedure does
not significantly impact the study of accessible regions. The
data presented here show that FANS-ATAC-seq is a ro-
bust method and that it will readily translate to other plant
species.

There are, however, some important considerations to
take into account prior to using FANS-ATAC-seq. For ex-
ample, using DAPI to enrich nuclei will result in complex
cell populations making it more difficult to identify certain
cis-regulatory elements compared to cell-type specific en-
richment of nuclei. However, FANS-ATAC-seq can be ap-
plied to nuclear-labeled fluorescent protein tagged trans-
genic plants, which are widely available for a number of
distinct cell types in numerous plant species. Another lim-
itation is the use of the Tn5 transposase, which similar to
DNase I, shows bias for certain DNA sequences in the
genome (Figure 5 and Supplementary Figure S14). This will
affect the ability to accurately identify DNA footprints for
certain TFs that may be associated with pseudo DNA foot-
prints created by Tn5. The careful dissection of these Tn5
prone integration sites will be an important area of future
investigation for all species ATAC-seq. The identification of
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Figure 5. Bias of Tn5 integration in Arabidopsis. (A) Representative Tn5 integration plots from genomic DNA for chromosome 1. The integration-sensitive
regions are uniformly distributed along the entire chromosome (first two lines) with few biased regions (the middle 6 lines), whereas a strong integration
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these biased integrations can be overcome with each addi-
tional ATAC-seq data set that is generated similar to back-
ground signals that result from ChIP-seq.

The ability to rapidly and efficiently identify cis-
regulatory regions and DNA footprints in plant genomes
will accelerate the ability to link genotype to phenotype.
Studies in mammalian systems have already demonstrated
that combining epigenome maps, including open chromatin
maps, increases the power to identify signals from genome-
wide association studies (GWAS) (50). Recently, a similar
approach of combining open chromatin maps with GWAS
data in maize revealed that genetic variation in accessible

regions significantly improves the ability to identify can-
didate causal mutations associated with quantitative traits
(51). Creating maps of accessible regions for additional ac-
cessions and for other plant species will likely have similar
impacts on GWAS reducing the time and effort to identifi-
cation of causal genetic variants.

The study of gene regulatory networks is an exciting area
of development in the plant sciences that has been mostly
limited to the study of DNA sequence in combination with
transcriptomics. However, the recent development and ap-
plication of DNA affinity purification sequencing to Ara-
bidopsis TFs will undoubtedly accelerate this research area
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(15). However, a full understanding of the biology of gene
regulatory networks will require integration of data from
in vivo methods that can detect protein:DNA interactions,
such as FANS-ATAC-seq.

DATA DEPOSITION

Raw and processed data files have been deposited to the Na-
tional Center for Biotechnology Information Gene Expres-
sion Omnibus under accession GSE85203.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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