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Jiming Jiang7,8 and Rodrigo A. Gutiérrez1,*
1Pontificia Universidad Catolica de Chile, Santiago, Chile

2Yangzhou University, Yangzhou, China

3Instituto de Agrobiotecnologia del Litoral, CONICET, Santa Fe, Argentina

4University of California, Berkeley, CA, USA

5Trancura Biosciences, Inc., San Francisco, CA 94158, USA
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ABSTRACT

Transcriptional regulation, determinedby thechromatin structure and regulatory elements interacting at pro-

moter regions, is a key step in plant responses to environmental cues. Nitrate (NO3
�) is a nutrient signal that

regulates the expression of hundredsof genes inArabidopsis thaliana. Here,we integratemRNAsequencing,

genome-wide RNA polymerase II (RNPII), chromatin immunoprecipitation sequencing, and DNase

sequencing datasets to establish the relationship between RNPII occupancy and chromatin accessibility in

response to NO3
� treatments inArabidopsis roots. Genomic footprinting allowed us to identify in vivo regula-

tory elements controlling gene expression in response to NO3
� treatments. NO3

�-modulated transcription

factor (TF) footprints are important for a rapid increase in RNPII occupancy and transcript accumulation

over time. We mapped key TF regulatory interactions and functionally validated the role of NAP, an NAC-

domain containing TF, as a new regulatory factor in NO3
� transport. Taken together, our study provides a

comprehensive view of transcriptional networks in response to a nutrient signal in Arabidopsis roots.
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INTRODUCTION

Plants are sessile organisms that cannot relocate to find their

optimal living conditions. In order to cope with a changing envi-

ronment, plants rapidly adjust gene expression, metabolism,

and physiology to optimize their growth, development, and repro-

duction. Nitrogen (N) nutrient availability is a strong environmental

factor that affects many plant processes. Nitrate (NO3
�) is the

main N source for many plants and acts as a signal that regulates

global gene expression, metabolism, physiology, and growth and

development. In Arabidopsis thaliana, NO3
� induces a rapid,

broad-range modulation of gene expression that affects a myriad
Molecu
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of genes (Alvarez et al., 2012; Krapp et al., 2014; Krouk et al.,

2010a; Medici and Krouk, 2014; O’Brien et al., 2016; Vidal

et al., 2015).

Despite recent advances in the identification of transcription fac-

tors (TFs) that regulate nitrate-responsive genes, there is still rela-

tively little known about TF–target in vivo interactions to mediate

transcriptional responses to NO3
� in plants. TF–target binding
lar Plant 12, 1545–1560, December 2019 ª The Author 2019.
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data from high-throughput heterologous approaches such as

yeast-one-hybrid (Y1H) (Gaudinier et al., 2018) and in vitro

approaches such as DNA affinity purification sequencing

(DAP-seq) (O’Malley et al., 2016) have contributed to construct

transcriptional networks in response to NO3
� (Gaudinier et al.,

2018; Varala et al., 2018). However, TF–target interactions

identified by these methods fail to account for features present

in vivo, such as protein–protein interactions, TF combinations,

and chromatin structure. To date, only a handful of TFs,

including TGA1, bZIP1, TCP20, HRS1, and NLP6/7, have been

identified and found to directly bind in vivo to the promoter

regions of cognate nitrate-responsive target genes (Konishi and

Yanagisawa, 2013; Marchive et al., 2013; Alvarez et al., 2014;

Guan et al., 2014; Para et al., 2014; Maeda et al., 2018).

Although some of these transcription factors have been

proposed as master regulatory factors, the relative importance,

contribution, or position of each known TF in the nitrate

transcriptional regulatory network has not been objectively

assessed at a genome-wide scale.

The DNase I hypersensitivity-sequencing assay (DNase-seq) has

greatly assisted identification of genome-wide cis-regulatory se-

quences and TF occupancy in different organisms (Boyle et al.,

2008a; Hesselberth et al., 2009; Zhang et al., 2012a, 2012b;

Neph et al., 2012). Changes in DNase I cleavage patterns have

been observed at specific loci bound by TFs, supporting the

finding that TFs disrupt chromatin accessibility. The single-

base-pair resolution digestion patterns from DNase-seq can

identify footprints of local DNA protection that accurately predict

TF–DNA binding (Hesselberth et al., 2009; Boyle et al., 2011;

Pique-Regi et al., 2011; Sullivan et al., 2014). Thus, in a single

experiment, DNase-seq can identify both large open chromatin

regions and fine-resolution TF binding sites within DNase I hyper-

sensitive sites (DHSs).

We integrated RNA sequencing (RNA-seq), RNA polymerase II

(RNPII) occupancy, and genome-wide identification of DHSs in

order to analyze the relationship between regulatory DNA se-

quences, RNPII presence, and gene expression. We found that

rapid changes in RNPII occupancy in response to NO3
� correlate

with changes in transcript accumulation. We found that changes

in TF footprints in response to NO3
� also correlate with changes

in RNPII and mRNA levels at gene loci. We analyzed the relative

contribution of known and new TFs in NO3
� regulation of target

genes by integrating genomic footprinting, transcriptional regula-

tion of gene expression based on RNPII occupancy, and tran-

scriptome data. These datasets provide an unbiased scaffold

in vivo to propose aNO3
� transcriptional regulatory network hold-

ing TFs, cis-regulatory elements, and cognate target genes that

make up the rapid response Arabidopsis roots to NO3
�.
RESULTS

Chromatin Accessibility Correlates with mRNA Levels
and RNPII Occupancy in Arabidopsis Roots

To generate a transcriptional landscape of theA. thaliana root and

to study the relationship between gene expression and chromatin

accessibility in response to NO3
� treatments, we evaluated gene

expression by RNA-seq, RNPII occupancy by chromatin immu-

noprecipitation sequencing (ChIP-seq) and mapped DHSs by
1546 Molecular Plant 12, 1545–1560, December 2019 ª The Author 20
DNase-seq in NO3
�-treated and control roots of A. thaliana

Col-0 plants. Plants were grown hydroponically for 2 weeks

with 0.5 mM ammonium succinate as the only N source. At

dawn on day 15, plants were exposed to 5 mM KNO3 or 5 mM

KCl as a control. We and other research groups have used this

experimental design to elicit fast and robust responses to NO3
�

treatments in A. thaliana (Wang et al., 2000, 2004; Krouk et al.,

2010b; Alvarez et al., 2014). Roots were harvested for RNA

isolation, and polyA+ enriched fractions were used to construct

libraries for RNA-seq. We performed ChIP-seq for RNPII using

specific antibodies (Ab817, Abcam) previously tested in ChIP ex-

periments in A. thaliana (Saze et al., 2013). We analyzed

chromatin accessibility patterns by developing DNase-seq

libraries from root and identified DHSs using the F-seq software

(Boyle et al., 2008b). As a reference, we also used naked DNA,

which is a sample stripped of proteins, digested with DNase I,

and sequenced.

Previous studies in Arabidopsis whole seedlings have shown a

positive correlation between RNPII occupancy and mRNA levels

(Alexandre et al., 2018; Zhang et al., 2012b). To assess the

relationship between RNPII occupancy and gene expression in

Arabidopsis roots, we plotted normalized RNPII read counts

within ±1000 bp of transcription start sites (TSSs) in genes that

were binned according to transcript levels using our RNA-seq

data. Genes with high transcript abundance showed higher

RNPII occupancy than genes with lower transcript abundance

(Figure 1A). RNPII was found positioned immediately

downstream of the TSS, an occupancy pattern consistent with

previous studies in A. thaliana and humans (Chodavarapu et al.,

2010; Welboren et al., 2009; Zhang et al., 2012b). Previous

studies have shown a positive correlation between chromatin

accessibility and RNPII occupancy (Alexandre et al., 2018). To

assess the relationship between chromatin accessibility and

RNPII occupancy in Arabidopsis roots, we plotted normalized

DNase-seq read counts within ±1000 bp of TSS, where genes

were binned according to levels of RNPII occupancy. Consistent

with previous plant studies (Alexandre et al., 2018; Rodgers-

Melnick et al., 2016; Zhang et al., 2012b), chromatin

accessibility was found to peak immediately upstream of the

TSS (Figure 1B). Genes with higher RNPII occupancy showed

higher DNase-seq reads than genes with lower RNPII occupancy

(Figure 1B). A representative gene is shown in Figure 1C.

At4g05390 codes for a root-type ferredoxin:NADP(H) oxidore-

ductase (RFNR1) that is highly expressed in roots. We found

high levels of RNPII bound throughout the RFNR1 gene body

(Welboren et al., 2009; Chodavarapu et al., 2010) (Figure 1C),

consistent with RFNR1 active transcription in roots under our

experimental conditions. We also found high levels of

chromatin accessibility in the promoter of RFNR1 (Figure 1C).

These results show genome-wide correlation between acces-

sible chromatin regions and mRNA levels in root organs and sug-

gest a functional association between open chromatin and RNPII

occupancy indicative of transcriptional control.
Nitrate Triggers Rapid Changes in RNPII Occupancy in
Nitrate-Responsive Genes

Changes in gene expression in response to NO3
� and other

signals have been mainly evaluated by measuring transcript
19.
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Figure 1. Highly Expressed Genes Show High Levels of RNPII and Chromatin Accessibility in Roots.
(A) Percentage of genes with different expression levels associated with RNPII occupancy in the 1000-bp upstream regions of the TSS to the 1000-bp

downstream regions of the TSS. Genes were divided into 10 bins based on their expression levels from 0% to 100%.

(B) Profile of DNase I sensitivity, indicated by the number of normalized DNase-seq reads among the genes with different RNPII occupancy levels. Genes

were divided into 10 bins from low RNPII occupancy (0%) to high RNPII occupancy (100%), based on the occupancy levels.

(C)Representative example of a highly expressed gene showing high RNPII occupancy and high DNase-seq reads in the promoter. Shown is the genomic

context of FNR1 gene with tracks denoting gene models, RNA-seq reads, ChIP-seq reads for RNPII, DNase-seq reads, DHSs detected in DNase-seq

library from roots, and naked DNA control reads.
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abundance, using microarrays or RNA-seq technologies (re-

viewed in Krouk et al., 2010a; Tsay et al., 2011; Vidal and

Gutierrez, 2008). However, RNPII occupancy throughout the

gene provides a direct readout of potential transcriptional

activity, which is not possible by profiling mRNA expression. To

assess the genome-wide RNPII occupancy in response to

NO3
� treatments, we performed ChIP-seq experiments in plants

treated with 5 mM KNO3 or KCl for 12 min. We chose this time

point because previous studies have reported that 12 min is the

earliest time point in which regulation of gene expression for a

sizable subset of nitrate-responsive genes can be detected

(Krouk et al., 2010b). We determined the log2 ratio of KNO3/KCl

to identify genome-wide changes in RNPII occupancy in

response to NO3
�. At a genome-wide scale, RNPII occupancy

changed significantly for 337 genes in response to NO3
� treat-

ments (1.5-fold change in occupancy level, p < 0.05), with 317

genes showing an increase and 20 genes showing a decrease

in RNPII occupancy (Figure 2A) (Supplemental Table 1). Genes

showing an increase in RNPII occupancy overlapped

significantly with transcripts induced by NO3
� at 12, 20, 60, and

120 min after NO3
� treatments according to our mRNA-seq
Molecu
experiment (overlap ranging from 33% to 69%, p < 0.001)

(Supplemental Figure 1A; the complete list of transcripts

regulated at different time points is provided in Supplemental

Table 2). A high and significant proportion of genes showing an

increase in RNPII occupancy or mRNA levels are regulated

directly by nitrate and not by downstream metabolites

(Supplemental Figure 1B). We found a low overlap for genes

showing a decrease in RNPII occupancy by NO3
� and

transcript repression (overlap ranging from 1.5% to 4%)

(Supplemental Figure 1A). We found that NO3
� triggered a

significant increase in RNPII occupancy in 31 of 45 genes (69%

of genes) regulated at the transcript level at the same time point

(Figure 2B). We did not find a full overlap between genes

showing an increase in both RNPII and transcript levels at

12 min. We may have missed moderate but relevant changes in

RNPII occupancy for the control gene expression because we

favored a stringent statistical analysis (Supplemental Figure 2).

In addition, post-transcriptional control mechanisms may also

play a role in the control of transcript abundance in response to

nitrate as described previously (Gifford et al., 2008; Vidal et al.,

2010, 2013a).
lar Plant 12, 1545–1560, December 2019 ª The Author 2019. 1547
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Figure 2. NO3
� Triggers Rapid Changes in RNPII Patterns.

(A) 317 genes show a significant increase in RNPII occupancy in response to NO3
� treatments and 20 genes show a decrease in RNPII occupancy. More

genes are upregulated than downregulated at RNPII occupancy level (p < 1E�13, 2-sample test for equality of proportions with continuity correction).

(B) 69% of transcripts induced by NO3
� show a significant increase in RNPII occupancy in response to NO3

�. 69% is a significant proportion compared

with genes with RNPII not regulated by N (p < 0.0008, 2-sample test for equality of proportions with continuity correction).

(C) RNPII occupancy increases in NIA1 and NIR genes in response to NO3
�.
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Of the317geneswith increasedRNPII at12min,279 (88%)showed

mRNA accumulation at 12 min or later time points (Supplemental

Figure 1C). Induced changes in RNPII occupancy with no

changes in transcript may reflect transcriptionally activated genes

for which mRNA is synthesized but rapidly degraded (Marguerat

et al., 2014; Mokry et al., 2012). Consistently, we found that

transcript accumulation of a proportion of NO3
�-responsive

genes is highly transient (Supplemental Figure 3), as previously

described (Krouk et al., 2010b). Despite some discrepancies, we

found that the magnitude of RNPII occupancy highly correlated

(0.71) with levels of transcript accumulation in response to NO3
�

treatments (Supplemental Figure 4).

Figure 2C shows the genomic context of the prototypical nitrate-

responsive gene NITRATE REDUCTASE 1 (NIA1), a gene whose

product is involved in the first step of NO3
� reduction (Cheng

et al., 1988). We found NIA1 shows a clear increase in RNPII

occupancy in response to NO3
� treatments compared with KCl

treatments. The NITRITE REDUCTASE (NIR) also showed an

increase in RNPII occupancy at 12 min of exposure to NO3
�

(Figure 2C).

These results indicate that NO3
� treatments trigger rapid genome-

wide changes inRNPII occupancy,which correlatewith early, tran-
1548 Molecular Plant 12, 1545–1560, December 2019 ª The Author 20
sient, and late changes at themRNA level in roots under our exper-

imental conditions.
Chromatin Accessibility Patterns Are Stable during
Rapid Nitrate Responses

We found between 30 030 and 36 395 DHSs per sample using a

stringent false discovery rate (FDR) threshold (<0.05). We calcu-

lated the Signal Portion of Tags (SPOT) score, which measures

signal-to-noise as the fraction of cuts within DHS in each

DNase-seq library (Alexandre et al., 2018). This analysis

reveals the quality of our DNase-seq data (Supplemental

Table 3). Chromatin accessibility profiles are reported to be

highly reproducible (Sabo et al., 2006; Sullivan et al., 2014;

Alexandre et al., 2018). Indeed, we found a high correlation

between biological replicates (Supplemental Figure 5,

Supplemental Table 3) and approximately 92%–95% of the

identified DHSs were reproducible between biological

replicates (Supplemental Table 3). These results confirm the

high reliability of the DNase-seq method and the high quality

of our datasets.

We found NO3
� induces rapid changes in RNPII occupancy

(Figure 2) and highly transcribed genes exhibit high levels of
19.
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chromatin accessibility (Figure 1B). However, it is unclear

whether NO3
� induces changes in chromatin accessibility

affect transcription during rapid responses. To address this

question, we determined the chromatin state after NO3
�

treatments and compared it with the chromatin state before

the treatment (time 0) and after KCl control treatments. We

first compared DNase I cut counts within DHSs to identify

differential DHSs after NO3
� treatments genome-wide using

DESeq2 (Love et al., 2014). We found marginal effects of the

12-min NO3
� treatment compared with time 0 or after KCl

control treatment (Supplemental Figure 6A and 6B). For

example, only one differential DHS (log2 fold change >1.5)

was found by comparing NO3
� treatment with KCl treatment

(Supplemental Figure 6A; Supplemental Table 4). Similar

results were found by comparing NO3
� treatment with

the time 0 control (Supplemental Figure 6B, Supplemental

Table 4). We also tested whether nitrate-responsive DHSs

identified by DESeq2 change by subsampling the

libraries to the same number of reads to the library with lower

read depth. We found the results do not change by subsam-

pling the libraries (Supplemental Figure 6C and 6D,

Supplemental Table 4). These results indicate NO3
�

treatments do not change the overall chromatin accessibility

patterns.

In addition, we determined the chromatin state after NO3
�

treatments and compared it with control treatments for those

genes that exhibited changes in RNPII occupancy in response

to NO3
�. Specifically, we analyzed DNase I sensitivity levels in

the 1000-bp regions upstream from the TSS because (1) they

contain a high percentage of DHSs according to our data

(Supplemental Figure 7) and (2) previous DNase-seq studies

have shown that they contain most of the cis-regulatory ele-

ments in A. thaliana (Sullivan et al., 2014; Zhang et al.,

2012b). We sorted genes based on fold changes of RNPII

occupancy (KNO3/KCl) and found similar chromatin

accessibility patterns at time 0 compared with 12 min of

NO3
� or KCl treatments in the 1000-bp regions upstream

from the TSS (Figure 3A). These results indicate that

increased or decreased RNPII occupancy occurs without

obvious changes in DNase I sensitivity patterns at promoter

regions after NO3
� treatments (Figure 3A). We found that

NO3
� treatments do not change the number of DHSs or the

DNase-seq reads compared with time 0 or KCl control

(Figure 3B and 3C). To investigate whether longer treatments

could influence DNase I sensitivity, we performed similar

analysis using 2 h of NO3
� or KCl treatment as a control, a

timeframe in which the nitrate response is well established

with over 1000 regulated genes (Krouk et al., 2010b; Alvarez

et al., 2014). We found chromatin accessibility does not

change either after 2 h of NO3
� treatments (Supplemental

Figure 8A) on NO3
�-regulated genes under our experimental

conditions or genome-wide (Supplemental Figure 8B).

These results indicate NO3
� does not change overall chromatin

accessibility patterns in the promoter of transcriptionally regu-

lated genes, and only a marginal effect genome-wide was

observed during rapid responses to this environmental signal.

RNPII activity and specific TFs are important contributors for

rapid changes in root gene expression in response to nitrate

treatments, as described below.
Molecu
Footprinting Patterns within DHSs Are Indicative of
Transcriptional Control in Response to Nitrate
Treatments

Local changes in chromatin accessibility caused by TF binding

have been described previously in response to environmental

stimuli (John et al., 2011; Sullivan et al., 2014; Liu et al., 2017b).

We investigated whether NO3
� treatments in roots produce

local changes in TF footprinting within DHSs using our DNase-

seq data. We considered a NO3
�-modulated footprint as one in

which a given cis-acting element was differentially detected in

KNO3- versus KCl-treated samples. Using this criterion, we

found 6001 NO3
�-modulated footprints mapped within the

promoters of 2740 genes (Supplemental Table 5). Genes

that show increased RNPII occupancy in response to NO3
�

treatments overlapped significantly with genes with

NO3
�-modulated footprints (Figure 4A). Moreover, a significant

proportion of genes whose transcript levels are induced by

NO3
� overlapped with genes with NO3

�-modulated footprints

(Figure 4A). Thus, NO3
�-modulated footprints promoted by

NO3
� correlated well with increased RNPII occupancy and

transcript levels over time. However, we found no significant

overlap for nitrate-modulated footprints with genes that are

repressed by NO3
� as determined by RNPII occupancy and

mRNA levels (Figure 4A). These results suggest changes in

footprinting patterns may not be directly related to rapid

transcriptional repression under our experimental conditions.

Nitrate-modulated footprints can be associated with protein

recruitment or disengagement in response to nitrate treatments

depending on whether the footprint was found in KNO3- or KCl-

treated samples. We mapped both types of footprints within

the 1000-bp regions upstream of TSS for genes that show

increased RNPII occupancy in response to NO3
� treatments.

The resulting distribution indicates that a high proportion of the

footprints are located between 300 bp and the TSS (Figure 3B

and 3C). A representative example of a nitrate-modulated foot-

print is shown in the promoter ofACR12, a gene involved in amino

acid synthesis (Sung et al., 2011) (Supplemental Figure 9). This

footprint corresponds to the cis-acting motif of TGA1, a known

bZIP TF involved in gene expression in response to NO3
�

(Supplemental Figure 9). TFs belonging to different gene

families are recruited or disengaged by NO3
� treatments, with

important contributions from bZIP and BBR-BPC transcription

factor families, respectively (Supplemental Figure 10).

These findings indicate that the differential TF binding of DNA se-

quences close to the TSS, due to TF recruitment or TF disengage-

ment in response toNO3
�, is an important component in transcrip-

tional control of gene expression in response to NO3
�.

Notwithstanding, we also found footprints from TFs that are bound

regardless of the experimental conditions (Supplemental Table 5).

Among this class, we found footprints for known TFs involved in

the NO3
� response (e.g., TCP20, Supplemental Table 6).
Integrative Network Analysis Recovered Known and
Identified New TFs Implicated in the Transcriptional
Responses to Nitrate

To gain insight into the transcriptional regulation byNO3
�, we inte-

grated the data generated in a single transcriptional model. We

generated a matrix with TF–target interactions where targets are
lar Plant 12, 1545–1560, December 2019 ª The Author 2019. 1549
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(A)Heatmap of DNase I sensitivity surrounding the TSSs of genes in which RNPII occupancy changes in response to NO3
�. Genes were sorted based on

fold change of RNPII occupancy of KNO3 relative to KCl (genes in the four panels are in the same order). The RNPII occupancy of genes above/under the
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TSS of genes showing changes in RNPII occupancy by NO3
�.
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genes forwhichRNPII occupancy increasedwithaconcomitant in-

crease of transcript levels in response to NO3
� treatments

(Supplemental Table 6). The TF–target interaction was generated

when a footprint of a source TF was detected in the promoter of

the target gene (Supplemental Table 6). This analysis connected

333 TFs and 134 targets (Supplemental Table 6).

Our analysis captured important TFs previously characterized as

key regulatory factors in the NO3
� response, including NLP7,

TGA1, TGA4, HRS1, bZIP1, TCP20, NAC4, CCA1, and SPL9

(Alvarez et al., 2014; Castaings et al., 2009; Guan et al., 2014;

Gutierrez et al., 2008; Konishi and Yanagisawa, 2013; Krouk

et al., 2010b; Liu et al., 2017a; Marchive et al., 2013; Medici
1550 Molecular Plant 12, 1545–1560, December 2019 ª The Author 20
et al., 2015; Para et al., 2014; Vidal et al., 2013b) (Supplemental

Table 6). Our in vivo results can also help define which TF–

target interactions detected from in vitro TF–DNA binding exper-

iments are functional. Specifically, our comparisons shows that a

high proportion of TF–target interactions for TGA1 (4 of 5), NLP7

(2 of 5), and TCP20 (7 of 8) detected by our footprinting approach

were also captured by DAP-seq (O’Malley et al., 2016)

(Supplemental Table 6). On average for TFs in the DAP-seq data-

set, we found 45% validation of TF–target relationships in our

analysis (Supplemental Table 6). A recent approach using

enhanced yeast one-hybrid assays captured 345 TFs that

bind to the promoter of genes involved in N metabolism

(Gaudinier et al., 2018). We captured a high and significant
19.
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proportion of these TFs identified in vitro (96 of 345, p = 3.4E�15,

V = 0.21, Fisher’s exact test) (Gaudinier et al., 2018) with our

integrative in vivo approach.

ChIP-chip assays revealed that NLP7 is bound to 851 genes after

10min of NO3
� treatments in roots (Marchive et al., 2013). Among
Molecu
the genes bound by NLP7, we captured a significant proportion

(44/851, p = 4E�7, V = 0.02, Fisher’s exact test) by our

footprinting strategy. Moreover, our analysis captured

previously validated regulatory interactions determined by

ChIP–qPCR assays, including TCP20-NIA1, TCP20-NRT1.1

(Guan et al., 2014), TGA1-NRT2.1, TGA1-NRT2.2 (Alvarez et al.,
lar Plant 12, 1545–1560, December 2019 ª The Author 2019. 1551
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engaged from the target gene in response to NO3
�; gray edges represent protein–DNA interactions from TFs bound at all tested conditions; and black

thick edges represent TF–TF interactions. The size of the triangle is proportional to the number of targets bound by the TF.
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Molecular Plant Chromatin Accessibility and Transcriptional Networks in Arabidopsis Roots
2014), NLP7-NIA1, and NLP7-NIR (Marchive et al., 2013)

(Supplemental Tables 6 and 7). Altogether, these comparisons

indicate that our footprinting approach recapitulates validated

connections between TF and targets and provides reliable

information to identify novel regulatory interactions.

To gain further insight into the transcriptional wiring implicated in

root responses toNO3
� and identify new candidate TFs, we gener-

ated a core transcriptional network with TFs that are recruited or

disengaged in response to nitrate at promoter regions of nitrate-

regulatedgenes.Most of theseTFs also showedstable footprinting
1552 Molecular Plant 12, 1545–1560, December 2019 ª The Author 20
patterns, and these interactions were included as well (Figure 5A,

Supplemental Table 6). The resulting network comprised 373

edges connecting 52 TF nodes with 108 target nodes regulated

by NO3
� (Figure 5A). Our analysis resulted in a highly connected

network in which TFs (triangles) are arranged into four tiers

according to the number of target genes (outdegree). The size of

the TFs in this network is proportional to the outdegree. A recent

single-cell RNA-seq approach reveals cell-specific patterns of

gene expression in roots (Denyer et al., 2019). By integrating

these data in our network, we found most of the TFs, whose

expression was detected in this study, are expressed in at least
19.



E

a
b

c

c

15
N

 c
on

te
nt

 (
ug

/m
g 

D
W

)
0

500

1000

1500

2000

2 h 8 h

NRT1.1

NRT2.2

NIA1

NRT2.1

N I R ATAF2

TGA7

bHLH34

TCP20

NAC4

AGF1

AT1G20910

AT5G47660

HDG11

TGA4

EMB1789

NAP

TGA1

NLP7

A

Log2FC
-1 0 3.5

G
a

b

35S:GR-ATAF2 EV

a

b

0

Re
la

ti
ve

 R
N

A 
le

ve
ls

1

0.25

0.5

0.75

35S::NAP EV

5

5

5 a

b

0

0.05

0.1

0.15

0.2

0.25

Re
la

ti
ve

 R
N

A 
le

ve
ls

35S:GR-NAP EV

a

b

C NRT2.1

F

Col-0 
ataf2-1
ataf2-2

a a

c

a

c

0

0.5

1

1.5

2

2.5

KCl KNO3

a aa

b

c c

Re
la

ti
ve

 R
N

A 
le

ve
ls

NIR

NIR

D

IgGNAP

21

NRT2.1

%
 o

f 
In

pu
t

0

0.1

0.2

0.3

0.4

1 2 1

B

KCl KNO3

Re
la

ti
ve

 R
N

A 
le

ve
ls

0

0.2

0.4

0.6

0.8

a a

b

c

NRT2.1

0

0.1

0.2

0.3

0.4

Figure 6. Subnetworkwith Prototypical NO3
�-Responsive Genes Reveals NAP Is an Activator of NO3

� Transport, and ATAF2 Induces
the Expression of NIR.
(A) Color of triangles represents TF expression levels in response to NO3

�, according to our RNA-seq experiments. Green edges represent

protein–DNA interactions from TFs that are recruited to the target gene in response to NO3
�; blue edges represent protein–DNA interactions from

TFs that are disengaged from the target gene in response to NO3
�; gray edges represent protein–DNA interactions from TFs bound at all tested

conditions.

(B) NAP is required for the nitrate-dependent upregulation of NRT2.1 mRNA levels.

(C) TARGET assay reveals NAP directly regulates the expression of NRT2.1.

(legend continued on next page)
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onecell type in roots (Supplemental Figure11). This result suggests

the TFs act in multiple cell layers. We found 20 TFs regulated by

NO3
� and 32 TFs that are not regulated by NO3

� under our

experimental conditions (Figure 5A). Interestingly, the upper tier in

the network is composed of new TFs whose expression is not

regulated by NO3
�. The two intermediate tiers are composed of

30 TFs, including several known nitrate regulatory factors such as

TGA1, TGA4, and CCA1. The lower tier is composed of 14 NO3
�-

responsive TFs, including the known regulator NLP7. Consistent

with a signaling network with primary and secondary responses,

most TF–TF interactions in this network are directed from TFs in

upper tiers that are not regulated by nitrate. These TFs would

control expression of NO3
�-responsive TFs in lower tiers,

including some of the TFs described in the literature (e.g., NLP7).

This network proposes a mechanism for nitrate signal

amplification from TFs to TFs to known targets in metabolism and

other processes.
Newly Identified TFs Play a Role in NO3
� Responses

Perturbation of TFs involved in gene expression in response to

nitrate alters plant growth (Guan et al., 2014; Zhong et al., 2015;

Yu et al., 2016). With the hypothesis that TFs in our network

regulate nitrate responses, we examined plant growth in

inducible overexpression lines (Coego et al., 2014) for three TFs

that belong to different levels of hierarchy. We evaluated the role

of HB23 and AGL15, which are in the upper layer of our

regulatory network, and BEE2, which is in the lower layer. We

used two independent lines per gene and Col-0 plants trans-

formed with the empty vector used to generate the transgenic

TRANSPLANTA lines as a control (Coego et al., 2014). We found

that overexpression of the three TFs led to an increase in plant

growth and primary root growth under limiting NO3
� conditions

compared with Col-0 plants (Figure 5B–5D). Under sufficient

NO3
� conditions, the biomass and primary root growth of

overexpressor lines was similar to Col-0 plants (Supplemental

Figure 12). These results indicate HB3, AGL15, and BEE2 have

a role in plant growth in response to NO3
� availability.
NAP and ATAF2 Regulate Important Steps in NO3
�

Uptake or Reduction

A primary function of nitrate regulatory networks is NO3
� uptake

and NO3
� reduction genes. These are key steps in the control

mechanisms that plants use to maximize nitrogen-use efficiency.

They have, for a long time, been the focus of research seeking to

understand molecular mechanism underlying NO3
� responses

(reviewed in Krapp et al., 2014; Krouk et al., 2010a; Undurraga

et al., 2017; Vidal et al., 2015). To provide additional insight into

these important aspects of nitrate metabolism, we selected a
(D) NAP binds in vivo specifically to NRT2.1 promoter. ChIP assays using

Immunoprecipitated DNAwas quantified by qPCRwith primers that encompas

for a control region in the coding sequence (fragment indicated as ‘‘2’’). Resu

(E) 15N content is affected in napmutant plants. 15NO3
� content was measured

weight.

(F) ATAF2 is required for the nitrate-dependent upregulation of NIR mRNA lev

(G) TARGET assay reveals ATAF2 directly regulates the expression ofNIR. Em

adaptor complexes medium subunit family protein gene (At4g24550) was use

(B–G) All values plotted correspond to the means of three independent biolog

different means (t test, p < 0.05).
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subnetwork with TFs bound to prototypical NO3
�-responsive

genes, including NRT1.1, NRT2.1, NRT2.2, NIA1, and NIR

(Figure 6A). This network captured validated interactions by

ChIP, including TGA1-NRT2.1 and TGA1-NRT2.2 (Alvarez et al.,

2014), NLP7-NIA1 and NLP7-NIR (Marchive et al., 2013),

TCP20-NIA1 and TCP20-NRT1.1 (Guan et al., 2014)

(Supplemental Table 7). Most targets in this network were

regulated by multiple TFs. NRT2.1 was the target of many TFs,

likely reflecting the fine transcriptional control of this important

gene in nitrate uptake. We found that NAP and ATAF2 are both

recruited to the promoter regions of NRT2.1 and NIR,

respectively, in response to NO3
� treatments. These results

indicate that NAP and ATAF2 are positive regulators of the

expression of NRT2.1 and NIR genes.

NAP has been previously characterized as a transcriptional acti-

vator (Yang et al., 2014). To test whether NAP has a role in the

activation of gene expression in response to NO3
� treatments,

we first measured mRNA levels of NRT2.1 by qRT–PCR after

NO3
� treatments in wild type and a nap mutant line (Sakuraba

et al., 2015). As shown in Figure 6B, NRT2.1 gene expression

was induced by nitrate treatments in wild-type plants. However,

nitrate induction of NRT2.1 was significantly dampened (�50%)

in the nap mutant. In a complementary approach, we used the

cell-based TARGET assay to test whether NAP directly regulates

the expression of NRT2.1. To perform the TARGET assay, we

transiently overexpressed NAP in root protoplasts as an NAP

glucocorticoid receptor fusion protein (35S:GR-NAP). Trans-

fected protoplasts expressing GR-NAP were sequentially treated

with KNO3, cycloheximide (CHX), and dexamethasone (DEX).

DEX treatment induces nuclear import of the GR-TF fusion pro-

tein (Bargmann et al., 2013; Para et al., 2014). Pre-treatment

with CHX blocks downstream regulation of secondary TF targets

(Bargmann et al., 2013; Para et al., 2014). Thus, direct TF targets

can be identified as those that respond transcriptionally to DEX-

induced TF nuclear import in the presence of CHX. As expected,

NAP transcript levels were higher in 35S:GR-NAP transfected

protoplast compared with control protoplasts transfected with

an empty vector (EV) lacking the TF (Supplemental Figure 13A).

We found significantly higher NRT2.1 expression levels in

protoplast overexpressing NAP compared with the EV control

(Figure 6C). This result indicates NAP directly activates the

expression of NRT2.1. We used ChIP assays with an NAP-

specific antibody and a non-specific IgG as a negative control

to further validate NAP-NRT2.1 direct interaction. Immunoprecip-

itated DNA was amplified by qPCR using primers designed to

span the region where the NAP footprint was detected in the pro-

moter of NRT2.1 (Figure 6D). We found NAP was able to bind

specifically to the NRT2.1 promoter region because no

significant signal was observed when we used primers
antibodies against NAP and a non-specific IgG as a negative control.

s theNAP footprint in theNRT2.1 promoter (fragment indicated as ‘‘1’’) and

lts were normalized to the input DNA.

after treatments with 250 mm for 2 and 8 h and normalized by the plant dry

els.

pty vector (EV) lacking the TF was used for control protoplasts. The clathrin

d for normalization of RT–qPCR.

ical replicates ± standard deviations. Different letters indicate statistically
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designed against the NRT2.1 coding sequence (Figure 6D). No

significant signal was detected in the immunoprecipitation with

the non-specific IgG. We found that NO3
� content is affected in

nap mutants compared with the wild-type plants, consistent

with misregulation of NRT2.1 in the nap mutant (Figure 6E).

These results indicate that NAP is a direct activator of NRT2.1

expression in response to NO3
� and a novel positive regulator

of NO3
� uptake in roots.

Our network analysis also indicated ATAF2 is a positive regulator

of NIR expression (Figure 6A). To further corroborate this

interaction, we measured mRNA levels of NIR by qRT–PCR

after NO3
� treatments in wild type and two ataf2 mutant lines

(Peng et al., 2015). We found NIR expression was induced by

nitrate treatments in the wild-type plants. However, nitrate induc-

tion of NIR was significantly lower in both ataf2 mutant alleles

(Figure 6F). This result indicates ATAF2 positively regulates the

expression of NIR in response to nitrate treatments. Using the

TARGET assay, we found significantly higher levels of ATAF2

and NIR expression in protoplasts overexpressing ATAF2

compared with the EV control (Figure 6G; Supplemental

Figure 13B). This result indicates ATAF2 directly activates NIR

expression.

DISCUSSION

We found NO3
� produces a rapid increase in RNPII occupancy

that is associated with both early and late changes in transcript

accumulation. We found that the overall chromatin accessibility

patterns do not change in the promoter of transcriptionally regu-

lated genes up to 2 h after NO3
� treatments. However, differential

TF footprints by NO3
� localized within ‘‘open’’ chromatin regions

correlate with transcriptional activation in response to this

nutrient signal. These results indicate that preexisting patterns

of chromatin accessibility are determinants for the rapid nitrate

response that is mediated by binding of specific TFs that modu-

late transcription of target genes. Using genomic footprinting by

DNase-seq and ChIP assays in mouse, John et al.

(2011) demonstrated that a high proportion of de novo genomic

binding by the glucocorticoid receptor, a ligand-activated TF, is

targeted to preexisting regions of accessible chromatin. This

mechanism would be consistent with rapid changes in gene

expression without large changes in chromatin remodeling.

Recently, regulatory DNA landscape dynamics were analyzed

during photomorphogenesis (Sullivan et al., 2014). In seedlings,

light triggers photomorphogenesis, a fundamental and

irreversible reshaping of plant form and metabolism to optimize

photosynthesis. Underlying this transition is a wave of

transcriptional re-programming and alteration in chromatin

compaction (van Zanten et al., 2012). Sullivan et al. (2014)

found changes in chromatin accessibility after 3 and 24 h of

light treatments. However, they only found minor changes in

chromatin accessibility after 30 min of light exposure. These

findings together with our data suggest that large chromatin

changes would be required for major and perhaps irreversible

changes in plant form and functions at the organism level, but

not for rapid changes in response to an environmental stimulus

in specific organs.

The chromatin factor high nitrogen-insensitive 9 (HNI9) was

shown to be involved in response to a high N provision in Arabi-
Molecu
dopsis (Widiez et al., 2011). Plants grown in an excessive N

environment express a set of genes involved in detoxification of

reactive oxygen species (ROS) that maintain ROS at

physiological levels (Bellegarde et al., 2019). HNI9 is an

important regulator of this response through influencing the

histone modification state of genes, mainly at maintaining

H3K4me3 levels

(Bellegarde et al., 2019). This study is an example of how a long-

term high N provision has an impact on the chromatin state that

differs from short nitrate treatments having a marginal effect on

chromatin accessibility.

Recently, the cell-based TARGET assay was scaled up to identify

the direct targets of 33 TFs regulated by N at early time points

(Brooks et al., 2019). The TARGET assay can validate direct

TF–target interactions based solely on TF-induced changes in

gene expression (Bargmann et al., 2013; Brooks et al., 2019).

Interestingly, the authors found each TF can act in a dual mode

(to induce or repress) depending on the cis-motif context of the

target gene. This dual TF action could operate via direct

binding to a cis-element or indirectly via a partner TF2 binding

(Brooks et al., 2019).

Our data established the relative hierarchical contribution of

known TFs validated in previous studies and new TFs based on

direct binding to DNA. Interestingly, we found that the higher

tier is composed of TFs that have not been implicated in nitrate

responses thus far. These TFs are not regulated by nitrate at

the level of gene expression, which has been an important crite-

rion to find many of the regulatory factors to date, including the

TARGET study that validate 33 TFs (Brooks et al., 2019). We

found that most of the TF–TF interactions in our network

stem from TFs that are not regulated by nitrate in upper tiers

and target NO3
�-responsive TFs in lower tiers. These results

are consistent with a hierarchical transcriptional regulatory

network, which amplifies the NO3
� signal to affect many

biological processes. Nitrate transporters NRT1.1, NRT2.1, and

NRT2.2 and nitrate metabolic genes NIA1 and NIR are

convergent targets of many of the known TFs (Castaings et al.,

2009; Marchive et al., 2013; Alvarez et al., 2014; Guan et al.,

2014). Consistent with this, we found that genes involved in

NO3
� transport and NO3

� reduction are targeted by multiple

TFs. Previous studies have shown that a single TF does not

explain the full induction of prototypical NO3
�-responsive

genes such us NRT2.1, NRT2.2, NIA1, and NIR (Castaings

et al., 2009; Alvarez et al., 2014; Guan et al., 2014). Indeed,

protein–protein interactions between TFs (e.g., NLP7-TCP20

and NRG2-NLP7) have been found to be important for gene

expression of prototypical NO3
�-responsive genes (Xu et al.,

2016; Guan et al., 2017). We identified ATAF2 and NAP as new

TFs that positively regulate the expression of NIR and NRT2.1

in response to nitrate, respectively. Recently, TF–TF

interactions were explored and described using HaloTag

protein arrays (Yazaki et al., 2016). This report revealed that

NAP interacts with TGA1, which is also known to be involved in

nitrate induction of NRT2.1 (Alvarez et al., 2014). We detected

NAP and TGA1 footprints in the promoter of NRT2.1,

suggesting that NAP–TGA1 interaction has a functional

importance for NRT2.1 expression. Further characterization is

necessary to address the role of NAP–TGA1 interaction in the

nitrate response.
lar Plant 12, 1545–1560, December 2019 ª The Author 2019. 1555
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Our findings highlight ATAF2, NAP, and other components of the

intricate regulatory network that participate in fine and robust

control of genes that are targets of N-nutrient signals. This

network is rich in new targets for biotechnological applications

that may have an impact on nitrate uptake, reduction, N assimila-

tion, and use. Thus, it represents a valuable resource for future

fundamental and applied research for the plant community.

METHODS

Plant Materials and Growth Conditions

We grew approximately 1500 Arabidopsis thaliana Col-0 seedlings in

200-ml hydroponic cultures under long-day (16-h light/8-h dark)

conditions at 22�C in plant growth incubators (Percival Scientific) using

MS-modified basal salt media without N (Phytotechnology Laboratories),

supplemented with 0.5 mM ammonium succinate and 3 mM sucrose.

Plants were grown for 2 weeks and treated for the indicated period of

time at the beginning of the light cycle on day 15 with 5 mM NO3
� or

with 5 mM KCl as a control.

DNA-Seq

Plants were grown hydroponically as mentioned above and collected at

time 0 or treated with 5 mM KNO3 or 5 mM KCl as a control for 12 min or

2 h. We generated a high-resolution map of DHSs in A. thaliana root

organs, including untreated controls (time 0), KCl treatments and KNO3

treatments, and two naked DNA controls (Supplemental Table 3). DNase-

seq library construction followed published protocols with onlyminor mod-

ifications (Boyle et al., 2008b). Briefly, roots were collected and ground into

a fine powder in liquid nitrogen. The resulting powder was suspended in

nuclear isolation buffer (20 mM Tris-HCl, 50 mM EDTA, 5 mM spermidine,

0.15 mM spermine, 0.1% mercaptoethanol, 40% glycerol at pH 7.5) and

followed the standard protocol for nuclei isolation. The prepared nuclei pel-

let was suspended in RSB buffer (10mMTris at pH 7.4, 10mMNaCl, 3 mM

MgCl2) for DNase I (Roche) digestion with increasing concentrations (0–4

units) for 10 min at 37�C. The degree of DNase I digestion was assessed

by pulsed-field gel electrophoresis (PFGE; 20–60 switch time, 18 h,

6 V/cm; Bio-Rad). High-molecular-weight (HMW) DNA after DNase I diges-

tion was isolated and blunt ended with T4 DNA polymerase. Biotinylated

adaptor I (50 Bio ACA GGT TCA GAG TTC TAC AGT CCG AC and 50

P-GTCGGACTGTAGAACTCTGAAC)was ligated to theDNAmolecules.

Dynal M-280 beads (Invitrogen) were used for enriching DNase I–digested

DNA ends after MmeI digestion. Adaptor II (50 P-TCG TAT GCC GTC TTC

TGC TTG and 50-CAA GCAGAAGACGGC ATACGANN) was then ligated

to the MmeI-treated ends. The DNA sample was amplified by PCR using

linker-specific primers (50-CAA GCA GAA GAC GGC ATA CGA and

50-AAT GAT ACG GCG ACC ACC GAC AGG TTC AGA GTT CTA CAG

TCC GA) and purified by PAGE for isolation of DNA fragments 90 bp in

size. The final Illumina sequencing was performed using a primer specific

to linker I (50-CCA CCG ACA GGT TCA GAG TTC TAC AGT CCG AC)

on the HiSeq 2000 platform (Illumina, San Diego, CA). For naked

DNA control libraries, 5 mg of purified deproteinized DNA was suspended

in 160 ml of RSB buffer by aliquoting 20 ml into each of eight tubes. An equal

volume of RSB buffer with DNase I at increasing concentrations (0–4 units)

for 2 min at 37�C was added to the DNA. Two microliters of digested ma-

terial from each treatment was loaded on a 2%TAE agarose gel and run for

1 h at 100 V to assess the degree of digestion. Treatments with moderate

levels of digestion (average fragment size >400 bp) were pooled for library

preparations. Library construction was performed as for the DNA-seq

libraries as mentioned above.

Chromatin Immunoprecipitation Assays, Library Generation,
and Sequencing

ChIP assays were performed as previously described (Saleh et al., 2008).

Briefly, plants grown as indicated above were treated with 5 mm KNO3 or

5 mm KCl as a control for 12 min. Roots were collected after the
1556 Molecular Plant 12, 1545–1560, December 2019 ª The Author 20
treatments and immediately fixed in 1% formaldehyde for 15 min under

vacuum at 25�C. Isolated chromatin was sonicated with a Bioruptor

sonicator (Diagenode, Belgium). The Bioruptor settings were as follows:

25 cycles of 0.5 min on, 0.5 min off, with 5 min rests between every five

cycles. An aliquot of sheared chromatin was removed to serve as a

control (input). Experiments were performed in two independent

biological replicates. A commercial antibody against the CTD of RNPII

(Ab817, Abcam) was used in ChIP experiments. Resulting ChIP DNA

pooled from two ChIP reactions described above was used to generate

a sequencing library using the TruSeq DNA Sample Prep Kit (Illumina,

San Diego, CA). We also sequenced input DNA form each condition as

a control. The Illumina HiScanSQ (Illumina, San Diego, CA) was used to

sequence the single-read ChIP-seq and input libraries as per the manu-

facturer’s instructions for 100 bp.

ChIP-Seq Data Analysis

Bowtie2 software (Langmead and Salzberg, 2012) was used to align the

reads to the Col-0 reference genome TAIR10 (ftp://ftp.arabidopsis.org/).

Only the reads mapped to a unique position of the A. thaliana genome

were used for further analysis. To evaluate differential RNPII occupancy

on the genes, we used sequence counts in regions spanning 500-bp up-

stream of the TSS, gene body and 500-bp downstream of the TTS of pro-

tein coding genes as input for the DESeq2 package (Love et al., 2014)

available from Bioconductor (http://www.bioconductor.org). Differential

RNPII occupancy was calculated with two independent biological

replicates in roots treated with KNO3 or KCl for 12 min (1.5-fold change

in occupancy level, p < 0.05).

DNase-Seq Data Analysis

DNase-seq reads were aligned to the Arabidopsis genome (TAIR10) with

no mismatches allowed using Bowtie2 (Langmead and Salzberg, 2012).

Only sequence reads mapped to a unique position were used for further

analysis. We used F-seq (Boyle et al., 2008b) to identify DHSs with a

300-bp bandwidth. To estimate the FDR, we generated 10 random data-

sets that contained the same read number as the DNase-seq dataset.

FDR was calculated as the ratio of the number of DHSs identified based

on random datasets with F-seq to the number of DHSs from the DNase-

seq data. A threshold was set in F-seq to control the FDR <0.01. We iden-

tified between 30 030 and 36 395 DHSs per library with a high reproduc-

ibility between biological replicates (Supplemental Table 3).

SPOT score for each library was calculated with the hotspot tool as pre-

viously described (John et al., 2011; Alexandre et al., 2018). To calculate

the correlation between replicates, we generated a merged DHS

between replicates. The log10(cut counts per 150 bp window) was

calculated for each replicate within the merged DHS. The values

obtained were used to calculate the correlation (Supplemental Table 3)

and used for scatter plots (Supplemental Figure 5).

To identify differential DHSs between treatments, the DHSs of all condi-

tions to be compared were merged to create a ‘‘union’’ DHS. Per base

DNaseI cleavage DNase-seq reads mapping within each merged DHS

were counted with the Rsubread package (Liao et al., 2019) for each

library. We used these counts as input for the DESeq2 package (Love

et al., 2014). Differential DHSs was calculated with two independent

biological replicates in roots treated with KNO3 or KCl for 12 min; 12

min of KNO3 treatments or time 0; 2 h of KNO3 treatments or 2 h of KCl

treatments (log2 fold change >1 in DHS level, p < 0.05; Supplemental

Table 4). DESeq2 analysis was repeated with the counts from DNase-

seq libraries that were subsampled to the number of reads of the library

with the lower read depth as input. .BAM files were randomly subsampled

using the SAMtools package (Li et al., 2009).

Footprinting Data Analysis

Positional weight matrices (PWM) of TF motifs from three databases were

collected: (i) DAP-seq (O’Malley et al., 2016), (ii) CIS-BP protein binding
19.
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microarrays (PBMs) (Weirauch et al., 2014) (only PWM with direct

experimental evidence), and (iii) from an additional source of PBM

(Franco-Zorrilla et al., 2014). The collected PWMs were used to call TF

motif matches in the A. thaliana genome using the MEME/FIMO suite

tool (Grant et al., 2011). To identify footprints resulting from protein

binding, we used the TF motif as the center to align sequences within

DHSs on each DNase-seq library. We then counted the numbers of

DNase I cut at each nucleotide of the TF motif and 100 bp around the

motif based on the numbers of DNase-seq reads. We used CENTIPEDE

to measure the level of ‘‘protection’’ of the TF motif to the DNaseI cut

and calculated a footprinting score (Pique-Regi et al., 2011) to

determine whether a footprint can be called within a specific locus. The

CENTIPEDE approach allows predicting TF–DNA binding using the spatial

pattern distribution of reads from DNase-seq data and the DNA sequence

of TF motifs at the binding site (Gusmao et al., 2016). Only those TF

footprints with a posterior probability = 1 were retained (Pique-Regi

et al., 2011). To avoid footprint calling due to the molecular structure of

DNA itself, we used two naked DNA controls; a sample stripped of

proteins was also digested with DNaseI and sequenced. Finally, only

those footprints detected in both biological replicates and not detected

in any of the naked DNA libraries were called. We define footprints as

‘‘TF recruited by NO3
�’’ (Figure 3) when detected in both DNase-seq

replicates of KNO3 treatments, and none of the DNase-seq replicates at

time 0 or KCl treatments. We define footprints as ‘‘TF disengaged by

NO3
�’’ when detected in both DNase-seq replicates of time 0 and KCl

treatments and none of the DNase-seq replicates of KNO3 treatments.

The defined TF footprint was associated with the respective TF

according to the three TF motif databases mentioned above. A TF–

target gene interaction was defined when a TF footprint overlapped

within 1000 bp upstream of the TSS of the target gene.

Total RNA Extraction, PolyA Selection, and mRNA-Seq Library
Generation

RNA was isolated from whole roots with Trizol reagent according to the

manufacturer’s instructions (Invitrogen, now Life Technologies, http://

www.lifetechnologies.com). To perform RNA-seq experiments, roots

were harvested for RNA isolation after 12, 20, 60, and 120 min of KNO3

or KCl exposure. At least 30 mg of total RNAwas subject to polyA selection

using the Poly(A) Purist MAG Kit (Ambion, cat. no. AM1922). 50–100 ng of

polyA RNA was used in a strand-specific library preparation as per the

SOLiD Total RNA-Seq Kit protocol (Invitrogen, cat. no. 4445374), and

AMPure XP beads (Agencourt, cat. no. A63881) were used for purification

of cDNA and amplified DNA. Libraries were sequenced for 50 bp on the

SOLiD4 platform (Life Technologies, Carlsbad, CA).

mRNA-Seq Analysis

The Bowtie software (Langmead and Salzberg, 2012) was used to align

the reads to the Col-0 reference genome TAIR10 (ftp://ftp.arabidopsis.

org/). Only the reads mapped to a unique position of the A. thaliana

genome were used for further analysis. To evaluate differential gene

expression between KNO3- and KCl-treated samples, we used sequence

counts corresponding to protein coding genes elements as input for

the DESeq2 package (Love et al., 2014) available from Bioconductor

(http://www.bioconductor.org).

Network Generation and Visualization

To build networks, an edge was created when a footprinted motif of a

source TF overlapped a target gene, including 1000 bp upstream of the

target gene’s TSS. ‘‘Target genes’’ are genes showing both an increase

in RNPII occupancy and an increase in transcript levels in response to

NO3
�. We used Cytoscape to visualize the resulting network in which

genes are represented as nodes connected by edges that represent

TF–DNA interactions found by the footprinting analysis. For our matrix

with TF–target interactions (Supplemental Figure 5), TF–target

interactions (edges) were generated based on nitrate-modulated foot-

prints and footprints detected regardless of the experimental conditions.
Molecu
TFs in Figure 5A exhibit at least one nitrate-modulated footprint in the pro-

moter of target genes. Most of these TFs also showed footprints detected

in all conditions, and these interactions were included as well. To design

the network of Figure 5A, we used a hierarchical layout available in

Cytoscape tools to arrange the TFs according to outdegree (number of

target genes) from high (upper layers) to low (lower layers).

Plant Material and Growth Conditions for TRANSPLANTA
Overexpressing Lines

We used two independent T3 homozygous Arabidopsis thaliana inducible

lines of the identified TFs BEE2, HB23, and AGL15 from the TRANS-

PLANTA collection (Coego et al., 2014). Col-0 plants transformed with

the EV used to generate the transgenic TRANSPLANTA lines were used

as a control. Seeds were surfaced sterilized, stratified at 4�C for 2 days,

and grown for 11 days on vertical plates in a chamber at 22�C/18�C under

long-day (16 h/8 h, light/dark) conditions. MS-modified basal salt medium

without N (M531, Phytotechnology Laboratories) containing 1% (w/v)

sucrose, 0.8% (w/v) plant agar, and 10 mM b-stradiol, and supplemented

with 10 mM KNO3, 5 mM KNO3, or 0.1 mM KNO3. To compensate the po-

tassium balance in the N-limiting medium, KCl in its appropriate molarity

was added. Three replicates per genotype and condition were performed,

and at least 12 seeds were used in every replicate. Plates were photo-

graphed and the fresh weight of the plants was measured.

RNA Isolation and qRT–PCR

Col-0 and nap (Sakuraba et al., 2015) plants were grown under the same

experimental conditions described above. Plants were treated for 2 h on

day 15 with 5 mm KNO3 or with 5 mm KCl as a control. RNA was isolated

from whole roots with Trizol reagent according to the manufacturer’s

instructions (Invitrogen, now Life Technologies, http://www.lifetechnologies.

com). cDNA synthesis was carried out using Improm-II reverse

transcriptase according to the manufacturer’s instructions (Promega, http://

www.promega.com). qRT–PCR was carried out using the Brilliant SYBR

Green QPCR reagents on a Stratagene MX3000P qPCR system

(Stratagene, now Agilent, http://www.genomics.agilent.com). The RNA

levels were normalized relative to clathrin adaptor complexes medium

subunit family protein (At4g24550). Amplification was performed using the

following set of primers: NRT2.1 (forward, 50-ACT TGA AGC TCC ACA CAG

CA-30; reverse, 50-ATC CAC AAC GTC CAC AAC CT-30) and At4g24550

(forward 50-AAT ACG CGC TGA GTT CCC TT-30; reverse, 50-AGC ACC

GGG TTC TAA CTC-30).

TARGET Assays

For the TARGET assay, NAP and ATAF2were TOPO cloned into pENTR (In-

vitrogen) fromcDNAor isolated from theArabidopsisTFcollection (Pruneda-

Paz et al., 2014). TFswere then transferred to the pBeaconRFP_GRplasmid

(Bargmann et al., 2013) or a GFP version of the same plasmid

(pBeaconGFP_GR) by Gateway (Invitrogen) cloning. Root protoplasts from

Arabidopsis Col-0 plants were prepared, transfected, and sorted as previ-

ously described (Bargmann et al., 2013; Para et al., 2014). For each TF

and the EV construct, 33 106 cells were transformed separately, and after

washing, a single TF in the RFP vector and a single TF in a GFP vector

were combined in three replicate wells of a 24-well plate. After overnight

incubation, each pool of transformed root protoplasts was treated

sequentially with 5 mM KNO3 for 100 min and 35 mM CHX for 20 min

before a 10 mM DEX treatment to induce TF nuclear entry. Transformed

cells were sorted by fluorescence-activated cell sorting into GFP- and

RFP-expressing populations 3 h after DEX-induced TF nuclear import. Cells

overexpressing the TF or EV were collected in triplicate, and RNA was ex-

tracted using the RNeasy Plant Mini kit (QIAGEN, 74904). cDNA synthesis

was carried out using the Improm-II reverse transcriptase according to the

manufacturer’s instructions (Promega, http://www.promega.com). qRT–

PCR was carried out using the Brilliant SYBR Green QPCR reagents on a

Stratagene MX3000P qPCR system (Stratagene, now Agilent, http://www.

genomics.agilent.com). The RNA levels were normalized relative to clathrin

adaptor complexes medium subunit family protein (At4g24550).
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Amplificationwas performed using the following set of primers:NRT2.1 (for-

ward, 50-ACT TGA AGC TCC ACA CAG CA-30; reverse, 50-ATC CAC AAC

GTC CAC AAC CT-30); NIR (forward, 50-ACA CTT GCG GAC AAG TCC

AAG TAG-30; reverse, 50-TCT CCG ATA TGC GAG TCA CTT CCT-30); NAP
(forward, 50-ACG TGT TCG CTG GCT CAT TT -30; reverse, 50-CCG AAC

CAA CTA GAC TCC GAA TCA-30); ATAF2 (forward, 50-GCC TGA GCA

GAA ACC ATT CTT G-30; reverse, 50-AAG AGC CAG GGA TGA GTT GAG

A-30); and At4g24550 (forward 50-AAT ACG CGC TGA GTT CCC TT-30;
reverse, 50-AGC ACC GGG TTC TAA CTC-30).

ChIP–PCR Assays

Col-0 plantswere grownunder the sameexperimental conditionsdescribed

above. Plants were treated for 12 min on day 15 with 5 mmKNO3. ChIP as-

says were performed as described above. A small aliquot of sheared chro-

matin was removed to serve as a positive control of PCR amplification

(input). The diluted chromatin was used for immunoprecipitation with the

NAP antibody (Abmart, X3-O49255), and an unspecific IgG was used as a

negative control. Immunoprecipitated DNA was amplified by PCR using

the following sets of primers: NRT2.1 promoter (forward, 50-TTG CGG

CGA AAA TGG ATT CCT C-30; reverse, 50-ATA GGG TTC CTA GCC AGT

GTT GAC-30) and NRT2.1 CDS (forward, 50-ACT TGA AGC TCC ACA CAG

CA-30; reverse, 50-ATC CAC AAC GTC CAC AAC CT-30).

Net Nitrate Uptake Experiments

Col-0 and nap plants were grown under the same experimental conditions

described above. Net NO3
� uptake was measured by treating plants at

dawn on day 15 with 250 mm 15NO3
� (atom% 15N: 10%) for 2 and 8 h. After

the indicated time periods, roots were washed for 1 min in 0.1 mm CaSO4

and were separated from shoots. Roots were dried at 70�C for 48 h and

were analyzed for total 15NO3
� contents using an ANCA-MS system

(Europa Scientific, http://www.europascience.com). Net uptake of 15NO3
�

for each genotype was calculated from the total 15N content of roots.
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