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Preface 

 
Multicellular organisms are composed of different cells that form organs and tissues that 

together shape an organism and participate in its functioning. As an illustration: neurons in the 

brain are ‘doing the thinking’, while myocytes (muscle cells) in our legs ‘do the walking’! 

Similarly, in plants, while root cells are ensuring the uptake of water and nutrients from the 

soil, leaves are busy transforming sunlight and carbon dioxide into sugar and oxygen. Different 

tissues for different functions. This clear separation of tasks among cells might appear obvious 

to most of us in this era of strict division of labor but considering the single cell origin of all 

complex organisms, really, it’s not! 

Indeed, it always starts with one unique cell or zygote and its unique DNA composition. The 

DNA molecule will be passed on, by mitotic cell division, to all daughter cells and therefore to 

all cells that make up the organism. DNA can be seen as a blue print containing all the 

instructions to generate the different cells and tissues a living organism is composed of. This 

blue print contains instructions such as genes, which are the elementary bricks to form all the 

proteins of an organism. So how can it be that different cells can look and behave as different 

as neurons and muscle cells (or leaf cells and root cells) while sharing the same DNA? 

Cell specialization is the process by which one cell differentiates from another to acquire 

specialized functions. Cell specialization involves a categorization of the DNA into active or 

inactive compartments. This way, only specific instructions of the blue print can be accessed, 

meaning that only some parts of the DNA are exploitable by the cellular machinery. These 

exploitable parts of the DNA will determine the fate of each cell. For a large part, the accessible 

blue print represents the expressed genes and thereby the proteins that can be formed. Another 

part of the accessible DNA that participates in driving cell fate is composed of sequences called 

cis-regulatory elements, among which are enhancers. Enhancers are DNA sequences that do 

not encode for proteins. Like electric switches, they help turning genes ON in the right cell and 

at the right time. The genome-wide identification and characterization of enhancers in plants is 

only at its dawn in comparison to what has been accomplished in animals. This thesis aims at 

bringing plant enhancers into focus and decrease the knowledge gap between plant and animal 

enhancers. 

Chapter 1 offers a first introduction to enhancers, reviews the state-of-the-art of our knowledge 

on plant enhancers, and explores techniques to discover plant enhancer sequences on a large 

scale. 
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Implementing recommendations of the first chapter, Chapter 2 identifies novel cis-regulatory 

sequences in the maize crop plant. For this, use is made of different genome-wide techniques 

to identify candidate regions that fit the description of active enhancers. 

In Chapter 3, more specific attention is given to one particular maize sequence, Vgt1, referred 

to as a putative enhancer in previous studies. Vgt1 has been identified for its effect on flowering 

time and was found to potentially regulate the expression of a downstream floral repressor gene. 

This study makes use of transgenic approaches and a technique studying chromatin interactions 

to further elucidate the nature of the Vgt1 sequence. 

Chapter 4 continues with the study described in chapter 2 and aims at validating the identity 

of a number of candidate enhancer sequences identified. To perform such validation, candidate 

enhancers were tested on their ability to activate transcription of transgenic reporter constructs. 

Also, chromatin conformation studies were used to study the interactomes of a candidate 

enhancer and control region. 

Chapter 5 provides a precise step-by-step protocol to perform Chromosome Conformation 

Capture (3C) experiments in plants. 

Finally, the General Discussion presents a bird’s eye view on the maize regulatory genome. 
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Abstract 
 
Higher eukaryotes typically contain many different cell types, displaying different cellular 

functions that in addition are influenced by biotic and abiotic cues. The different functions are 

characterized by specific gene expression patterns that in part are mediated by regulatory 

sequences such as transcriptional enhancers. Recent genome-wide approaches have identified 

thousands of enhancers in animals, reviving the interest in enhancers in gene regulation. 

Although the regulatory roles of plant enhancers are as critical as those in animals, genome-

wide approaches are only very recently applied to plants. Here we review characteristics of 

enhancers at the DNA and chromatin level in plants and other species, their similarities and 

differences, and techniques widely used for the genome-wide, high-throughput discovery of 

enhancers in animal systems that can be implemented in plants. 
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Introduction: enhancers in gene regulation 

The vast majority of eukaryotes consist of numerous different cell types. In a given organism, 

the different cell types possess the same DNA, and it is fascinating that such diversity of cell-

types can arise from one and the same set of chromosomes. Cells of all organisms are in addition 

able to respond abiotic and biotic environmental cues, such as light, temperature, chemicals and 

pathogens. Crucial for the successful production of highly specialized cell types and their 

response to external signals is a correct temporal and spatial regulation of gene expression [1]. 

This is for a large part accomplished through the activation and repression of the relevant cis-

regulatory elements, such as transcriptional enhancers (hereafter referred to as enhancers) and 

silencers, at the correct moment in time and space [2,3]. Enhancers are non-coding DNA 

sequences that can be bound by multiple transcription factors (TFs) to activate the expression 

of genes localized up to mega-bases away (Figure 1A) [4,5]. Silencers are DNA elements that 

repress gene expression [3]. Both enhancers and silencers can be located up- or downstream of 

their target genes and function in an orientation-independent manner [6]. Enhancing and 

silencing functions can also be combined into one and the same DNA element, such as shown 

for the light-inducible and tissue-specific regulatory elements of ab80 and rbcS-3A in pea 

(Pisum sativum) [7–10]. This review focuses on enhancers. 

The general mechanisms by which enhancers are activated and trigger gene expression are well 

studied [11]. Enhancers are generally activated by the binding of pioneer TFs, followed by the 

recruitment of co-activators such as histone acetyltransferases and chromatin remodelers that 

altogether increase chromatin accessibility [12]. This increased accessibility promotes binding 

of other TFs, leading to transcriptional activation of the target genes [12]. To do so, enhancers 

physically interact with the promoters of their cognate genes (Figure 1B). Ultimately, 

transcription is initiated by RNA polymerase II at the Transcription Start Site (TSS) of the gene 

[13].  

In the last decades, several examples of enhancers have been identified and characterized in 

different species, including yeast, fungus, animals and plants (e.g. [14–21]). These examples 

have mainly been identified using low-throughput methods such as enhancer trapping, promoter 

deletion analysis, recombinant analysis and quantitative trait locus mapping. The recent 

development of affordable next-generation sequencing technologies, in combination with the 

identification of general enhancer features, especially DNA and chromatin features, allowed 

the genome-wide identification of enhancers in a high-throughput manner. This led to the 

discovery of  
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Figure 1. Schematic illustrations of chromatin features and associated proteins observed at enhancer 
regions and target genes in animals. (A) Enhancer located distantly from its target gene. Presence of 
H3K4me1 and absence of H3K4me3 distinguishes enhancers from promoters. (B) Active enhancer 
physically interacts with the promoter of its target gene through protein complexes. (C) Inactive enhancers 
are associated with H3K27me3 and H3K4me1. (D) Active enhancers are associated with nucleosome-
depleted regions as well as H3K4me1, H3K9ac and H3K27ac (annotated as H3 acetylation). 
 

over 43,000 enhancer candidates in the human genome [22] and up to 100,000 predicted 

enhancers in Drosophila (Drosophila melanogaster) [23]. Remarkably, genes are often shown 

to be regulated by more than one enhancer [23–25]. The crucial roles of enhancers in gene 

regulation have been emphasized in studies linking enhancers not only with proper embryonic 

development and the specialization of cell types, but also with a large set of diseases, including 

cancer [2,4,26–29]. Plant genomes are very likely to also contain numerous (distant) enhancers. 

So far, we do not know how many enhancers are present across plant species, and their 

chromatin features are poorly characterized, except for a few examples such as the enhancers 

of the Pea plastocyanin (PetE) gene in pea [30], the booster1 (b1) gene in maize (Zea mays 

ssp. mays L.) [14,31,32], and the enhancer of the FLOWERING LOCUS T (FT) gene in 
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Arabidopsis (Arabidopsis thaliana) [17,33] (Table 1). The first genome-wide study identifying 

enhancers in Arabidopsis based on chromatin features [34] reflects the renewed interest for 

enhancers in plants. 

What are the general properties displayed by enhancers? Large-scale animal studies comparing 

several molecular features showed that, depending on their activity state, enhancers are 

characterized by different DNA and chromatin features [11]. Inactive enhancers are typified by 

low chromatin accessibility and the presence of specific histone modifications, e.g. 

trimethylation of lysine 27 of histone H3 (H3K27me3) (Figure 1C) [35,36]. Active enhancers 

generally display high chromatin accessibility and histone acetylation, eRNA transcription and 

low DNA methylation [22,35–40] (Figure 1D). Specific histone modifications, such as 

H3K4me1, indicate enhancers independent of their activity level. Despite a growing interest, 

there is no study reporting a comparison of several chromatin features at enhancers in plants 

yet. 

In this review, we (i) provide an overview on the current knowledge on enhancers in plants, 

including their molecular characteristics, (ii) discuss the potential commonalities and 

differences between plant and animal enhancers, and (iii) discuss and compare the different 

techniques available to identify and characterize enhancers in plants, focusing mainly on high-

throughput methods based on next-generation sequencing approaches. Finally, we will provide 

directions for future research.  

 

Enhancers in Plants 

One of the first enhancers described in plants dates back to 1985 when Simpson et al. [41] 

reported an enhancer of the chlorophyll a/b-binding protein gene AB80 in pea. Since then, 

other enhancers have been identified and characterized in different plant species (examples 

given in Table 1). At first, plant enhancers were primarily characterized using promoter deletion 

assays, electrophoretic mobility shift assays (EMSA), and DNAseI footprinting [15,42–44], 

subsequently chromatin features were investigated as well. The enhancers of the 

hydroxyproline-rich glycoprotein (HRGP) gene in maize and the PetE gene in pea are among 

the first enhancers examined for accessible chromatin and histone acetylation, respectively 

[30,44]. Currently, a hepta-repeat region of the b1 gene in maize is one of the enhancers of 

which its chromatin features are best-characterized. When  
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Table 1. Examples of currently known plant enhancers and their associated characteristics 

Enhancer Target gene Organism Locationa  

Chrom
atin 
Accessi
bilityb 

Chro-
matin 
Interac
tionc 

Sequence 
conservation 
among or 
within species 

TF 
binding
motif 

Histone 
markd 

Reporter 
assaye 

DNA 
meth
ylati
onf 

Refs 

Hepta-
repeat 

booster1 
(b1) 
(GRMZM2
G172795) 

Zea mays 
100 kb 
upstream 

Yes Yes 
Yes, among 
different 
maize linesg 

ND H3ac (A) Yes Yes  
[14,3
1,32,
121] 

Block C 

FLOWERIN
G LOCUS T 
(FT) 
(At1g65480) 

Arabidops
is thaliana 

5 kb 
upstream 

Yes Yesh Yes, among 
Brasicaceae 

CCAAT-
box, 
REalpha, 
I-box 

H3K9K1
4ac (A) 

Yes Yesi  
[17,3
3,53,
75] 

Region C 

LATERAL 
SUPPRESS
OR (LAS) 
(AT1G5558
0) 

Arabidops
is thaliana 

3.2 kb 
downstrea
m 

Yes ND 

Arabis alpina, 
Arabidopsis 
lyrata and 
Capsella 
rubella 

ND 
H3K27m
e3 (I) 

Yes ND [128] 

P268 
PetE 
enhancer 

pea 
plastocyanin 
gene (PetE) 

Pisum 
sativum 

177 bp 
upstream 

Yes  ND ND 
HMG-I/Y 
binding 
motif 

H3ac and 
H4ac (A) 

Yes ND [30] 

P1-rr 
distal 
enhancer 

pericarp 
color 1 (p1) 
(GRMZM2
G084799) 

Zea mays 
6 kb 
upstream 

Yes ND ND ND ND Yes Yes 
 
[124,
129] 

Vegetative 
to 
generative
1 (Vgt1) 

ZmRap2.7 
(GRMZM2
G700665) 

Zea mays 
70 kb 
upstream 

ND ND 

Conserved 
among late 
flowering 
lines 

ND ND ND Yes 
[16,1
30] 

AB80 
enhancer 

AB80 
chlorophyll 
a/b binding 
protein 
(CAB) gene 

Pisum 
sativum 

400 bp 
upstream ND ND 

Yes, among 
the CAB genes 
in N. 
plumbaginifoli
a and wheat 

G-boxes, 
GATA-
box 

ND Yes ND 
[41,1
23,13
1] 

Enhancer-
like 
element 

Ribulose 
1,5-
biphosphate 
carboxylase 
small 
subunit 
(rbcS) genes 
SS3.6, E9, 
3A, 3C  

Pisum 
sativum,  

400 bp 
upstream 

ND ND 

Yes, among 
Pisum 
sativum, 
Solanum 
lycopersicum, 
wheat, 
Nicotiana 
plumbaginifoli
a, 
Antirrhinum 
majus 

Box II: 
Homolog
y with 
SV40 
core 
enhancer 
GT motif, 
Box III: 
homolog
y with 
human β-
interferon 
enhancer 
and 
adenoviru
s 5 E1A 
enhancer 

ND Yes ND 
[8,9,
15] 

TACPyA
T repeats 

Chalcone 
synthase A 
(chsA) 

Petunia 
hybrida 

-67 to -53 
bp 
upstream 

ND ND 
Yes, with 
Antirrhinum 
majus 

Two 
TACPyA
T motifs 

ND Yes ND 
[132,
133] 

L3 
enhancer 

Putative: 
AT-hook 
motif 
nuclear-
localized 
protein 22 

Arabidops
is thaliana 

4 kb 
upstream 

Yes ND ND ND ND Yes ND [34] 
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(AHL22) 
(AT2G4543
0) 

Distal cis-
element 
(DICE) 

Bx1 Zea mays 140 kb 
upstream 

ND ND ND ND ND ND 

Low 
meth
ylatio
n  

[134] 

tb1 
enhancer 

teosinte 
branched 1 
(tb1) 
(AC233950.
1_FG002) 

Zea mays 
60 kb 
upstream 

ND ND ND ND ND Yes ND 
[135,
136] 

Egg 
apparatus
-specific 
enhancer 
(EASE) 

ND 
Arabidops
is thaliana 

ND Yes ND 

Yes, among 
different 
Arabidopsis 
accessions 

ND ND Yes ND [21] 

MATURE 
MINOR 
VEIN 
ELEMEN
T1 
(MMVE1) 

ND Arabidops
is thaliana 

ND ND ND Yes, among 
Brassicaceae 

API and 
ARF 
binding 
motifs, 
CACGT
G motif  

ND Yes ND [20] 

HRGP 
enhancer 

Hydroxyprol
ine - rich 
glycoprotein 
(HRGP) 

Zea mays 
1380 to 
220 bp 
Upstream 

Yes ND ND ND ND ND ND [44] 

 
ND stands for not determined 

aLocation of enhancer relative to the TSS of its target gene 
bCorrelation between enhancer activity and chromatin accessibility 
cPhysical interaction observed with target gene upon gene activation 
dEnrichment in histone marks: (A) for active enhancer, (I) for inactive enhancer 
eActivity of enhancer measured in reporter assay (e.g. transient or transgenic minimal reporter assay or 
enhancer trap) 
f DNA methylation at enhancer is associated with silencing of the enhancer 
gSequence is conserved, but number of repeats varies 
hExact locations of interactions do not agree between publications  
iZicola and Turck, unpublished data 
 
active, the hepta-repeat displays several hallmarks of active enhancers in mammals such as 

accessible chromatin, H3 acetylation and low DNA methylation [14,31,32]. Most other plant 

enhancers are less well-characterized, and the list of their associated characteristics is 

incomplete. Recent studies in Arabidopsis and rice (Oryza sativa) [34,45] are the first reporting 

the use of chromatin features to identify cis-regulatory elements in a genome-wide, high-

throughput manner.  
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Characteristics of enhancers 
Enhancer regions display specific characteristics including the presence of TF binding motifs, 

chromatin accessibility, particular histone modifications, eRNA expression, low DNA 

methylation and physical interactions with their target genes [11]. Altogether, these signatures 

can help to identify enhancers in a genome. For better enhancer prediction and characterization, 

multiple features should be studied in parallel, also given particular features can as well be 

displayed by other cis-regulatory elements, the TSS or coding regions of genes. Below, we 

discuss enhancer characteristics identified in animals that can be used to identify and 

characterize plant enhancers.  

Transcription factor binding motifs 
Enhancers are activated by the binding of TFs (Figure 1). This binding of TFs to DNA is 

specified by specific consensus sequences, called TF binding motifs, and/or particular 

chromatin features, such as histone modifications [46]. Enhancers are enriched with multiple 

TF binding motifs. Nearly 600 different experimentally validated TF binding motifs were 

reported in human (Transfac in 2003 [47]). In Arabidopsis, approximately 530 TF binding 

motifs are experimentally determined, e.g. by mobility shift assays or DAP-seq [48,49]. In other 

plant species, e.g. maize, many TF binding motifs were predicted [50]; however, few studies 

validated TF binding motifs experimentally [50,51]. 

Chromatin accessibility 

The degree of chromatin accessibility impacts the binding of TFs to regulatory sequences 

[25,52] (Figure 1). Chromatin accessibility depends on the local nucleosome occupancy and 

binding of chromatin-associated proteins (Figure 1A and D). Active cis-regulatory elements 

such as promoters and enhancers are localized in accessible genomic regions, also called 

Nucleosome-Depleted Regions (NDRs) [25]. NDRs have been mapped genome-wide in 

Arabidopsis, maize and rice [45,53,54]. Consistent with having a regulatory role, NDRs are 

enriched at TF binding sites and conserved non-coding sequences in Arabidopsis and maize 

[53,54]. Moreover, several intergenic NDRs identified in Arabidopsis were validated as 

enhancers in transgenic experiments [34]. 
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Histone modifications 
Histone marks are post-translational modifications of histones that have different roles in gene 

regulation, including modulation of chromatin accessibility [55] (Figure 1). Nucleosomes at 

enhancer regions are shown to carry specific histone marks. In animals, monomethylation at 

lysine 4 of histone 3 (H3K4me1) is found at both active and inactive enhancers [35].  

Acetylation at lysine 9, 12, 14, and 27 of H3 (H3K9ac, H4K12ac, H3K14ac, and H3K27ac) 

characterizes active enhancers [37,38,56], while H3K27me3 marks inactive enhancers [35]. All 

of these marks are, however, present at TSSs and/or coding regions as well, hampering the 

unequivocal identification of enhancer sequences by one histone mark. Data from an additional 

mark, e.g. H3K4me3, which is preferentially enriched at TSSs, can be used to distinguish TSSs 

from enhancers [57–59]. 

Which histone marks best indicate plant enhancers and their activity states is not yet 

entirely clear. Knowledge on such marks is slowly emerging. For instance, the active pea PetE 

and maize b1 enhancers were reported to be enriched in H3/H4ac and H3K9/K14ac, 

respectively [30,31]. Furthermore, intergenic NDRs in rice were strongly associated with 

H4K12ac, but also H3K27me3 [45]. Moreover, a recent study in Arabidopsis revealed a 

positive correlation between inactive enhancers and H3K27me3, and between active enhancers 

and H3K27ac, with the former correlation being more clear than the latter [34]. Altogether, the 

current results indicate that active plant enhancers are generally associated with H3 and H4 

acetylation, while inactive enhancers appear associated with H3K27me3. At the same time, we 

want to emphasize that more research is required to identify the histone modifications that best 

detect active and inactive enhancers in plants. 

Enhancer RNAs (eRNAs) 
In animals, the presence of enhancer transcripts (enhancer RNAs or eRNAs) are shown to 

provide a good indication of active enhancers [22,40]. eRNAs are non-coding, relatively short 

(<2kb), capped, mostly non-polyadenylated, unspliced, and rapidly degraded by exosomes. 

Animal enhancers are often transcribed bidirectionally [22,40], and although the absolute 

eRNA transcript levels are much lower than those of protein coding genes, they correlate with 

those of their target genes [22]. Insight into potential roles for eRNAs is emerging. Some 

eRNAs are, for example, necessary to recruit TFs to enhancers [60], or to mediate enhancer-

promoter interactions [61]. It can however not be excluded that part of the eRNAs have no role 

in gene regulation and may be products of leaky RNA pol II expression [62–64]. Recent 

findings suggested a significant association of non-coding RNAs with NDRs in Arabidopsis 
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[34]. The presence, characteristics and roles of eRNAs in gene regulation in plants remains to 

be further investigated. 

DNA methylation 

DNA methylation is associated with transcriptional silencing in both animals and plants [65], 

and when present at enhancers, it is shown to downregulate the expression of target genes 

[39,66]. In plants, this is, for example, observed for DNA methylation at regulatory sequences 

of FLOWERING WAGENINGEN (FWA), TOO MANY MOUTHS (TMM), and FT in 

Arabidopsis [67–69], and pericarp color1 (p1) and b1 in maize [31,70]. In human and mouse, 

the DNA methylation level at numerous enhancers is dynamically regulated, negatively 

correlating with the activity of enhancers, allowing the identification of tissue-specific 

enhancers [39]. Except for a study in tomato [66], there is not much evidence that DNA 

methylation at cis-regulatory elements is regulated in a dynamic manner in plants. 

Chromatin interactions 
Enhancers and target genes must be in close proximity to allow enhancers to activate 

transcription (Figure 1B). Chromosomal conformation studies indeed provided ample evidence 

that enhancers and their target genes physically interact with each other [32,71]. In mammals, 

CTCF, cohesin, a mediator complex and sometimes also eRNAs have been shown to mediate 

enhancer-promoter interactions [61,72,73]. Besides general protein factors and complexes, 

sequence-specific TFs are also required for enhancer-promoter interactions. The Erythroid 

Krüppel-like transcription Factor (EKLF) is for instance involved in establishing chromatin 

interactions at the active β-globin locus [74]. Chromatin interactions between distant enhancers 

and their target genes are also reported in plants. In maize, the 100 kb upstream hepta-repeat 

enhancer interacts with the TSS region of the b1 gene when b1 is expressed [32]. Similarly in 

Arabidopsis, two independent studies revealed interactions between the TSS and upstream 

regulatory regions of FT [33,75] The results, however, do not agree on the exact genomic 

identity of the interacting regions. 

 

Techniques for enhancer identification 
In the following section, we will review techniques that are currently used for identifying 

enhancers in a genome-wide, high-throughput manner, mainly using next-generation 

sequencing technologies. Techniques for validating enhancer candidates are discussed as well. 

As each technique has inherent methodological biases and limitations, to increase the predictive 
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value, combining different approaches is preferred over the use of a single method. For a 

summary, see Table 2.  

 
Table 2. Summary of currently used or promising techniques to identify enhancers 

Techniques Studied Aspect Advantages Disadvantages Refs 

TF Binding Motif 
Scan TF binding motifs Identifies TF binding 

sites  
High false discovery rate; 
prior knowledge on TF 
binding motif required 

[81] 

DNase-seq Open chromatin TF binding motifs can 
be detected 

DNase I can introduce 
cleavage bias, affecting TF 
footprint detection 

[45,53,80] 

ChIP-seq 
Histone 
modifications, 
TFs, chromatin-
associated proteins 

A wide range of targets 
can be studied 

Relies on the availability 
of high-quality antibodies 
or tagged proteins 

[89–91] 

RNA-seq Transcript levels 
eRNA levels implicate 
enhancer activity, 
detects directionality of 
transcription 

eRNA expression is low, 
high sequencing depth 
required 

[40] 

CAGE Transcript levels 
eRNA levels implicate 
enhancer activity, 
detects directionality of 
transcription 

Only detects capped 
eRNAs [22] 

GRO-seq Nascent transcript 
levels 

eRNA transcription 
implicates enhancer 
activity 

Challenging technique [93,94] 

STARR-seq Enhancer mapping 
(and activity) 

High-throughput 
identification and 
validation of enhancers 
in parallel 

Minimal promoter used 
influences the set of 
identified enhancers 

[96,97] 

BS-seq DNA methylation Single bp resolution 
High sequence depth 
needed; 
incomplete BS conversion 
affects data interpretation 

[66,98,103] 

Enhancer trapping Enhancer activity 

Visualizes tissue-
specific pattern 
mediated by 
endogenous cis-
regulatory sequences 

Difficult to locate trapped 
enhancers  [20,21,106,109] 

3C technology Chromatin 
interactions 

Identifies promoter-
enhancer interactions 

Challenging technique; 
trade-off between number 
of observed interactions 
and resolution 

[71,111,112,117] 

Reporter assay Transcriptional 
activity 

Confirms activity and 
tissue specificity of 
enhancer candidates 

Potential expression bias 
arising from test 
conditions and the 
minimal promoter used 

[15,119,120,124,125] 

 

Based on DNA sequence: TF binding motif scan 
Enhancers are bound by TFs, therefore scanning genomes for TF binding motifs can contribute 

to the identification of enhancers [76]. However, the presence of a TF binding motif does not 

guarantee the functional binding of TFs in vivo, as TF binding motifs are typically less than 10 

nucleotides and therefore can appear in a genome by a random chance [77,78]. In addition, TF 

binding is not always highly sequence-specific [46] and may therefore be hard to predict by 
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motif scanning. Since TFs often function in complexes, detecting clusters of TF binding motifs 

reduces the number of false positives [79]. In plants other than Arabidopsis, motif scanning is 

limited by the relatively low number of known TF binding motifs. In such case, putative TF 

binding motifs can be determined by DNA footprinting using DNase-seq, by ChIP-seq or by 

analyzing promoter sequences of co-expressed genes using multiple tissue or multiple time 

point data [50,51,80,81]. 

 

Assaying chromatin accessibility 

DNase-seq 

Active enhancer sequences are usually located in NDRs and are therefore sensitive to nuclease 

activity [82]. Therefore, DNase-seq is a very valuable tool to identify cis-regulatory sequence. 

With this method, DNase I Hypersensitive Sites (DHSs) can be identified by partial digestion 

of chromatin with the endonuclease DNase I, followed by sequencing of the small fragments 

representing the accessible fraction of the genome (DNase-seq) [80].  Alternatively, the ends 

of large DNA fragments, representing the less accessible fraction of the genome, can be 

sequenced followed by identification of DHSs [83]. DNase-seq robustly identifies DHSs, but 

is less sensitive in predicting TF binding motifs, due to its intrinsic cleavage bias [84]. 

ATAC-seq: Assay for Transposase-Accessible Chromatin  

ATAC-seq, a technique in which the engineered Transposase Tn5 ligates accessible DNA to 

sequencing adapters, was shown to provide a good alternative to DNase-seq in human [85]. 

Importantly, with ATAC-seq, highly comparable results to DNase-seq could be obtained with 

200 times less cells. Like DNase-seq, ATAC-seq can also be used for DNA footprinting [85]. 

ATAC-seq data sets have not yet been reported for plant tissue, but the method seems attractive, 

especially for analyzing tissues that are difficult to collect in large quantities. 

FAIRE: Formaldehyde-Assisted Isolation of Regulatory Elements  

Another method to identify accessible chromatin is FAIRE-seq [86]. FAIRE identifies protein-

free DNA regions (i.e. free from nucleosomes) by cross-linking tissue or cells with 

formaldehyde, followed by sonication of chromatin and phenol-chloroform extraction of the 

nucleosome-free DNA fragments. FAIRE offers a lower resolution than DNase I-based assays 

as sonication provides higher background noise than DNase I digestion [87]. FAIRE-qPCR 

applied at the maize b1 locus revealed FAIRE enrichment at the active hepta-repeat enhancer, 

demonstrating the potential of FAIRE to identify plant enhancers [32]. A FAIRE-seq protocol 
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was developed for Arabidopsis, but no genome-wide FAIRE study has yet been reported in 

plants [88].  

 

ChIP-seq: Chromatin ImmunoPrecipitation sequencing 
Chromatin ImmunoPrecipitation followed by sequencing (ChIP-seq) can identify DNA regions 

based on their associated modifications or proteins (e.g. histone marks, TFs and polymerases) 

[11,89,90]. For instance in animals, antibodies recognizing H3K27ac and the histone 

acetyltransferase p300, can be used to detect active enhancers [38,91]. The modifications or 

proteins targeted by ChIP influence the number and types of enhancers identified. To identify 

TF binding sites with an almost base pair resolution, ChIP can be coupled to an exonuclease 

treatment (ChIP-exo; exonucleases hereby remove DNA not bound by TFs) [92]. ChIP has been 

adapted to plants [89,90]. However, the most relevant combination of histone marks or TFs for 

enhancer identification remain to be determined [31,34,45].  

 

Assaying transcriptional activity 

RNA-seq based methods 

In animals, the production of eRNAs provides a good indication of enhancer activity [22]. 

eRNAs can be identified by different techniques. When sequencing RNAs (RNA-seq) a high 

sequencing depth is required to detect the low abundant eRNAs [40]. By using Cap Analysis 

of Gene Expression (CAGE), with which only the 5’ ends of RNAs are sequenced, eRNAs can 

be detected at lower sequencing depth [22]. Besides being low abundant, eRNAs are sensitive 

to degradation, therefore genome-wide nuclear Run-Ons (GRO-seq), which measures nascent 

transcript production, may provide a higher sensitivity to detect eRNAs than CAGE [93,94]. 

The recently developed GRO-Cap technique, which allows detection of nascent capped 

transcripts, maps TSSs with higher accuracy than GRO-seq and could be an interesting 

technique to apply in plants for eRNA detection [95].   

STARR-seq: Self-Transcribing Active Regulatory Region Sequencing 

STARR-seq is a technique developed in Drosophila to capture sequences with enhancer activity 

[96]. With this technique, random fragments from sheared genomic DNA are cloned between 

a minimal promoter incapable of driving high expression and a polyadenylation sequence. The 

resulting plasmids are transfected into cells, after which fragments with enhancer activity can 

enhance their own transcription. Hence, sequencing of polyadenylated transcripts isolated from 
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the transfected cells reveals the sequence and transcriptional strength of cloned DNA fragments. 

Not all minimal promoter-enhancer combinations lead to transcriptional activation [97]. The 

minimal promoter used, therefore, determines the enhancers identified. STARR-seq still has to 

be implemented in plants.  

 

BS-seq: Bisulfite sequencing  
As mentioned before, low DNA methylation levels can indicate enhancers [39]. Genome-wide 

DNA methylation levels can be measured using Bisulfite (BS) conversion, which converts 

unmethylated cytosines to thymines, followed by sequencing (BS-seq) [98]. BS-seq was first 

implemented in Arabidopsis, and then used in several other plant species [99–101]. BS-seq 

offers a single-base resolution of genome-wide DNA methylation profiles [102], allowing the 

precise delimitation of low methylated regions using computational tools [103]. Note that 

incomplete BS conversion and sequence polymorphisms can affect data interpretation. 

 

Enhancer trapping 
With enhancer trapping, enhancers are detected by random genomic insertion of a reporter gene 

that is driven by a minimal promoter that is not sufficient to drive expression [104,105] 

Expression of the reporter gene can be observed when inserted adjacent to an enhancer 

activating the gene [106]. For plants, typically a reporter gene (e.g. GPF) driven by the minimal 

CaMV-35S promoter is used. Numerous enhancer trapping lines were isolated in Arabidopsis 

[107,108] and rice [109,110]. Most lines showed tissue-specific expression, hence this method 

allows identification of regulatory sequences mediating expression patterns of interest. In 

reality, however, only few enhancers have been identified using this method, for example the 

minor vein phloem specific enhancer MATURE MINOR VEIN ELEMENT1 (MMVE1) [20] and Egg 

Apparatus-Specific Enhancer (EASE) [21]. This suggests that it is difficult to identify the 

trapped enhancers; indeed, enhancers can be located distally to enhancer traps. When studying 

a large, complex genome, enhancer identification will be even more cumbersome. 

 

Characterisation of enhancers and their target genes 

3C-based techniques: Chromosome Conformation Capture  

Chromatin Conformation Capture (3C) and its derivatives (e.g. 4C, 5C and Hi-C) measure 

relative interaction frequencies between different genomic regions [71,111]. In short, 

interacting chromosomal regions are cross-linked, followed by restriction digestion and 
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intramolecular ligation of the interacting fragments. Finally, interaction frequencies are 

quantified using qPCR (3C) or sequencing. The main strength of these methods is their ability 

to identify target genes of enhancers (and vice versa). 3C and 4C are the method of choice when 

focusing on specific enhancers or genes [112,113], while a Hi-C protocol with a resolution of 

1kb allows genome-wide studies of enhancer-promoter interactions [114]. To avoid loss of 

sequencing capacity on interactions other than between enhancers and promoters, methods such 

as Capture C and Hi-Cap have been developed [115,116]. In plants, 3C was first implemented 

at the b1 locus in maize, identifying interactions between the hepta-repeat enhancer and the b1 

gene [32,117]. The outcome of 3C and 4C studies on enhancer-promoter or other functional 

interactions in Arabidopsis is more cumbersome [33,75,118]. This can be explained by the 

compact genome size of Arabidopsis, hampering both the identification of the exact interacting 

sequences and the detection of relevant interactions above the background level of random 

ligation events. 

Reporter assay 

The gold standard for testing enhancer sequences is a reporter assay [11]. Usually, with this 

method, a candidate enhancer and a control fragment are cloned upstream of a minimal 

promoter driving a reporter gene, followed by introduction into the tissue or cell type of interest 

and measurement of reporter gene activity. In plants, one can either use transient reporter assays 

or generate stable transgenic lines [15,41,119–121]. For transient assays, often Agrobacterium 

tumefaciens-mediated transient assays (ATTA) are performed, usually in tobacco leaves [119]. 

One, however, preferably performs reporter assays in the plant species and tissues enhancer 

candidates are derived from, as TFs and TF binding motifs may not be conserved between 

species [121–123]. Methods such as particle bombardment and protoplast transformation allow 

testing of putative enhancer candidates in their own genetic background [124,125]. 

 

Concluding remarks and future perspectives 
Similar to the situation in other organisms, enhancers play a crucial role in gene regulation in 

plants. Unlike plant enhancers, animal enhancers are very well characterized for their general 

properties. Based on features of the few well-characterized enhancers in plants, it appears that 

plant and animal enhancers share several characteristics, such as high chromatin accessibility, 

enrichment in histone acetylation and low DNA methylation levels. These shared features can 

be used for the discovery of new enhancers and subsequent in-depth characterization of the 

properties of plant enhancers, in active and inactive states. It will be interesting to find out 
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whether eRNAs also have a role in enhancer function in plants. We want to stress that more 

genome-wide characterization of enhancers is required to determine which combination of 

marks is best to identify enhancers in different activity states and discriminate enhancers from 

other cis-regulatory elements, such as silencers and insulators. For the time being, validation of 

candidate enhancer sequences is necessary. 

In this review we discussed the advantages and drawbacks of different techniques used to 

identify and characterize enhancers. Importantly, a combination of techniques offers a higher 

accuracy for genome-wide enhancer detection than a single method. As an example of an 

innovative genome-wide technique, we highlight STARR-seq, which uses the power of high-

throughput sequencing to quantitatively assess enhancer activity [96]. Other revolutionary 

techniques such as CRISPR-Cas9 [126] allow to test the functionality of putative enhancer 

sequences in vivo, circumventing issues associated with transgenic reporter assays (e.g. 

transgene silencing and position effects [127]). Application of these novel techniques can 

greatly contribute to the identification and characterization of plant enhancers. Meanwhile, 

differences between plant species and their genomes and how these may impact the 

performance of a specific technique need to be considered. In conclusion, we expect the 

knowledge concerning transcriptional regulation by enhancers, and thereby the knowledge on 

the regulatory potential in plants, to increase significantly in the very near future, and believe 

that many plant scientists will strongly benefit of such insights. 
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Abstract 

Background: While most cells in multicellular organisms carry the same genetic information, 

in each cell-type only a subset of genes is being transcribed. Such differentiation in gene 

expression depends, for a large part, on the activation and repression of regulatory sequences, 

including transcriptional enhancers. Transcriptional enhancers can be located tens of 

kilobases from their target genes, but display characteristic chromatin and DNA features, 

allowing their identification by genome-wide profiling. Here we show that integration of 

chromatin characteristics can be applied to predict distal enhancer candidates in Zea mays 

thereby providing a basis for a better understanding of gene regulation in this important crop 

plant.  

Result: To predict transcriptional enhancers in the crop plant maize (Zea mays L. ssp. mays), 

we integrated available genome-wide DNA methylation data with newly generated maps for 

chromatin accessibility and histone 3 lysine 9 acetylation (H3K9ac) enrichment in young 

seedling and husk tissue. Approximately 1,500 intergenic regions, displaying low DNA 

methylation, high chromatin accessibility and H3K9ac enrichment, were classified as 

enhancer candidates. Based on their chromatin profiles, candidate sequences can be classified 

into four subcategories. Tissue-specificity of enhancer candidates is defined based on the 

tissues in which they are identified, and putative target genes are assigned based on tissue-

specific expression patterns of flanking genes. 

Conclusions: Our method identifies three previously identified distal enhancers in maize, 

validating the new set of enhancer candidates and enlarging the toolbox for the functional 

characterization of gene regulation in the highly repetitive maize genome. 
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Background 
Successful differentiation of zygotes into different cell-types that make up a complex 

multicellular organism requires flexibility to respond to environmental cues, but also a tight 

control of gene expression during developmental processes. Regulation of gene expression, 

among others, depends on a complex network of sequence-specific transcription factors (TFs) 

as well as protein factors that can read or write chromatin modifications [1,2]. In addition, gene 

expression regulation depends on genetic information encoded within cis-regulatory regions 

such as transcriptional promoters and enhancers, which contain multiple TF binding sites and 

display particular DNA and chromatin features [3]. In the last decade, genome-wide approaches 

in animals have identified thousands of enhancers (see e.g. [4]). Mutations in enhancers are 

known to cause developmental defects, cancer or other diseases [5–8], emphasizing the crucial 

role of enhancers in gene expression regulation. High-throughput genome-wide enhancer 

identification in plant species only started recently, and only a small number of enhancers were 

thoroughly studied in plant species [9,10], including enhancers for booster1 (b1) [11,12], 

teosinte branched1 (tb1) [13,14], pericarp color1 (p1) [15] in maize, Block C for FLOWERING 

LOCUS T in Arabidopsis thaliana (Arabidopsis) [16,17], and the enhancers for the chlorophyll 

a/b-binding protein gene AB80 and pea plastocyanin gene in Pisum sativum [18,19]. So far, 

few genome-wide approaches to identify cis-regulatory sequences in plants have been reported, 

i.e. in Arabidopsis, Oryza sativa (rice) and maize [20–22]. Although multiple studies in plants 

reported genome-wide profiles for different chromatin features, only one, in Arabidopsis, aimed 

at discovering enhancers [20]. 

Enhancers can be located up- or downstream of their target genes, and physically interact with 

their target genes to regulate gene expression [23,24]. They are typically short DNA sequences 

of 50 to 1,000 bps that are bound by TFs and characterised by an accessible chromatin structure, 

especially when they are actively involved in regulating gene expression [25,26]. Based on 

extensive studies in animals, active enhancers are associated with low DNA methylation and 

histone modifications such as acetylation of lysines 9, 14 and 27 of histone H3 (H3K9ac, 

H3K14ac and H3K27ac) [27–30]. Mono-methylation of lysine 4 of histone H3 (H3K4me1) is 

enriched at enhancers regardless of their activity [27,28]. Low DNA methylation has been 

reported to positively correlate with enhancer activity and also used to predict enhancers 

[29,31]. Although limited data is currently available, similar DNA and chromatin features were 

observed at known plant enhancers, indicating that these marks may, at least partially, be 

conserved between animals and plants [9]. 
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Another feature reported for animal enhancers is bi-directional transcription, producing so-

called enhancer RNA (eRNA). eRNA expression levels positively correlate with enhancer 

target gene expression levels [4,32], which can help to link enhancers to their target genes. The 

function of eRNAs is not yet clear, but some of them have been reported to play a role in the 

recruitment of TFs to enhancers or in the formation of enhancer-promoter interactions [33,34]. 

The purpose of this study was a genome-wide identification of active intergenic enhancers in 

maize, and to find their most likely target genes by integrating tissue-specific chromatin 

features and differential gene expression levels. To do so, we identified regions with low DNA 

methylation levels using published bisulfite-sequencing (BS-seq) data [35], and measured 

chromatin accessibility using DNase-seq, H3K9 acetylation using Chromatin 

Immunoprecipitation (ChIP)-seq, and differential expression using RNA-seq in V2 stage inner 

stem tissue (V2-IST) and husk tissue. We identified approximately 1,500 intergenic enhancer 

candidates and defined their tissue-specificity based on the presence or absence of DNase I 

hypersensitivity and H3K9ac enrichment signals. Our pipeline was validated by the detection 

of three previously identified (putative) enhancers, regulating the expression of b1, bx1 and tb1.  

 

Results 

Selection of H3K9ac as best suited histone modification to identify active 

enhancers in maize 
In mammals, several histone modifications such as H3K27ac, H3K9ac and H3K4me1 were 

shown to mark active enhancers [27,28,30]. To define which of these histone modifications 

indicate best active enhancers in maize, we examined the enrichment of H3K27ac, H3K9ac and 

H3K4me1 at the hepta-repeat enhancer and other cis-regulatory sequences present at the B-I 

allele of the b1 gene. ChIP was performed on inner stem tissue from V5 maize seedlings (V5-

IST) and husk tissue. The hepta-repeat enhancer of B-I, located 100 kb upstream of the b1 

transcription start site (TSS), is inactive in V5-IST and active in husk leaves [36]. Previously, 

the hepta-repeat enhancer and regulatory sequences ~45 kb upstream of b1 were shown to be 

enriched with H3K9K14ac when active [36]. The results presented here (Figure 1) indicated 

that the enrichment in both H3K9ac and H3K27ac was significantly higher in husk compared 

to V5-IST at the hepta-repeat enhancer (R3 and R6), ~45kb upstream regulatory sequences (g) 

and the untranslated 5’ region of b1 (UTR). Based on these results, both H3K9ac and H3K27ac 

appeared to mark active enhancers. In contrast, H3K4me1 enrichment levels were relatively 

low throughout the intergenic b1 region in both V5-IST and husk tissues. In addition, at the 
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coding region, H3K4me1 enrichment levels were higher in low b1 expressing V5-IST than in 

high expressing husk tissue. Therefore, in contrast to animal systems [27,37], H3K4me1 is 

probably not suited to identify enhancers in maize. Since the enrichment at the enhancer region 

in husk relative to V5-IST tissue was highest for H3K9ac, we chose this histone modification 

to identify active enhancers genome-wide. 

 
Figure 1. ChIP-qPCR analysis at b1 for H3K27ac, H3K9ac and H3K4me1.  (A) Schematic representation 
of the b1 locus. Vertical arrows with letters indicate the regions examined by ChIP-qPCR.  The b1 hepta-
repeat enhancer is indicated with seven black triangles, the b1 coding region by a black box, and the TSS by 
a bent arrow. Grey bars represent TEs and other repetitive sequences.  (B) Enrichment of H3K27ac, H3K9ac 
and H3K4me1 at the b1 locus relative to the enrichment at the maize actin 1 locus (actin). Error bars represent 
the standard error of the mean for two (H3K9ac, H3K4me1) or three (H3K27ac) biological replicates.  
 

An integrated pipeline to identify tissue-specific enhancers in maize 
DNase-seq, H3K9ac ChIP-seq and RNA-seq experiments were carried out in two tissues, V2-

IST and husk, isolated from the reference inbred line B73 (Additional file 1: Figure S1). These 

tissues were selected to identify tissue- as well as developmental stage-specific enhancers. Our 

study included material grown at two different locations (DNase-seq and H3K9ac ChIP-seq 

were performed at the Max Planck Institute for Plant Breeding Research and the University of 

Amsterdam, respectively), therefore, we performed RNA-seq experiments for each tissue in six 
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biological replicates, three per location. Comparison of gene expression levels between 

replicates in Reads Per Kilobase of transcript per Million mapped reads (RPKM) revealed high 

correlations among replicates between the two locations (Additional file 1: Figure S2). This 

high correlation between replicates and locations indicated the data were comparable and 

implied that the chromatin states of the plants from both locations were similar. Gene 

expression levels and significant differential expression levels were calculated, taking the 

variability among six replicates into account. The genes determined as significantly 

differentially expressed thus showed statistically significant differences in their expression 

levels at both locations. 

 

After pre-processing of the data, our enhancer prediction pipeline consisted of three steps of 

data integration (Figure 2). First, enriched chromatin or DNA features were identified for three 

genome-wide data sets. In addition to calling DNase-seq and H3K9ac ChIP-seq peaks from our 

own data sets, we identified low and unmethylated DNA regions (LUMRs) by re-analysing 

publishedbisulfite (BS)-seq data [35]. By taking an overlap between the three data sets, regions 

displaying all three features were selected as enhancer candidate regions. We focused on 

intergenic enhancer candidates, excluding promoter regions, as chromatin profiles of enhancers 

located in proximity of, and within coding regions are more likely to overlap with chromatin 

profiles of genic regions, making it difficult to disentangle the underlying regulatory regions. 

Enhancer candidates predicted in only one tissue were defined as tissue-specific candidates. 

Transposable elements (TEs) were included in our analysis as some of them had been shown 

or suggested to act as enhancers in maize and other organisms [13,38]. The second step involved 

determining the degree of tissue-specificity of the candidates identified in both tissues by 

ranking the candidates based on signal intensity differences between the two tissues. This was 

done for both chromatin accessibility and H3K9ac enrichment, followed by summing the ranks 

and re-ranking. The last step assigned target genes to enhancer candidates, assuming that 

enhancers most likely regulate genes located directly up- or down-stream and that gene 

expression and active chromatin marks at enhancers are positively correlated. 

 



Chapter 2 

 43 

 
Figure 2. Overall workflow of this study.  Firstly, chromatin accessibility data from DNase-seq, H3K9ac 
enrichment data from ChIP-seq, and DNA methylation data from BS-seq were analysed individually. 
Secondly, the data on accessible regions, H3K9ac-enriched regions and low DNA methylated regions were 
integrated to predict enhancers. Thirdly, the enhancer candidates were ranked based on signal intensity 
differences of the chromatin accessibility and H3K9ac enrichment data between V2-IST and husk tissue. 
Finally, enhancer candidates were linked to their putative target genes based on their tissue specificity and 
on the differential expression of flanking genes determined by RNA-seq data.  For shared candidates, 
adjacent genes being expressed in both tissues were associated. 
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Distribution of chromatin features in the uniquely mappable part of the maize 

genome 

To identify chromatin accessibility, H3K9ac enrichment, and low DNA methylation within the 

genome, we partitioned the genic and intergenic regions of the genome in six sub-categories: 

promoters, exons, introns, flanking and distal intergenic regions, and TEs (Figure 3A). Gene 

annotations were taken from the maize B73 annotation version 4 (AGPv4 assembly [39]) from 

Ensembl Plants [40]. Only intergenic TEs were considered in our study; TEs present in introns 

were counted as "introns". Promoter regions were defined as 1 kb upstream to 200 bp 

downstream from the TSS, therefore including the first nucleosome downstream of the TSS. 

The composition of the B73 maize genome was quantified by counting the numbers of mega 

bases in each genomic region (Figure 3B). Since 85% of the maize genome is highly repetitive 

[41], an important fraction of the next generation sequencing reads could not be mapped 

uniquely (Additional file 1: Table S1), which prevented enhancer identification in repetitive 

genomic regions. We determined the uniquely mappable parts of the genome by performing an 

all-against-all alignment for theoretical 93 bp single-end reads, allowing a maximum of 2 

mismatches using the Uniqueome pipeline [42], which estimates the fraction of uniquely 

mapped reads for each nucleotide (Figure 3C). In the uniquely mappable genome, the 

proportion of TEs was reduced to approximately a quarter of the assembled genome. 

 

9,212 intergenic DHSs are potential cis-regulatory elements 
DNase I hypersensitive sites (DHSs) are genomic regions that are more sensitive to DNase I 

endonuclease activity compared to flanking regions due to a lower nucleosome density [43]. 

The mapping of DHSs by DNase-seq is a powerful approach to identify cis-regulatory regions, 

including enhancers, and has been used in many organisms including plants [20,25,44–46].  
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Figure 3. Genomic composition and distribution of features. (A) Definition of genomic regions.   
Promoters are defined from 1 kb up- to 200 bp downstream from the TSSs, flanking regions are 4 kb upstream 
from the promoters and 5 kb downstream from the Transcription Termination Sites (TTSs).  TE refers to 
transposable elements, and distal refers to intergenic regions that are more than 5kb away from genic regions 
and are not TEs.  (B) Composition of the entire maize genome according to AGPv4 and (C) the uniquely 
mappable genome. Distribution of (D and F) DHSs, (H and J) H3K9ac, (L) LUMRs and (N-O) enhancer 
candidates over the different genomic regions, and (E, G, I, K and M) the fractions (Mbp/Mbp, from 0 to 1, 
y-axes) the different features (x-axes) occupy at the various genomic regions in the uniquely mappable 
genome.  The grey bars indicate the fraction of overall occupancy in the uniquely mappable genome. 
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DNase-seq experiments were performed in two biological replicates for both V2-IST and husk 

tissue (Additional file 1: Table S1). To take the intrinsic digestion bias of DNase I into account, 

we also included a control sample generated by digesting B73 genomic DNA with DNase I. 

After mapping the reads obtained from each library, DHSs were identified for each library using 

MACS2 peak calling [47]. 

Data reproducibility between biological replicates was examined by counting the number of 

overlapping DHSs identified for all the possible combinations of replicates (Additional file 1: 

Table S2). This comparison showed that 54 to 92% of DHSs overlapped by at least 1 bp between 

replicates. The overlap between the two V2-IST replicates was the lowest (54% of the 35,906 

V2-IST_2 peaks were overlapping with the 21,309 V2-IST_1 peaks) as 1.5 times more peaks 

were identified in the V2-IST_2 sample. The overlap between peaks identified in V2-IST and 

in husk samples appeared quite large (e.g. 80% of the peaks identified in V2-IST_1 were also 

observed in Husk_1), indicating that most DHSs are not tissue-specific. To select for high 

confidence DHSs in both V2-IST and husk tissue, only DHSs overlapping by at least 70% of 

their lengths between replicates were kept for further analysis. For signal intensity analysis, the 

reads in all biological replicates were pooled per tissue to estimate the overall coverage of the 

reads. 

We correlated DNase I hypersensitivity and gene expression levels in gene bodies and their 

immediate 1 kb flanking regions for additional validation of the data set. For each tissue, genes 

were binned according to their gene expression levels, and the average DNase I 

hypersensitivity, measured in number of read counts per million mapped reads (RPM), was 

calculated for each bin using bwtools [48] (Figure 4A and B). A positive correlation between 

expression levels and DNase-seq coverage over genic regions was observed, especially directly 

upstream of the TSSs and transcription termination sites (TTSs). Chromatin at gene bodies was 

rather inaccessible among the gradient of gene expression. Presence of DHSs at TSSs and a 

positive correlation with expression levels observed in our dataset confirm previous 

observations in both animals and plants [21,26,49–51]. 

The number of DHSs per genomic region was counted to examine their fraction per genomic 

region (Figure 3D, F). When comparing the distributions of DHSs to a randomised distribution 

within the mappable genome (Additional file 1: Figure S3A and B), we observed a clear over-

representation of DHSs at promoters (p-value < 0.001; permutation test). Still, 43% of DHSs, 

in total 9,212 out of 21,445, were in intergenic regions excluding promoters (Figure 3D, F): 

7,802 in V2-IST, 7,123 in husk and 5,130 shared between both tissues (Table 1A). In addition, 
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the fraction of the genome scored as DHS (in Mbp) was calculated for each genomic category. 

In total, DHSs occupied about 2% of the mappable genome in both tissues (Figure 3E, G). 

DHSs occupied 10 and 8% of the total mappable promoter regions in V2-IST and husk, 

respectively. 

 
Table 1: Intergenic regions of interest. (A) DHSs and (B) H3K9ac-enriched regions and number (and 
percentage in parentheses) of these regions overlapping with other features (LUMRs, H3K9ac or DHSs) in 
each tissue (V2-IST and Husk), common to both tissues (Common) and the sum of the tissues (Total).  
 
(A) Number of intergenic DHSs 

Tissue All Overlapping with 
LUMRs 

Overlapping with 
H3K9ac 

V2-IST 7802 7653 
(98.1%) 

344 
(4.4%) 

Husk 7123 6997 
(97.4%) 

1505 
(21.1%) 

Common 5130 5013 
(97.7%) 

202 
(3.9%) 

Total 9212 9057 
(98.3%) 

2030 
(22.0%) 

 
(B) Number of intergenic H3K9ac enriched regions peaks 

Tissue All Overlapping with 
LUMRs 

Overlapping with 
DHSs 

V2-IST 3115 3093 
(99.3%) 

323 
(10.4%) 

Husk 6213 6170 
(99.3%) 

998 
(16.1%) 

Common 2668 2652 
(99.4%) 

184 
(6.9%) 

Total 6511 6466 
(99.3%) 

1454 
(22.3%) 
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ChIP-seq identifies 6,511 intergenic H3K9ac-enriched regions 
ChIP-seq H3K9ac data were obtained from two and three biological replicates for V2-IST and 

husk tissue, respectively. The reads were aligned to the AGPv4 B73 reference genome and 

H3K9ac-enriched regions were identified, taking the input sample into account, by peak calling 

for each replicate using MACS2 [47]. 

To examine the reproducibility between replicates, overlapping H3K9ac-enriched regions were 

counted for all replicate combinations, showing 62 to 96% overlap within a tissue (Additional 

file 1: Table S3). As for the DNase-seq data, H3K9ac-enriched regions with an overlap in length 

of at least 70% between all replicates were kept for further analysis, and reads in replicates were 

pooled for coverage calculation in each tissue. We correlated gene expression levels with 

H3K9ac enrichment levels across gene bodies and their 1 kb flanking regions (Figure 4C, D) 

and observed a peak of H3K9ac enrichment immediately after the TSS and increased levels 

across the gene bodies compared to gene flanking regions. At the TSS peak region, gene 

expression and H3K9ac levels showed a parabolic correlation, showing saturation for higher 

bins and signal reduction for the highest one. In gene bodies, H3K9ac was lower for the three 

highest bins than for the three following bins. Previous studies in yeast and maize have reported 

a genome-wide loss of nucleosomes at highly expressed genes [26,52]. Reduced nucleosome 

levels could explain the reduction in H3K9ac observed at highly expressed maize genes.  

Correlations between enrichment levels of H3K9ac 3’ of the TSS and gene expression levels 

have been previously reported [30,53,54]. Our data suggest that H3K9ac enrichment levels 

reached saturation for genes with high expression levels. 

To estimate the number of potential intergenic enhancer candidates from the H3K9ac data sets, 

the genomic distribution of H3K9ac-enriched regions was examined by counting the numbers 

of H3K9ac-enriched regions in the different types of genomic regions (Figure 3A, H and J). As 

seen for DHSs, a clear over-representation of H3K9ac-enriched regions at promoters was 

observed when compared to a randomised distribution (p-value < 0.001; permutation test, 

Additional file 1: Figure S3C and D). In both tissues, nearly 70% of all H3K9ac-enriched 

regions located at promoters; this enrichment is more pronounced than for DHSs 

(approximately 40%), suggesting a presence of H3K9ac at promoters in the absence of DHSs. 

The number of intergenic H3K9ac-enriched regions, excluding promoters, was 6,511 in total; 

3,115 in V2-IST, 6,213 in husk, and 2,668 shared between both tissues (Table 1B). 
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Figure 4. Average DNase I hypersensitivity and H3K9ac enrichment at genic regions. Average signal 
(in RPM) for DNase I hypersensitivity in (A) V2-IST and (B) husk, and for H3K9ac enrichment in (C) V2-
IST and (D) husk at genes and their 1 kb flanking regions. Genes were binned based on their expression 
levels, from no expression (light colour) to high expression (dark colour): the lowest expression level bin 
contains all genes with an expression lower than 1 RPKM. The thresholds (in RPKM) are at 1.94, 4.17, 8.58, 
16.64, and 36.28 for V2-IST and 1.88, 4.00, 8.34, 15.83, and 32.99 for husk tissue. 
 

The overall H3K9ac-enriched regions occupy 2% and 7% of the uniquely mappable genome 

for V2-IST and husk, respectively (Figure 3I, K). The fraction in husk is larger than in V2-IST 

because there were 1.5-fold more H3K9ac-enriched regions in husk and these regions were also 

longer (Additional file 1: Figure S4A, medians of 603 bp and 1,015 bp in V2-IST and husk, 

respectively). The latter aspect is partly due to merging H3K9ac-enriched regions from three 

replicates for husk and two for V2-IST. Interestingly, despite the increase in H3K9ac-enriched 

regions in husk compared to V2-IST, no difference in the distribution of gene expression levels 

between the two tissues was observed (Additional file 1: Figure S4B). This observation 
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suggests that the number of active genes is similar between the two tissues and independent 

from the identified number of H3K9ac-enriched regions.  

 

46,935 intergenic regions with low DNA methylation are potential enhancer 

candidates 
Low DNA methylation was selected as third feature to identify enhancers because of its positive 

correlation with enhancer activity in mammals and plants [29,36,55–58]. To count the number 

of potential enhancers in the B73 maize genome, publicly available BS-seq data obtained from 

B73 coleoptile shoots were used [35]. Studies in Arabidopsis have revealed that DNA 

methylation levels in CG (mCG) and CHG (mCHG) contexts (H being A, C, or T) are highly 

stable in different vegetative tissues [59,60]. Furthermore, locus-specific [36] and genome-wide 

studies in maize ([61]; R.O. and M.S, and N.M.S. unpublished observations) provided little 

evidence for changes in mCG or mCHG levels in different vegetative tissues, justifying the use 

of the coleoptile shoot data set. We identified regions with 20% or lower DNA methylation in 

CG and CHG contexts independently, followed by defining LUMRs as regions that were low 

in both mCG and mCHG. Data on DNA methylation in CHH context (mCHH) was not included 

in the enhancer prediction step since, compared to the average levels of mCG and mCHG (86% 

and 74% respectively), mCHH levels are generally low in maize (2%), like in other plant 

species [35,62,63]. The distribution of LUMRs within the genome was investigated by counting 

their number in each genomic region (Figure 3L). The distribution of LUMRs in the uniquely 

mappable genome revealed an enrichment at genic regions, especially in exons, and at 

promoters (p-values < 0.001; permutation test for all genomic categories), but a scarcity at TEs 

(p-value = 1; permutation test for TEs); this observation is coherent with the fact that most TEs 

are highly methylated [35,64,65]. Investigation of the LUMR fractions revealed that nearly 

50% of the genic regions are lowly methylated, which increases to nearly 60% for promoter 

regions and exons, while almost all TEs are highly methylated (Figure 3M). To identify 

potential intergenic enhancer candidates, we focused on intergenic LUMRs, excluding 

promoters. We identified 46,935 intergenic LUMRs as potential enhancer candidate regions. 

 

Integration of features for enhancer candidate prediction 
To predict enhancer candidates, we integrated the DHS, H3K9ac and LUMR data sets discussed 

above. Firstly, we calculated how many LUMRs and DHSs, or LUMRs and H3K9ac-enriched 
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regions overlapped by at least 1 bp with each other. The overlap between the chromatin features 

was investigated in both tissues and revealed that more than 97% and 99% of the intergenic 

DHSs and H3K9ac-enriched regions, respectively, overlapped with LUMRs (Table 1). DHSs 

are generally shorter than LUMRs (Additional file 1: Figure S4A; median of 484 and 452 bp 

for V2-IST and husk, versus 834 bp, respectively). While most DHSs or H3K9ac-enriched 

regions co-localised within LUMRs, only about 20% of the total DHSs and H3K9ac overlapped 

with each other (Table 1). 

Active enhancers are expected to be indicated by a coincidence of chromatin accessibility, 

H3K9ac enrichment and low DNA methylation [29,36]. We therefore filtered LUMRs based 

on the presence or absence of DHSs and H3K9ac-enriched regions, and defined LUMRs 

overlapping with both DHSs and H3K9ac-enriched regions as active enhancer candidates 

(Figure 2). Respectively, 398 and 1,320 candidates in V2-IST and in husk were identified, of 

which 223 were shared between the tissues, resulting in 1,495 enhancer candidates in total 

(Additional file 2: Dataset 1 and Additional file 3: Dataset 2). 256 V2-IST and 775 husk 

candidates were located more than 5 kb away, and 208 V2-IST and 623 husk candidates were 

located more than 10 kb away from their closest flanking genes. In V2-IST and husk tissue, the 

median distances between the candidates and their closest genes were 11.4 kb and 8.4 kb, while 

the largest distances were 438 kb (Zm00001d004626) and 498 kb (Zm00001d030489), 

respectively. Intersection of our candidates with a published data set of sequence comparisons 

between rice and maize genomes indicated that 41 (10%) V2-IST and 241 (18%) husk 

candidates contained conserved non-coding sequences (CNSs). The overlap between enhancer 

candidates and CNSs is higher than expected for randomized features  ([66], p-value < 0.001; 

permutation test). 

 

Enhancer candidates and transposable elements 
Interestingly, 133 (33%) V2-IST and 370 (28%) husk candidates overlapped by at least 1 bp 

with TEs (Table 2). In most cases, enhancer candidates intersecting with TEs (TE-enhancer) 

overlapped more than 80% of their length or were entirely located within TEs. The number of 

TE-enhancers is the highest for Long Terminal Repeat (LTR) retrotransposons, followed by 

helitrons and Terminal Inverted Repeat (TIR) TEs, consistent with the fraction of the genome 

the three orders of TEs contribute to the TE space of the maize genome [39]. This TE space is 

calculated taking the average length for TEs and their number into account (136,000 LTRs with 

average length of 9,282 bp, 21,000 helitrons with an average length of 3,605 bp, and 14,000 
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TIRs with an average length of 621 bp). A small number of TIR elements (seven) are embedded 

entirely within enhancer candidates, possibly representing rare cases where the insertion of a 

small TE into open chromatin does not disrupt enhancer function. Indeed, these seven TIRs 

range from 83 to 199 bp; one overlaps with an H3K9ac peak, six do not overlap with either a 

DHS or H3K9ac peak; all are enriched in mCHH (Additional file 1: Figure S5A and B). To 

further assess the potential of TEs to create enhancers, for the remaining analyses we focused 

on the subset of TEs that contained at least 80% of an enhancer (Table 2). 

The average distance between TEs and their closest genes did not vary between all TEs and 

TEs containing enhancer candidates (mean distance of 40.4 kb and 42.5 kb, respectively; 

Additional file 1: Figure S6A and B). The TEs that contain candidates tend to be longer than 

other TEs. To assess if enhancer candidates are likely to overlap with promoters that create 

functional transcripts for the TEs, we examined the distribution of the candidates within TEs. 

They were distributed randomly within the TEs, while functional TE promoters are expected to 

be located at the TE ends, indicating most candidates within TEs are unlikely to be located at 

the functional promoter site of TEs (Additional file 1: Figure S6C). 

We explored the possibility that certain TE families could be a source of enhancers throughout 

the genome by looking for examples in which multiple members of the same TE family 

contained enhancer candidates (Additional file 4: Dataset 3). In most cases, only a single 

member of a TE family overlapped with enhancer candidates, with the exception of some very 

large TE families. Enrichment of TE families at enhancer candidates was tested by assuming a 

binomial distribution, and applying Bonferroni correction for multiple testing. Only three TE 

families showed significant enrichment for enhancer candidates (RLG00010, RLG00357, 

RLG01570; annotations are available from Gramene [67] and the TE classifications from the 

Maize transposable element (TE) database (http://maizetedb.org)). The LTR Gypsy family 

RLG00010 was most significantly enriched (p-val < 0.001), overlapping with seven V2-IST 

and 23 husk enhancer candidates. This represents a significant fraction of all TE-enhancers in 

the two tissues (7 and 8.6% for V2-IST and husk, respectively). The RLG00010 family was 

selected for further analysis.  

The same trends were observed for RLG00010 members overlapping with enhancer candidates 

as for all TEs: a similar distribution of distances of TEs to their closest flanking gene 

(Additional file 1: Figure S6B and D), and a longer average length for TEs overlapping with 

candidates (10,895 bp compared to 8,517bp; Additional file 1: Figure S6A and E). Typical 

examples of RLG00010 TEs overlapping with enhancer candidates are shown in Additional file 

1: Figure S5C. To examine if RLG00010 family members overlapping with enhancer 
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candidates were enriched for specific consensus sequences relative to other family members, 

several de novo motif analysis tools were used [68–71]. When comparing the results from 

different algorithms, the GGCCCA motif stood out as recurring (found by MEME with p-val < 

0.0039, DREME with p-val < 0.043, RSAT Plants with E-value of 2.9e-7). This motif, also 

named site II motif, has been discovered in promoter regions of various genes that are highly 

expressed, for example ribosomal and DEAD-box RNA helicase genes [72–74]. TCP and 

ASR5 transcription factors are examples of proteins shown to bind the GGCCCA motif [75,76]. 

Scanning for the motif using FIMO [77] revealed that most enhancer candidates contained the 

GGCCCA motif irrespective of an overlap with the RLG00010 family (Additional file 1: Table 

S4). In fact, compared to random intergenic sequences, enhancer candidates showed an about 

2-fold enrichment for the motif (p < 0.001). In contrast, the motif was not enriched in the 

RLG00010 family as such irrespective of their association with candidates. 

 
Table 2. Summary of overlap between enhancer candidates and TEs.  

   

All 

TE within enhancer 

candidate 

Enhancer candidate entirely 

within TE 

Enhancer candidate 80% 

within TE 
Any Overlap 

  LTR TIR Helitron LTR TIR Helitron LTR TIR Helitron LTR TIR Helitron 

V2-

IST 
398 

0 1 

(0.2%) 

0 83 

(20.9%) 

1 

(0.2%) 

10 

(2.5%) 

90 

(22.6%) 

1 

(0.2%) 

12 

(3%) 

110 

(27.6%) 

10 

(2.5%) 

17 

(4.3%) 

Husk 1320 
0 7 

(0.5%) 

1 

(0.1%) 

202 

(15.3%) 

9 

(0.7%) 

56 

(4.2%) 

212 

(16.1%) 

9 

(0.7%) 

62 

(4.7%) 

261 

(19.8%) 

28 

(2.1%) 

88 

(6.7%) 

 
Number of enhancer candidates overlapping fully, by 80% of their length, or least 1 bp with the TEs indicated. 
Percentages (in parenthesis) indicate the percent of intergenic enhancer candidates within each category. 
LTR stands for Long Terminal Repeats, TIR for Terminal Inverted Repeats. “All” indicates all enhancer 
candidates. 

Characterisation of enhancer candidates 
In humans, enhancers generally show a bi-directional pattern of DNA, chromatin, and transcript 

features. Histone modifications such as H3K27ac, as well as eRNA transcription, are located at 

both sides relative to single DHS peaks [4]. We set out to analyse whether DNA and chromatin 

features at our candidate enhancers displayed directionality. The read coverages for DNase-seq, 

H3K9ac ChIP-seq, and DNA methylation in all three contexts were extracted for each DHS 

located in enhancer candidates and their 1 kb up- and downstream flanking regions (431 

candidates in V2-IST and 1,437 in husk) (Figure 5). Note that the number of DHSs was higher 
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than that of enhancer candidates because multiple DHSs could be located in one candidate. The 

averages of the read coverages are presented in Figure 6. Empirical observations indicated that 

H3K9ac was often enriched at only one side of DHSs (see e.g. Figure 7 and Additional file 1: 

Figure S7). Therefore, the orientation of DHSs was defined based on H3K9ac enrichment levels 

300 bp from DHSs, the sides with the higher H3K9ac enrichment value, if present, being 

defined as 3' end. The observed asymmetry was further validated by plotting the H3K9ac 

enrichment values from both sides of the DHSs with and without the previously defined 

orientations for all DHSs (Additional file 1: Figure S8). For DHSs showing H3K9ac enrichment 

at either side of at least 0.5 RPM, 241 and 841 out of respectively 431 in V2-IST and 1,437 in 

husk showed asymmetric H3K9ac enrichment as indicated by an at least 2-fold change in 

H3K9ac enrichment between the two flanking regions.   

 

 
Figure 5. Heatmaps of chromatin, DNA and transcript features at enhancer candidates.  DNase I 
hypersensitivity, H3K9ac enrichment, mCG, mCHG, and mCHH levels, presence of TEs, and transcript 
levels at and around (+/- 1 kb) DHSs in enhancer candidates. DHSs were scaled to equal size.  The colour 
scales are in RPM for DNase I hypersensitivity, H3K9ac enrichment and transcript levels, and in methylation 
frequency (0-1) for DNA methylation.  For TE sequences, red and white show the presence or absence of 
TEs, respectively. DHSs were clustered based on H3K9ac enrichment using a k-means (k=4) clustering 
algorithm. The categories identified were numbered from 1 to 4 from the top to the bottom. All the DHSs 
were oriented based on H3K9ac enrichment intensity values 300 bp away from the DHS boundaries; the side 
with higher H3K9ac enrichment was defined as 3' end. 
 

The enhancer candidates were clustered into four categories based on H3K9ac enrichment 

patterns using the k-means clustering algorithm and the categories were numbered according 

to their appearance in the heatmaps (Figure 5). For each category, average patterns were 



Chapter 2 

 55 

determined (Additional file 1: Figure S9). Heatmaps and profiles showed that H3K9ac can be 

primarily enriched on one side of the DHSs (category 1 and 2), within DHSs (category 3), or 

present at both sides but clearly enriched at one of them (category 4) (Figure 5 and Additional 

file 1: Figure S9). 

Comparing DNase-seq or H3K9ac ChIP-seq read coverages with the distribution of mCG and 

mCHG levels, but also the average profiles, indicated that high chromatin accessibility and 

H3K9ac enrichment levels were exclusive with high DNA methylation levels (Figure 5, 6 and 

Additional file 1: Figure S9). The average profiles show a plateau and steep decline of mCG 

and mCHG at the 5’ side of DHSs (Figure 6). In categories 1, 2 and 4, at the 3' side of enhancer 

candidates, mCG and mCHG levels increased gradually (Figure 6, Additional file 1: Figure S9). 

These patterns indicate a sharp transition in DNA methylation level at the 5’ DHS boundaries, 

and a more gradual transition at the H3K9ac boundaries. However, a sharp transition at the 5’ 

ends of candidates may be masked in the average profile by the varying size of the H3K9ac-

enriched regions. In line with this, the profile of category 3 candidates, having H3K9ac at the 

DHSs itself, showed sharp boundaries at both sides of the candidates. Levels of mCHH were 

lower than mCG and mCHG levels, as expected [35]. In line with earlier studies [61,62], mCHH 

marked boundaries between lowly and highly DNA methylated regions as shown by the 

relatively high level of mCHH, represented by a small mCHH peak in the average profiles, at 

the 5’ boundaries of the DHSs (Figure 5, 6 and Additional file 1: Figure S9). 

Additional heatmaps and profiles were created to illustrate the locations of TEs and transcripts 

for the four categories. The heatmaps suggest that TEs covered all selected regions, showing a 

slight depletion across DHSs but no apparent pattern across other features (Figure 5). In animal 

models, enhancers are characterised by bi-directional transcription and the transcribed regions 

are, among others, enriched with H3K27ac [4]. In our data, transcript levels were generally low 

at candidates except for a few showing transcripts within and/or outside of their DHS (Figure 

5), making the detection of bi-directional transcription very challenging. In addition to this 

absence of detectable levels of bi-directional transcription, the clear asymmetric H3K9ac 

distribution at a majority of maize enhancer candidates suggested that the candidates have more 

resemblance to TSSs than animal enhancers do [4]. 
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Figure 6. Average profiles of the enhancer candidates in (A) V2-IST and (B) husk.  Average signal 
intensities of DNase I hypersensitivity, H3K9ac enrichment in RPM and DNA methylation levels in 
methylation frequency at DHSs and their 1 kb flanking regions. DHSs were scaled to equal size. Prior to 
calculation of the average, all the DHSs were oriented based on H3K9ac enrichment intensity values 300 bp 
away from the DHS boundaries; the sides with higher H3K9ac enrichment were defined as 3' end. The 
profiles show a clear preferential enrichment of H3K9ac 3’ of the DHSs and high levels of DNA methylation 
(CG and CHG context) around the DHSs and H3K9ac-enriched regions. The level of mCHH is low 
throughout the regions with a slight increase at the 5’ side of DHSs. 
 

 

Profiles of DNA and chromatin features at enhancer candidates and TSSs 

are similar 
To rule out the possibility that our enhancer candidates were actually TSSs of unannotated 

genes, we compared the patterns of their DNA, chromatin features, and transcript features with 

those observed at annotated TSSs by randomly selecting 431 and 1,437 DHSs located at TSSs 
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for V2-IST and husk, respectively (Additional file 1: Figure S10). The selected regions were 

oriented according to the 5’ to 3’ orientation of flanking genes and analysed using the k-means 

clustering algorithm (k=3). In general, the heatmaps and average profiles of DHSs at TSSs 

displayed a strong DNA methylation signal at the 5’ ends of DHSs, and an enrichment in 

H3K9ac and an accumulation of transcripts at the 3' ends of DHSs (Additional file 1: Figure 

S10 and S11). The heatmaps and the average plots of TSSs and enhancer candidates revealed 

similar patterns of chromatin accessibility and H3K9ac, but they differed in transcript levels 

(higher at annotated TSSs) and distribution of mCG and mCHG (high on both sides for 

candidates, while restricted to the 5’ side for annotated TSSs) (Figure 5, 6, Additional file 1: 

Figures S10 and S11). The median transcript level at the enhancer candidates was 6.6 times 

lower than that at coding sequences in V2-IST; the fold change could not be calculated for husk 

because the candidate expression levels had a median of zero RPKM (Additional file 1: Figure 

S12). One category (category 3), showed transcriptional activity and H3K9ac enrichment on 

both sides (Additional file 1: Figure S10). The DHSs in this category were either flanked by 

two oppositely orientated and closely spaced genes, or by alternative TSSs located in upstream 

regions. H3K4me3 histone modification was previously described for distinguishing TSSs from 

enhancers [21,78–80]. Analysis of published ChIP-seq data for H3K4me3 in maize third 

seedling leaf [61] indicated that 24% and 11% of the V2-IST and husk enhancer candidates, 

respectively, overlapped with H3K4me3 enriched regions (Additional file 1: Figure S13), 

which could hint at unannotated TSSs. The observed H3K4me3 enrichment at enhancer 

candidates was, however, on average weaker than at TSSs (Additional file 1: Figure S13), 

suggesting H3K4me3 may also differentiate TSSs and enhancers in maize. In addition, the 

H3K4me3 enrichment pattern did not entirely reflect the H3K9ac enrichment pattern at TSSs 
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Figure 7. Example of data on (A) DICE and (B) b1 repeat enhancer. From the top: AGPv4 annotation 
and candidate annotation from our prediction (V stands for V2-IST, H for husk candidate), DNase I 
hypersensitivity and H3K9ac enrichment signal (all replicates pooled) and peak position (indicated as blue 
and green bars, respectively) in V2-IST and in husk tissue, mCG, mCHG and mCHH levels and unique 
mappability in percentage. The numbers under gene names indicate relative gene expression levels (V2-
IST/husk). Although the b1 locus is on chromosome 2; in the current version of the AGPv4 assembly, the b1 
gene is located in contig 44 (B, on the right of the grey vertical line). The dark blue bars in the gene annotation 
tracks indicate previously annotated known enhancers and putative cis-regulatory elements. The vertical red 
boxes indicate enhancer candidates identified in this study. Peaks at those tracks might not be present in each 
replicate, affecting enhancer candidate prediction. 

 



Chapter 2 

 59 

but was rather slightly shifted downstream of the H3K9ac peaks. Such a pattern has not been 

reported in humans [79] and was not observed in a previous study in rice [21]. 

In summary, despite a shared polarity with respect to flanking H3K9ac enrichment, the profiles 

of enhancer candidates differ from those at TSSs by the levels of transcript accumulation, DNA 

methylation and H3K4me3.  

Ranking and selecting a list of tissue-specific enhancer candidates 
To facilitate linking enhancer candidates to putative target genes, we set out to determine the 

degree of tissue-specificity of our enhancer candidates by ranking the 398 V2-IST and 1,320 

husk candidates based on the assumption that the levels of both DNase I hypersensitivity and 

H3K9ac enrichment are positively correlated with enhancer activity. The enhancer candidates 

were independently ranked based on the largest differences between the two tissues for DNase 

I hypersensitivity and H3K9aclevels. The strongest tissue-specific candidates were assumed to 

exhibit large differences in both DNase I hypersensitivity and H3K9ac enrichment, therefore 

the independent rankings for both features were summed for every candidate and the candidates 

were re-ranked (Additional file 2: Dataset 1 and Additional file 3: Dataset 2, column 

overall_rank). The ranking numbers were combined with a V for V2-IST or an H for husk as 

candidate IDs; the lower the number, the more tissue-specific the candidate. However, the 

rankings for DNase I hypersensitivity and H3K9ac enrichment did not correlate with each other 

(Additional file 2: Dataset 1 and Additional file 3: Dataset 2, column DNase_rank and 

H3K9ac_rank; shared candidates were ranked in both tissues). For example, the candidate 

ranked to the second place (candidate V2, Figure 8) for V2-IST showed a large difference in 

DNase I hypersensitivity signal between V2-IST and husk tissue as expected, while the H3K9ac 

enrichment stayed almost the same for both tissues. The 313th candidate in V2-IST (candidate 

V313), on the other hand, is characterized by a large difference in H3K9ac enrichment but not 

in DNase I hypersensitivity. The 194th candidate in V2-IST (candidate V194) showed a large 

difference between the tissues for both DNase I and H3K9ac enrichment signals but in an 

opposite direction. The lack of correlation between the ranks obtained from both chromatin 

features indicated that determining tissue-specificity using this combination of features does 

not work properly. Experimental examinations of a number of candidates will be necessary to 

determine the best feature (combination) to predict tissue-specificity. For now, enhancer 

candidates identified in only one of the two tissues were defined as tissue-specific, and the 

shared candidates between tissues as putative shared enhancers. With this definition, a total of 
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1,495 candidates were classified into 175 V2-IST-specific, 1,097 husk-specific and 223 shared 

candidates (Additional file 5: Dataset 4). 

 

  
Figure 8. Examples of candidate rankings.  From the top: Identified candidate region with its ID (V stands 
for V2-IST, H for husk candidate) and coordinates, DNase I hypersensitivity and H3K9ac enrichment signal 
intensities in V2-IST and husk tissues. In these examples, the DNase I hypersensitivity and H3K9ac 
enrichment signal differences do not positively correlate to each other as assumed. 
 

Predicting putative target genes of enhancer candidates based on expression 

levels of closest genes 
Lastly, we examined if our candidates could be linked to putative target genes. Multiple 

approaches have been reported using data on chromatin accessibility, transcript levels and/or 

histone modification patterns at both enhancers and genes, across different tissues or 

developmental time points [4,51,81,82]. We assumed that enhancers regulate the expression of 

either their adjacent up- or downstream gene, though it has been observed that other genes can 
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be located between enhancers and their target genes in animals and plants [17,83–85]. We 

correlated the defined tissue-specificity of candidate enhancers with the gene expression levels 

of the nearest flanking genes in both tissues. Only genes showing significant differential 

expression between V2-IST and husk tissue (Cuffdiff [86]) were considered as targets of tissue-

specific enhancer candidates; for shared candidates, flanking genes that are expressed in both 

tissues were considered as potential target genes. If a flanking gene showed a significant 

difference in gene expression that matched the enhancer candidate specificity (e.g. higher gene 

expression in V2-IST for V2-IST candidates), then the candidate and the gene(s) were linked. 

With this method, 38 (22%) V2-IST-specific, 143 (13%) husk-specific and 101 (45%) shared 

enhancer candidates were linked to one putative target gene (Additional file 5: Dataset 4). We 

also identified 13 (2%) V2-IST-specific, 182 (17%) husk-specific and 103 (46%) shared 

candidates in which both flanking genes showed expression levels matching the features of the 

candidates. The other candidates could not be linked to a gene because either none of the 

flanking genes had a significant expression level difference in the expected direction for tissue-

specific candidates (124 (71%) in V2-IST, 772 (70%) in husk) or, in case of shared enhancer 

candidates, neither of the flanking genes were expressed in one of the tissues (19 (9%) 

candidates).   

Identification of three known enhancers in maize 
In maize, five well-characterised and putative enhancers were reported, namely the b1 hepta-

repeat, the enhancers of tb1, p1, and the putative enhancers DICE and Vgt1 that regulate the 

expression of the genes bx1 and ZmRAP2.7, respectively [11,13–15,23,85,87]. In our screen, 

we identified the confirmed and putative enhancers of b1, tb1 and bx1 (Figure 7 and Additional 

file 1: Figure S7), although these enhancers were mostly identified and characterized in maize 

lines other than B73, which could have affected their functionality. For example, the b1 hepta-

repeat enhancer has been identified for the B-I epiallele and consists of seven copies of a 853 

bp sequence in tandem, while B73 only carries a single copy of this sequence (90% identity 

with consensus repeat sequence; [12]). In our data set, b1 showed differential expression in the 

same direction as observed in the line the b1 repeat enhancer was discovered [23], already 

indicating there is some degree of conservation in the regulatory region. The tb1enhancer was 

identified in the inbred line W22 [13,14], and DICE was shown to be required for high bx1 

expression in Mo17 [85]. The enhancer candidates for b1 and DICE were not linked with b1 

and bx1, respectively, because their known target genes were not the closest flanking gene. We 

identified neither the p1 enhancer nor Vgt1. In the case of the p1 locus, high repetitiveness of 
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the region rendered the enhancer unmappable. For Vgt1, a clear DHS was present but H3K9ac-

enrichment was not detected within the overlapping LUMR. 

Four H3K9ac-enriched enhancer candidate regions identified by ChIP-seq, candidate H108, the 

b1 and tb1 enhancer and DICE, were selected for validation with ChIP-qPCR. For each region, 

primer pairs were designed to amplify sequences located at the summit of the peak of the ChIP-

seq H3K9ac-enriched region (P), its slope (S), and outside of the peak (O; no enrichment by 

ChIP-seq) (Additional file 1: Figure S14). Results confirmed the presence and absence of 

H3K9ac enrichment at the identified candidate regions and their flanking regions, respectively. 

The differential H3K9ac enrichment observed for candidate H108 and the b1 enhancer fits their 

expected husk tissue-specificity based on the ranking. DICE had a high and low ranking in V2-

IST and husk, respectively. In accordance, DICE showed higher H3K9ac enrichment levels in 

V2-IST than in husk. The tb1 enhancer showed H3K9ac enrichment in both V2-IST and husk. 

This is in accordance with what is observed for the pooled ChIP-seq data (Additional file 1: 

Figure S14C). Due to our stringent criteria, the tb1 enhancer was only called as a candidate in 

husk. 

To examine if H3K4me1 is indeed not enriched at enhancers as suggested by the results 

depicted in Figure 1, enrichment for H3K4me1 was determined for the same regions as for 

H3K9ac enrichment (Additional file 1: Figure S14). Except for the enhancer of tb1, none of the 

analysed regions showed a clear H3K4me1 enrichment, confirming our previous observation 

and supporting the idea that H3K4me1 does not generally mark plant enhancers. 

 

Discussion 

The combination of DNase-seq, H3K9ac ChIP-seq and BS-seq data allowed us to identify 

approximately 400 and 1,300 enhancer candidates in V2-IST and husk tissue, respectively, and 

about 1,500 unique enhancer candidates in total. Interestingly, our enhancer candidates 

displayed an asymmetric enrichment of H3K9ac at DHSs, which differs from the histone 

acetylation enrichment at both sides of DHSs observed in animals [4,27,29]. Target genes were 

predicted for 255 V2-IST and 529 husk candidates. Importantly, our method successfully 

predicted three confirmed or putative enhancers in the maize genome, enhancers for the b1 

(candidate H167) and tb1 (candidate H1233) genes, and the DICE enhancer (candidates V4 and 

H1318). 

We investigated the enrichment of three histone modifications at the enhancer of b1: H3K27ac, 

H3K9ac, and H3K4me1, and showed that both H3K27ac and H3K9ac were enriched at the 
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hepta-repeat enhancer of b1 in the active, but not the inactive state. These results are in 

accordance with previous studies in animals, but also in plants [20,28,30,36,37,88]. In contrast, 

H3K4me1, which was shown to be enriched at animal enhancers regardless of their activity 

[27,79], was not enriched at the b1 hepta-repeat enhancer, but also not at DICE and candidate 

H108 (Additional file 1: Figure S14), while it was present at relatively high levels at transcribed 

regions of b1 and actin1 (Figure 1). This distribution at enhancers may be typical for plants as 

it is supported by previous observations in Arabidopsis in which H3K4me1 was almost 

exclusively enriched in genic regions [89]. 

Regions with low DNA methylation overlap with DHSs and both were previously used to 

predict enhancers [29,90]. In our study, more than 97% of DHSs and more than 99% of 

H3K9ac-enriched regions overlapped with LUMRs, and enhancer candidates were identified 

by taking the overlap between LUMRs, DHSs and H3K9ac-enriched regions, resulting in about 

1,500 unique enhancer candidates. Many more intergenic LUMRs were identified (about 

47,000), and 26% of these carried only one, while 71% carried none of the other required 

chromatin features. We hypothesize that these remaining LUMRs represent enhancers in tissues 

other than the ones used in our study. This could in part explain the relatively low number of 

identified candidates compared to studies in animals in which a large number of developmental 

stages, cell types, and/or tissues were used [4,51,83]. In Arabidopsis more than 10,000 

intergenic enhancer candidates were predicted using only two different tissues [20], as we did. 

However, the authors based their prediction solely on chromatin accessibility. Based on 

chromatin accessibility data only, we would predict about 9,000 candidate enhancers. Instead, 

we used a more stringent approach to identify active enhancers. 

10% and 18% of V2-IST and husk candidates contained previously published CNSs between 

maize and rice [66], suggesting these candidate sequences and functions may be conserved 

across species. The rest of the candidates might be maize specific or rapidly diverging [91], 

explaining the lack of sequence conservation. About 30% of the enhancer candidates in both 

tissues overlapped by at least 1 bp with TEs (33% in V2-IST and 28% in husk), and in most 

cases TEs covered the entire enhancer candidate region. This raises questions regarding the 

origin of the regulatory potential of those enhancer candidates. Indeed, TEs have been reported 

as an important source of cis-regulatory elements because TEs have evolved to mimic the 

regulatory sequences of the host to hijack its transcriptional machinery [14,38,92–94]. Three 

LTR Gypsy families were significantly enriched for enhancer candidates. Motif analysis of the 

enhancer candidates overlapping with the most enriched TE family, RLG00010, identified the 

GGCCCA motif, which is discovered in cis-regulatory elements of genes with diverse functions 
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[72,73,75,76]. Compared to random intergenic sequences, this motif was not only enriched in 

the RLG00010 enhancer candidates, but also in all other candidates. This suggests that 

GGCCCA is a general motif associated with enhancer function.  

Although we identified three previously discovered putative or confirmed enhancers in maize, 

two others, Vgt1 and the enhancer of p1, were not detected. This can be explained by several 

factors: i) enhancer sequences can be located in repetitive regions, which are not uniquely 

mappable and therefore excluded from our analysis (true for the p1 enhancer), ii) enhancers 

may not always require the stringent criteria used to define enhancer candidates in this study 

(could be true for Vgt1, which featured an LUMR and DHS but no H3K9ac-enriched region), 

iii) enhancers may not be active in V2-IST or husk tissue and therefore undetected, and iv) 

enhancers may only be present in other lines than B73. 

We identified about three times more enhancer candidates in husk tissue than in V2-IST (398 

vs 1320), which is possibly due to a larger number of H3K9ac-enriched sequences in all 

genomic regions in husk compared to V2-IST (Figure 3H and J). There was however no 

difference in the distributions of gene expression levels between the two tissues (Additional file 

1: Figure S4B), indicating that the number of genes expressed at particular levels is similar in 

V2-IST and husk and that the larger number of H3K9ac-enriched sequences is therefore not 

due to a higher number of genes being expressed in husk. The differences in the number of 

H3K9ac-enriched regions were substantial, even when considering possible technical bias 

introduced during the analysis. This observation highlights that the H3K9ac enrichment pattern 

changes between tissues and/or developmental stages, irrespective of the overall distribution of 

expression levels. The reasons for this change are currently unknown. 

The heatmaps and average profiles of the chromatin and DNA features at the candidates 

revealed that H3K9ac was preferentially enriched on one side of the DHSs (Figure 5 and 6). 

This observation was unexpected considering earlier studies in animals describing histone 

acetylation (H3K27ac), but also methylation (e.g. H3K4me1) enrichment on both sides of 

DHSs at enhancers [4,27,29]. Symmetrical enrichment of histone modifications at animal 

enhancers has been associated with bi-directional transcription at enhancers [4]. Given the 

relative low coverage of our RNA-seq data at enhancer candidates, we were not able to assess 

whether eRNAs were produced bi- or uni-directionally. eRNAs are indeed known to be 

transcribed at a low level and in addition sensitive to degradation, making them difficult to 

detect with a technique such as RNA-seq [4,95]. The analysis of nascent transcript data (GRO-

seq) for maize and Arabidopsis suggests the absence of transcription at plant enhancers [96], 



Chapter 2 

 65 

further supporting the possible differences between plant and animal enhancers. A method like 

CAGE-seq could be used to further investigate the transcription of enhancers in plants. 

Elevated levels of mCHH were detected 5’ of the DHSs at enhancer candidates. mCHH islands 

have been observed to flank genic regions in maize, but also low DNA methylated intergenic 

CNSs [61,65]. The findings of Li et al. [61] showed that mCHH islands may act as boundaries 

between euchromatin and heterochromatin, preventing activation of TEs by nearby 

transcriptionally active genes. A similar function is likely at enhancers. 

Comparison between the chromatin and DNA methylation profiles at enhancer candidates and 

TSSs revealed the presence of similar features, including chromatin accessibility, asymmetric 

H3K9ac enrichment and low DNA methylation. On average, the TSSs show a higher level of 

transcript accumulation, a lower level of DNA methylation 3’ of TSSs and a higher level of 

H3K4me3 than enhancer candidates (Figure 5, S9, S11 and S13). The difference in transcript 

levels and H3K4me3 enrichment between enhancers and TSSs has been observed by others 

[4,79]. 

For each enhancer candidate, a target gene was predicted following expression and proximity 

criteria. Our prediction method assumed that target genes were either the adjacent up- or 

downstream gene, and that target genes of tissue-specific enhancer candidates would be 

upregulated in the tissue in which the enhancer candidates were detected. Using our stringent 

criteria, 580 candidates were linked to genes, including tb1. In Drosophila, about 20% of the 

enhancers were predicted to control genes that were not directly adjacent to the enhancers [83] 

and a recent prediction in human and mice estimated that 69% of the enhancers contact genes 

that are not directly consecutive [82]. Whether this proportion is similar in maize remains to be 

determined, but examples of such enhancers have been reported, for example DICE, the 

putative enhancer of bx1 [85]. In addition, our approach disregarded the possibility that 

enhancer candidates would act as transcriptional repressors [97]. Future studies in maize are 

required to more precisely identify and validate the target genes of the enhancer candidates 

discovered. 

 

Conclusions 

This study provides a genome-wide glance at transcriptional enhancer candidates in maize by 

comparing DNA and chromatin features in two maize tissues and by providing details on some 

of their characteristics. The study identified about 1,500 enhancer candidates that were 

characterized by increased chromatin accessibility, low DNA methylation levels, and 
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asymmetric enrichment of H3K9ac. Three identified candidates were putative or confirmed 

enhancers (b1, tb1 and bx1 enhancers). In contrast to animals, plant enhancer candidates show 

asymmetric chromatin features. Validation of enhancer candidates remains to be achieved. 

Future improvements in predicting enhancer candidates are expected from the investigation of 

more histone modifications as well as TF binding sites, the integration of genome-wide 

chromosomal interaction data and a direct functional analysis of candidates, e.g. by targeted 

genome editing. A better understanding of the regulatory code in maize not only helps to better 

compare transcription regulation in highly complex genomes of different kingdoms but 

promises new targets for informed breeding in this important crop. Our data provides a 

framework for the maize community to characterize the regulation of genes of interest. 

 

Material and Methods 

Experimental methods 

Plant stocks and material 

The seed stock of the maize B73 inbred line used in this study was obtained from J. Gardiner 

(University of Arizona, Tucson, AZ) in 2013.  It was obtained from the North Central Regional 

Plant Introduction Station in Ames Iowa, USA (Order No: 169545, Accession: PI550473, Lot: 

94ncai02).  It is from the same Accession (PI 550473) that was used for the maize B73 genome 

sequencing project [41], but a different lot number because it was requested several years later. 

The B-I plant stock used in this study (W23) was obtained from V.L. Chandler (University of 

Arizona, Tucson, AZ). Maize plants were grown in the greenhouse at two different locations: 

The Max Planck Institute for Plant Breeding Research in Cologne (MPIPZ) and the University 

of Amsterdam (UvA). At the MPIPZ maize plants were grown for DNase-seq and RNA-seq. 

At the UvA maize plants were grown for H3K9ac ChIP-seq and RNA-seq.  At both locations 

plants were grown in soil under 16-h light/8-h dark cycles at an average temperature of 23°C. 

The plants were harvested at the V2 stage (2 collars visible; V2-IST), V5 stage (5 collars visible; 

V5-IST) or when the silks started emerging from the husks. The two tissues used for the RNA-

seq, DNase-seq, and ChIP-seq experiments were the inner stem tissue of V2 seedlings, which 

is composed of the seedling stem with the outer leaves and all exposed leaf blades removed, 

and the soft inner husk leaves surrounding the ear; the tough outer husk leaves were discarded 

(Additional file 1: Figure S1). 
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RNA-seq 
RNA for RNA-seq experiments was isolated at both locations. To be able to examine 

reproducibility and comparability, per tissue, three biological replicates were analysed, each 

consisting of pooled material from three plants. The inner husk leaves and inner stem tissue of 

V2 seedlings were flash frozen in liquid nitrogen between 9 and 11 hours after dawn. After 

grinding in liquid N2, 100 mg material was used for RNA extraction with TRIzol 

(ThermoScientific) following manufacturer's instructions except that the top aqueous phase was 

transferred to a new tube, 500 µl of isopropanol were added, followed by mixing and incubation 

for 10 min at RT. The entire sample was transferred in two steps to an RNeasy MINI spin 

column (Qiagen RNeasy kit) and centrifuged for 15 sec at 8000 x g. The flow-through was 

discarded and 700 µl of the Qiagen RW1 buffer was added. Two washing steps were performed 

using 500 µl of the Qiagen RPE buffer. RNA was eluted in 50 µl RNase-free water and the 

concentration was assessed spectrophotometrically (Nanodrop, ThermoScientific). Next, RNA 

samples were diluted to a concentration of 200 ng/µl and treated with DNase I (DNA-free kit, 

Ambion) according to manufacturer’s instructions. Samples were then extracted with 1 volume 

of phenol:chloroform:isoamyl alcohol (25:24:1 v/v) and centrifuged for 5 min at 13,000 x g, 4 

°C. The same step was repeated twice. Next, 80% of the aqueous phase volume was transferred 

into a new tube and precipitated with 1/10th volume of 3 M Sodium Acetate pH 5.6, two 

volumes of 100% Ethanol, and 1 µl of glycogen (10 mg/mL), followed by centrifugation at 

13,000 x g for 15 min at 4 °C. The pellet was subsequently washed twice with 70% ethanol and 

finally resuspended in 20µl of RNase-free water. The concentration was measured 

spectrophotometrically (Nanodrop, ThermoScientific) and 1µg of RNA was separated on a 

1.2% agarose 1x MOPS (3-N-morpholinol propane sulfonic acid) gel to assess RNA quality. 

The concentration was adjusted to 400 ng/µl and 500 ng of total RNA was treated with the 

Ribo-Zero rRNA Removal Kit (Plant Leaf, Epicentre) to specifically remove ribosomal RNAs. 

RNA-seq libraries were prepared with the NEBNext Ultra™ Directional RNA Library Prep Kit 

for Illumina sequencing (New England Biolabs). Quality and quantity were assessed at all steps 

of the library preparation by capillary electrophoresis (Agilent Bioanalyser and Agilent 

Tapestation). Sequencing was performed with TruSeq v3 chemistry on a HiSeq2500.  

Approximately 15-20 million of 100 bp single-end reads were obtained for each library. 
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DNase-seq 
Nuclei preparation. For each inner stem tissue sample (V2 stage) and inner husk leaf sample 

nuclei were extracted from 12 V2 stage maize seedlings and three husks according to the 

protocol of Steinmüller and Appel [98]. For each tissue, two biological replicate samples were 

used. Briefly, tissue was ground in liquid nitrogen, 5 g were transferred into an ice-cold 50 ml 

centrifuge tube, and 25 ml of cold nuclei isolation buffer (20 mM Tris-HCl pH8, 250 mM 

sucrose, 5 mM MgCl2, 5 mM KCl, 40% glycerol, 0.25% Triton X-100, 0.5 mM EGTA pH 8, 

5 mM EDTA pH8, 0.1 mM PMSF, 0.1% 2-mercaptoethanol, 1:1000 Proteinase Inhibitor 

Cocktail (Sigma)) were added and the tube was flicked until the powder was in suspension. The 

tube was rotated at low speed at 4°C until the sample was completely thawed (about 30 min). 

The tissue suspension was filtered through successive layers of 60 µm and 20 µm nylon mesh 

(Nylon Net Filters, Millipore) into an ice-cold 50 ml centrifugation tube and centrifuged at 

6,000 x g for 15 min at 4 °C. The supernatant was discarded and the pellet resuspended in 15 

ml of ice-cold nuclei isolation buffer using a 1 ml cut-off pipette tip, followed by centrifugation 

at 6,000 x g for 12 min at 4 °C. The pellet was resuspended in 10 ml of ice-cold nuclei isolation 

buffer and centrifuged at the same conditions again, followed by resuspending the pellet in 1 

ml of ice-cold nuclei storage buffer (20% glycerol, 20 mM Tris pH 7.5, 5 mM MgCl2, 1 mM 

DTT). To check the quality and abundance of the nuclei, a 20 µl aliquot was stained with 1 µl 

DAPI (1 mg/ml) and examined by fluorescent microscopy. The nuclei suspensions were flash 

frozen in liquid nitrogen and stored at -80 °C until further use. 

DNase I digestion. DNase I treatment was adapted from Chandler et al. [99]. Nuclei 

suspensions were thawed on ice while preparing the solutions for DNase I digestion. One 

undigested control and 4 concentrations of DNase I (50, 100, 150, and 200 U/ml) were used 

(Additional file 1: Figure S15). 2.5 ml of DNase I buffer (50 mM Tris pH8, 250 mM sucrose, 

100 mM KCl, 0.1 mM CaCl2, 5 mM MgCl2, 50 µg/ml BSA, 0.05 M beta mercaptoethanol) 

was prepared per sample. The DNase I dilutions were prepared by mixing DNase I (Roche) 

with DNase I dilution buffer (20 mM Tris pH7.5, 50 mM NaCl, 1 mM DTT, 100 µg/ml BSA, 

50% glycerol).  1 ml of nuclei suspension was divided in 5 x 200 µl in 1.5 ml microcentrifuge 

tubes using cut-off pipette tips. The tubes were centrifuged at 1,500 x g for 5 min at 4°C and 

the supernatant was discarded. 100 µl of 100 mM EDTA pH 8, followed by 600 µl of 

phenol/chloroform/isoamylalcohol (25:24:1 v/v) were added to the tube for the undigested 

control and set aside at RT after thorough mixing. The other pellets were resuspended in 475 

µl of cold DNase I buffer by rubbing the tubes against a plastic tube rack and letting incubate 

3 min at 25°C.  25 µl of each of the DNase I dilutions were added to the respective tubes with 
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nuclei suspensions and incubated for 10 min at 25 °C. The reaction was stopped by adding 100 

µl of 100 mM EDTA pH 8, mixing, and adding 600 µl of phenol/chloroform/isoamyalcohol. 

All samples, including the undigested control, were shaken by hand or using a tissue lyser 

(Qiagen) at 8 Hz for 5 min. A second phenol/chloroform/isoamyalcohol extraction was 

performed, followed by an RNase A treatment (2 µg/ml final concentration) at 37°C for 10 min. 

600 µl isopropanol, 50 µl of 7.5 M ammonium acetate and 2 µl of 10 mg/ml glycogen were 

added followed by centrifugation at 16,000 x g for 30 min at 4°C. Two 70% ethanol washings 

were performed and the pellets were finally resuspended in 30 µl 10 mM Tris-HCl pH 8.5. The 

concentration of nuclei acids was then assessed spectrophotometrically (Nanodrop, 

ThermoScientific) and the entire sample (30 µl) was mixed with 6 µl Cresol Red loading buffer 

(1.75M sucrose (60%), 5mM cresol red, pH 8) and loaded on an agarose gel (1x TAE buffer, 

1.5% agarose, 0.5 µg/ml ethidium bromide). Gel visualization under UV light indicated which 

digestion fulfilled the requirement that the DNA is only partially digested (Additional file 1: 

Figure S15). In our hands, these were the samples digested with 50 U/ml of DNase I. One 

should test several concentrations as the digestion efficiency can vary depending on the batch 

of DNase I enzyme and chromatin concentration. The DNA fractions between 100-300 bp were 

extracted from the gel using gel purification (NucleoSpin Gel, Macherey Nagel) and the DNA 

was eluted from the column in 15 µl 10 mM Tris-HCl pH 8.5. The DNA concentration was 

measured using Quant-iT PicoGreen (Invitrogen) on a fluorometer (Synergy 4 Hybrid Multi-

Mode Microplate Reader, BioTek). A DNA concentration range of 1-3 ng/µl was obtained. 

Naked DNA control. Genomic DNA was extracted from 100 mg of inner husk tissue derived 

from three pooled husks using the DNeasy Plant Mini kit (Qiagen) and following 

manufacturer’s instructions. 1.7 µg of gDNA was digested with 50 U/ml of DNase I following 

the same protocol as described for chromatin. 

Library preparation and sequencing. DNA samples were diluted to 1 ng/µl in a total volume 

of 10 µl followed by library preparation using the Ovation Ultralow DR Multiplex kit (NuGEN) 

according to the manufacturer’s protocol. 15 cycles of amplification were performed for the 

naked DNA sample and 16-18 cycles for the chromatin-derived samples. The libraries were 

sequenced on an Illumina Hi-Seq2500 platform and approximately 20-30 million 100 bp single-

end reads were obtained for each library. 

ChIP-seq and ChIP-qPCR 
The ChIP procedure was based on the original protocol from Haring et al. [100] with minor 

modifications. In short, plant samples (5 inner stems from V2 plants or 3 gr of inner husk leaves 
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per sample) were fixed with formaldehyde. Chromatin was extracted and sonicated. The soluble 

fraction was then immunoprecipitated using antibodies against H3K9ac (Abcam, ab10812), 

H3K27ac (Abcam, ab4729), H3K4me1 (Abcam, ab8895) or rabbit serum (No antibody control, 

Sigma no. R9133) using protein-A coated magnetic beads (ChIP-seq, Diagenode, kch-802) or 

protein-A agarose beads (ChIP-qPCR, Sigma-Aldrich). Immunoprecipitated DNA was 

recovered, decrosslinked and column-purified (Qiagen, 28104). For each ChIP-seq library, 

three ChIP samples were pooled yielding about 50 ng of DNA prior to adapter ligation and PCR 

amplification. Adaptor ligation (TrueSeq Universal adapter, Illumina) and PCR amplification 

were performed for each pooled ChIP sample using the KAPA Hyperprep kit (KAPA, KK8500) 

as indicated by the manufacturer. The efficiency of the conversion process was assessed by 

comparing the input ChIP sample to the obtained ChIP-seq library on an Agilent High 

Sensitivity D1000 ScreenTape System. Efficient conversion corresponds to a visible 100 bp 

shift in fragment sizes and an unbiased increase in DNA concentration. For all samples, 

approximately 30 million 100 bp single-end reads were generated on an Illumina HiSeq2500 

platform. 

For ChIP-qPCR, the column-purified material (4 µl out of 80 µl) was mixed with 2 µl of each 

primer (10 µM; Additional file 5) and 4 µl of the 5X FIREPol Evagreen qPCR Mix plus (Solis 

Biodyne) in a total volume of 20 µl and run on an Applied Biosystem 7500 Real Time PCR 

system (50°C, 2’; 95°C, 10’, 45 cycles: 95°C, 15’’; 65°C, 1’). For each primer pair, a calibration 

curve was generated using DNA isolated from fixed, sonicated chromatin (100 ng/µl; dilutions 

1/64, 1/256 and 1/1024) to test primer efficiency and calculate DNA quantities from ChIP 

samples. Enrichment is calculated as the mean quantity of the different biological replicates (2-

5) and normalized over the quantity at the maize actin locus. All PCR primer sequences are 

listed in Additional file 6: Table S5. 

 

Computational analysis 
For all the analysis, the B73 maize genome sequence and annotation version 4 (AGPv4) [39] 

from Ensembl Plants [40] were used as the reference. Data on chromosomes 1 to 10, excluding 

contigs, were used for all the analysis. For statistical enrichment analysis, permutation tests 

were performed (n = 1000) [101]; the randomisation of features within the uniquely mappable 

part of genome was performed using BEDtools [102]. 
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RNA-seq 
The sequenced reads were trimmed at the both ends based on sequencing quality (Q20) and 

remaining Illumina adaptor sequences were removed using Trimmomatic [103]. When the 

remaining read length was less than 35 bps, the read was removed from the analysis.  The reads 

were aligned, allowing 1 mismatch, to the reference genome using TopHat2 [104] and Bowtie 

[105].  Transcript assembly and gene expression level calculation for each replicate were 

performed with a guided reference [40] using the Cufflinks pipeline (Cufflink, Cuffquant and 

Cuffnorm; [106]). The RPKM values and the significance of the differential expression levels 

for each gene were calculated taking the variance over the six replicates using Cuffdiff [86]. 

The RPM coverage in the genome was calculated using BEDtools [102]. 

 

DNase-seq and ChIP-seq 
For DNA-seq data, to assess technical variation, two independent DNase-seq libraries were 

generated from one biological husk sample and the number of shared DNAse I hypersensitive 

sites (DHSs) were counted after MACS2 peak calling [47]. The two replicates shared 14,401 

DHSs (66% and 88% of the peaks in replicate 1 and 2, respectively, Table S2). We concluded 

that the results from the technical replicates were comparable. The reads from the two technical 

replicates were therefore pooled and treated as one biological replicate in the further analysis. 

H3K4me3 ChIP-seq data was obtained from the NCBI database (SRX1073672; [61]).  The 

quality filtering of the sequencing data was done in the same way as described in BS-seq 

analysis section. The reads were aligned to the reference genome using BWA [107]. Non-

uniquely mapped reads were filtered out with a MAPQ cut-off value of 20 using samtools [108]. 

Peaks were called for each biological replicate with a q-value cut-off of 0.001 using MACS2 

[47].  During the peak calling, naked DNA digestion data and input control data were used as 

controls for DNase-seq and for ChIP-seq, respectively. Only peaks with 70% or larger overlap 

between replicates were kept for analysis.  If there were three replicates, overlapping peaks in 

two replicates were identified first and then the third replicate was compared to the already-

integrated peaks. 

 

BS-seq 
Raw data of genome-wide bisulphite sequencing experiments on wild-type B73 coleoptile 

shoot tissue (harvested 5 days after the start of germination) [35] was obtained from the NCBI 

database (GSE39232). FastX toolkit [109] was used to filter artefacts introduced by library 
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construction such as linker and/or adaptor sequences, and to filter reads of which the qualities 

of more than 80% of the bases were lower than a threshold of Q20. The reads were trimmed 

based on their per base sequence qualities and reads shorter than 70 bases after trimming were 

removed using PRINSEQ [110]. The read mapping to the reference genome and methylation 

base calling was performed using BS-seeker2 [111].  The low and un-methylated regions were 

identified for both CG and CHG data using MethylSeekR [31]. The threshold for percent 

methylation for the low methylated regions was set to 20%.  MethylSeekR [31] defines un-

methylated regions (UMRs) and low methylated regions (LMRs); in this study, we combined 

both regions into one class, LUMRs (Low and UnMethylated Regions). Any identified regions 

with more than or equal to 20% DNA methylation using bwtool [48] were further filtered out. 

For enhancer identification, regions with both low CG and low CHG methylation, which were 

identified using BEDtools [102], were called as LUMRs. The methylation frequency at every 

mCG, mCHG and mCHH position was extracted for further analysis. 

 

Characterisation of each data set 
Genomic regions were defined as follows: genic regions, exons and transposable elements 

(TEs) were annotated according to the reference annotation. The annotated exons include the 

untranslated regions (UTRs). The entire genome, except for the genic regions, were called 

intergenic regions. Introns were genic regions excluding exons. Promoters were defined as the 

sequence 1 kb upstream and 200 bp downstream of TSSs. Flanking regions were defined as 

sequences 4 kb upstream from promoter regions and 5 kb downstream from the TTSs. Distal 

regions were intergenic regions that were not classified above. Uniquely mappable regions in 

the whole genome were identified using Uniqueome [42] for theoretical read lengths of 93 bp, 

which was the longest read possible for the ISAS uniqueome aligner 

(http://www.imagenix.com) to handle and closest to the actual read length (100 bp), allowing 

2 mismatches. The ISAS uniqueome aligner performs all-against-all sequence alignment with 

a given read length (93 bp in this case), and deduces percent uniqueness for each nucleotide 

position based on the percentage of reads mapped to this position that are uniquely mapping at 

this location.  In this study, uniquely mappable regions showed 90% or higher uniqueness. The 

number of uniquely-mappable base pairs within each genomic region was counted using 

BEDtools [102] and plotted using plotrix package [112] in R [113]. 
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The total lengths of each genomic region in Mbs and the numbers of features (DHS, H3K9ac 

and LUMR) overlapping with the defined genomic regions were counted using BEDtools [102] 

and plotted using R [113]. 

For correlations between gene expression levels and DNase hypersensitivity or H3K9ac 

enrichment, first the genes were binned based on their expression levels in RPKM from the 

lowest (bin 0) to the highest (bin 6). Bin 0 contains all the genes with no and lower than 1 

RPKM expression. The other 6 bins were defined so that each bin contained exactly the same 

number of genes. The average intensities of DNase hypersensitivity and H3K9ac enrichment in 

RPM over genic regions were calculated using bwtool [48] and plotted using R [113]. 

 

Data integration 
Candidate identification 

The enhancer prediction in this study was focused on active enhancers. The DNase I 

hypersensitivity, H3K9ac enrichment and LUMR data were integrated. All LUMRs that overlap 

with DHSs and H3K9ac (Figure 2), excluding the ones overlapping with genes and promoter 

regions, and the numbers of candidates overlapping with TEs and CNSs were selected and 

counted using BEDtools [102]. The CNS coordinate data was extracted from published rice v6 

vs maize v2 data [66], and the coordinates were converted from v2 to v4 using Assembly 

Converter available on Ensembl Plants [40]. 

 

TE enrichment analysis: 
TE annotations are available at the Gramene database: 

ftp://ftp.gramene.org/pub/gramene/CURRENT_RELEASE/data/gff3/zea_mays/repeat_annota

tion/ [67]. 

TE families have been named according to the guidelines described at the Maize transposable 

element (TE) database: 

http://maizetedb.org/cgi-bin/cgiwrap/maize/TE_show_family.cgi?do_table=1. 

To prepare the annotation file, nested TE insertions were resolved using RTrackLayer [114] in 

R [113]. Bedtools intersect [102] was then used to find overlaps between enhancer candidate 

coordinates and TE coordinates. Enhancers candidates that were at least 80% contained within 

a single TE were selected for further analysis. To create a baseline for the number of TEs that 

could contain an intergenic enhancer candidate, the full list of TEs was filtered for elements not 
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contained within introns and that are longer than 635 bp, long enough that the enhancer 

candidates at the 20th percentile by length could overlap 80% of a TE. The filtered TE set was 

used as the baseline for number of elements within families containing enhancer candidates 

(Additional file 4: Dataset 3) and for comparisons between TEs with and without enhancer 

candidates. Conserved sequence motifs were identified using four de novo motif discovery 

tools, HOMER, MEME, DREME and RSAT plants [68–71] and enhancer candidates, the TE 

family RLG00010 and randomly selected intergenic sequences of the corresponding size were 

scanned for the identified motifs using FIMO [77]. 

 

Heatmap plot 
For DNase I hypersensitivity and H3K9ac enrichment, RPM signal tracks were generated from 

pooled data during peak calling using MACS2 [47]. DNase I hypersensitivity, H3K9ac 

enrichment and transcript coverage data, Methylation frequency data and TE annotation data 

(0 = absence, 1 = presence of TEs) were converted to BigWig files using wigToBigWig tool 

[115]. For the DNA methylation data, methylation frequency over 100 bp fixed-windows were 

calculated using bwtools [48]. 

The data on DNase I hypersensitivity, H3K9ac enrichment, mCG, mCHG and mCHH levels, 

TE presence and transcript levels were extracted for each DHS and its 1 kb flanking regions in 

our candidate list using bwtool [48]. The DHSs were clustered based on H3K9ac enrichment 

with k-means clustering, re-ordered, and all the data sets were plotted according to the order 

defined based on H3K9ac k-means clustering using the gplots package [116] in R [113]. For 

the heatmap profile at TSSs, 429 DHSs mapped at TSSs in V2-IST and 1,400 in husk were 

randomly selected and heatmaps were generated in the same manner as for the DHSs in the 

candidates. To make the heatmaps comparable, for DHSs at TSSs, the same number of DHSs 

were selected as the number of DHSs in candidates in the two tissues. 

 

Genomic feature profiling at DHSs in enhancer candidates and TSSs 

To understand the behaviour of H3K9ac enrichment and DNA methylation around DHSs at our 

potential candidate regions, average profiles were generated. Firstly, all the intergenic DHSs 

were taken.  For each DHS, H3K9ac enrichment values 300 bp up- and downstream were 

extracted using bwtool [48] and the end with higher H3K9ac enrichment was defined as 3' end 

of the DHS. Using bwtool [48], the average RPM for DNase I hypersensitivity and H3K9ac 
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enrichment and methylation frequencies at CG, CHG and CHH were calculated at the intergenic 

DHSs and their flanking regions. The values were plotted using R [113]. Average profiles for 

TSSs were generated in the similar manner except the DHSs were oriented based on their gene 

strand. For generating average plots for each category, the DHSs were first binned by the 

categories and average values were calculated for each bin. 

 

Candidate ranking 

Once enhancer candidates were identified, they were ranked according to their presumed tissue-

specificity. We assumed that the tissue-specificity of an enhancer is correlated to its DNase I 

hypersensitivity and H3K9ac enrichment. Therefore, the tissue-specificity of each candidate 

was determined using the largest differences in DNase I digestion sensitivity and H3K9ac 

enrichment between the two tissues (Figure 2). For each candidate, for both the DNase 

hypersensitivity and H3K9ac enrichment separately, the intensity differences in the candidate 

region were calculated from the signal tracks and the largest values were taken as the difference 

using bwtool [48]. The candidates were then ranked based on the differences in DNase I 

hypersensitivity and H3K9ac enrichment independently, and the DNase I and H3K9ac rankings 

were summed for each candidate. Then, the enhancer candidates were re-ranked based on the 

sum. The V and H numbers provided in the additional files 2 and 3 show the final ranking after 

the summation. For p-value calculation, two (or three for H3K9ac husk data as it had three 

replicates) lists of numbers (1 to 398 for V2-IST, 1 to 1320 for husk tissue, the same number 

as the numbers of candidates) were generated. Random combinations of two (or three) numbers 

were summed and re-ranked according to the sum for 1,000 times to create lists of theoretical 

summation scores for each ranking. The frequency occurrence of the value less than or equal 

to the real data in the theoretical score list was computed and provided as p-values. 

 

Linking enhancer candidates to potential target genes 
Enhancer candidates were linked to putative target genes based on the defined tissue-specificity 

of candidates and expression data of nearby genes. The assumption was that an enhancer targets 

its closest up- or downstream gene.  Firstly, gene expression levels and the statistical 

significance of their differential expression data from Cuffdiff [86] were linked to the gene 

coordinate data. The closest up- and downstream genes were identified for each candidate using 

BEDtools [102]. For tissue-specific candidates, significantly differentially expressed genes 
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were identified first, then the tissues in which the genes were expressed higher were identified. 

When the tissue-specific gene expression levels matched with the tissue-specificity of the 

candidate, the gene(s) was linked to the candidate. For example, if one of the candidates was 

determined as V2-IST-specific and the upstream gene had higher expression in V2-IST than in 

husk, we concluded that the candidate most probably regulates its upstream gene. For shared 

candidates, adjacent genes being expressed in both tissues were associated. 
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Figure S1. The tissues used in this study. (A) Inner stem tissue (at the right) isolated from V2 seedling 
(left) and (B) soft husk leaves (at the right) isolated from maize husk (left).  
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Figure S2. Reproducibility of RNA-seq data. Gene expression levels (in read counts) were plotted for all 
genes. Read counts were normalised by the total number of reads in the respective replicates. (A) V2-IST 
samples, (B) Husk samples. Pearson correlation coefficients are given in each scatter plot.  
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Figure S3. Randomised distributions of features over genomic regions within the uniquely mappable 
part of the genome. Distributions of (A, B) DHSs, (C, D) H3K9ac (E) LUMRs and (F, G) enhancer 
candidates over the different genomic regions. The numbers below the pie charts are the total numbers of the 
indicated features in the genome. Inner ring: intergenic (red) and genic (blue); outer ring: intergenic TEs 
(yellow), distal (sand), and flanking (peach) regions, promoters (dark green), exons (light green), and introns 
including intronic TEs (mint) as depicted in Figure 3A.  
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Figure S4. Characteristics of genomic features and distribution of gene expression levels. (A) Size 
distributions (in kilobase pairs) of chromatin and DNA features as indicated on x-axis categories. Left panel 
shows full ranges including all outliers, right panel a zoom into the data. Boxes include second and third 
quartile, the median is indicated by a horizontal black line. Whiskers extend the interquartile range by 1.5, 
values beyond are plotted as outliers. (B) Cumulative fraction of genes contributing to total expression 
quantified as sum of normalized (RPKM) RNA-seq reads in V2-IST (blue) and husk (red).  
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Figure S5. Examples of (A and B) enhancers that contain TEs and (C and D) TEs that contain an 
enhancer. Jbrowse tracks show from the top: AGPv4 TE (ochre) [1] and candidate enhancer (turquiose) 
annotation (H stands for husk candidate), DNase-seq (blue) and H3K9ac (green) coverage, and peak position 
(indicated as bars) in V2-IST and in husk, mCG, mCHG and mCHH levels [2] and Uniqueness as mappability 
in percentage. (A, B) H411 and H1153 containing DTH00410 and DTH00409, respectively, both belong to 
the TIR TE order. (C, D) RLG0010 family members containing enhancer candidates H864 and H545. Note 
that tracks for accessibility and H3K9ac coverage represent pooled replicates. Peaks at those tracks might 
not be present in each replicate, affecting enhancer candidate prediction.  

Annotation

D
N
as
e
I

H
3K
9a
c

H1114

DTH00410B73v400039

H411

V2-IST

Husk

V2-IST

Husk

mCG

mCHG

mCHH

Uniqueness

(A) H411 (chr6:112,700,000..112,701,250)

RLC00029B73v400396
DTH00437B73v400066 DTH00409B73v400298

RLC00029B73v400396

RLC00029B73v400396
H1153

(B) H1153 (chr3:217,075,000..217,087,500)

Annotation

D
N
as
e
I

H
3K
9a
c

RLG00001B73v400384 DHH00001B73v406361 RLG16010B73v400001

RLG00010B73v400819

RLG00010B73v400819

H864

V2-IST

Husk

V2-IST

Husk

mCG

mCHG

mCHH

Uniqueness

(C) H864 (chr10:50,870,000..50,900,000)
RLG00010B73v400534

(D) H545 (chr6:20,947,500..20,952,580

RLG00010B73v400819 H545



Chapter 2 

 83 

 

Figure S6. Characteristics of enhancer-overlapping TEs. Comparison of (A) the lengths of all TEs and 
per major TE order. (B) Distribution of distance between TEs and their closest flanking genes. (C) Relative 
locations of enhancer candidates within TEs per major order. (D, E) Comparison of RLG00010 family 
members with and without enhancer candidate for (D) distances to their closest flanking genes and (E) TE 
lengths. Boxes include second and third quartile, the median is indicated by a black line. Whiskers extend 
the interquartile range by 1.5, values beyond are plotted as outliers.  
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Figure S7. Example of data on tb1 enhancer. From the top: AGPv4 genome annotation [1], candidate 
annotation from our prediction (H stands for husk candidate), DNase-seq and H3K9ac ChIP-seq read 
coverage and data on peak position (indicated as bars) in V2-IST and in husk, mCG, mCHG and mCHH 
levels [2] and unique mappability in percentage. The number under the gene name indicates gene expression 
levels (V2-IST/husk). The dark blue bar in the gene annotation track indicates the previously annotated tb1 
enhancer. The vertical red box indicates the enhancer candidate identified in this study. Note that tracks for 
accessibility and H3K9ac coverage represent pooled replicates. Peaks at those tracks might not be present in 
each replicate, affecting enhancer candidate prediction.  
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Figure S8. Asymmetric H3K9ac enrichment at candidate DHSs. Distributions of H3K9ac enrichment 
300 bp up- and downstream from the boundaries of DHSs in 431 V2-IST and 1,437 husk enhancer candidates 
(A, B) before and (C, D) after orientating the candidates based on the H3K9ac enrichment values 300 bp up- 
and downstream from the DHS boundaries; the higher H3K9ac values were plotted on the x-axis, the lower 
on the y-axis. In C and D, the number of data points below the line were 241 in V2-IST and 841 in husk, 
indicating asymmetrical H3K9ac enrichment.  
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Figure S9. Average profiles of the enhancer candidates in V2-IST and husk for each category. Average 
signal intensities of DNase I hypersensitivity, H3K9ac enrichment in RPM and DNA methylation levels in 
methylation frequency [2] at DHSs and their 1 kb flanking regions. The categories, identified in heatmaps by 
clustering DHSs on H3K9ac enrichment data using a k-means (k=4) algorithm (Figure 5), were numbered 
from 1 to 4 from the top of the figure to the bottom. The DHSs were oriented based on the flanking signals 
of H3K9ac enrichment (higher H3K9ac enrichment on the 3' side). The various sizes of DHSs have been 
scaled to an equal size. The numbers between brackets represent the number of enhancer candidates in the 
category and tissue indicated.  

(A) V2-IST Category 1 (152)

(C) V2-IST Category 2 (83)

(E) V2-IST Category 3 (131)

(G) V2-IST Category 4 (65)

(B) Husk Category 1 (308)

(D) Husk Category 2 (123)

(F) Husk Category 3 (499)

(H) Husk Category 4 (507)
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Figure S10. Heatmaps of chromatin, DNA and transcript features at TSSs. DNase I hypersensitivity, 
H3K9ac enrichment, mCG, mCHG and mCHH levels [2], presence of TEs [1], and transcript levels at and 
around (+/- 1 kb) DHSs at TSSs (431 and 1,437 in V2-IST and husk, respectively). The selected regions were 
oriented according to the 5’ to 3’ orientation of the genes. The various sizes of DHSs have been scaled to an 
equal size. The colour scales are in RPM for DNase I hypersensitivity, H3K9ac enrichment and transcript 
levels, and in methylation frequency (0-1) for DNA methylation. For TEs, red and white shows the presence 
or absence of TEs, respectively. The DHSs were clustered on the H3K9ac enrichment data using a k-means 
(k=3) clustering algorithm.  
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Figure S11. Average profiles of randomly selected TSSs in V2-IST and husk for each category. 431 
V2-IST and 1,437 husk TSSs overlapping with DHSs and H3K9ac were randomly selected. The DHSs at 
the TSSs were oriented according to the 5’ to 3’ orientation of the genes. (A, B) Average signal intensities 
of DNase I hypersensitivity, H3K9ac enrichment in RPM and DNA methylation levels in methylation 
frequency [2] at DHSs and their 1 kb flanking regions. (C-H) The three categories, identified in heatmaps 
by clustering DHSs on H3K9ac enrichment data using a k-means (k=3) algorithm (Figure S10), were 
indicated.  
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Figure S12. Comparison of expression levels between genes and enhancer candidates in V2-IST and 
husk. Boxplot showing expression levels (RPKM) for genes and enhancer candidates in V2-IST and husk 
tissue. Boxes include second and third quartile, the median is indicated by a black line. Whiskers extend the 
interquartile range by 1.5, values beyond are plotted as outliers.  
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Figure S13. Heatmaps and average profiles of H3K9ac and H3K4me3 at (A, B, D) candidates and (A, 
C, E) TSSs. (A) The H3K9ac clustered data in V2-IST and husk tissue are the same data as shown in Figure 
5 and S10. In addition, H3K4me3 enrichment data [3] at the same loci was plotted in the same manner as for 
H3K9ac. (B-E) Average H3K9ac and H3K4me3 enrichment signal intensities are shown.  
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Figure S14. ChIP-qPCR data of H3K9ac and H3K4me1 enrichment at enhancer candidate regions. 
Genome browser view and levels of H3K9ac and H3K4me1 enrichment at (A) enhancer candidate H108, (B) 
b1 enhancer (H167), (C) DICE (V4/H1318), and (D) tb1 enhancer (H1233). The genome browser view shows 
H3K9ac enrichment as detected by ChIP-seq at each candidate for both V2-IST and husk. The sequences 
examined by qPCR are indicated by coloured boxes. Red and yellow and black boxes indicate the summits 
(P) and slopes of H3K9ac peak regions (S), respectively; black boxes indicate regions without H3K9ac 
enrichment (O). Below the top panels, the levels of enrichment for H3K9ac and H3K4me1 in V2-IST (green 
bars) and husk (purple bars) at the regions of interest relative to those at the actin locus are shown. Error bars 
indicate the standard error for three biological replicates.  
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Abstract 
Maize is a major crop species in modern agriculture. Despite its importance, the cis-regulatory 

elements of its genome remain poorly characterized. Transcriptional enhancers, a subclass of 

cis-regulatory elements, participate in the differentiation of cells and tissues in all multicellular 

organisms. In this study, we focused on the putative enhancer Vgt1, which was originally 

identified as a QTL for flowering time and aimed at clarifying the function of this element. We 

show that Vgt1, and its upstream region, coined uva1 for ‘upstream Vgt1 and acetylated1’, are 

enriched for enhancer-associated characteristics. Importantly, we demonstrate that both uva1 

and Vgt1 can act as tissue-specific enhancers as shown by their ability to enhance the expression 

of a GUS reporter construct in transgenic maize seedlings. Moreover, we show that silencing 

of Vgt1 is sufficient to induce early flowering, accelerate growth speed during early 

developmental stages, and is associated with a trend of downregulation of expression of the 

downstream gene ZmRap2.7. Finally, Circular-Chromosome Conformation Capture (4C) 

experiments revealed interactions of the ZmRap2.7 transcription start site region with a 

sequence region containing uva1 and Vgt1, as well as with other sequences including candidate 

enhancers. Overall, our data show that uva1 and Vgt1 act as tissue-specific enhancers and that 

uva1-Vgt1, together with a.o. candidate enhancers, physically interact with ZmRap2.7, in line 

with a role for Vgt1 in regulating flowering time and growth speed. 
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Introduction 
Maize (Zea mays) is one of the most important crop plants, ranking first in terms of yield [1], 

and is being used for many purposes, ranging from food consumption to biofuel production. In 

addition, maize is an important model organism for research for more than a century. The maize 

genome is of particular interest given its large size (2,106 Mb) and its very repetitive nature 

(nearly 85% of transposable elements) [2,3]. Despite the high complexity of the maize genome, 

besides annotating the coding part of the genome, efforts are being deployed to decipher the 

functional non-coding parts of the genome, such as cis-regulatory elements [4,5]. Like all 

multicellular organisms, maize relies on cis-regulatory elements, such as transcriptional 

enhancers (hereafter called enhancers), to produce different cell types or respond to stimuli. 

Enhancers are non-coding DNA sequences that serve as binding platforms for transcription 

factors and promote transcription of a given target gene [6,7]. Importantly, trait-associated 

Single Nucleotide Polymorphisms and structural variants have been shown to locate in 

enhancers as well as in coding sequences indicating a relevance of enhancers in trait adaptation 

(see e.g. [8,9]). Like genic sequences, enhancers are associated with specific DNA and 

chromatin characteristics that allow their identification. Genome-wide, enhancer characteristics 

have been best characterized in animals (for review see [10]), showing that active enhancers 

are located in accessible chromatin regions [11,12], have low levels of DNA methylation [13] 

and are associated with specific histone marks, including H3K9ac, H3K27ac and H3K4me1 

[14–16]. Enhancers are in addition reported as non-coding RNA transcription units that produce 

enhancer RNAs (eRNAs) [12,17], of which the function remains controversial [18–23]. Until 

recently only a limited number of enhancers have been described in plants, scattered across 

many distinct species (for review see [6,7]). Development of Next Generation Sequencing 

methods such as DNase-seq and ChIP-seq allowed genome-wide identification and 

characterization of enhancers in Arabidopsis, rice, tomato and maize [4,5,24–26]. These studies 

stressed the conserved characteristics shared by plant and animal enhancers, such as being 

located in accessible, low DNA methylated regions, and enrichment of specific histone marks. 

From this continuously growing collection of putative plant enhancers, only a subset has been 

experimentally validated [6]. One of the enhancer candidates still requiring validation is the 

Vegetative to generative transition1 (Vgt1) locus in maize [27,28]. 

Vgt1 was identified as a major quantitative trait locus (QTL) for flowering time in maize 

[27,29], and was genetically mapped to a ~2 kb region sharing Conserved Non-coding 

Sequences (CNSs; CNS1, 2, 3 and 4) with sorghum (Sorghum bicolor) and rice (Oryza sativa; 
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Figure 1B). Vgt1 is located about 70 kb upstream of the Related to apetala2.7 (ZmRap2.7) 

locus. ZmRap2.7 encodes an APETALA2 (AP2)-like transcription factor that acts as a floral 

repressor [27], and Vgt1 is suggested to regulate the expression of ZmRap2.7, as particular 

sequence variations (SNPs and indels) at Vgt1 were associated with an early flowering 

phenotype and downregulation of ZmRap2.7 [27,30]. In an early flowering maize line 

containing a miniature inverted-repeat transposable element (MITE) insertion at the Vgt1 locus, 

sequences flanking the insertion showed an increased level of DNA methylation compared to a 

line in which Vgt1 was not disrupted by the MITE [28], suggesting a link between high levels 

of DNA methylation at Vgt1 and downregulation of ZmRap2.7 expression. However, it was 

unclear whether the downregulation of ZmRap2.7 was due to the insertion per se, disrupting 

e.g. transcription factor binding sites, or triggered by the changes in DNA methylation. In 

addition, different enhancer-associated characteristics were shown to be present at Vgt1 and its 

surrounding region [31,32]. The production of an about 800bp long non-coding RNA (lncRNA) 

overlapping CNS1 of Vgt1 was reported [32], and reanalysis of a data set derived from 14 days 

old shoots [31] indicated the presence of an H3K9ac-enriched region about 1kb upstream of 

Vgt1 (from here on termed upstream vgt1 and acetylated1 (uva1); chr8:135,943,120-

135,944,872 in B73 AGPv4). Altogether, the reported evidence suggests that the flowering time 

QTL Vgt1 acts as a cis-regulatory element 

We recently generated a list of 1702 candidate enhancers in the reference maize line B73 ([4], 

and Oka et al. unpublished results) that includes the previously described enhancers of the 

booster1 (b1) and teosinte branched1 (tb1) genes, but not Vgt1. The candidate enhancers were 

identified in two different tissues (inner stem tissue of V2 seedlings (V2-IST) and husk leaves 

(husk)) and selected on the combined presence of two chromatin features: high chromatin 

accessibility and H3K9ac enrichment within one contiguous low DNA methylated region 

(LUMR, less than 20% CG and CHG DNA methylation). While Vgt1 partially overlapped with 

an open chromatin region within an LUMR, it lacked H3K9ac enrichment and therefore did not 

meet the criteria applied [4].  

To clarify the molecular function of Vgt1 and uva1, we generated a series of transgenic maize 

lines. Our results indicate that both Vgt1 and the uva1 region may act as multifunctional 

regulatory sequences capable of transcriptional enhancing, but also transcriptional silencing or 

insulating a GUS reporter gene in transgenic maize lines. In addition, we show that Vgt1, but 

not the uva1 region, impacts flowering time as indicated by an earlier flowering phenotype and 

increased growth speed of Vgt1 RNAi lines. Finally, we discuss the consequences of Vgt1 

silencing on ZmRap2.7 expression, as well as the implications of chromosomal interactions of 
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the ZmRap2.7 Transcription Start Site (TSS) region with Vgt1 and other candidate enhancers 

and genes. 

 

Results 
Vgt1 and uva1 are associated with enhancer characteristics 
Vgt1 and uva1 were not identified as enhancers in the study by Oka et al. [4]. Therefore, the 

(epi)genomic profiles of the region containing Vgt1, uva1 and ZmRap2.7 [4] was analysed in 

more detail, visually (Figure 1A and Figure S1). Both Vgt1 and uva1 were located in a globally 

low DNA methylated region. This region displayed local increases of DNA methylation of 

sequences that partially overlap with the presence of plant repeat sequences (PGSB-REdat and 

REcat) [33]. At Vgt1, one DNase I Hypersensitive Site (DHS) was present in both tissues 

examined (B73 V2-IST and husk, see material and methods), and two LUMRs, one of which 

overlaps with the DHS. Vgt1 was however not enriched in H3K9ac, resulting in its absence 

from the list of candidate enhancers. Multiple reasons could explain the absence of Vgt1 from 

the candidate list despite having enhancer activity. Vgt1 could act as an enhancer sequence in 

other tissues than the ones studied [4]. In line with this, enhancers have been shown to be 

located in accessible chromatin regions even if inactive [34]. Vgt1 could also act as an enhancer 

sequence in only a subset of cells within the tissue tested, resulting in low H3K9ac enrichment. 

Alternatively, the active state of Vgt1 might be associated with other histone modifications than 

H3K9ac [35]. Examination of uva1 revealed overlap with an LUMR, but absence of a 

significant DHS or H3K9ac-enriched region. The read coverage of the ChIP-seq experiments, 

however, suggested a slight H3K9ac enrichment within uva1 in V2-IST tissue compared to 

husk tissue (Figure 1A).  

We re-investigated the H3K9ac enrichment at Vgt1 and its flanking regions in V2-IST and husk 

tissue of the maize line B73 by ChIP-qPCR (Figure 1B and C). The ChIP-qPCR data indicated 

higher levels of H3K9ac at exon 2 of ZmRap2.7 in V2-IST tissue than in husk. H3K9ac 

enrichment downstream of TSSs is known to positively correlate with gene expression (see e.g. 

[4]). Accordingly, in B73, ZmRap2.7 is clearly more expressed in V2-IST tissue (12.9 RPKM; 

Figure 1A) than in husk tissue (0.47 RPKM) [4]. At Vgt1, significant, but low levels of H3K9ac 

were detected in V2-IST. At uva1, significant levels of H3K9Ac were detected in both tissues, 

and the levels were 4-fold higher in V2-IST compared to husk.  

In addition, we investigated the level of H3K4me1 enrichment (Figure 1D), a hallmark of 

enhancers in animals [16]. In plants, however, the relation between H3K4me1 and enhancers  
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Figure 1: DNA and chromatin characteristics of Vgt1 and the uva1 region in V2-IST and husk tissue 

in B73. (A) Zoomed-in view from the genome browser of the uva1-Vgt1 and ZmRap2.7 regions. From the 

top to bottom: regions of interest (dark blue boxes), TE annotation (yellow boxes), B73 AGPv4 gene 

annotation (blue boxes represent exons, purple boxes 5’ and 3’ UTRs), lncRNAs (cyan box with arrowhead), 

DNase I hypersensitivity (DNaseI) and H3K9ac enrichment (see the rest of the legend at the bottom of the 

next page)  
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is not yet clear [4,24]. At Vgt1, ChIP-qPCR analysis revealed no enrichment of H3K4me1 

(Figure 1D). However, H3K4me1 enrichment was detected at uva1 in both tissues, and at exon 

2 of ZmRap2.7. For exon 2 the highest enrichment was observed in husk, a tissue in which the 

gene is very lowly expressed (0.47 RPKM, [4]). A negative correlation between H3K4me1 

enrichment and gene expression has been observed before [4,24]. Together, our analysis of 

H3K9ac levels shows that Vgt1 and especially uva1 are enriched with an enhancer-associated 

histone mark. 

Vgt1 and uva1 act as tissue-specific enhancers 
To examine whether Vgt1 and uva1 have enhancer activity, we tested the ability of Vgt1, uva1 

and the combined region (uva1-Vgt1) to act as transcriptional enhancers in a reporter system. 

Such an approach was successfully used in several studies validating predicted plant enhancers 

[24,36,37]. To this end, we inserted Vgt1, uva1 and the combined uva1-Vgt1 region upstream 

of a reporter construct containing the minimal 35S promoter (min35S) of the Cauliflower 

Mosaic Virus (CaMV) fused to a TMV omega leader-Adh1 intron-GUS reporter gene 

(min35S:GUS; Figure 2A). The TMV omega leader sequence and Adh1 intron enhance 

translation and transcript levels of the reporter constructs, respectively [38,39]. The following 

reporter constructs were generated: Vgt1:GUS, uva1:GUS and uva1-Vgt1:GUS (Figure 2A; 

Figure S2).  
 

Figure 1 (follow-up): (coverage and peak position are indicated as blue and green horizontal bars, 

respectively) in B73 V2-IST and husk tissue, unique mappability in percentage, DNA methylation levels in 

CG (red), CHG (orange) and CHH context (yellow). The numbers below the reference gene annotations 

indicate the relative gene expression levels (V2-IST/husk). In case of multiple isoforms, only the isoform 

with the overall highest expression level across both tissues was indicated. For DNase I hypersensitivity and 

H3K9ac enrichment the coverage shown is based on two and three replicates pooled per tissue, respectively. 

Regions with low DNA methylation (below 20%) are indicated by bars below the DNA methylation levels. 

Vertical red boxes delineate Vgt1 and the uva1 region. The grey vertical box represents an about 49.6 kb 

region not shown. The entire uva1-Vgt1-ZmRap2.7 locus is shown in Figure S1. (B) Schematic representation 

of the uva1-Vgt1-ZmRap2.7 locus. Blue arrows indicate ChIP-qPCR primer positions with the names of the 

amplified regions above. Light blue boxes below Vgt1 indicate CNSs from Salvi et al. [27]. The green wavy 

line and the green hooked arrow line represent the lncRNA TCONS_00089485 and its TSS reported by Li et 

al. [30]. (C) ChIP-qPCR data for H3K9ac and H3K4me1 enrichment at the Vgt1-ZmRap2.7 region in B73 

V2-IST and husk tissue; enrichments are relative to the enrichment at the maize actin 1 locus (actin). Error 

bars represent the standard error of the mean for three biological replicates. 
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Figure 2: GUS expression in enhancer reporter lines indicates that Vgt1 and uva1 can act as enhancer 
sequences. (A) Schematic representation of the different constructs used to generate GUS reporter lines. 
min35S represents the -90 bp Cauliflower Mosaic Virus 35S promoter. For more details see Figure S2. (B-
C) Example of GUS staining for Vgt1:GUS line #1 in (B) V2 seedling tissues, and (C) ear tissues. (D) 
Cumulative bar plot showing the percentage of plants belonging to each scoring category (null, weak, 
intermediary and strong) for the tissues and transgenic lines indicated. For each transgene, multiple replicates 
of three to five independent transgenic lines were scored (see Table S1 for the individual scoring). In the bar 
plots, mesocotyl refers to staining in the mesocotyl and base of the stem as indicated in figure 1B. 
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As a positive control, transgenic lines were generated carrying a construct in which the CaMV 

enhancer was cloned upstream of the minimal 35S promoter (CaMV:GUS; Figure 2A; Figure 

S2D). Similarly, we created a negative control consisting of the min35S:GUS (Figure 2A, and 

S2E). The constructs were transformed into the maize B104 line using Agrobacterium 

tumefaciens-mediated transformation [40], and a number of stable transgenic lines were 

generated (Table S1). For each construct, at least three independent transgenic lines carrying 

intact reporter constructs were tested for GUS expression (Figure S3, Table S1 and S2). GUS 

activity was examined visually through histochemical staining of young seedling (V2 stage) 

and ear tissues using a graded scale, from no expression (0) to weak (1), intermediate (2) and 

strong (3). Staining was performed in the first and second leaves, tip of leaf 3, inner stem tissue, 

base of the stem including mesocotyl (from here on abbreviated to mesocotyl), and roots of V2 

plants (Figure 2B), and in husk leaves, shank and cob tissue of the ear (Figure 2C). For each 

construct, slight differences in staining pattern and intensity were observed between 

independent transgenic lines and replicates, but generally similar patterns were observed. 

V2 and ear tissues from four independent CaMV:GUS transformants showed strong and 

ubiquitous GUS staining, demonstrating the ability of the reporter construct to express GUS in 

planta (Table S2, Figure S4A and B). In all independent transgenic min35S:GUS lines, GUS 

staining was consistently strong in ear tissues, in a similar pattern, and visible in the roots, 

mesocotyl, and top of leaf 2 and leaf 3 of part of the V2 seedlings (Table S2, Figure S4C and 

D). These results indicate that even in the absence of an enhancer sequence upstream of the 

min35S promoter, the reporter construct can be activated. A literature survey indicated that the 

MAS (mannopine synthase) promoter driving expression of the bar resistance gene (Figure S2) 

can enhance expression of a minimal 35S promoter in particular tissues of Nicotiana tabacum 

[41,42]. We suspect this is also true for maize, complicating the interpretation of our GUS 

reporter lines. 

 

Given the potential influence of the MAS promoter on the min35S:GUS construct, activity of 

the GUS reporter gene in uva1:GUS, Vgt1:GUS, and uva1-Vgt1:GUS reporter lines was 

compared to the GUS activity levels in the min35S:GUS transgenic lines. The analyses showed 

that both Vgt1 and uva1 region may act as enhancer sequences in V2 seedling tissues. 

Generally, all three constructs were associated with higher GUS activity in V2 leaf tissues than 

the min35S:GUS construct (Figure 2B, C, D, Figure S5, Table S2). For uva1-Vgt1:GUS 

transgenic lines, all V2 leaf tissues examined displayed even higher GUS activity, suggesting a 

higher enhancer potential for the combined region than the individual ones. These results 
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suggest that uva1, Vgt1 and especially the combined uva1-Vgt1 region can act as transcriptional 

enhancers. Note that for uva1:GUS, and Vgt1:GUS, and uva1-Vgt1:GUS constructs, GUS 

activity in the mesocotyl and root tissues appeared similar to the one of the min35S:GUS 

construct, indicating that most of the GUS activity in these tissues is driven by the MAS 

promoter. 

 

In ear tissues, the three constructs mediated overall similar or lower levels of GUS activity than 

the min35:GUS construct, suggesting the absence of enhancer potential for uva1 and Vgt1 in 

these tissues. Note that in the Vgt1:GUS transgenic lines, levels of GUS activity in the cob were 

drastically reduced compared to levels observed for the min35S:GUS lines. A similar effect is 

seen for the GUS level in husk leaves for all three constructs. This indicates a negative influence 

of the Vgt1, but also uva1 sequence on the GUS expression driven by the MAS promoter, 

suggesting that both uva1 and Vgt1 act as insulator and/or transcriptional repressor elements in 

these tissues [43,44]. 

 

ZmRap2.7 has been described as the putative target gene of Vgt1 [27]. To examine whether the 

pattern of ZmRap2.7 expression overlaps with the GUS expression pattern observed in 

transgenic lines, ZmRap2.7 expression levels were determined by RT-qPCR in (Figure S6). For 

this, RNA was extracted from different tissue parts of V2 seedlings of B73, the reference inbred 

line used to identify enhancer candidates, and B104, the inbred line used to generate 

transgenics. Both lines displayed similar expression levels in the investigated tissues, except 

for sheath tissue of leaf two, where ZmRap2.7 expression was 3-fold higher in B104 (Figure 

S6). Importantly, the GUS staining pattern in V2 plants observed with the different constructs 

overlapped with the ZmRap2.7 RNA expression pattern observed in the same tissues at the same 

developmental stages (Figure S5 and S6), but deviated from one another in mesocotyl tissue, 

which showed strong GUS staining with all three constructs, but low ZmRap2.7 RNA 

expression. This is in line with our hypothesis that the GUS activity in mesocotyl is mainly 

driven by the MAS promoter. Together our results suggest that ZmRap2.7 expression is at least 

partially under the regulation of Vgt1 and uva1. Additional regulatory sequences present at the 

endogenous locus may be required to establish the physiological ZmRap2.7 expression pattern 

[45]. 
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Silencing at the Vgt1 locus affects flowering time 

 
The ability of the Vgt1 locus and uva1 region to drive expression of a minimal reporter system 

classifies both sequences as a transcriptional enhancer. These results reinforce the hypothesis 

that Vgt1 influences flowering time possibly via the regulation of the downstream floral 

repressor gene ZmRap2.7 [27]. The relation between the effect of Vgt1 on flowering time and 

ZmRap2.7 expression has, however, not been clearly established. We therefore generated 

transgenic lines carrying Inverted Repeat (IR) constructs, to examine this relation. In plants, the 

expression of IR constructs can mediate silencing of promoters and/or enhancers through RNA-

directed DNA methylation (RdDM), providing a tool to study the role of regulatory sequences 

of interest [46]. For example, in A. thaliana and maize, IR-mediated methylation of the 

promoter of Flowering locus T (FT) and the enhancer of the booster1 (b1) gene was shown to 

decrease FT and b1 expression, respectively [47,48]. Here, we generated maize transgenic B104 

lines containing IR constructs targeting either Vgt1 or uva1 sequences (Figure 3A and S7, Table 

S1). For each line, the presence of the constructs was tested using PCR, and segregation analysis 

of the transgenic loci indicated the presence of one transgenic locus per transgenic line. In all 

independent transgenic IR lines the effect of silencing Vgt1 or uva1 on flowering time was 

measured by scoring Days to Pollen Shed (DPS), Number of vegetative nodes before male 

flowering (Node Number (ND) – equal to leaf number) and days to silking (Silking). Flowering 

time was scored in three independent experiments (35934, 38029 and 41307), which displayed 

similar trends (Figure S8B, D and F). After pooling the results of the three experiments (Figure 

S8A, C and E), lines 325-2 and 326-20 for uva1-IR, and 327-16, 327-38 and 331-6 for Vgt1-

IR, which were present in at least two experiments, were selected for subsequent statistical 

analysis (Figure 3B, C and D). All three Vgt1-IR lines were characterized by a significant earlier 

onset of flowering, whether looking at DPS, ND or days to silking (Figure 3; -3.76, -1.2, -4.5 

average days or nodes difference compared to wild type B104; p-value <1e-04, < 1e-03, and < 

1e-04, respectively). For the two uva1-IR lines, no statistical significant differences in 

flowering time were observed for DPS and ND. Only when looking at silking, the uva1-IR lines 

were characterized by a small significant earlier flowering time compared to wild type B104 

(average difference is -1.4 days to silking, average p-value = 0.046).  
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Figure 3: Effects of induced DNA methylation at uva1 and Vgt1 on flowering time. (A) Schematic 
representations of inverted repeat (IR) constructs used to generate RNAi transgenic lines. Pubi1 refers to the 
promoter (P) of the maize ubi1 gene (GRMZM2G409726). T35S refers to the terminator (T) sequence of the 
Cauliflower Mosaic Virus 35S RNA gene. For more details see Figure S7. (B-D) Pooled data for flowering 
time in terms of days to flowering (DPS) (B), node numbers (ND) (C) and days to silking (D) for non-
transgenic B104 and the uva1-IR and Vgt1-IR lines indicated. (E) Schematic representation of the uva1 and 
Vgt1 region indicating the primers used for PCR amplification of the regions analyzed by bisulfite 
sequencing. (F) Levels of CG, CHG and CHH DNA methylation in percentage at the 5’ and 3’ extremities 
of the uva1 region (lines 325-02, 325-08 and 326-36) and CNS1 of Vgt1 (lines 327-16, 331-06 and 331-09) 
in comparison to the levels in non-transgenic B104. The numbers in parentheses below each maize line 
indicate the number of individual clones analyzed in bisulfite sequencing experiments. 
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Silencing at the Vgt1 locus affects growth rate 
In addition to the effect on flowering time, the effect of silencing at Vgt1 on growth speed was 

investigated. The early flowering phenotype was mainly observed in Vgt1-IR lines rather than 

in uva1-IR lines, therefore we focused only on Vgt1-IR lines. The flowering phenotypes of 

these lines indicate an earlier reproductive maturity of the Vgt1-IR lines, which could either be 

the consequence of the reduced number of nodes in Vgt1-IR lines compared to wt B014, a faster 

growth, or a combination of the two. The growth rate of Vgt1-IR lines was therefore analyzed 

and compared to their B104 control; in addition, growth rate was analysed in the early flowering 

background C22-4 containing a MITE insertion at Vgt1, and the near isogenic late flowering 

background N28 lacking the MITE insertion [27]. In 10 to 25 plants per line, the growth speed 

was scored as the number of days required to reach each growth stage, starting from stage V2 

(Figure 4, Figure S9). N28 plants were growing slower than the early flowering C22-4 plants. 

Non-transgenic B104 plants displayed an intermediary phenotype with a growth rate in between 

that of N28 and C22-4. In general, the IR lines were characterized by a faster growth than non-

transgenic B104, with line 327-38 showing the strongest growth rate from V4 to V12. 

Interestingly, Vgt1-IR lines were characterized by an acceleration of their growth from stage 

V2 to V3, reaching the latter stage 3-4 days earlier than wild type B104. After stage V3, growth 

rate in most Vgt1-IR lines slowed down and from V4 on, became similar to that of B104 control 

lines (Figure 4, Figure S9). 

 

IR constructs induce targeted DNA methylation at Vgt1 and uva1 
To examine if the effects of IR constructs on flowering time and growth speed were associated 

with an increase in DNA methylation at the targeted endogenous regions (Vgt1 and uva1), the 

levels of DNA methylation were measured in non-transgenic B104, and three Vgt1 and three 

uva1 IR lines using targeted bisulfite sequencing on genomic DNA from the tip of leaf three. 

Analysis of the 5’ and 3’ end of the uva1 region, and CNS1 from the Vgt1 region revealed an 

increased level of DNA methylation in the investigated regions compared to the levels in wild 

type B104 lines (Figure 3E and F, Figure S10A and B, Table S3). For the uva1 region, only the 

endogenous target sequences were amplified, by having one primer in each primer pair 

annealing to the endogenous flanking sequences. The 5’ and 3’ extremities of the endogenous 

uva1 in IR lines displayed an increase in CG and CHG methylation compared to the levels in 

non-transgenic B104. At the 5’ extremity, high levels of CHH methylation were detected in the 
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Figure 4: Growth rate analysis of B104 and Vgt1-IR lines (327-16, 327-38 and 331-06) in comparison 
with late and early flowering lines N28 and C22-4, respectively. The plot shows the average number of 
days each line took to reach V3 and V4 using the moment of reaching V2 as a start. The steeper the line is in 
between two stages, the slower the next developmental stage was reached. Error bars represent the standard 
error of the mean for 10 to 25 biological replicates per line. 
 

three IR lines and non-transgenic B104. These high CHH methylation levels were also observed 

in B73 (Figure 1A). It is interesting to mention that levels of CHH methylation are on average 

low across the whole genome (~5%) and that such high levels (about 50%) could indicate a 

CHH island [43]. For the Vgt1-IR lines, the methylation status at CNS1 was investigated, as 

this particular CNS is disrupted by the insertion of a MITE element in early flowering lines 

[28]. Similar to the uva1-IR lines, Vgt1-IR lines were associated with a strong increase in CG 

and CHG methylation in the tested sequence compared to non-transgenic B104. Note that, given 

the position of the primers (within the Vgt1 region), no distinction could be made between the 

endogenous and transgenic Vgt1 sequence. Nevertheless, the clear differences in methylation 

levels between the Vgt1-IR lines and non-transgenic B104, argues in favor of DNA methylation 
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being present at both the endogenous and transgenic loci. The results indicate that the IR 

constructs mediated an increase in DNA methylation at the target sequences, mostly in CG and 

CHG contexts. This increased DNA methylation at Vgt1 is positively correlated with the earlier 

onset of flowering and accelerated growth at early developmental stages. Increased levels of 

DNA methylation at the endogenous uva1 region were not significantly associated with earlier 

flowering, suggesting that uva1 may require Vgt1 to enhance expression of ZmRap2.7 or that 

uva1 regulates different target genes than Vgt1 does. 

 

Effects of targeted DNA methylation at the Vgt1 locus on ZmRap2.7 

expression 
Next, the Vgt1-IR lines were used to evaluate whether the observed effects of DNA methylation 

at Vgt1 on flowering time and growth were associated with downregulation of ZmRap2.7 

expression. ZmRap2.7 encodes a repressor of the floral transition [27,49,50], and 

downregulation of such genes is associated with earlier flowering phenotypes [51–54]. In line 

with this idea, maize line C22-4 (MITE insertion in Vgt1) was associated with lower ZmRap2.7 

expression levels than N28 (no MITE insertion at Vgt1) [27,28]. These observations support 

the hypothesis that Vgt1 is a transcriptional enhancer of ZmRap2.7 expression.  

 

 
Figure 5: Relative expression of ZmRap2.7 in leaf blades at V2 and V3 stages. Expression of ZmRap2.7 
was measured using RT-qPCR in the blade of leaf 2 and 3 at stage V2 and V3, respectively, in Vgt1-IR lines 
(327-16, 327-38 and 331-6), non-transgenic B104, late (N28) and early (C22-4) flowering lines. Expression 
was normalized to the mean of three housekeeping genes (alanine amino transferase (aat), actin1 and EF1a). 
Error bars represent the standard error of the mean (SEM) calculated over three biological replicates. 
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Transcript levels of ZmRap2.7 were quantified in the Vgt1-IR lines and compared to non-

transgenic B104, and late (N28) and early (C22-4) flowering lines. RNAs from the last 

expanded leaf blade from V2 (leaf 2) and V3 (leaf 3) plants were converted into cDNA, 

followed by qPCR quantification of ZmRap2.7 expression, using the geometrical average of 

three different housekeeping genes for normalization (alanine aminotransferase (aat), actin1, 

and elongation factor 1α (EF1α)) (Figure 5, Figure S11) [55]. With such data normalization, at 

the V2 stage the Vgt1-IR lines 327-38 and 331-6 were characterized by lower levels of 

ZmRap2.7 expression than B104, N28 and C22-4. In IR line 327-16, the ZmRap2.7 expression 

levels were as high as B104 and C22-4 at the V2 stage (Figure 5). At the V3 stage, 327-38 and 

331-6 and B104 displayed similar expression levels. The influence of individual housekeeping 

genes on normalization of ZmRap2.7 levels of expression was subsequently investigated 

(Figure S11). Using aat as a reference gene, Vgt1-IR lines showed lower levels of ZmRap2.7 

expression at near significant levels when compared to non-transgenic B104 (two tailed t-test; 

p-value = 0,062, 0.115 and 0.061 for 327-38, 327-16 and 331-06, respectively). The Vgt1-IR 

lines clearly resembled more the early flowering line C22-4. However, when considering EF1α 

or actin1 as reference genes, no clear downregulation of ZmRap2.7 expression was observed in 

the Vgt1-IR lines compared to non-transgenic B104. To assess whether ZmRap2.7 

downregulation could be observed in another type of tissue, we quantified ZmRap2.7 

expression in aerial parts of plants one week after germination (VE stage) [56]. Data on 

genome-wide transcript levels during maize development indicated high levels of ZmRap2.7 

expression in this tissue [56]. However, no downregulation was visible in IR lines compared to 

B104 at the VE stage (data not shown). 

In conclusion, the lack of clear difference in ZmRap2.7 expression between the Vgt1-IR lines 

and the wild type B104 does not allow us to confirm the role of Vgt1 in regulating ZmRap2.7 

expression in the tissue and developmental stages analyzed. 

 

Vgt1 physically interacts with ZmRap2.7 
While the experiments with the GUS reporter indicates that Vgt1 may act as an enhancer (Figure 

2), the relation between Vgt1 and the coding sequence of ZmRap2.7 is still poorly understood. 

Although targeted DNA methylation at Vgt1 affected flowering time and growth rate, it did not 

result in a significant downregulation of ZmRap2.7 expression in the tissues examined. 

Enhancer elements are known to increase gene expression through physical interactions with 

the promoter of their target gene [6,57,58]. The interactions between distant enhancers and their 
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target genes can be elucidated with Chromosome Conformation Capture (3C) and derived 

techniques (4C, 5C, HiC) [59,60]. 

 

To investigate whether expression of ZmRap2.7 is associated with chromosomal interactions 

involving Vgt1, we used Circular Chromosome Conformation Capture (4C; [61,62]). BglII and 

CviQ1 were used as the first and second restriction enzyme, respectively, and the transcription 

Start Site (TSS) region of ZmRap2.7 served as the bait (bait “TSS”). 4C samples were prepared 

in triplicate for wild type B73 V2-IST and husk tissue, which exhibit high (12.92 RPKM) and 

low (0.47 RPKM) ZmRap2.7 expression levels, respectively [4]. The identity of the captured 

sequences was revealed and reliable 4C contact regions (contacts) were identified using fourSig 

[63]. Each contact region was classified based on which tissue it was identified in. A “V” 

indicates that the contact was exclusively identified in V2-IST tissue. Similarly, “H” indicates 

husk-specific contacts, and “HV” contacts that are present in both tissues (Figure 6). 

A summary of the number of contacts per type and their distribution can be found in Table 1 

and Figure S12. Examination of contacts 500 kb upstream and downstream of the ZmRap2.7 

TSS bait (bait region) showed that the ZmRap2.7 TSS region is engaged in a chromatin 

interaction with an approximately 50 kb HV contact region that includes Vgt1 and the UVA 

region (Figure 6 and Figure S13). Thus, Vgt1 and uva1 are interacting with the ZmRap2.7 TSS 

region, not only in V2-IST tissue, in which ZmRap2.7 is high expressed, but also in husk tissue, 

in which ZmRap2.7 is low expressed. In addition, within the 1-Mb region including the 

ZmRap2.7 TSS bait other interactions, with genes, expressed or unexpressed, or with regions 

encoding lncRNAs were observed (Zm00001d008102 and Zm00001d008102) (Table S4).  

Although the density of contacts is highest in the bait region, these contacts represent only a 

small fraction of the contacts identified (4.5% = 30/674) (Table 2, Figure S12A, D) and their 

distribution over the different types of contacts (H, V and HV) deviate from the genome-wide 

situation. At the bait region the majority of contacts were defined as husk specific (53%), while 

when examining the entire bait chromosome or genome, 53 and 73% of the contacts were found 

exclusively in V2-IST tissue, respectively (Figure S12B, C and D). This indicates that, 

generally, the ZmRap2.7 TSS region is involved in more contacts when highly expressed than 

when lowly expressed.  
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Table 1: Summary of 4C contacts in which the ZmRap2.7 TSS (TSS) is involved.  

 
The table indicates: i) the average number of contacts per Mb for each chromosome, genome-wide, and in 
the bait region +/- 500 kb. The contact density for the bait chromosome is indicated in blue; ii) the fraction 
of each type of contact (H, V and HV) in the total number of contacts detected (674), the contacts within the 
bait chromosome and within +/- 500 kb of the ZmRap2.7 TSS. 
 
 

TSS 
Chromosome Contacts per 1Mb

1 0.246
2 0.237
3 0.266

4 0.280

5 0.332
6 0.293
7 0.241
8 0.470
9 0.257
10 0.253

Average all 
Chromosomes

0.2875

Bait region +/- 500 
kb

30

Type Fraction of contacts (%)
H 10.39

HV 16.91

V 72.70

Total number of 
contacts

674

Type Fraction in bait chromosome (%)
H 28.42

HV 18.95
V 52.63

Total number of 
contacts 

95 (14.1%)

Type Fraction in bait region +/- 500 kb (%)
H 53.33

HV 30.00
V 16.67

Total number of 
contacts 

30 (4.5%)
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Figure 6: Chromosomal contacts involving the ZmRap2.7 TSS in B73. Chromosomal contacts, using the 
TSS region of ZmRap2.7 as the bait, are shown for a 500 kb window. From top to bottom: Non-mappable 
BglII-CviQI restriction fragments (blue bars), regions of interest (dark blue boxes), 4C contacts (red = V, 
blue = HV, and green = H-specific contacts), TE annotation (yellow boxes), B73 AGPv4 gene annotation, 
lncRNAs (cyan box with arrowhead), coverage for DNase I hypersensitivity (DNAseI) and H3K9ac 
enrichment with approximate peak position indicated as blue and green bars, respectively) in B73 V2-IST 
and husk tissue, unique mappability in percentage, DNA methylation levels in CG (red), CHG (orange) and 
CHH context (yellow). For DNase I hypersensitivity and H3K9ac enrichment the coverage shown is based 
on two and three replicates pooled per tissue, respectively. Regions with low CG and CHG DNA methylation 
(below 20%) are indicated by bars below the DNA methylation levels. The vertical red box and dark blue 
box within indicate the approximate position of the bait region. 
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A majority of contacts in the bait region overlapped with genic sequences (Figure 6, Figure S13 

and Table S4). Also, genome-wide, a large fraction of the contacts was overlapping with genic 

regions; the preference of contacts to overlap with genes was stronger than expected from 

random (45.7% vs 16.6%), in both V2-IST and husk libraries. In addition, the overlapping genes 

were rather active than inactive (Table S5, Figure S14A and B). Moreover, at the bait 

chromosome, the contact regions intersected more with active than inactive genes, especially 

in V2-IST, tissue in which ZmRap2.7 is expressed (Table S5, Figure S14C, D). Note that genic 

expression in V2-IST and husk tissues is highly correlated and most genes show the same 

activity status in both tissues (Figure S14E and F).  

Since the ZmRap2.7 TSS interacted relatively often with active genic regions, we questioned 

whether contacts were significantly overlapping with features of active chromatin, such as open 

chromatin (DHSs), H3K9ac enrichment, LUMRs, or with the candidate enhancers reported by 

Oka et al ([4]; unpublished results). For each type of contact, the percentage of intersection of 

restriction fragments with the different types of features was calculated (Table 2). Fragments 

in contacts from all types (H, V and HV) were generally shown to overlap significantly more 

with DHS, LUMR and H3K9ac enriched regions than random fragments, whether considering 

the direct surroundings of the bait, the bait chromosome or the entire genome (for details see 

Methods). Among these, the overlap of 4C contacts with LUMR regions was the strongest 

(approximately 46%). No significant overlap was observed between V contacts and DHSs in 

the vicinity of the bait. This might be explained by the low number of V contacts in the bait 

region (5 contacts, 8 fragments). Interestingly, except for the bait region, HV and V contacts 

were overlapping significantly with candidate enhancers regions. This overlap, with both husk 

and V2-IST candidate enhancers, is particularly pronounced for V contact regions on the bait 

chromosome (Table 2, Table S5). These candidate enhancers overlap almost exclusively with 

V contacts in the bait chromosome, suggesting they may act as tissue-specific regulatory 

elements of ZmRap2.7. Intriguingly, these candidate enhancers were located 2.2 to 52.6 Mb 

away from ZmRap2.7 (Figure S15). Similarly, we questioned whether 4C contacts were also 

significantly overlapping with inactive regions of the genome, i.e. with frequencies bigger than 

the frequencies observed for random fragments. For this, for each type of contact we calculated 

the percentage of overlap between restriction fragments within contacts and regions enriched 

for CHG methylation. CHG methylation is a mark associated with transposable elements and 

other heterochromatic regions in the maize genome [64,65]. Results indicated that fragments 

within 4C contacts and regions of high CHG methylation overlapped with a lower frequency 

than random mappable fragments. 
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In conclusion, we show that, in both tissues investigated, the TSS of ZmRap2.7 interacts with 

its upstream intergenic region including Vgt1 and uva1, suggesting that this interaction is 

independent from the ZmRap2.7 transcriptional status. In addition, the ZmRap2.7 TSS 

physically interacts with genomic regions (coding and non-coding) that are accessible, enriched 

for the active histone mark H3K9ac, and lowly DNA methylated at a frequency that is 

significant above that with random fragments. This indicates that ZmRap2.7 preferentially 

interacts with active parts of the genome. 

 
Table 2: Percentage of overlap of 4C fragments within contacts with different genomic features.  

 
 
The last column indicates the number of BglII-CviQI restriction fragments included in the contacts. For each 
category of overlap, the minimum percentage necessary to obtain a false discovery rate of 5 (light yellow), 1 
(yellow) and 0.1% (dark yellow) is given at the bottom of each column. 
 

Discussion 
In this study, we provide evidence that Vgt1 and its upstream region coined uva1 may have 

enhancer-like characteristics, including open chromatin, H3K9ac enrichment, low levels of 

DNA methylation and transcriptional enhancing capacities, in V2 seedling tissue. In Vgt1-IR 

lines, increased DNA methylation levels at Vgt1 were associated with a reduced flowering time 

Contact type DHS Husk DHS V2-IST H3K9ac 
Husk

H3K9ac V2-
IST

LUMRs Husk 
candidates

V2-IST 
candidates

High CHG 
methylated 

regions

Number of 
fragments in 

contact 
regions

H 5.04 7.56 21.01 12.61 42.02 0 0 86.55 119

HV 12.08 12.08 20.81 10.74 48.32 1.34 1.34 88.59 149

V 14.20 16.23 20.29 10.98 46.66 1.07 0.48 85.20 838

H 4.41 8.82 22.06 10.29 41.18 0 0 82.35 68

HV 14.29 11.43 8.57 5.71 40.00 2.86 2.86 91.43 35

V 7.45 9.57 40.43 23.40 56.38 6.38 4.26 78.72 94

H 5.88 5.88 19.61 15.69 43.14 0 0 92.16 51

HV 11.40 12.28 24.56 12.28 50.88 0.88 0.88 87.72 114

V 15.05 17.07 17.74 9.41 45.43 0 0 86.02 744

H 4.44 4.44 17.78 11.11 35.56 0 0 84.44 45

HV 19.23 11.54 11.54 7.69 46.15 0 0 88.46 26

V 0 0 37.50 37.50 62.50 0 0 87.50 8

0.95 4.22 5.13 9.08 5.47 20.68 0.70 0.30 97.00
0.99 4.45 5.38 9.53 5.62 21.10 0.77 0.45 97.17

0.999 4.54 5.41 9.77 5.65 21.16 0.77 0.54 97.23

Quantiles based on 100 random sets of 3000 mappable fragments

P level

All 
chromosomes

Bait 
chromosome

NOT bait 
chromosome

Bait region (+/- 
500 kb)



Chapter 3 

 120 

and accelerated growth rate. However, ZmRap2.7 expression was not significantly reduced, 

suggesting that in the tissues examined, ZmRap2.7 expression might depend on additional 

regulatory sequences besides Vgt1 or that Vgt1 affects flowering time and growth rate via the 

regulation of other genes. A role for Vgt1 in regulating ZmRap2.7 expression was supported by 

physical interactions of the ZmRap2.7 TSS region with the uva1-Vgt1 region. 

 

Vgt1 and uva1 have enhancer-like characteristics 
In a previous study Vgt1 and uva1 were not identified as candidate regulatory sequences, 

because of their lack of significant H3K9ac enrichment and chromatin accessibility, 

respectively, which were selection criteria used in the prediction study [4]. Both uva1 and Vgt1 

overlapped with LUMRs, but different ones. We hypothesized that Vgt1 may still act as an 

enhancer, but in other tissues than examined, or only in a limited number of cells within the 

tissues examined (V2-IST and husk). Alternatively, in the active state of the enhancer, it could 

be enriched by a different histone mark [35].  

Our current investigation of H3K9ac levels with ChIP-qPCR revealed a preferential H3K9ac 

enrichment at both uva1 and Vgt1 in V2-IST tissue, with a clearly higher enrichment at uva1, 

in line with Oka et al. [4] (Figure 1A) and our reanalysis of previously published data [31]. The 

preferential H3K9ac enrichment in V2-IST was correlated with higher ZmRap2.7 expression 

levels in V2-IST tissue than in husk. Although only Vgt1 displays a significant DHS site, and 

only uva1 clear H3K9ac enrichment, they seem both able to enhance expression of a GUS 

reporter gene in some V2 seedling tissues of transgenic maize lines. In addition, the combined 

uva1-Vgt1 region displayed higher GUS activity than either of the two regions alone. These 

results suggest that both sequences, but especially the combined sequence can function as a 

transcriptional enhancer.  

In the tissues investigated, the interpretation of the GUS staining results for the uva1:GUS, 

Vgt1:GUS and uva1-Vgt1:GUS was complicated by the high GUS activity displayed by 

min35S:GUS transgenic lines. We suspect that the MAS promoter driving expression of the bar 

resistance gene, activates the min35S promoter. In Nicotiana tabacum it was shown that the 

MAS promoter activates the min35S promoter in a tissue-specific manner and is induced by 

wounding [41,42]. When used before, the exact same min35S:GUS construct, present in a 

vector backbone lacking the MAS promoter, did not mediate GUS expression in most 

transgenics [37], consistent with the MAS promoter activating the min35S promoter. Note that 

the GUS reporter constructs used in this study contain the maize Adh1 intron sequence 

downstream of the minimal 35S promoter. The presence of the Adh1 intron in reporter 
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constructs was associated with increased levels of expression [38]. We, however, suspect the 

Adh1 intron not to be responsible for the observed GUS expression in min35S:GUS lines. In 

previous studies, the min35S:GUS construct, or a GUS reporter gene driven by a different 

minimal promoter, contained the same Adh1 sequence, and resulted in mostly basal levels of 

GUS activity [36, 37]. 

In the tissues investigated, transgenic lines for uva1, Vgt1 and the combined region generally 

displayed different GUS expression levels than the min35S:GUS lines. In V2 tissues, the GUS 

levels were generally higher than in min35S:GUS lines. The GUS activity levels observed in 

husk leaves of uva1:GUS, Vgt1:GUS and uva1-Vgt1:GUS, and cob of Vgt1:GUS transgenic 

lines were, however, lower than the GUS activity observed in min35S:GUS lines. These results 

can be explained by Vgt1 and uva1 acting as insulator, shielding the min35S promoter from 

influences of the MAS promoter [43]. Alternatively, the lower levels of GUS expression in ear 

tissues could result from Vgt1 and uva1-Vgt1 containing transcriptional silencing activity in 

these tissues, repressing the effect of the MAS promoter [44,66].  

Importantly, to be able to decipher the transcriptional effects of each sequence in the different 

tissues, reporter constructs that are lacking undesired background expression should be used. 

This would imply using a different binary vector and generation of new transgenic lines.  

Given their proximity, Vgt1 and uva1 may have been part of one ancestral cis-regulatory region. 

The DNA sequences between and within uva1 and Vgt1 consist of short repeat sequences 

(PGSB-REdat and REcat) [33] that overlap with local elevated levels of DNA methylation, 

separating the two regions into two distinct LUMRs. Repetitive sequences, when inserted 

within a regulatory element, can disrupt its function [67]. Considering that both the uva1 region 

and Vgt1 seem capable of acting as transcriptional enhancers, it is tempting to speculate that 

both elements were part of the same ancestral regulatory region.  

 

Silencing of the uva1 and Vgt1 sequences have different effects on flowering 

time 
The uva1 and Vgt1 regions exhibit slight differences in their capacity to regulate expression of 

the GUS reporter gene in transgenic maize lines. In addition, their effects on flowering time 

varied. Silencing of uva1 did not significantly affect the flowering time, while Vgt1-IR lines 

were characterized by early flowering; they showed faster anther shedding, silking, and a 

reduction in the number of stem nodes than non-transgenic B104 plants. The results on Vgt1 

are in line with previous observations [27] and show that DNA methylation of Vgt1 is sufficient 
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to cause earlier flowering, indicating that the MITE insertion in Vgt1 in early flowering lines 

does not contribute to the flowering phenotype. The higher GUS expression levels with the 

combined uva1-Vgt1 region compared to the individual sequences indicates that uva1 may also 

affect flowering time. Its effect may, however, be insufficient to result in significant effects on 

its own. Alternatively, uva1 might regulate other target genes than Vgt1.  

Aside from effects on flowering time, Vgt1 IR-lines also showed an acceleration of growth rate 

at early developmental stages (V2 to V3) compared to their non-transgenic B104 relatives. This 

accelerated growth rate contributes, together with a reduced number of stem nodes and thereby 

leaves, to an earlier reproductive maturity of Vgt1-IR lines. Given that leaf and flower formation 

is controlled at the level of the meristem, these results suggest a role for Vgt1 in the inhibition 

of the floral transition at the level of both shoot apical meristem and lateral meristems. Such 

hypothesis is consistent with a gene regulatory network put forward for the control of flowering 

time in maize [68] that proposed a role for Vgt1 in regulating ZmRap2.7 expression in the 

meristem to inhibit expression of the floral inducer Zmm4 [68,69]. However, in reported data 

sets for 14-day B73 seedlings, the ZmRap2.7 expression levels are relatively low for shoot 

apical meristem, and only slightly higher in lateral meristem [70,71]. ZmRap2.7 encodes an 

AP2-like transcription factor and is orthologous to the TOE1 gene in Arabidopsis thaliana [27]. 

AP2 in A. thaliana has been identified as a negative regulator of floral transition through among 

others activating the expression of AGL15, negatively regulating the expression of AGAMOUS, 

or promoting WUS expression, leading to indeterminate floral meristems [72–74]. AP2-like 

transcription factors, such as TOE1 in A. thaliana, besides delaying flowering time, also appear 

to inhibit adult epidermal patterning in leaves, tissue in which TOE1 is highly expressed 

[50,73,75–77]. Our data and that of others indicate expression of ZmRap2.7 in leaf tissues 

(Figure 5 and S6) [27,28]. Previous studies reported a role for flowering genes in maize leaves 

[78,79]. It is therefore tempting to hypothesize a role for ZmRap2.7 in leaves.  

In rice, another monocot, an AP2-like transcription factor has been shown to delay flowering 

and inhibit plant growth, through regulating the balance between the phytohormones abscisic 

acid (ABA) and gibberellin (GA) [80]. Our results indicated that silencing of Vgt1 was 

associated with an acceleration of growth rate and lead us to speculate on a potential role for 

ZmRap2.7 in regulating plant growth and flowering time through regulation of the ABA/GA 

balance. 
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Effects of Vgt1 on ZmRap2.7 expression 
To get a first impression whether Vgt1 could regulate the expression of the downstream located 

ZmRap2.7 gene, we compared Vgt1:GUS and ZmRap2.7 expression patterns in tissues of V2 

seedlings. The comparison revealed an overlap between the two expression patterns, suggesting 

that Vgt1 might in part regulate ZmRap2.7 expression. However, when measuring ZmRap2.7 

expression in leaf tissues of Vgt1-IR lines at the V2 stage, only a slight, but non-significant 

downregulation of ZmRap2.7 expression was observed (Figure 5), indicating that the effect of 

Vgt1 on ZmRap2.7 expression is minimal. Possibly, Vgt1 regulates ZmRap2.7 in only a few 

cells within the tissue examined. In such case a significant downregulation of this gene might 

only be detectable in those cells. We can however not exclude that Vgt1 affects flowering time 

through the regulation of flowering genes other than ZmRap2.7. 

Presuming Vgt1 regulates ZmRap2.7 expression levels, the clear expression of ZmRap2 in V2 

stage leaves, even in Vgt1:IR lines, suggests that besides Vgt1, additional enhancers may 

regulate ZmRap2.7. In line with this hypothesis, 4C revealed the physical interaction of the 

ZmRap2.7 TSS with Vgt1 and other candidate enhancers located on the same chromosome. The 

activity of these additional candidate enhancers might contribute to the establishment of the 

endogenous ZmRap2.7 expression pattern and explain the absence of significant 

downregulation of ZmRap2.7 in leaf two of Vgt1-IR lines, as well as the differences between 

the ZmRap2.7 RNA and Vgt1:GUS expression patterns.  

The floral transition is correlated with downregulation of ZmRap2.7 expression in leaves 

[27,28,69]. Possibly, the effect of DNA methylation at Vgt1 on ZmRap2.7 expression can only 

be observed later than the V2 and V3 stage, closer to the floral transition, which is during the 

V5 stage in B73 maize plants. In Vgt1:IR plants ZmRap2.7 expression may be downregulated 

earlier than in non-transgenic B104 plants. A developmental series needs to be performed to 

test this hypothesis.   

 

4C reveals ZmRap2.7 interactome 
Our 4C analysis showed that in both V2-IST and husk tissue, the TSS of ZmRap2.7 was found 

to interact with Vgt1 in both V2-IST and husk tissues. The contact region encompassing this 

interaction was 50 kb long, included Vgt1, uva1, the upstream Rad51 gene and is located within 

a region of high contact density (bait +/- 500 kb). It is known that the interaction frequencies 

between a bait and other fragments are inversely proportional to the distance separating the 

former from the latter [59], and as such a high number of contacts in the vicinity of the bait is 
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expected. The observed contacts are, however, specific. Almost directly downstream of the bait, 

a mappable region of approximately 80 kb is deprived of contacts, indicating that proximity is 

not a sufficient prerequisite for the occurrence of chromosomal interactions, strengthening the 

validity of the contact including Vgt1.  

Genome-wide, the ZmRap2.7 TSS region is involved in more contacts when ZmRap2.7 is 

highly expressed (V2-IST) than when lowly expressed (husk). This result is coherent with 

previous observations that active genes display a higher number of interactions [61]. In 

addition, the contact regions were significantly overlapping with regions of the genome that 

categorize as functional (characterized by accessible chromatin, low DNA methylation, 

H3K9ac enrichment) as well as regions identified as candidate enhancers [4]. Similarly, a recent 

Hi-C study in maize demonstrated that large-scale active compartments of the genome interact 

preferentially with themselves and other active compartments instead of with inactive ones [81]. 

Interestingly, specifically 4C contacts identified in V2-IST tissue overlapped with candidate 

enhancers located on the bait chromosome, suggesting that these enhancers may play a role in 

the transcriptional regulation of ZmRap2.7 in this tissue. These contacts were located 2 Mb to 

56 Mb away of the bait. While 56 Mb is, to our knowledge, the most distant enhancer-promoter 

interaction reported, comparable long-distance contacts were reported between genic sequences 

[61,82]. 

 

General conclusion and future directions 
Altogether, this study validates the identity of the candidate enhancer Vgt1, and provides new 

evidence of its effect on flowering time and plant growth. Convincing evidence for its mode of 

action, however, remains elusive as illustrated by the unclear relation between Vgt1 and the 

expression level of the ZmRap2.7 gene. Future efforts to identify tissue(s) and developmental 

stage(s) that possibly show a clear relation between the activity state of Vgt1 and the ZmRap2.7 

expression level should help improving our understanding of Vgt1-mediated regulation of 

flowering time. Interestingly, in immature ear tissues, the meristematic identity factor 

KNOTTED1 was found to bind to the sequence encompassing the DHS at Vgt1 [83]. It would 

be interesting to identify additional transcription factors that bind to Vgt1 by yeast one-hybrid 

assays to shed light on its upstream regulators. This may help to better understand the role of 

Vgt1. 
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Material and Methods 

Plant Material and growth conditions 
Maize plants were grown in greenhouses at two different locations: The Max Planck Institute 

for Plant Breeding Research in Cologne (MPIPZ) and the University of Amsterdam (UvA). At 

the MPIPZ maize plants were grown for flowering time experiments. At the UvA, maize plants 

were grown for H3K9ac ChIP-qPCR, 4C, RNA expression analysis, and flowering time and 

growth speed experiments. At both locations, plants were grown in soil with a 16 hours light/8 

hours dark lighting schedule, at temperatures ranging from 20 to 25°C and 50-60% humidity.  

4C and ChIP-qPCR experiments were performed in maize line B73, in V2-IST and husk leaves 

tissues as described in chapter 2 (Figure S1). RT-qPCR experiments were performed in tissues 

from V2 and V3 seedlings from B73, B104, N28, and C22-4 maize lines as well as the indicated 

IR-lines (B104 background). GUS staining assays were performed in transgenic B104 plants 

hemizygous for the transgene (T1). Flowering time experiments were performed using non-

transgenic B104 (experiments 35934, 38029 and 41307) and transgenic IR lines (seeds derived 

from T0xB104 transgenic, experiment 35934; selfed T1, experiment 38029; selfed T2, 

experiment 41307). Growth rate experiments were performed on, non-transgenic B014 as well 

as T2 progeny from Vgt1-IR lines, as well as the maize lines N28 and C22-4 (provided by Dr. 

Silvio Salvi). Bisulfite experiments were performed on the T1 progeny (T0 transgenic x B104) 

of IR lines.  

ChIP-qPCR 
The ChIP procedure was performed as described previously [70] with minor modifications. In 

short, plant samples (5 inner stems from V2 plants or soft inner leaves from one husk per 

sample) were fixed with formaldehyde. Chromatin was extracted and sonicated. The soluble 

fraction was then immunoprecipitated using antibodies against H3K9ac (Abcam, ab10812), 

H3K4me1 (Abcam, ab8895) or rabbit serum (No antibody control, Sigma no. R9133) using 

protein-A agarose beads (ChIP-qPCR, Sigma-Aldrich). Immunoprecipitated DNA was 

recovered, decrosslinked and column-purified (Qiagen, 28104). The column-purified DNA (4 

µl out of 80 µl per reaction) was then mixed with specific primers (see Table S2) and FIREPol 

Evagreen qPCR Mix Plus (Solis Biodyne) in a total volume of 20 µl and amplification was 

performed on an Applied Biosystem 7500 Real Time PCR system (50°C, 2’; 95°C, 10’, 45 

cycles: 95°C, 15’’; 65°C, 1’). For each primer pair, a calibration curve was generated using 

DNA isolated from fixed, sonicated chromatin (100 ng/µl; dilutions 1/64, 1/256 and 1/1024) to 
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test primer efficiency and calculate DNA quantities from ChIP samples. Enrichment was 

calculated as the mean quantity of the different biological replicates (3) and normalized over 

the quantity at the maize actin locus, which contains relatively high levels of the histone 

modifications studied. 

Transgenic lines 

IR constructs 

IR constructs for Vgt1 and uva1 were generated as follows. The regions of interest were 

amplified from B73 gDNA with primers containing attR sequences (see Table S2) and cloned 

by a BP reaction into pDONR201 or pDONR207 (Invitrogen).  

Cloned regions were then transferred into the destination vector pBb7GW-I-WG-UBIL 

(https://gateway.psb.ugent.be/search) by an LR reaction and the proper rearrangement of the 

constructs and their sequence was verified by enzymatic restriction (BsrGI), and by PCR on the 

separate repeats followed by Sanger sequencing (Table S2). The generated expression clones 

were then transformed by heat shock into Agrobacterium tumefaciens EHA-101 [84] and 

selected on YEB medium with kanamycin (50 mg/l) and spectinomycin (70 mg/ml). 

 

GUS reporter constructs 

DNA sequences from Vgt1, uva1 and uva1-Vgt1 were PCR amplified from BAC clone 

b0288K09 using Phusion Polymerase (Thermo Scientific) and specific primers (Table S2). 

Sequences were cloned into pENTR-min35S-ΩAdh1-GUS-PinII using SalI/BamHI restriction 

sites upstream of the minimal 35S promoter and integrity of the inserts was verified by sanger 

sequencing. Subsequently, the reporter cassette was introduced by an LR reaction into the 

BIBAC-BAR-GW destination vector [85,86] followed by checking the integrity of the cassette 

by PCR. The generated expression vectors were electroporated into Agrobacterium tumefaciens 

EHA105 [87] and resistant clones were selected on YEB medium containing kanamycin 

(50mg/L). 

Maize transformation and selection of transgenic plants 

Transgenic maize lines were generated in the B104 inbred line background according to [40]. 

Regenerated, transformed plants (T0) were crossed with B104 (T0 x B104 / B104 x T0) to 

generate T1 seeds. Transgenic T1, T2 or T3 plants were selected by PAT assay and/or PCR 

genotyping. PAT enzyme activity was measured by the diagnostic AgraStripLLStrip Test Seed 

& Leaf (TraitChek Romer Labs) for T0 shoots or performed as described in Rasco-Gaunt et al. 
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[88] with some modifications. The latter protocol is briefly described here.  Twenty-four seeds 

per line were sown in pots and two pieces of the tip of the 2nd leaf were harvested at the V2 

stage and placed in two different 96-well plates (Fisher Scientific, NNC#267245) as technical 

replicates. To each well 200 µl of incubation buffer (50 mM KH2PO4 pH 5.8, 2% sucrose, 25 

mg/l glufosinate, 0.1 mg/l 2,4-D, 0.1% Tween 20) was added, followed by incubation for 48 h 

at 21°C and continuous light (100-200 µmol/m2/s). 50 µl of the incubated solution was 

transferred to a new 96-well plate, followed by addition of 100 µl of freshly prepared reagent 1 

(25 g/l sodium tartrate, 25 g/l trisodium citrate, 34 g sodium salicylate, and 0.0012 g/l sodium 

nitroprusside) and 100 µl of reagent 2 (5 g/l NaOH and 3.20 ml sodium hypochlorite solution 

containing 12% active chlorine). The 96-well plate was covered with aluminium foil and rocked 

gently for 5 min and then incubated 15 min at 37°C. Blue wells indicated sensitive plants while 

white wells indicated resistant (transgenic) plants.  

Alternatively, transgenic plants were distinguished from non-transgenic plants using PCR 

genotyping. For this, two cm of the tip of a leaf was harvested approximately one week after 

sowing. Samples were then ground in eppendorf tubes using a micropestle, 700 µL of extraction 

buffer (100 mM Tris, pH 8, 50 mM EDTA, 500 mM NaCl) and 37 µL of 20% SDS were added, 

followed by incubation for 20 min at 65°C. Next, 187 µL of 5M Potassium Acetate was added, 

the samples were, mixed well and incubated for 5 minutes on ice. Subsequently, samples were 

spun for 5 min at max speed, and the supernatant precipitated by addition of 1 volume of 

isopropanol and 5 min centrifugation at max speed. The pellet was washed with 1 mL 70% 

EtOH. Ultimately, gDNA was resuspended in 50 µL of 10 mM Tris, pH 7.5. To check for 

presence of the transgene, gDNA was PCR amplified with primers annealing to the BAR gene 

(Table S2) present in the T-DNA, followed by gel electrophoresis. 

DNA gel-blot analysis 

The physical integrity of reporter constructs in transgenic lines was evaluated through Southern 

blotting as indicated in Stam et al [89]. For this, DNA was extracted from each transgenic line 

as described by [90]. Next, 5 µg of DNA was digested overnight at 37°C with 15 units of NotI 

or BamHI restriction enzymes in a final volume of 60 µL. Digested samples and MRC Holland 

blue and red ladders were size fractionated on a 1% TBE agarose gel, followed by HCl 

treatment, denaturation, and neutralization of the gel and capillary blotting onto a Hybond N+ 

membrane. 32P-labelled probes were generated by random primer labelling of PCR fragments 

of either the BAR gene or GUS gene, and hybridized to the blots by overnight incubation at 

63°C in dextran sulfate buffer. After hybridization, blots were washed successively in 1 x SSPE, 
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0.1 % SDS and 0.1 x SSPE, 0.1 % SDS buffer at 65°C and radioactive signals were revealed 

using a Phosphorimager (Typhoon scanner, GE Healthcare). 

Flowering time 
Flowering time in maize was scored by measuring the number of days to pollen shed (DPS; 

first day of polled shed) and days to silking (first silks visible), and the total number of nodes 

(equal to the total number of leaves). Days were counted from the day of germination. Six to 

35 plants were assessed per transgenic line, divided over three independent experiments. 

Statistical analysis with ANOVA was used to calculate significant differences from B104. The 

flowering time for plants used in growth rate measurements was scored by counting days from 

stage V2 and using 10-24 plants per line.  

 

Growth rate measurements 
Growth rate was measured for the non-transgenic lines N28, C22-4, and B104 and transgenic 

IR lines 327-38, 327-16 and 331-6. For N28, C22-4 and B104, 15 seeds were sown, for IR-

lines 30 seeds (T1). All seeds were sown at the same time, and of the IR lines DNA was 

extracted from individual seedlings to test for transgene presence by PCR on the BAR gene. 

Non-transgenic seedlings were removed from the analysis. Each plant was assigned a t0 date 

corresponding to the date at which it reached stage V2 (leaf collar of leaf 2 visible). From this 

date, plants were scored daily and dates of reaching subsequent stages reported (V3 up to V22). 

To calculate the growth speed, the date at which each plant was reaching the next stage was 

subtracted from its t0 date and the results plotted.   

Gene expression analysis 
Total RNA was extracted from different plant tissues using TRizol (Thermo Fisher). Then, 2 µg 

of RNA were treated with DNA-free DNase I (Roche, Cat. no. 04716728001) and cDNA was 

generated using the RevertAid First Strand cDNA Synthesis Kit and T18 oligonucleotide for 

priming (Thermo Scientific, Cat. no. K1622). Quantitative PCR was performed using 2 µL of 

cDNA mixed with 2 µL of each primer (10 µM; Table S2) and 4 µL of the 5X FIREPol Evagreen 

qPCR Mix Plus (Solis Biodyne) in a total volume of 20 µL and amplification on a real-time 

PCR cycler (Aplied Biosystems 7500). Expression of Maize actin1 (GRMZM2G126010), 

alanine amino transferase (aat) (GenBank: AF055898.1) and EF1a (NM_0011112117, [91]) 

were used to normalize ZmRap2.7 expression levels according to the deltaCt method [92]. 
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Bisulfite sequencing 
Genomic DNA was extracted from the tip of the second leaf of maize plants at the V5 stage 

using the DNeasy Plant Mini Kit (Qiagen, Cat. no. 69104). Bisulfite conversion was performed 

using the EpiTect Bisulfite Kit (Qiagen, Cat No. 59104). The conversion cycle program and 

the conversion efficiency check was performed as described in Foerster and Mittelsten Scheid 

[93]. Regions of interest were amplified using degenerated primers designed with the Kismeth 

webtool [94] (Table S2), cloned into the TOPO vector using the TA cloning system 

(Invitrogen). Plasmid inserts from at least 3 individual colonies were DNA sequenced using 

universal M13 reverse primer. Methylation analysis was performed using the webtool 

CyMATE. 

 

Histochemical GUS Assay 
V2 plants or Husk tissue parts were collected and dissected. Selected tissue parts were vacuum 

infiltrated (25-30 mmHg) for 1 hour at RT in X-Gluc staining buffer (0.1M NaPO4 Buffer pH7, 

10mM EDTA, 0.1% Triton X-100, 1mM K3Fe(CN)6, 1 mM K4Fe(CN)6), followed by overnight 

incubation at 37°C. Then the X-Gluc staining buffer was removed and replaced by 70% EtOH. 

The ethanol solution was changed every 12-24 hours until complete clearance of the tissue from 

its chlorophyll. Pictures were taken of the different tissue samples. 

4C samples, library preparation and sequencing 
This section describes the procedure to generate one 4C-seq sample. In total, six 4C-seq 

libraries were generated for the bait ZmRap2.7 TSS: three 4C-seq libraries for both V2-IST and 

husk tissue. First, a 3C sample was generated as described [95,96]. In short, inner stem material 

from five V2 plants or the soft (non-lignified) leaves from one husk were crosslinked for 1 hour 

with 2% Formaldehyde in PBS and used to isolate nuclei. Chromatin was extracted and digested 

using 400 units of BglII restriction enzyme per sample. Fixed and digested chromatin was 

subsequently submitted to an intra-molecular ligation step using 100 units of T4 DNA ligase 

and ligated fragments (3C sample) recovered by de-crosslinking and precipitation. The pellet 

was dissolved in 150 µL of 10 mM Tris-HCl pH 7.5. The sample quality prior to digestion, after 

digestion and after ligation was evaluated for each sample on an 0.8% Agarose 0.5 x TAE gel. 
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To generate 4C samples, 3C samples were submitted to a second round of digestion and ligation 

following the protocol from Splinter et al. [97] with minor modifications. The entire 150 µL of 

each 3C sample was digested overnight at 37°C using 50 units of CviQI (ER0211-Thermo 

Scientific), in 1 x restriction Buffer B and a final volume of 500 µL. Efficiency of digestion 

was evaluated on a 0.6% Agarose 0.5 x TAE gel by comparing a 5 µL aliquot of the sample to 

unfixed gDNA digested with CviQI. If properly digested, Csp6I was heat inactivated (20 min 

at 65°C). Digested DNA was then ligated overnight at 16°C in a total volume of 14 mL using 

100 units of T4 DNA ligase. DNA was precipitated using 1/10 volume of 2 M NaOAc pH5.6, 

1/1000 volume of glycogen, 2 volumes of 96% Ethanol and an incubation time of 2 hours at -

80°C. DNA was recovered by centrifugation (1h, 4500 rpm, 4°C). The resulting pellet was 

washed with 15 mL of 70% Ethanol, spun again (30 min, 4500 rpm, 4°C) and incubated for 1 

hour at 37°C in 150 µL of 10 mM Tris pH 7.5 to ensure complete resuspension of the DNA. 

Finally, samples were column purified (QIAquick PCR purification kit- Qiagen) using 3 

columns per sample. For each column, elution was achieved with 2 successive centrifugations 

(first with 35 µL and then 20 µL Elution Buffer) and the eluates from columns belonging to the 

same sample were pooled. To check the quality of the 4C samples, 5 µL of each sample was 

loaded on a 0.6% agarose 0.5x TAE gel and compared to unfixed gDNA digested with CviQI.  

4C samples concentrations were then evaluated with Qubit (Thermo Fisher). 

4C samples were then converted into bait-specific libraries through PCR amplification of each 

sample using bait-specific primers (see Table S2). For each 4C sample, 16 PCR reactions were 

prepared (for 1 reaction: 30 ng of 4C DNA, 1 µL of 50 mM MgCl2, 1 µL of 10 µM Fwd Primer, 

1 µL of 10 µM Rev Primer, 10 µL KAPA HIFI 2x ReadyMix, MilliQ up to 20 µL) and amplified 

as follows: 2’, 98°C; 30x(15’’, 98°C; 15’’, 60°C; 3’, 72°C); 5’, 72°C; 12°C. PCR reactions 

were then column-purified using one column for eight, pooled PCR reactions, and 25 µL of 

elution buffer (QIAquick PCR purification kit- Qiagen). The two resulting eluates per 4C 

sample were pooled (final volume = 50 µL). Finally, the 4C samples were converted into 4C-

seq samples using Illumina Truseq sequencing adapters (with index) following the instructions 

from the KAPA HyperPrep Kit for Illumina Sequencing. 

For sequencing, all 4C-seq libraries were pooled together in equimolar amounts (1 mM each) 

in a final volume of 10 µL and sequenced on a Hiseq Illumina sequencer, generating 9.2-17.9 

million 125 bp single-end reads per library. To increase the diversity of nucleotides in the 

beginning of each read 20% PhiX genomic DNA was spiked in. 
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4C primer design 
Bait-specific 4C primers were designed (see Table S2). Primers were designed as oligos of 18-

27 nucleotides, with a GC percentage and Tm as close as possible to 50% and 60°C, 

respectively (max 2°C of difference between primer from the same pair) and located as close 

as possible to the primary (BglII-forward primer) or secondary (Csp6I-reverse primer) 

restriction sites. All primers were blasted against High throughput Genomic Sequences from 

Zea mays and only primers with one perfect match were kept. Finally, the specificity of each 

primer was evaluated through PCR amplification. For this, PCR reactions were prepared as 

described in the 4C section above, using either both primers (Fwd and Rev), one primer (Fwd 

or Rev), or no primers, and two different types of template: 30 ng of 4C sample or B73 gDNA. 

Primers generating no amplification product when used alone and giving a specific 

amplification pattern when used as a pair were considered for preparing bait-specific 4C 

samples. 

 

4C data analysis 
After sequencing, the forward and reverse reading primer sequences were trimmed and reads 

were filtered based on their quality score and presence of BglII or CviQI restriction sites. The 

origin of the captured sequences was revealed by mapping the selected reads to an in silico 

library of BglII-CviQI fragments of the maize genome (B73-AGPv4) using Bowtie2 (mismatch 

tolerance parameter score-min = L,0,-0.25). Uniquely mapped reads were selected and then the 

sets of reads for all libraries were down-sampled to 2.5 million reads (the minimum number 

obtained for all libraries). Regions contacting the bait were identified using the fourSig package 

[63] with a window size equal to 5 fragments and an FDR < 0.01. In each of the three 

replications per tissue, restriction fragments constituting the regions were assigned the score of 

1, 2 or 3 on the basis of belonging to broad, intermediate or narrow regions, respectively. Then, 

the consensus contact regions (contacts) were defined by collating fragments having the score 

(averaged over replications) of at most 2 (if found in two replications) or 3 (if found in three 

replications). Contacts were classified based on the tissue they were identified in. A “V” 

indicates that the contact was exclusively identified in V2-IST tissue. “H” indicates husk-

specific contacts, and “HV” contacts that were present in both tissues. 

The expression of maize genes in V2-IST and husk tissue was assessed in B73 using published 

RNA-seq data [4]. Genes were defined as expressed if their average RPKM value over 

replicates was bigger than 0.5. In case of multiple isoforms, a gene was considered active if at 



Chapter 3 

 132 

least one of the isoform had expression >= 0.5 RPKM. Intersections of contacts with genes (and 

other genomic features, see below) were found using bedtools intersect [98]. 

To assess the magnitude of frequencies of contacts overlapping with genomic features [4], the 

analysis based on the following considerations was performed. Mapping of 4C reads was done 

using the „repeat masked” version of the reference genomic sequence (with unknown 

nucleotides and repeats marked with „N”), therefore restriction fragments that have a number 

of "Ns" at their ends have a lower chance of coverage by NGS reads. Also, because only 

uniquely mapped reads were selected for the analysis, the fragments with non-unique ends (in 

the sense that they are similar to ends of other fragments) generally have a lower coverage. 

Finally, the fragments with a very short distance between primary and secondary restriction 

fragments are less likely to be covered. The set of fragments with "mappable" ends, that is, not 

having the above problems (in at least one end), was obtained by mapping the set of all fragment 

ends to the in-silico library of fragments with strict conditions of no gaps and no mismatches 

(score min = L,0-0.0). One hundred sets of randomly selected 3000 mappable primary 

restriction fragments were used to estimate the background distribution of intersection 

frequency of fragments with genomic features, and percentiles of this distribution were used as 

thresholds to declare significant overlap of genomic features with fragments from 4C contacts.  

In addition, the mappability of reads in relation to the length of fragment ends was analyzed 

(Table S6). For this, mappable fragments were classified based on their 5’ and 3’ end size. The 

total number of fragments in each category was calculated as well as their respective percentage 

of uniquely mapped reads and median read coverage. 

 

Acknowledgements 
Authors wish to thank Ludek Tikovsky for excellent taking care of the plants, BSc students 

Ahmad Husaineid and Jessica Offeringa for helping with GUS staining and DNA blotting, and 

DNA isolation, respectively, and Ronald Koes for critical reading of the manuscript. We 

gratefully acknowledge the support of the European Commission Seventh Framework-People-

2012-ITN Project EpiTRAITS, GA-316965 (Epigenetic Regulation of Economically Important 

Plant Traits) for Pawel Krajewski, Franziska Turck and Maike Stam. 

  



Chapter 3 

 133 

Supplementary Figures and Tables 

 

Figure S1: Genome browser view of the uva1-Vgt1-ZmRap2.7 region. From top to bottom: regions of 
interest (dark blue boxes), TE annotation (yellow boxes), AGPv4 gene annotation, lncRNAs (cyan boxes 
with arrowhead), DNase I hypersensitivity (DNAseI) and H3K9ac enrichment (coverage and peak position 
are indicated as blue and green horizontal bars, respectively) in B73 V2-IST and husk tissue, unique 
mappability in percentage and mCG (red), mCHG (orange) and mCHH (yellow) levels. The numbers below 
the reference gene annotations indicate relative gene expression levels (V2-IST/husk). In the case of multiple 
isoforms, only the isoform with the highest levels of expression across both tissues was indicated. For more 
details see legend Figure 1. 
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Figure S2: Detailed representation of GUS reporter constructs used for Agrobacterium-mediated 
transformation of the B104 maize line. Reporter constructs were cloned in a pENTR plasmid and 
subsequently transferred into the pBIBAC-BAR-GW destination vector using an LR reaction. The Vgt1:GUS 
(A), uva1:GUS (B) uva1-Vgt1:GUS (C) CaMV:GUS (D) and min35S:GUS (E) constructs within the BIBAC-
BAR vector. BAR indicates the coding region of the phosphinotricin resistance gene. Pmas and Tmas refer 
to promoter and transcription terminator sequences of the manopine synthase (mas) gene, respectively. The 
min35S annotation refers to the -90 to +1 bp sequence of the minimal promoter of the Cauliflower Mosaic 
Virus 35S RNA gene. WAdh1 intron indicates the Omega leader sequence from the Tomato Mosaic Virus 
fused to the first intron of the alcohol dehydrogenase-1 (Adh1) gene. TpinII indicates the transcription 
terminator sequence from the potato protease inhibitor II (pinII) gene. 
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Figure S3: DNA gel-blot analysis of GUS reporter lines. (A) Schematic representation of a GUS reporter 
construct with insert (CaMV, Vgt1, uva1 or uva1-Vgt1). NotI restriction sites are indicated by scissors. Probes 
used to characterize the transgenic lines are represented by radioactive labels at their annealing position. The 
NotI restriction site flanking the T-DNA left border (LB) sequence is located within the plant genome at an 
unknown distance from the inserted T-DNA. (B) DNA Blot analysis of DNA derived from CaMV:GUS lines 
1 to 4, Vgt1:GUS line 1, uva1:GUS lines 1 to 3, and uva1-Vgt1:GUS lines 1 to 5, digested with NotI and 
probed with a GUS probe. M1 and M2 refer to the MRC-Holland Red and Blue ladder, respectively. Grey 
arrowheads indicate the fragments of the correct size for each construct. The GUS probe allowed to estimate 
the intactness of the reporter construct. The correct size of the detected fragment hereby depends on the size 
of the inserted enhancer. Expected fragment sizes are 3860 bp, 5311 bp, 4938 bp and 8018 bp for CaMV, 
Vgt1, uva1, uva1-Vgt1 inserts, respectively. Lighter bands correspond to fragments that are unrelated to the 
transgene. 
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Figure S4: GUS activity and representative histochemical staining of GUS reporter control lines. (A) 
Cumulative bar plot showing the percentage of plants belonging to each scoring category (null, weak, 
intermediary and strong) and (B) representative histochemical staining of V2 seedling and ear tissues 
in.CaMV:GUS transgenic lines. For CaMV:GUS line 2, GUS stainings of V2 tissues are lacking. Cumulative 
bar plot (C) and representative histochemical staining (D) for min35S:GUS transgenic lines. For both 
constructs representative GUS stainings are shown. 
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Figure S5: Representative results of histochemical staining of young seedling and ear tissues of GUS 
reporter lines. (A) uva1:GUS, (B) Vgt1:GUS and (C) uva1-Vgt1:GUS. For each construct, a schematic 
representation of the construct is depicted, together with representative stainings of V2 seedling and ear 
tissues of independent transgenic lines (see Table S1 for the individual scoring). The number in each panel 
indicates the respective independent transgenic line. 
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Figure S6: ZmRap2.7 RT-qPCR expression analysis of V2 tissues from B73 and B104. (A) Tissues from 
a B73 maize plant at developmental stage V2. Dotted boxes indicate the different tissue parts used for RNA 
extraction and cDNA preparation. (B) Bar plot showing ZmRap2.7 expression levels relative to the levels of 
the actin1 reference gene. For each tissue shown in (A), ZmRap2.7 expression was investigated in both B73 
and B104. Error bars indicate the standard error of the mean for three biological replicates. 
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Figure S7: Detailed representation of IR constructs used for Agrobacterium-mediated transformation 
of B104 maize lines. IR constructs were generated in a pDONR vector and subsequently transferred to the 
Bb7GW-I-WG destination vector using a Gateway LR reaction. Ubi1:Vgt1-1tgV (A), and Ubi1:uva1-1avu 
(B). Pubi1 refers to the promoter of the maize ubi1 gene (GRMZM2G409726). P35S and T35S refer to the 
promoter and terminator sequences of the Cauliflower Mosaic Virus 35S RNA gene, respectively. Tnos refers 
to the terminator sequence of the nopaline synthase (nos) gene from Agrobacterium tumefaciens. The cat 
intron and Pdk intron refer to the introns of the chloramphenicol acetyltransferase and pyruvate 
dehydrogenase kinase genes, respectively. 
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Figure S8: Flowering time measurements of IR transgenic lines across different experiments. For each 
independent transgenic line indicated, the flowering time across three independent experiments (A, C, E), 
and for the three experiments independently (B, D, F) is presented in box plots for different flowering time 
traits: Days to Pollen Shed (DPS) (A, B), Silking (C, D) and Node Number (E, F). B104 represents non-
transgenic B104. Numbers in the boxes indicate the number of plants examined for the independent 
transgenic lines indicated. 
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Figure S9: Growth rate analysis and flowering time of Vgt1-IR lines compared to N28, C22-4 and B104 
lines. (A) Growth rate analysis of non-transgenic B104 and transgenic Vgt1-IR lines (327-16, 327-38 and 
331-06) in comparison with late and early flowering lines N28 and C22-4, respectively. The plot shows the 
number of days each line took on average to reach the different developmental stages indicated (V3 to V21), 
starting from the V2 stage. The steeper the line between two stages, the slower the growth rate. Error bars 
represent the standard error of the mean for 10 to 24 biological replicates (Number of plants per line: N28 = 
12; C22-4 = 12; B104 = 10; 327-16 = 18; 327-38 = 19; 331-06 = 24). (B) Same data as for (A) but showing 
the number of days in between each V stage for the different lines. (C-E) Flowering time for lines N28, C22-
4, B104 and Vgt1-IR lines expressed in days to pollen shed (DPS) (C), silking (D) or node number (ND)(E).  
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Figure S10: DNA methylation data for the uva1 region and Vgt1. Bisulfite sequencing followed by data 
analysis using Cymate was used to examine the methylation level at the uva1 and Vgt1 sequences. (A) 
Methylation status of the endogenous uva1 sequence in individual clones for lines 325-02, 325-06, 326-36 
and non-transgenic B104. Data for primer pairs 426/427 and 424/425, covering the 5’ and 3’ ends of the 
endogenous uva1 sequence are presented below the corresponding primer pairs indicated at the top. (B) 
Methylation status of the endogenous and transgenic Vgt1 sequence in individual clones analysed for lines 
327-16, 331-06, 331-09 and non-transgenic B104. Data for primer pair 390/391, overlapping CNS1 from 
Vgt1, are shown. Red circles represent CG sites, blue squares CHG sites, and green arrowheads CHH sites. 
Filled symbols represent methylated cytosines, unfilled symbols unmethylated cytosines. Reference 
represents a completely converted version of the analysed sequence. The black line at the top of the first 
reference sequence represents the investigated sequence, with black squares indicating cytosines, which are 
connected by lines with their position in the reference.  
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Figure S11: Relative expression of ZmRap2.7 in leaf blades at V2 and V3 stages. Bar plots show the 
expression of ZmRap2.7 measured in the blades of leaf 2 and 3 at stage V2 and V3, respectively, in Vgt1-IR 
lines (327-16, 327-38 and 331-6), non-transgenic B104, late (N28) and early (C22-4) flowering lines. 
Expression was normalized to the expression of alanine amino transferase (aat) (A), actin1 (B) or EF1a (C). 
Error bars represent the standard error of the mean of three biological replicates. 
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Figure S12: Density and fraction of contacts involving the ZmRap2.7 TSS region in H, V and HV 
categories. (A) Bar plot showing density of contacts evaluated as the number of contacts per Mb on the 
different chromosomes of maize line B73. The ZmRap2.7 TSS region is located on chromosome 8. (B-D) 
Pie charts displaying the different fractions of contacts in H, V and HV categories, genome-wide (B), in the 
bait chromosome (C), and in the 500 kb region upstream and downstream of the bait (D).  Below each pie 
chart, the corresponding number of contacts is given. 
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Figure S13: Chromosomal contacts involving the ZmRap2.7 TSS in B73. Chromosomal contacts of the 
ZmRap2.7 TSS fragment in a 1 Mb window. From top to bottom: Non-mappable BglII-CviQI restriction 
fragments (blue bars), region of interests (dark blue boxes), 4C contacts (red = V, blue = HV and green = H 
specific contact), TE annotation (yellow boxes), B73 AGPv4 gene annotation (for details, see Table S4), 
lncRNAs (cyan box with arrowhead), coverage for DNase I hypersensitivity (DNAseI) and H3K9ac 
enrichment with approximate peak position indicated as blue and green bars, respectively) in B73 V2-IST 
and husk tissue, unique mappability in percentage, DNA methylation levels in CG (red), CHG (orange) and 
CHH context (yellow). Vertical red box approximately delineates the bait region. For more details, see Figure 
6. 
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Figure S14: Analysis of relation between 4C contacts and genic regions. (A) Dot plot showing the 
correlation between gene expression in V2-IST and Husk. Gene expression is expressed in log of RPKM 
values. (B) Summary of gene expression in V2-IST and Husk. Upper table shows the genome-wide 
percentage of expressed and not expressed genes in the two tissues. Bottom table indicates the percentage of 
expressed and not expressed genes on the bait chromosome (chr 8). (C-D) Blue pie charts showing the 
percentage of 4C contacts overlapping or not with genic regions in V2-IST (C, E) and husk (D, F), genome-
wide (C, D) and at the bait chromosome (E, F). The fraction of expressed and not expressed genes within the 
fraction of contacts overlapping with genes is displayed in yellow-grey pie charts on the right side of the blue 
pie charts.  
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Figure S15: Graphical representation of contacts involving the bait chromosome. Chromosome 8 is 
depicted with the location of contacts of the TSS of ZmRap2.7. The type of contact is indicated by the color 
of the contact (red = V, blue = HV, green = H). The bait location is depicted by a dark grey box. Contacts 
within the bait region (bait +/- 500 kb) were not depicted given their high density. 4C contacts overlapping 
with candidate enhancers are indicated by dark grey arrowheads and the codes of the respective candidates. 
Curved lines indicate bait-enhancer interactions.  
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Table S1: Constructs and associated transgenic lines. 

Name of the 
construct Inserted sequence Type of 

construct Lines Intact construct 
Method of 
construct 
validation 

min35S:GUS no insert GUS 
reporter 

#1 (442-01) yes SB 
#2 (442-09) yes SB 
#3 (442-11) yes SB 

CaMV:GUS Cauliflower Mosaic 
Virus enhancer 

GUS 
reporter 

#1 (345-01) yes SB 
#2 (345-16) yes SB 
#3 (345-27) yes SB 
#4 (345-35) yes SB 

Vgt1:GUS Vgt1 GUS 
reporter 

#1 (351-01) yes SB 
#2 (410-01) yes SB 
#3 (410-03) yes SB 
#4 (410-05) yes SB 

uva1:GUS uva1 GUS 
reporter 

#1 (350-01) yes (2) SB 
#2 (350-03) yes SB 
#3 (350-05) yes SB 

uva1-Vgt1:GUS uva1-Vgt1 GUS 
reporter 

#1 (349-01) yes SB 
#2 (349-03) yes SB 
#3 (349-05) yes SB 
#4 (357-05) yes (1) SB 
#5 (357-07) yes (1) SB 

Ubil:uva1-1avu uva1 IR 

325-2 there is an insert PCR 
325-4 NT PCR 
325-8 there is an insert PCR 

326-14 NT PCR 
326-20 NT PCR 
326-24 NT PCR 
326-36 there is an insert PCR 
326-40 NT PCR 

Ubil:Vgt1-1tgV Vgt1 IR 

327-2 NT PCR 
327-4 NT PCR 
327-6 NT PCR 

327-16 yes PCR 
327-18 NT PCR 
327-24 NT PCR 
327-30 NT PCR 
327-32 NT PCR 
327-38 NT PCR 
331-2 NT PCR 
331-4 NT PCR 
331-6 yes PCR 
331-9 yes PCR 

 
IR: Inverted Repeat ; SB: Southern Blot; NT: Not Tested 
In case of multiple insertions, the number in between brackets reports the estimated number of intact 
insertions. To validate IR transgenes, PCR was performed using primer pairs specifically amplifying the first 
or second repeat.  
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Table S2: GUS expression scores in transgenic lines.  

 

GUS staining Intensity: 0 = null, 1 = weak, 2 = intermediate, 3 = strong. 
mean = arithmetic mean of the different biological replicates.  
NA: data Not Available. 
  

construct transgenic	line	# replicates leaf	1 leaf	2 leaf	3-top inner	stem mesocotyl root construct transgenic	line	# replicates husk	leaf shank cob
a 3 3 2 0 2 1 a 1 3 3
b 3 3 2 1 3 1 b 2 3 3
mean 3.00 3.00 3.00 0.50 2.50 1.00 mean 1.50 3.00 3.00
a 2 1 1 0 3 2 a 2 3 3
b 1 2 2 1 2 2 b 1 3 3
mean 1.50 1.50 1.50 0.50 2.50 2.00 mean 1.50 3.00 3.00
a 1 1 0 0 2 0 a 2 3 3
b 1 1 1 0 2 1 b 1 3 2
mean 1.00 1.00 0.50 0.00 2.00 0.50 c 1 3 2

mean 1.33 3.00 2.33
a 2 2 0 1 3 2
b 1 2 2 1 3 3 a 1 3 0
c 3 3 3 1 3 2 b 1 2 0
mean 2.00 2.33 1.67 1.00 3.00 2.33 mean 1.00 2.50 0.00
a 1 1 1 0 1 0 a 1 3 0
b 1 1 0 0 1 0 b 0 1 0
c 1 1 1 0 2 1 c 0 3 0
d 1 1 1 0 2 0 d 1 1 0
mean 1.00 1.00 0.75 0.00 1.50 0.25 e 0 2 0
a 2 2 NA 0 3 1 mean 0.40 2.00 0.00
b 1 1 NA 0 3 1 a 1 1 1
c 2 2 1 0 3 1 b 1 2 0
mean 1.67 1.67 0.33 0.00 3.00 1.00 c 1 3 1
a 1 1 1 0 1 1 d 0 1 0
b 1 0 1 0 2 0 mean 0.75 1.75 0.50
c 1 1 0 0 2 0 a 1 3 0
mean 1.00 0.67 0.67 0.00 1.67 0.33 b 0 3 0

c 1 3 1
a 1 1 2 0 2 0 d 1 3 0
b 2 2 2 0 2 1 mean 0.75 3.00 0.25
c 1 1 3 1 3 1
mean	 1.33 1.33 2.33 0.33 2.33 0.67 a 0 NA 2
a 2 1 2 1 2 0 b 1 3 2
b 2 2 2 1 2 1 c 1 3 3
c 2 2 3 1 3 1 d 1 3 3
mean	 2.00 1.67 2.33 1.00 2.33 0.67 mean	 0.80 2.30 2.50
a 2 1 2 0 2 1 a 0 2 0
b 2 2 2 1 3 2 b 1 2 2
c 2 2 2 1 2 1 c 1 3 3
mean	 2.00 1.67 2.00 0.67 2.33 1.33 mean	 0.70 2.30 1.70
a 2 1 0 0 3 1 a 1 NA 2
b 2 2 2 1 2 1 b 1 2 3
c 2 2 2 0 3 2 c 1 3 3
mean	 2.00 1.67 1.33 0.33 2.67 1.33 mean	 1.00 1.70 2.70
a 2 2 2 1 3 2 a 1 2 0
b 3 3 3 1 3 3 b 0 2 0
c 3 3 3 1 3 3 c 1 2 1
mean	 2.67 2.67 2.67 1.00 3.00 2.67 mean	 0.70 2.00 0.30

a 0 1 0
a 3 3 3 3 3 3 b 0 1 1
b 3 3 2 2 3 3 mean	 0.00 1.00 0.50
mean 3.00 3.00 2.50 2.50 3.00 3.00
a 3 3 3 3 3 3 1 a 3 3 3
b 3 3 3 3 3 3 2 a 3 3 3
mean 3.00 3.00 3.00 3.00 3.00 3.00 3 a 3 3 3
a 3 2 2 2 3 3 4 a 3 3 3
b 3 2 2 2 3 3
mean 3.00 2.00 2.00 2.00 3.00 3.00 a 2 3 3

b 1 3 3
a 0 1 1 NA 2 2 c 2 3 3
b 1 1 1 NA 3 2 mean 1.67 3.00 3.00
c 1 1 1 0 3 1 a 3 3 3
d 1 1 1 0 3 1 b 3 3 3
mean 0.75 1 1 0 2.75 1.5 mean 3.00 3.00 3.00
a 0 1 1 NA 2 1 a 3 3 3
b 1 2 3 NA 2 1 b 3 3 3
c 1 2 3 0 1 1 c 0 1 1
d 1 2 3 0 2 1 d 3 3 3
mean 0.75 1.75 2.5 0 1.75 1 mean 2.25 2.5 2.5
a 0 0 0 NA 1 0
b 0 1 0 0 1 0
c 1 2 3 1 2 1
mean 0.33 1 1 0.33 1.33 0.33
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Table S3: Primer list 

 
All primers used in this study are shown, classified based on the main experiment they were used for. 
 
  

Locus/sequence Name Amplicon size 
(bp)

ChIP-PCR
M70 F: 5'- TTTAAGGCTGCTGTACTGCTGTAGA -3'
M414 R: 5'- CACTTTCTGCTCATGGTTTAAGG -3'

M688 F: 5'- CGATGTGAAGACAGCATTCCT -3'
M689 R: 5'- CTCAAGTGACATCCCATGTGT -3'

BW2228 F: 5'- AGCGAAACCTGATTGATTGG -3'
BW2231 R: 5'- TGGGGATTGTCCTACTCGTC -3'

M1654 F: 5'- TTGCCGGTGATTAGAGAAGT -3'
M1655 R: 5'- GGACGTCATCTACCTAATAACATAG -3'

M1467 F: 5'- CTTCCTGCCTTTCCCGTTAC -3'
M1545 R: 5'- CGCGTTCTTTGTCAAATGTCG -3'

M1648 F: 5'- ATCGAGTGTTGAGGGAAGAC -3'
M1649 R: 5'- GGTTTTACCGAATGCCAAGC -3'

M1619 F: 5'- ACCGATTGCTTCCGACTCTC -3'
M1620 R: 5'- TCTTGCTCACCTAGGTACACC -3'

Cloning GUS constructs
BW2370 F: 5'- NNNNNNGTCGACcgaacaatccctgatgtgttta -3'
BW2272 R: 5'- NNNNNNGGATCCggaccaacctgcaaccttac -3'

BW2371 F: 5'- NNNNNNGTCGACattccggggaagataattcct -3'
BW2274 R: 5'- NNNNNNGGATCCccaaactctttgtgacgttttt -3'

BW2370 F: 5'- NNNNNNGTCGACcgaacaatccctgatgtgttta -3'
BW2274 R: 5'- NNNNNNGGATCCccaaactctttgtgacgttttt -3'

Cloning Inverted-Repeat constructs
104 F: 5'- ACAAGTTTGTACAAAAAAGCAGGCTcgaacaatccctgatgtgttta -3'
105 R: 5'- ACCACTTTGTACAAGAAAGCTGGGTggaccaacctgcaaccttac -3'

115 F: 5'- ACAAGTTTGTACAAAAAAGCAGGCTttccggggaagataattcc -3'
111 R: 5'- ACCACTTTGTACAAGAAAGCTGGGTcgattgtaacctggcaaacc -3'

Genotyping & checking integrity transgenes
Agi51_F (146) F: 5'- CATGATGGCATATGCAGCAT -3'
Agri56_R (147) R: 5'- CTGGGGTACCGAATTCCTC -3'

Agri64_F (148) F: 5'- CTTGCGCTGCAGTTATCATC -3'
Ari69b_R (149) R: 5'- TGATTTTTGCGGACTCTAGCAT -3'

H3ac_mid2 (145) F: 5'- CACCTTAGGGCTTGTTCGTT -3'
Agri56_R (147) R: 5'- CTGGGGTACCGAATTCCTC -3'

H3ac_mid2 F: 5'- CACCTTAGGGCTTGTTCGTT -3'
Agri64_F (148) F: 5'- CTTGCGCTGCAGTTATCATC -3'

hsp_fw (133) F: 5'- CGCCCTCTGCCTTTGTTACTG -3'
hsp_re (134) R: 5'- GAAGGCATCGAGCAAGATACGTA -3'

BW2418 F: 5'- TATAAATATTAATCATATATAATTAATATCAATTGGGTTAGCAAAACA -3'
BW2419 R: 5'- AGTGCAGTCGTAAAAGTCAGAACTGTG -3'

M1030 F: 5'- ATGAGCCCAGAACGACGC -3'
DM1969 R: 5'- GCGACGAGCCAGGGATAG -3'

Bisulfite sequencing
424 F: 5'- AGAGGTAGTAYYTTTAAAAAGAGAG -3'
425 R: 5'- CCTCAAAACCCARTRTRTCAATTTT -3'

426 F: 5'- TTGGGTTATAATTAATGAGGAGG -3'
427 R: 5'- ACATACCCATTTCRTCCAATCA -3'

390 F: 5'- YYGTTTGTGTGGYGGGAAAAA -3'
391 R: 5'- CCTTCCACTTCARRCATCTTCTACA -3'

RT-qPCR
M1462 F: 5'- CTGCCGACTGAAGTTGCTG -3'
M1463 R: 5'- GGAGCATCGTCGATCTTGGT -3'

M305 F: 5'- GCCTCATCACCTACGTAGGCAT -3'
M358 R: 5'- CCTATCGTATGTGACAATGGCACT -3'

M1224 F: 5'- ATGGGGTATGGCGAGGAT -3'
M1225 R: 5'- TTGCACGACGAGCTAAAGACT -3'

BW3184 F: 5'- TGGGCCTACTGGTCTTACTACTGA -3'
BW3185 R: 5'- ACATACCCACGCTTCAGATCCT -3'

Circular Chromosome Conformation Capture
BW2619 F: 5'- TTCTTAAGATAGTGACAATAAGATC -3'
BW2620 R: 5'- AACGAAAGAAATTAAAGGATAACTG -3'

Primer Sequence

3' end uva1  region 

5' end uva1  region 

Maize actin 1 (GenBank: J01238.1)

BIBAC pinII terminator 

uva1

control region HSP1 (GRMZM2G310431)

pB/Hb7GW-I-WG-UBI1 (amplifies second repeat; 
primers span sequence of interest)*

pB/Hb7GW-I-WG-UBI1 (amplifes first repeat;primers 
span sequence of interest)*

Rap2.7 Ex2 (GRMZM2G700665)

uva1  (Chr8:135943082..135944918)

Vgt1 (Chr8:135945789..135947998)

uva1 + Vgt1  (Chr8: 135943082..135947998)

uva1  (Chr8:135943082..135944918)

Ty1-copia type retrotransposon reverse transcriptase 
(GenBank: AF398212.1)

pUbil:uva1-1avu  (amplifies first uva1  repeat)

107

120

124

Down Vgt1 197

Up Vgt1 247

131Vgt1  (CNS1)

108

ZmRap2.7 (GRMZM2G700665)

Maize actin 1 mRNA (GRMZM2G126010) 

149 (cDNA-
specific)

155 cDNA / 240 
gDNA

Vgt1 (Chr8:135945790..135948097)

CNS1 (Middle of Vgt1  region)

BIBAC BAR gene

1837

2210

712

286

185

756

953

2309

1837

4917

UVA: 2146; Vgt1: 
2612;

TSS Rap2.7

Maize amino acetyl transferase (aat) (GenBank: 
AF055898.1) mRNA

283 cDNA / 454 
gDNA

Maize EF1α (NM_0011112117) mRNA 135

UVA: 2138; 
Vgt1:2603

405

452

340

NA

pUbil:uva1-1avu  (amplifies second uva1  repeat)
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Table S4: List of all transcription units located in the 500 kb upstream and downstream of the 
ZmRap2.7 TSS 4C bait. 

 
  

Transcription units coordinates Expression V2-IST Expression Husk Contact
23,3757 30,3817

0,127193 0,202857
66,7387 72,2205

0,550155 0,61
46,8035 96,7133
1,03037 3,09809

Zm00001d008102 (lncRNA) 8:135738898..135739112 0 0.28 H

2,20745 0,303807
1,17319 0,167277

Zm00001d0109789 8:135745018-135745616 0 0 H

30,0106 39,9123
1,42563 1,56

Zm00001d010983 8:135871487..135871560 0 0 HV

Zm00001d010984 8:135873289..135874824 0.00918296 0.025422 HV

0.448476 0.40059
0.154043 0.194155
0.420442 0.426835
0,570142 0,420408

0,83 0,33

Zm00001d008103 (lncRNA) 8:135946305..135947104 0 0 HV

12,9 0,47
1,27536 0,0376527

Zm00001d010989 8:136033896..136061774 0 0 HV / H

Zm00001d010990 8:136106009-136107611 0 0 N.C

Zm00001d010991 8:136108090-136117602 0 0 N.C

Zm00001d010992 8:136132171..136136718 0 0 H

Zm00001d010993 8:136138879-136139485 0 0 H

6,20316 3,75967
15,71 9,8

3,46103 2,82768
19,04 16,4

Zm00001d010996 8:136174498-136185556 20,741 0 V

Zm00001d010997 8:136174498-136185556 0.000528613 0.0032243 V

Zm00001d010998 8:136302778..136306209 0.058927 0.0221685 N.C

Zm00001d011000 8:136345771-136347914 0 0 N.C

Zm00001d011001 8:136349223-136350602 1.20505 1.03392 N.C

Zm00001d011002 8:136349223-136350602 0.38174 0.779234 N.C

Zm00001d011003 8:136383320-136385182 0.054884 0.0144476 V

0.560339 0.575116
130.237 89.2761

0.905436 0.521753
0.458346 0.263381

Zm00001d011006 8:136509358-136511766 0.17886 0.141882 N.C

Zm00001d011007 8:136513436-136514159 0 0 N.C

Zm00001d011008 8:136515412-136519991 0 0 N.C

Zm00001d010976 8:135650013-135656366

H

HV

Zm00001d010974 8:135529939-135542207 H

Zm00001d010975 8:135640258-135644144

H

V / HV

Zm00001d010985 8:135928640..135930519 H

8:135743173-135744214

8:135759693-135764442

Zm00001d010978

Zm00001d010982

H / HV8:135932033-135941271Zm00001d010986 (Rad51)

Zm00001d010987 (Rap2.7) 8:136009401-136013101 Bait

Zm00001d010994 8:136140823-136142408 H

VZm00001d010995 8:136174498-136185556

Zm00001d011005 8:136504796-136509174

8:136501109-136504602Zm00001d011004 H

H
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Expression in V2-IST and husk tissue is given in RPKM [4].  
In the case of multiple isoforms, their respective expression levels are indicated in consecutive rows.  
N.C.: No Contact; genes are not overlapping with contacts. 
 

gene coordinates Expression	V2-IST Expression	Husk Contact
23,3757 30,3817
0,127193 0,202857
66,7387 72,2205
0,550155 0,61
46,8035 96,7133
1,03037 3,09809

Zm00001d008102	(lncRNA) 8:135738898..135739112 0 0.28 H

2,20745 0,303807
1,17319 0,167277

Zm00001d0109789 8:135745018-135745616 0 0 H

30,0106 39,9123
1,42563 1,56

Zm00001d010983 8:135871487..135871560 0 0 HV

Zm00001d010984 8:135873289..135874824 0.00918296 0.025422 HV

0.448476 0.40059
0.154043 0.194155
0.420442 0.426835
0,570142 0,420408
0,83 0,33

Zm00001d008103	(lncRNA) 8:135946305..135947104 0 0 HV

12,9 0,47
1,27536 0,0376527

Zm00001d010989 8:136033896..136061774 0 0 HV	/	H

Zm00001d010990 8:136106009-136107611 0 0 N.C

Zm00001d010991 8:136108090-136117602 0 0 N.C

Zm00001d010992 8:136132171..136136718 0 0 H

Zm00001d010993 8:136138879-136139485 0 0 H

6,20316 3,75967
15,71 9,8
3,46103 2,82768
19,04 16,4

Zm00001d010996 8:136174498-136185556 20,741 0 V

Zm00001d010997 8:136174498-136185556 0.000528613 0.0032243 V

Zm00001d010998 8:136302778..136306209 0.058927 0.0221685 N.C

Zm00001d011000 8:136345771-136347914 0 0 N.C

Zm00001d011001 8:136349223-136350602 1.20505 1.03392 N.C

Zm00001d011002 8:136349223-136350602 0.38174 0.779234 N.C

Zm00001d011003 8:136383320-136385182 0.054884 0.0144476 V

0.560339 0.575116
130.237 89.2761
0.905436 0.521753
0.458346 0.263381

Zm00001d011006
8:136509358-136511766

0.17886 0.141882 N.C

Zm00001d011007
8:136513436-136514159

0 0 N.C

Zm00001d011008
8:136515412-136519991

0 0 N.C

Zm00001d011005 8:136504796-136509174

8:136501109-136504602Zm00001d011004 H

H

Zm00001d010994 8:136140823-136142408 H

VZm00001d010995 8:136174498-136185556

H	/	HV8:135932033-135941271Zm00001d010986	(Rad51)

Zm00001d010987	(Rap2.7) 8:136009401-136013101 Bait

H

V	/	HV

Zm00001d010985 8:135928640..135930519	 H

8:135743173-135744214

8:135759693-135764442

Zm00001d010978

Zm00001d010982

Zm00001d010976 8:135650013-135656366

H

HV

Zm00001d010974 8:135529939-135542207 H

Zm00001d010975 8:135640258-135644144
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Table S5: Overlap between 4C contacts and genes.  

 
 
The first three data rows display the number of 4C contacts found in V2-IST, husk tissue or both, and their overlap with genes, either genome-wide or for the bait 
chromosome. The last three data rows indicate the number of individual genes overlapping with contacts in V2-IST, husk tissue or both, genome-wide or for the bait 
chromosome. The overlap of the total number of genes, or specifically the active or inactive genes is shown. For the genes overlapping with contacts found in both V2-
IST and husk tissue, only the number of genes that are active or inactive in both tissues are shown. 

 

604 184 114 59 45 18 14 25 9

279 (45.36%) 81 (44.02%) 52 (45.61%) 41 (69.49%) 22 (48.89%) 9 (50%) 9 (64.29%) 14 (56.00%) 6 (66.67%)

325 (54.64%) 103 (55,98%) 62 (54.39%) 18 (30.51%) 23 (51,11%) 9 (50%) 5 (35.71%) 11 (44.00%) 3 (33.33%)

Total 386 114 67 49 35 10 11 18 7

Number of 
active genes 263 (68.13%) 84 (73.68%) 48 (71.64%) 38 (77.55%) 22 (62.86%) 5 (50%) 5 (45.45%) 7 (38.89%) 2 (28.57%)

Number of 
inactive genes 123 (31.87%) 30 (26.32%) 14 (20.90%) 11 (22.35%) 13 (37,14%) 4 (40%) 6 (54.55%) 11 (61.11%) 4 (57.14%)

Genome-wide

Experiment V2-IST Experiment Husk
Common contact 

regions for V2-IST and 
Husk

Number of 
genes 

intersecting 
with contacts

Total Number of contact regions

Number of contact regions 
overlapping with genes

Number of contact regions not 
overlapping with genes

Bait Region

Experiment V2-IST Experiment Husk
Common contact 

regions for V2-IST and 
Husk

Bait Chromosome

Experiment V2-IST Experiment Husk
Common contact 

regions for V2-IST and 
Husk
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Table S6: Overlap of 4C contacts with candidate enhancers outside of the ZmRap2.7 TSS bait region.  

 
 
The distance to the bait is calculated from the middle of the bait fragment to the middle of the 4C contact. 
  

contact coordinates candidate contact type distance to the bait (kb)
H424 V 52,562.3

H990 V 52,557.8

8:133835767..133846584 H1171 V 2,172.5

H141 / V419 V / HV -24,320.7

V191 V -24,318.5
8:160327168..160331519

8:83438307..83471594
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Table S7: Analysis of mappability of fragments based on the length of their Fragends.  

 
A Fragend corresponds to either the 5’ or 3’ extremity of BglII-CviQI restriction fragments. 
Fragends were classified according to their respective 5’ and 3’ length (blind = no CviQI restriction site, 
<=50, <=200, <=500, <=1000, <=2000, <=4000 and >4000 bp). 
Top table indicates the number of fragends in each category. In the tables below, for each replicate the 
percentage of covered fragends in each category and the median read coverage in each category is detailed. 
 
  

3’	fragend Blind 50 200 500 1000 2000 4000 >4000 Nr	observed
5’	fragend

blind 66671 0 0 0 0 0 0 0 66671
50 0 4064 14136 14237 9391 3879 503 21 46231
200 0 14000 38704 39791 27502 11144 1541 57 132739
500 0 14054 39693 40032 27315 10814 1574 67 133549
1000 0 9486 27264 27420 21213 7669 1189 55 94296
2000 0 3922 11183 10714 7693 3325 454 20 37311
4000 0 502 1529 1497 1223 466 76 0 5293
>4000 29 52 48 41 16 4 0 190 380

Nr	observed 66671 46057 132561 133739 94378 37313 5341 220 516280

Husk	replicates V2-IST	replicates

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 1.221 * * * * * * * blind 1.215 * * * * * * *
50 * 2.977 3.212 2.992 2.524 2.269 2.187 4.762 50 * 2.534 2.306 1.812 1.832 1.701 1.193 0.000
200 * 3.321 4.033 4.076 3.462 2.620 2.336 1.754 200 * 2.236 2.819 2.679 2.589 2.145 2.271 1.754
500 * 3.109 4.001 3.942 3.321 2.395 3.304 2.985 500 * 2.099 2.562 2.553 2.599 2.127 3.050 1.493
1000 * 2.646 3.396 3.286 2.550 2.099 2.271 3.636 1000 * 1.950 2.501 2.575 2.088 2.282 1.766 1.818
2000 * 2.142 2.969 2.893 2.405 1.203 0.881 0.000 2000 * 1.555 2.307 2.203 2.028 1.534 1.982 0.000
4000 * 1.195 2.878 2.605 1.472 2.575 2.632 * 4000 * 1.594 2.158 2.405 1.226 2.361 6.579 *
>4000 * 0.000 1.923 2.083 2.439 0.000 0.000 * >4000 * 3.448 3.846 4.167 2.439 0.000 0.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 2.000 * * * * * * * blind 2.000 * * * * * * *
50 * 6.000 7.000 4.000 4.000 5.000 1.000 11.000 50 * 4.000 2.500 4.000 2.000 3.000 3.000 *
200 * 7.000 7.000 5.000 3.000 4.000 7.000 1.000 200 * 4.000 3.000 4.000 3.000 3.000 2.000 4.000
500 * 5.000 5.000 4.000 3.000 4.000 4.000 12.500 500 * 3.000 3.000 3.000 3.000 3.000 4.000 1.000
1000 * 3.000 4.000 3.000 2.000 2.000 2.000 1.000 1000 * 3.000 3.000 3.000 2.000 2.000 3.000 1.000
2000 * 3.000 5.000 3.000 2.000 2.000 4.500 * 2000 * 2.000 2.000 3.000 2.000 1.000 4.000 *
4000 * 7.500 4.500 5.000 1.000 3.000 55.500 * 4000 * 2.500 2.000 3.000 2.000 1.000 1.000 *
>4000 * * 8.000 7.000 10.000 * * * >4000 * 1.000 1.000 1.500 4.000 * * *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 0.4365 * * * * * * * blind 2.176 * * * * * * *
50 * 0.7628 0.8065 0.8780 0.9264 0.7476 0.3976 0.0000 50 * 2.953 2.518 2.529 2.470 2.449 2.187 0.000
200 * 0.8786 1.1446 1.1410 1.1563 1.0768 1.1032 0.0000 200 * 2.764 3.162 2.945 2.953 2.934 2.661 5.263
500 * 0.7827 1.1614 1.1416 1.2045 0.9895 0.9530 1.4925 500 * 2.455 3.184 2.963 3.006 2.996 3.875 2.985
1000 * 0.9488 1.1040 1.1597 1.0842 1.0171 0.6728 0.0000 1000 * 2.688 2.967 3.078 2.956 3.338 2.860 5.455
2000 * 0.8669 1.1088 1.0547 1.0529 0.8120 0.2203 0.0000 2000 * 2.295 2.790 2.707 2.873 2.797 3.524 0.000
4000 * 0.9960 1.2426 0.8016 0.6541 0.6438 2.6316 * 4000 * 1.594 3.336 2.004 3.107 2.146 6.579 *
>4000 * 3.4483 0.0000 0.0000 2.4390 0.0000 0.0000 * >4000 * 0.000 5.769 6.250 2.439 6.250 0.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 4.00 * * * * * * * blind 3.000 * * * * * * *
50 * 15.00 9.50 12.00 6.00 7.00 27.00 * 50 * 4.000 4.500 4.000 5.000 4.000 5.000 *
200 * 18.00 16.00 10.00 6.00 2.00 7.00 * 200 * 4.000 5.000 5.000 4.000 3.000 2.000 1.000
500 * 11.00 11.00 10.00 6.00 6.00 3.00 10.00 500 * 5.000 5.000 5.000 4.000 4.000 4.000 4.000
1000 * 5.00 5.00 5.00 4.00 2.00 5.50 * 1000 * 4.000 4.000 4.500 4.000 3.000 4.000 3.000
2000 * 4.00 3.00 6.00 2.00 3.00 1.00 * 2000 * 2.500 5.000 4.000 4.000 4.000 3.000 *
4000 * 2.00 5.00 6.00 2.50 9.00 186.50 * 4000 * 5.000 5.000 5.000 3.000 2.500 3.000 *
>4000 * 139.00 * * 2.00 * * * >4000 * * 5.000 2.000 43.000 1.000 * *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 0.412 * * * * * * * blind 2.773 * * * * * * *
50 * 0.689 0.700 0.667 0.628 0.748 0.000 0.000 50 * 3.888 4.252 3.723 3.461 3.197 3.181 0.000
200 * 0.636 0.871 0.880 0.865 0.906 0.844 0.000 200 * 4.164 4.904 4.886 4.651 4.235 3.764 7.018
500 * 0.633 0.897 0.852 0.985 0.629 0.953 0.000 500 * 3.636 4.759 4.556 4.686 3.893 4.701 4.478
1000 * 0.685 0.877 0.948 0.896 1.082 1.093 3.636 1000 * 3.616 4.673 4.617 4.130 4.355 3.953 3.636
2000 * 0.612 0.984 0.989 0.949 0.571 0.220 0.000 2000 * 4.182 4.310 4.023 4.173 2.977 3.304 0.000
4000 * 0.398 0.719 0.735 1.226 1.073 2.632 * 4000 * 2.590 4.120 4.075 3.271 5.365 5.263 *
>4000 * 0.000 0.000 0.000 0.000 0.000 25.000 * >4000 * 10.345 5.769 2.083 2.439 0.000 50.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 3.000 * * * * * * * blind 3.000 * * * * * * *
50 * 7.500 8.000 9.000 4.000 2.000 * * 50 * 4.000 4.000 4.000 4.000 4.000 4.500 *
200 * 6.000 9.000 10.500 6.000 4.000 13.000 * 200 * 5.000 5.500 5.000 4.000 3.000 5.000 4.500
500 * 9.000 8.000 10.000 7.000 3.500 6.000 * 500 * 4.000 5.000 5.000 4.000 3.000 4.000 7.000
1000 * 6.000 4.000 9.000 5.000 2.000 2.000 1.500 1000 * 4.000 4.000 4.000 3.000 4.000 3.000 3.500
2000 * 2.000 4.500 5.000 4.000 1.000 3.000 * 2000 * 3.000 3.000 4.000 3.000 3.000 2.000 *
4000 * 1.000 16.000 4.000 5.000 1.000 135.500 * 4000 * 2.000 2.000 4.000 3.500 6.000 6.000 *
>4000 * * * * * * 1.000 * >4000 * 2.000 39.000 15.000 23.000 * 1.500 *

H#3

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#3

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends

H#2

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#2

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends

Number	of	Fragments	in	each	category	of	fragends

H#1

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#1

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends
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Abstract 

 
Identification of transcriptional enhancers is crucial to facilitate the understanding of spatio-

temporal regulation of gene expression. Nowadays, methods relying on sequencing technology 

make it possible to uncover candidate enhancer sequences of a given organism genome-wide. 

However, the identified sequences remain to be validated. In this chapter, we aim at validating 

a subset of Zea mays (maize) candidate enhancers identified in our recent study. Therefore, we 

analysed their capacity to activate expression of reporter genes in stable maize transformants 

and transiently transformed maize protoplasts. Our data suggest that selected candidate 

sequences H11 and H112 act as silencers or insulators. In addition, we demonstrate that other 

regions of the genome (ex-candidate V29 and Neutral 4 and 7), which were all characterized as 

Low or Un-Methylated Regions (LUMRs), may also function as tissue-specific regulatory 

sequences. This suggests that all LUMRs genome-wide have the capacity to act as 

transcriptional regulatory sequences. Finally, we compare and discuss the differences in 

chromosomal interactions between a candidate enhancer and a neutral region. 
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Introduction 

 
Previous chapters detailed the importance of enhancer sequences, a subclass of cis-regulatory 

elements involved in transcriptional regulation of gene expression, as well as characteristics 

associated with those regions ([1,2], Chapter 3). A hallmark of enhancers is their capacity to 

increase gene transcription in an orientation and distance-independent manner [3]. This 

particular ability of transcriptional enhancers can be used for the validation of candidate 

enhancer sequences in reporter assays, a method that still represents the gold standard for 

enhancer validation [1,4]. In such experiments, candidate enhancer sequences are usually 

inserted upstream of a minimal promoter (not capable of activating transcription on its own) 

and associated reporter gene, followed by testing the constructs in various systems, either in 

vivo or ex vivo. Candidate enhancers mediating higher expression levels of the reporter gene 

than a minimal promoter sequence are validated as transcriptional enhancers. 

 

In Chapter 2 [2] of this thesis, we reported the identification of candidate enhancer regions in 

two different tissues of the crop plant Zea mays, the inner stem of young seedlings at stage V2 

(V2-IST) and soft husk leaves surrounding the cob (husk). Candidate enhancer sequences were 

defined as low or un-methylated DNA regions (LUMR) displaying both increased levels of 

chromatin accessibility (DNaseI Hypersensitive sites - DHSs), and enriched levels of 

acetylation on lysine 9 of the tail of histone 3 (H3K9ac). In total, 1702 enhancer candidates 

were identified ([2], and Oka et al. unpublished data) of which, 472 were predicted to be active 

in V2-IST, 1500 in husk and 270 in both tissues.  

The quality of the enhancer prediction from Oka et al. [2] was demonstrated by the presence of 

two validated enhancers and one previously predicted enhancer among the list of identified 

candidates. Nevertheless, validation and characterization of the vast majority of the enhancer 

candidates remain to be achieved. This chapter aims at validating a subset of candidate 

enhancers using two different strategies: stable integration of an enhancer-GUS reporter 

construct in the B104 maize line and transient expression of a luciferase-based reporter 

construct in maize protoplasts. While both strategies serve the same goal, they also aimed at 

complementing each other. Maize transgenic lines allow testing enhancers directly in planta. 

This is an advantage for enhancer testing given the dependency of enhancers on the appropriate 

transcription factors (TFs) to activate gene expression. However, generating transgenic lines is 

a seven-month procedure requiring specific expertise [5], making it a relatively low-throughput 
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validation method in comparison to other methods such as transient expression in protoplasts 

[6]. Indeed, transient expression of a reporter construct in protoplasts can more easily be scaled 

up to a medium-throughput validation technique [6]. Protoplasts represent an ex-vivo system 

and are obtained by enzymatic digestion of plant cell walls, allowing the transfection of reporter 

constructs. Note that the tissue used to produce protoplasts determines the cell types of the 

protoplasts, each having their own specific set of expressed TFs. Therefore, the behaviour of 

an enhancer sequence in one type of protoplast might differ from that in another type, affecting 

the validation process [6].  

In addition, in this chapter we explored the chromosomal interactome of an enhancer candidate 

and a neutral genomic region. Enhancers have the ability to enhance transcription of multiple 

target genes, located up- or downstream and sometimes at great distances [7,8]. This makes it 

difficult to confidently predict the target gene of an enhancer sequence. Chromosome 

Conformation Capture (3C)-based methods allow to study chromatin interactions between 

enhancers and target genes, facilitating target gene prediction (for review see [9,10]). Several 

studies on the chromatin interactions of enhancers have been reported, both in animals and 

plants (e.g. [8,11–17]). Here we made use of Circular 3C (4C; [18,19]) to elucidate the 

chromatin interactions of one candidate enhancer and a neutral genomic region.   

In this chapter, we present data suggesting that the selected candidate enhancers, H11 and H112, 

can act as tissue-specific regulatory elements. We also show that LUMRs as such can act as 

tissue-specific regulatory elements. With the aim of validating enhancer candidates in a higher 

throughput, we generated luciferase-based reporter constructs for transient expression in maize 

protoplasts. Finally, the chromosomal interactions of enhancer candidate H112 and a neutral 

region were investigated using 4C. Both baits displayed distant and inter-chromosomal 

interactions with active genomic regions including genic loci and candidate enhancers. 

 

Results 

Selection of candidate enhancers for cloning 

 
In order to proceed with the validation of candidate enhancers, a subset of candidate sequences 

identified in Chapter 2 [2] was selected and inserted in one or both of the reporter systems (GUS 

and luciferase) (Figure S1, Table 1). Such an approach was successfully used for validating 

plant enhancer sequences previously [20–23]. The two reporter systems are based on a GUS or 

luciferase version of the pENTR-min35S plasmid (Figure S2). The two reporter genes contain 
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different coding sequences, whereas upstream and downstream sequences were identical. This 

includes the minimal cauliflower mosaic virus promoter (-90 to +1 bp; min35S) [24], as well 

as the first intron from the Adh1 gene and the TMV omega leader, which enhance the transcript 

levels and translation of the resulting transcripts, respectively [25–27].  

 
Table 1: List of candidate and non-candidate enhancer sequences cloned into the different reporter 
systems.  

 
For each sequence, the type of reporter construct is indicated as well as the predicted tissue specificity, and 
genomic coordinates (AGPv4). In addition, the presence of reporter activity was indicated for the tested 
sequences (yes, unclear or N.T. for not tested). The reporter activity was only indicated as yes if clearly 
higher than displayed by min35S:GUS transgenic lines. 
 

Candidate enhancers were selected for further analysis following specific criteria. Cloned 

candidate enhancers were selected out of a preliminary list (ex-V29) and final list (H11/V426 

and H112/V441) of candidates for both V2-IST (V candidates) and Husk tissue (H candidates), 

ranked based on their enrichment for chromatin accessibility and H3K9ac (see Figure 2 in 

Chapter 2). The preliminary, top 100-candidate list was generated by pooling the H3K9ac 

enrichment data of replicates. For the final list of candidates, only H3K9ac peaks that 

overlapped at least 70% across different replicates were considered for candidate enhancer 

identification. The H3K9ac data for ex-V29 did not fulfil the latter criteria. Below, we first 

focus on candidate regions used to generate transgenic reporter lines (Figure 1).  

 

Candidate Predicted tissue Coordinates Reporter system Activity

H11 / V426 Husk Chr2:86,192,235-86,193,183 GUS / Luciferase unclear

H112 / V441 Husk and V2-IST Chr5:130,729,173-130,729,969 GUS / Luciferase unclear

Ex V29 V2-IST Chr5:201,953,618-201,954,498 GUS / Luciferase yes

H221 (b1  enhancer) Husk Chr2:19,550,831-19,552,724 Luciferase N.T

H1403 (tb1  enhancer) Husk Chr1:270,483,233-270,485,668 Luciferase N.T

V4 / H1497 (DICE) Husk and V2-IST Chr4:3,676,681-3,679,042 Luciferase N.T

V2 / H1500 Husk and V2-IST Chr3:46,765,892-46,766,622 Luciferase N.T

V3 / H1498 Husk and V2-IST Chr3:12,1376,838-121,377,764 Luciferase N.T

V11 / H1422 Husk and V2-IST Chr7:42,244,297-42,245,262 Luciferase N.T

V16 V2-IST Chr4:124,045,207-124,046,376 Luciferase N.T

Neutral 4 None Chr10:56,993,987-56,994,631 GUS / Luciferase yes

Neutral 7 None Chr10:74,196,565-74,198,141 GUS / Luciferase unclear
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Epigenomic profiles were generated from previously published datasets on accessibility, 

H3K9ac, and DNA methylation levels at candidate enhancers [2] (Figure 1, Figure 5 and Figure 

S7). In addition, Cap Analysis Gene Expression sequencing (CAGE-seq) data was added from 

an unpublished data set (Oka, Weber, Sandelin, Hoefsloot and Stam). Candidates H11/V426 

and H112/V441 (from hereon called H11 and H112) were chosen for their clear peaks of 

accessibility and H3K9ac enrichment (Figure 1A and B), which were identified in both tissues 

(V2-IST and husk). Both candidates showed a higher H3K9ac enrichment in husk than V2-IST, 

explaining why they ranked higher in husk than in V2-IST (H11 and H112 versus V426 and 

V441, respectively). In addition, CAGE-seq showed that both candidates are characterized by 

the production of enhancer RNAs in both tissues, with higher levels of expression in husk 

compared to V2-IST. In animals, the activity of enhancers is directly correlated to their 

transcript levels [28,29]. If also true for plants, the presence of higher CAGE-seq read counts 

in husk than in V2-IST tissue is in line with their ranking (H11: 0.036/0.98 TPM, and H112: 

0.05/0.23 TPM in V2-IST and husk, respectively). For candidate H11, the CAGE-seq reads 

overlap with a long non-coding RNA (lncRNA; Zm00001d00854) detected by others [30]. 

LncRNAs are a family of non-coding transcripts known for their regulatory functions, 

suggesting a regulatory role for candidate enhancers overlapping with such sequences [31]. 

 

In addition to H11 and H112, candidate ex-V29 (Figure 1C) was selected, from the preliminary 

list. V29 is characterized by a significant but rather small DHS in V2-IST tissue only. 

Examination of the direct surrounding of V29 revealed the presence of a stronger DHS in both 

tissues, within the same LUMR as V29. Similar to H11 and H112, V29 is characterized by the 

presence of (low levels of) CAGE tags (0.083/0.03 TPM in V2-IST and husk, respectively). In 

addition, similar to H11, the CAGE tags overlap with an annotated lncRNA 

(Zm00001d001723) [30]. Even if V29 deviates from the rule requiring significant levels of 

H3K9ac enrichment across replicates, it remains of interest given the presence of a DHS in V2-

IST tissue and the lncRNA mapping to this region. 

 

The selected candidate sequences were PCR amplified from maize B73 genomic DNA and 

inserted into the GUS reporter construct upstream of the min35S promoter (Figure S1; Table 

S1), resulting in the constructs H11:GUS, H112:GUS and V29:GUS (Figure S3). The generated 

constructs were then stably integrated into the maize B104 line using Agrobacterium 

tumefaciens-mediated transformation [5]. 
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(E) 

 
 
Figure 1: DNA and chromatin characteristics at candidate enhancers and neutral regions in B73 V2-
IST and husk tissue. (A) candidate H11, (B) candidate H112, (C) ex-candidate V29, (D) Neutral region 4, 
and (E) Neutral region 7. The coordinates of each (bp) are indicated at the top. A-E show the sequences of 
interest and their surroundings, including the closest upstream and downstream genes. When significant 
distances separate the sequence of interest from flanking genes, the latter are shown in adjacent panels 
separated from the central one by grey vertical blocks. From the top to the bottom: TEs (AGPv4, yellow 
bars), regions of interest (cyan blue bars), B73 AGPv4 gene annotation, DNase-seq (DNAseI, blue) [2] and 
H3K9ac enrichment (green) [2] coverage and peak position (blue and green horizontal bars, respectively) in 
B73 V2-IST and husk tissue, unique mappability in percentage, DNA methylation levels in CG (red), CHG 
(orange) and CHH context (yellow) in percentage [2], annotated lncRNAs from Gramene (cyan bar with 
arrowhead), and CAGE-seq reads from V2-IST (CAGE V2) and husk (CAGE husk) tissues expressed in 
TPM (Transcript per Million reads) (Oka et al, unpublished data). The numbers below the reference gene 
annotations indicate the relative gene expression levels (V2-IST/husk in RKPM). In case of multiple 
isoforms, only the isoform with the overall highest expression level across both tissues was indicated. For 
DNase I hypersensitivity and H3K9ac enrichment the coverage shown is based on two or three replicates 
pooled per tissue. Regions with low CG and CHG DNA methylation (below 20%) are indicated by horizontal 
bars below the respective DNA methylation levels. Vertical red boxes delineate the regions of interest. 
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To further evaluate the quality of the criteria used to predict candidate enhancers in chapter 2, 

additional transgenic plants were generated with constructs containing two “neutral” regions 

(#4 and #7) upstream of our reporter gene (Figure 1D and E; N4:GUS and N7:GUS, Figure S3). 

Neutral regions were defined as unique intergenic sequences (> 90 % uniquely mapped reads) 

bigger than 1 kb (average candidate enhancer size »1kb; Figure S4) that were located within an 

LUMR, but displaying low accessibility (no DHS), and no H3K9ac enrichment. In contrast to 

enhancer candidates, neutral DNA sequences were expected not to enhance transcription of the 

reporter construct in V2-IST and husk tissue. As reported in Chapter 3, insertion of the CaMV 

enhancer upstream of the GUS reporter construct (CaMV:GUS) showed the construct was 

functional (Figure S4 in Chapter 3). We also reported that the T-DNA containing the 

min35S:GUS reporter construct, intended as a negative control, resulted in significant GUS 

expression levels, especially in ear tissues (Figure S4 in Chapter 3), complicating the 

interpretation of results obtained with candidate enhancer constructs. We suspect the 

background GUS expression levels are due to the MAS (mannopine synthase) promoter of the 

bar resistance gene; this promoter is reported to enhance expression of a minimal 35S promoter 

in Nicotiana tabacum [32,33]. 

 

Candidates H11, H112, and V29 may act as regulatory sequences in planta 

 
Transgenic lines generated with the GUS reporter constructs were examined for the ability of 

candidate enhancers to activate the expression of the GUS reporter gene in planta, by 

comparing the GUS expression pattern with that of the min35S:GUS transgenic lines (Figure 

2F; also see section GUS results and Figure S4C and D in Chapter 3). A summary of the 

examined transgenic lines can be found in Table 2. Transgenic plants were distinguished from 

non-transgenic siblings using PCR or a PAT assay, and subsequently examined for GUS 

expression through staining of young seedling (V2 stage) and ear tissues. GUS expression was 

then scored using a graded scale, from no expression (0) to weak (1), intermediate (2) and strong 

expression (3). In V2 plants, staining was performed in the first and second leaves, tip of leaf 

3, inner stem tissue, the base of the stem plus mesocotyl (from here on abbreviated to 

mesocotyl), and roots (see Figure 2B from Chapter 3). For the ear, GUS expression levels were 

analysed in husk leaves, and the cob and shank of the ear (see Figure 2B from Chapter 3). For 

seedling tissue, only one seedling was stained per independent transgenic line (three 

independent lines for H112:GUS and N7:GUS, two for N4:GUS and one for H11:GUS and 
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V29:GUS). For ear tissues, four biological replicates of each independent transgenic line were 

examined.  
Table 2: Constructs and associated transgenic lines. 

 
 

The H11 and H112 reporter lines displayed weaker levels of GUS activity than min35S:GUS 

lines in all tissues, except for the inner stem, which showed similar levels (Figure 2A and B). 

This suggests that candidates H11 and H112 may act as an insulator and shield the min35S 

promoter from activation by the MAS promoter. Alternatively, it could indicate that candidate 

H11 and H112 act as transcriptional repressor elements and therefore mitigate the enhancing 

capacities of the MAS promoter. 

 

For the V29:GUS transgenic line, the levels of GUS activity in V2 leaf one, two and three and 

mesocotyl were overall clearly higher than the ones observed in min35S:GUS lines (Figure 2C), 

while in inner stem tissue and roots the expression was weak. In ear tissues, the GUS activity 

was indistinguishable from that of the min35S:GUS lines. These data indicate that at least in 

V2 leaf tissues and mesocotyl, V29 can act as an enhancer sequence. 

 

Comparison of GUS activity levels between the N4:GUS and min35S:GUS lines indicated 

higher levels in leaf one and leaf 2 V2 tissues of N4:GUS lines, but significantly lower levels 

in ear tissues (Figure 2D). These results indicate that the Neutral 4 region can act as a tissue-

specific enhancer in V2 tissues, while it may act as an insulator or transcriptional repressor 

element in ear tissues. 

 

In the N7:GUS lines, levels of GUS expression were generally lower in V2 tissues than in the 

min35S:GUS lines, and mostly indistinguishable from that of the min35S:GUS in ear tissues. 

Neutral 7 may therefore act as an insulator or transcriptional repressor element in V2 tissues, 

name of the construct inserted genomic  region Lines
#1 (390-01)
#2 (390-03)
#3 (390-05)

pH11::GUS H11 #1 (392-01)
pV29::GUS V29 #1 (391-01)

#1 (393-01)
#2 (393-09)
#1 (394-01)
#2 (394-03)
#3 (394-07)

pN7::GUS Neutral region

pH112::GUS H112

pN4::GUS Neutral region
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while the GUS activity in ear tissues can be interpreted as the activation of the minimal 35S 

promoter by the MAS promoter. 

 

 
Figure 2: GUS expression in candidate enhancer reporter lines. Cumulative bar plots showing the 
percentage of plants belonging to each scoring category (null, weak, intermediary and strong staining) for 
the tissues and transgenic lines of (A) candidate H112, (B) candidate H11, (C) candidate V29, (D) Neutral 4 
(E) Neutral 7 and (F) min35S. For most transgenes, multiple replicates of one to three independent transgenic 
lines were scored (see Table S2 for the individual scoring). In the bar plots, mesocotyl refers to staining in 
the mesocotyl plus base of the stem. 
 

Altogether, even if the interpretation is inconclusive, these results suggest that candidate 

enhancer H11, H112 and V29, but also Neutral regions 4 and 7, can act as regulatory sequences 

with either a role as enhancer, silencer and/or insulator depending on the tissue examined.  
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Setting up a transient expression system for validation of candidate 

enhancers in maize 

 
Transient expression of transgenic constructs in plants through Agrobacterium tumefaciens-

mediated transformation is a very convenient technique given its relative ease of application 

and the range of species it can be applied to [34–37]. For plant species such as Zea mays, for 

which techniques of agro-infiltration are not available, transient expression is either achieved 

via particle bombardment or transfection of protoplasts [38–41]. Ballistic delivery of exogenous 

DNA has already been used to test the activity of enhancers [20,22]. Therefore, a bombardment 

protocol was set up for maize tissue. For this, multiple inner stems from young V2 seedlings 

(V2-IST) were submitted to bombardment with CaMV:GUS-coated tungsten particles using 

different pressure levels. The results obtained were inconsistent and hard to quantify (data not 

shown). This led us to explore alternative options and to consider the use of a dual luciferase 

reporter system. 

 

For this, the GUS reporter system [20,22] was changed into a dual luciferase reporter system 

[42]. By substituting the GUS coding region from the min35S:GUS construct with a green 

(GLuc) or a red (RLuc) light emitting luciferase (peak emissions are 549 and 615 nm, 

respectively), we created the min35S:GLuc and min35S:RLuc vectors (Figure S2). The 

min35:GLuc vector was used to test transcriptional enhancement by candidate enhancers while 

the min35:RLuc vector, after addition of the constitutive CaMV promoter (Figure S6A and C), 

was used for data normalization. Several candidate enhancers, but also Neutral regions N4 and 

N7 were inserted into the min35:GLuc vector (Figure S6D and E, Table 1). Details on DNaseI 

accessibility and H3K9ac enrichment profiles of candidate enhancers other than those shown 

in Figure 1 are presented in Figure S7. 

Then, V2-IST tissue of multiple plants was bombarded with the CaMV:RLuc and CaMV:GLuc 

constructs. No luciferase signal could be detected, however (data not shown). This was 

probably due to a too low transfection efficiency (too low ratio of transfected cells/total number 

of cells), leading us to investigate other means of transient expression to validate candidate 

enhancers: transient transformation of protoplasts. 

Testing cis-regulatory elements requires the presence of TFs specific to the regulatory sequence 

tested. The choice of the starting material to generate protoplasts is therefore crucial (Faraco et 

al, 2011). To best match the enhancer prediction conditions described in Chapter 2, protoplasts 
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were isolated from V2-IST tissue. To validate the system, protoplasts were transfected with 

various combinations of control constructs (min35S:GLuc, CaMV:GLuc and CaMV:RLuc). 

After transfection and incubation for 16-18 hours, the protoplasts were lysed, and light signals 

were measured simultaneously for green and red luciferase using their respective filter sets 

(Figure S8). Note that the GLuc and RLuc spectra overlap with one another and that part of the 

signal from GLuc leaks into the red channel. Representative results are summarized in Figure 

3. 

 

 

Figure 3: Silencing of the dual luciferase reporter system in maize protoplasts. Luciferase light signals 
are expressed in Relative Light Units (RLU) and were measured simultaneously for 10 minutes in both the 
green and red filters. For each transfection experiment, the transfected plasmids are indicated above the 
graphs. The results shown represent one biological replicate but are representative of the results obtained for 
multiple replications. Error bars indicate the standard deviation from three light measurements of one 
biological replicate. 
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Single transfections with the CaMV:GLuc or CaMV:RLuc constructs resulted in elevated levels 

of light intensity in the green and red filter, respectively (Figure 3A and B). Also, consistent 

with the expected emission spectrum, with CaMV:GLuc, light signal was detected in the red 

filter. These results indicated that the CaMV-driven luciferases behaved as expected (Figure 

3A and B). Co-transfection of CaMV:GLuc and CaMV:RLuc resulted in light emission in both 

filters, in agreement with both luciferases being expressed at the same time (Figure 3C). 

However, co-transfection of the min35S:GLuc and CaMV:RLuc constructs resulted in an 

absence of light signal in both filters (Figure 3D). The absence of light signal in the green filter 

was expected for the min35S:GLuc construct, but the absence of light signal in the red filter 

conflicted with the presence of the CaMV enhancer in the CaMV:RLuc construct (see also 

Figure 3B and C). This observation, which is very puzzling, was reproducible across three 

independent experiments in maize protoplasts and was also observed in Petunia protoplasts 

transfected with the same constructs (Figure S9). The reason why silencing of CaMV:RLuc was 

not observed when co-transfecting with CaMV:RLuc is unclear, but we hypothesize that this 

unexpected behaviour may be the result of gene silencing[43,44] induced by the presence of 

the min35S:GLuc vector. A study successfully testing an enhancer candidate sequence in Zea 

mays protoplasts used two different promoters (CaMV and actin1 promoter) to drive expression 

of green and red luciferase, respectively [21]. This different strategy could have avoided gene 

silencing.  

With the aim to resolve the silencing issue, the CaMV-min35S-ΩAdh1 promoter unit of the 

CaMV:RLuc construct was exchanged with the promoter of the Elongation Factor 1α gene from 

Brachypodium distachyon (BdEF1α promoter) (Figure 6F) [5]. The EF1α promoter drives 

strong and constitutive GUS expression in transgenic BdEF1α:GUS maize plants [5]. Due to 

time limitations, co-transfection of EF1α:RLuc and min35S:GLuc in maize protoplasts was not 

yet performed. 

 

Studying the chromosomal interactions of candidate enhancers using 4C-seq 
 

Enhancers are known to physically interact with their target gene(s) to promote transcription, 

even when being located at great distances from their target gene [1,4,8,45]. Physical contacts 

between two DNA sequences are referred to as chromatin interactions and can be studied using 

Chromosome Conformation Capture (3C)-based techniques [9,46]. Such methods rely on the 

quantification of the frequency at which different genomic regions, for example enhancers and 
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their target genes, interact. 3C-based techniques have been performed in different organisms, 

including maize [8,11–17,47,48]. 

Circular Chromosome Conformation Capture (4C) enables the identification of all genomic 

regions interacting with one chosen viewpoint or bait [18,19]. We used this method, in both 

V2-IST and husk tissues from B73 plants, to identify potential target gene(s) of candidate 

enhancer H112/V441. For comparison, chromatin interactions involving Neutral region 4 were 

also investigated. From the sequencing reads, fragments interacting with both baits were 

identified and reproducible contact regions across the different biological replicates were 

subsequently defined using Foursig [49]. Contact regions were then categorized into three types 

(H, V and HV) depending on their tissue specificity. H and V contacts were identified only in 

husk and V2-IST tissues, respectively, while HV contacts were identified in both tissues. 

 

Figure 4: Density and fraction of contacts involving the H112/V441 candidate enhancer and Neutral 
region 4 in H, V and HV categories. (A) Bar plot showing density of contacts for two baits, evaluated as 
the number of contacts per Mb on the different chromosomes of maize line B73. The H112 candidate 
enhancer is located on chromosome 5 and Neutral region 4 on chromosome 10. (B-D) Pie charts displaying 
the different fractions of contacts for each bait in H, V and HV categories, genome-wide (B), in the bait 
chromosome (C), and in the 500 kb region upstream and downstream of the bait (D). Below each pie chart, 
the corresponding number of contacts is given. 
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4C analysis of bait H112 revealed a relatively sparse interactome (low density of contacts) over 

the entire genome compared to that of the transcription start site of ZmRap2.7 (Chapter 3) and 

Neutral 4 (Table S3, Figure 4). 175 contacts were identified in total, with the vast majority of 

these exclusively identified in V2-IST (V contacts; 87%). Although in all comparisons the 

fractions of contacts in H and HV categories were underrepresented compared to V contacts, 

they were slightly higher for the bait chromosome or direct vicinity of the bait (+/- 500 Kb, 

from hereon called bait region) than genome-wide (Figure 4C and D). The density of contacts 

was highest in the bait region but note that in this region, the distribution of contacts was very 

polarized; the contacts in the bait region were almost exclusively located downstream of the 

bait (Figure 5A). Overall, the H112 bait was mainly engaged in contacts with regions located 

outside of the bait region, and almost exclusive in V2-IST tissue (Figure 4, 5A and Figure S10). 

Results for the Neutral 4 bait indicated more contacts (349) than for bait H112, and they were 

distributed at a higher density than H112 contacts, especially on the bait chromosome (Figure 

4A). Like with the H112 bait, most genome-wide contacts for Neutral 4 were exclusively 

observed in V2-IST tissue (59% of type V contacts) (Figure 4B). However, when considering 

only the bait chromosome, or the bait region, the large majority of contacts were husk-specific 

(60% and 64%, respectively) (Figure 4C and D). These results indicate that, while H112 is 

mainly involved in a V2-IST specific interactome involving the entire genome, the Neutral 4 

bait is engaged in two different, tissue-specific interactomes. In husk tissue, interacting regions 

were highly concentrated on the bait chromosome and more specifically in the region close to 

the bait (Figure 5B and Figure S10), and in V2-IST tissue, the contacts were spread over the 

genome, but mostly excluded at the bait region. 

 

Assuming H112 and Neutral 4 are regulatory elements, we used the 4C data to identify their 

potential target gene(s). We first examined, for both baits, the genome-wide proportion of 

contacts intersecting with genes and lncRNAs as, well as their expression status (Figure S11, 

Table S4). Results revealed a similar situation for both baits and tissues, with 35 to 49% of the 

contacts overlapping with genes and lncRNA loci, of which about two-thirds were active 

(RPKM > 0.5). For bait H112, two contacts in the bait region (+/- 500kb) overlapped with 

active genes, an H and a V contact downstream of the bait (Figure 5A, Table S5). For both 

contacts, the genes involved showed the lowest expression level in the tissue in which the 

contact was observed, suggesting a possible role for H112 as a transcriptional silencer for these 

genes, which would fit the results obtained with the GUS reporter lines. Similar analyses for 

Neutral 4 indicated that this region interacts with most genes and lncRNA loci located in the 
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bait region, but these were either not expressed or not showing clear differences in their 

expression level across the two different tissues (Figure 5B and Table S5). 

 

(A) 

 
  

Annotations:

D
N
as
eI

H
3K

9a
c

Husk

V2-IST

V2-IST

Husk

mCG

mCHG

mCHH

Uniqueness

TEs

Genes:Zm00001d0159..

CA
G
E	
V2

CA
G
E	
H
us
k

Positive	strand

Negative	strand

Positive	strand

Negative	strand

lncRNA

Bait	H112	+/- 500kb	(5:130090754..131215510	(1.12	Mb))

4C	Contacts

Figure	5A

Bait
Region	of	interest

Non-mappable fragments

14* 17*

18/25.20/0

10

0.25/0.85

1207

21.4/12.7
0/0



Chapter 4 

 185 

(B) 

 
Figure 5: Chromosomal contacts involving the H112 enhancer and Neutral region 4 in B73. 
Chromosomal contacts within a 1Mb window for baits (A) H112/V441 and (B) Neutral region 4. From the 
top to the bottom: Non-mappable BglII-CviQI restriction fragments (blue bars), regions of interest (dark blue 
boxes), 4C contacts (red = V, blue = HV and green = H-specific contacts), TE annotation (yellow boxes), 
B73 AGPv4 gene annotation, DNase I hypersensitivity (DNAseI) and H3K9ac enrichment (coverage and 
peak position (indicated as blue and green horizontal bars, respectively)) in B73 V2-IST and husk tissue, 
unique mappability in percentage, DNA methylation levels in CG (red), CHG (orange) and CHH context 
(yellow) in percentage, annotated lncRNAs from Gramene (cyan boxes with arrowhead) and CAGE-seq 
reads from V2-IST (CAGE V2) and husk (CAGE husk) tissues expressed in TPM (Transcript per Million 
reads). For further details, see legend of Figure 1.  
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To verify whether the observed trend in the bait region of H112 was true genome-wide, we 

analysed the ratio of expression level between V2-IST and husk or between husk and V2-IST 

tissues for genes overlapping with V and H specific contact regions, respectively (Figure 6A). 

Note that for this analysis only active genes or lncRNA loci were taken along. Results indicated 

that transcribed loci interacting with the H112 bait in V2-IST only (V contacts) were mostly 

upregulated (mean ratio = 2.13, n = 66) in this tissue compared to husk tissue. In the bait 

chromosome, except for gene Zm000001d015917 in the bait region, all genes interacting with 

H112 specifically in V2-IST, showed higher levels of expression in V2-IST compared to husk 

(Figure S10). Similar analysis for H contacts revealed an absence of major differences in 

expression between the two tissues for contacted genes (mean ratio = 0.91; n = 8). In agreement 

with a preferential upregulation of genes associated with V contacts only, the distribution of 

ratios between V and H contacts was significantly different (paired t-test, p-value = 0.019). For 

bait Neutral 4, both V and H contacts were associated with a slight upregulation of expression 

(mean ratio = 1.4 and 1.2, respectively), with no significant differences between the distribution 

of ratios of V and H contacts (paired t-test; p-value = 0.448) (Figure 6B). 

 

Next, we questioned whether baits H112 and Neutral 4 were significantly interacting with 

regions displaying particular chromatin features representing active (DHS, H3K9ac, LUMRs, 

candidate enhancers) or inactive (High CHG methylation) regions of the genome (Table 3). For 

this, the overlap of the fragments making up the contacts with the different chromatin features 

was calculated. Interestingly, genome-wide H and V contacts from bait H112 were significantly 

overlapping with active chromatin features. In line with a preferential overlap with active 

features, V contacts, which represent the majority of contacts (87%), were overlapping less with 

the inactive mark, CHG methylation, than random mappable fragments. H and HV contacts did 

overlap significantly with regions of high CHG methylation, but there were only a limited 

number of H and HV contacts (hence fragments) identified. In addition, significant overlap with 

candidate enhancers (husk candidates, four in total) was identified for V contacts, further 

suggesting a regulatory role for H112 in V2-IST (Table 3, Figure S10). Genome-wide analysis 

for bait Neutral 4 also indicated a significant overlap of contacts with regions enriched for active 

marks (DHS, H3K9ac and LUMRs), this was true for H and V contacts, and to a lesser extent 

also HV contacts (Table 3). In addition, for all three contact types the overlap with CHG 

methylated regions was below that of random mappable fragments. Furthermore, husks contacts 

of bait Neutral 4 displayed a weak significant overlap with candidate enhancers, husk 

candidates (two in total), at the lowest level of confidence (p-value < 0.05). 
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Figure 6: Analysis of relation between tissue-specific 4C contacts and gene expression levels. Boxplots 
showing for bait H112 (A) and Neutral 4 (B), the distribution of ratios of expression (V2-IST/husk or 
husk/V2-IST) for genes overlapping with V or H contacts, respectively. Only genes with expression > 0.5 
RPKM in at least one tissue were considered. The star symbol indicates the significant difference between 
the ratios of expression for genes overlapping with V or H contacts of H112 (two tailed t-test; p-value = 
0.019). 
 

 

Similar analysis for the bait chromosome, non-bait chromosomes, and bait region revealed 

similar trends (Table S6). However, for both H112 and Neutral 4 frequently no significant 

overlap with the features tested was observed, which may be explained by the relative small 

number of fragments involved in part of these cases. 

Overall, these results indicate that both baits interact with more sequence regions in inner stem 

tissue of young V2 seedlings than in husk tissue. It also suggests that the H112 bait plays a role 

as a regulatory sequence, preferentially in V2-IST tissue, influencing the expression of its target 

genes, potentially involving an interaction with another enhancer. Neutral 4 was identified as a 

region with distinct tissue-specific interactomes, and that showed only limited effects on the 

expression of genes it associates with genome-wide. 
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Table 3: Percentage of overlap of 4C contacts with different genomic features.  

 
The top two tables indicate the percentage of overlap of genome-wide H, HV and V contacts with DNase I 
hypersensitive sites (DHS) and H3K9ac enriched regions in V2-IST and husk tissue, with LUMRs, with 
candidate enhancers in husk and V2-IST, and regions of high CHG methylation for the H112 (A) and Neutral 
4 baits (B). The last column indicates the number of BglII-CviQI restriction fragments for each type of contact 
indicated. An overlap with a genomic feature is considered significant if the percentage exceeds the indicated 
percentage in the bottom P-value table. The degree of significance is indicated by the colour of the cell: light 
yellow indicates p-value < 0.05, yellow < 0.01 and dark yellow < 0.001. 
 
 

Discussion 
Enhancer sequences are major regulators of gene expression and as such indispensable 

contributors to eukaryotic cellular life. Recently, the use of sequencing-based approaches 

allowed to leap forward and generate lists of putative enhancer sequences. Validation of 

candidate enhancers is, however, a sine qua non condition to establish a trustworthy catalogue 

of enhancer sequences. In this chapter, we describe a preliminary characterization and 

validation of candidate enhancers and control sequences through the use of a reporter construct 

in planta. It also describes an attempt to set up a transient expression system using luciferase-

based reporter constructs in maize protoplasts. In addition, we also report on the interactome of 

candidate enhancer H112/V441 and compare it to that of a non-candidate region (Neutral 4). 

 

Validation of candidates in planta 
To validate candidate enhancer sequences from Oka et al [2], two different reporter systems 

were used: a GUS reporter system for in planta validation and a dual luciferase reporter system 

for transient expression in protoplasts (Figure S1). Using the GUS reporter system, candidate 

enhancers H11/V426, H112/V441, candidate ex-V29, and the Neutral regions 4 and 7 were 
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tested in planta. Importantly, results were interpreted taking the background GUS activity 

observed in min35:GUS transgenic lines into account. We suspect the MAS promoter, driving 

the selectable marker gene, to activate the minimal 35S promoter in min35S:GUS transgenic 

lines (see chapter 3; [48,49]). Results for H11:GUS and H112:GUS transgenic lines suggested 

that H11 and H112 either acted as transcriptional silencers or as an insulator, especially in husk 

leaves, limiting the enhancing effect of the MAS promoter [50–53]. Note that such types of 

regulatory sequences might have similar DNA and chromatin characteristics as transcriptional 

enhancer sequences [54–56]. The distinction between silencers and enhancers is their effect on 

transcription of a target gene. Note that it has been reported that a sequence acting as an 

enhancer in one tissue, can act as a silencer in another tissue [51,57–61]. Nevertheless, these 

different functions can be mediated by (partially) similar mechanisms, like the binding of TFs. 

The latter often requires similar characteristics such as high accessibility [62,63]. In addition, 

the presence of binding motifs for repressor TFs was reported in sequences defined as 

transcriptional enhancer based on their chromatin features [55]. 

 

Results from V29:GUS and N4:GUS transgenic lines indicate that ex-V29 and N4 were capable 

of enhancing GUS activity in some of the V2 seedling tissues tested, and thereby act as 

transcriptional enhancer in these tissues. Importantly, in tissues used for predicting candidate 

enhancers (V2-IST and husk leaves), ex-V29 and N4 did not yield GUS activity levels above 

those shown by min35S:GUS lines, consistent with these sequences not being identified as 

candidate enhancers in our screen [2]. Together, our results show that LUMR regions not 

identified as candidates in V2-IST and husk may function as enhancer sequences in other 

tissues. In animals, inactive cis-regulatory regions lose DNA methylation upon activation [64]. 

In plants, levels of DNA methylation appear to be relatively stable across tissues and stages 

([65,66]; Oka, Stam and Springer unpublished results). Thus, it is very likely that generally, 

intergenic LUMRs remain LUMRs in the various different tissues and developmental stages, 

and represent all intergenic regulatory sequences. We postulate that when overlapping with 

DHSs and H3K9ac enrichment, they act as active regulatory sequences, while when lacking 

DHSs and/or H3K9ac enrichment, they represent inactive regulatory sequences. 

 

It is important to validate candidate sequences in conditions as close as possible to the in planta 

conditions. The transcriptional effect of regulatory sequences a.o. depends on flanking genomic 

regions, additional regulatory regions and the availability and binding of specific transcription 

factors at their cognate binding sites [54]. Testing candidate sequences through in planta 
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reporter constructs mimics the endogenous conditions, including the tissue-specific proteomes, 

but assess the function of candidate sequences at ectopic genomic locations. Testing the role of 

candidate enhancers in their original genomic location and chromatin context can be 

accomplished using the CRISPR-Cas9 system, as demonstrated in a recent study [67]. 

However, results are much easier to interpret if the target gene(s) of the targeted enhancer 

candidate has already been identified. Strikingly, Osterwalder et al [67] reported a significant 

level of redundancy among enhancer sequences. For phenotypic effects to become detectable, 

the deletion of multiple enhancers regulating the same target gene was necessary. This 

underlines the collaborative nature of transcriptional gene regulation. 

 

In addition to CRISPR-Cas9, 4C-seq experiments are a way to study enhancer candidates in 

their endogenous context. It allows to identify a.o. interactions of an enhancer with (distant) 

target genes, in a tissue-specific manner. The interaction patterns can be compared with the 

tissue-specific expression levels of the interacting genes. This way, we showed that genes 

contacting H112 specifically in V2-IST tissue are upregulated in V2-IST in comparison to husk 

tissue. This observation supports the hypothesis that H112/V441 can act as transcriptional 

enhancer, in spite of the results obtained with the H112:GUS transgenic lines. The discrepancy 

in results could be due to the insertion of the H112:GUS reporter construct at an ectopic 

location. Furthermore, it is noteworthy that a study based on large-scale reporter assays 

indicated that some enhancers could only activate specific promoters [68]. It is therefore 

possible that part of the tested candidate enhancers cannot activate transcription of the minimal 

35S promoter. 

 

 

Transient expression in maize protoplasts 
In order to increase the throughput of our candidate enhancer validation, we aimed at setting up 

a system for transient expression of reporter constructs. Particle bombardment was dropped due 

to the absence of signal from the reporter genes used, and transient expression in maize 

protoplasts was used instead. The latter resulted in detectable levels of light signal mediated by 

our positive control constructs (CaMV:RLuc and CaMV:GLuc) when individually transfected 

or when co-transfected together. Unexpectedly, when co-transfecting both a positive and 

negative control construct (CaMV:RLuc and min35S:GLuc), signal could not be detected from 

any of the two constructs. We hypothesized that this behaviour could be caused by silencing 
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caused by the min35S:GLuc. Such behaviour was not observed when co-transfecting 

CaMV:RLuc and CaMV:GLuc, suggesting that this observed silencing is plasmid-dependent. 

Similar behaviour was reported in a previous study where co-transfection of a transfection 

control construct (Raus Sarcoma Virus Promoter; pRSV:bGal) with a positive control construct 

(SV40 promoter and enhancer; pSV2:Cat) consistently resulted in a severe decrease in 

expression of the transfection control reporter gene. A co-transfection of the same transfection 

control plasmid with a negative control plasmid (SV40 early promoter; pSVE:Cat) [69] resulted 

in much higher bGal activity. We hope that switching the promoter sequence of the transfection 

control construct from the CaMV promoter to the BdEF1α promoter will result in a functional 

reporter system. 

 

4C-seq reveals interactomes of candidate H112/V441 and neutral region 4 
Using 4C-seq we revealed the interactome of two different bait regions: candidate H112 and 

Neutral 4. We show that overall, bait H112/V441 is engaged in twice as less interactions than 

bait Neutral 4. Both baits were preferentially engaged in contacts in V2-IST tissue; bait H112 

was even almost exclusively engaged in V2-IST contacts (87% of V contacts). Reasons for this 

general preference towards V2-IST tissue remains elusive. In addition, the majority of contacts 

of both baits were inter-chromosomal. This large fraction of contacts occurring with regions 

outside of the bait chromosome is reminiscent of a mammalian enhancer involved in prostate 

cancer having about 90% of its contacts located outside of the bait chromosome [17]. 

 

In addition, we showed that Neutral 4 and H112 contacts are significantly intersecting with 

regions characterized by active chromatin marks. H and HV contacts of bait H112 were also 

shown to significantly overlap with regions characterized by the inactive mark CHG 

methylation. However, this enriched overlap might be due to the low number of contacts in 

these categories. We also show that for V2-IST specific contacts, bait H112 is interacting with 

genes that show on average a higher level of expression specifically in this tissue. Similar 

analysis with bait Neutral 4 did not reveal such clear correlation between tissue-specific 

interactions and expression of contacted genes. In Human cells, Hi-C analysis indicated that 

the general three-dimensional organisation of the genome is subdivided into A and B 

compartments, corresponding to active and inactive chromatin, respectively [70]. In addition, 

results indicated the preferential interaction of active A compartments with other A 

compartments and inactive B compartments with other B compartments. A/B compartments 
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have also been shown to exist in rice, tomato and maize [48,71]. These studies in addition 

confirmed the preferential interaction of active regions with other active regions, either within 

the same A compartment or with other ones through long-range interactions skipping over 

inactive compartments [48,71]. These results support our observation of bait H112 and Neutral 

4 interacting with regions enriched for active marks. including genes and regulatory elements, 

even on other chromosomes. 

 

General conclusions and future directions 
Altogether, this chapter allows us to reflect on the best way to validate candidate enhancers. 

Transcriptional enhancing capacities are more difficult to predict and verify than initially 

anticipated. This is also observed by other studies in which tested enhancers were only partially 

validated or validated in other tissues than expected [23,29,72]. Importantly, our list of 

candidate enhancers [2] likely also includes other regulatory sequences than enhancers, a.o. 

silencers and insulators. Additionally, the possible dependence of their activity on interactions 

with, or proximity of other regulatory regions adds an extra layer of complexity that complicates 

their characterization. In order to shed light on transcriptional regulation in maize, efforts 

should be dedicated to i) identifying a plant transformation vector lacking sequences 

influencing the expression of the reporter construct used ii) identifying a reporter construct that 

in the absence of an enhancer sequence does not show background activity in transgenic 

reporter lines, and iii) implementation of an operational transient expression system [21,23]. 

For enhancer candidates with identified target genes, CRISPR-Cas9-mediated sequence editing 

appears a valuable tool to study enhancer sequences in their endogenous genomic environment. 

CRISPR-Cas9, together with RNA-seq, could also be used to better understand the 

consequences of interactions identified in 4C-seq experiments, notably between candidate 

enhancers and genic and/or lncRNA loci. Our study revealed the interaction of bait H112 with 

numerous expressed loci. The expression levels of interacting genes and lncRNAs were in part 

correlated with tissue-specific contacts involving bait H112. Performing RNA-seq analysis in 

CRISPR-mediated H112 knockout maize lines could help in the identification of its target 

gene(s). In addition, note that this study was conducted on insufficient candidate regions to 

confidently validate or reject the features used in Chapter 2 to predict enhancers, and strongly 

calls for the validation and characterization of more candidate cis-regulatory regions. In 

conclusion, validation of candidate sequences represents a challenging and time-consuming 

task but given the importance of getting a better understanding of the cis-regulatory genome, 
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future efforts should be dedicated to it, ideally through a collaborative effort of the scientific 

community. 

 

Material and Methods 

 
Plant Material 
Seeds from B73 or (non-)transgenic B104 plants were grown in soil in greenhouse conditions 

(16 hours light/ 8 hours dark, average temperature of 23°C). Plant material was collected at 

various moments, including 14 days after sowing (V2) and when the silks started emerging 

from the husks.  

 

Cloning  
Candidate enhancers 

Cloning of control fragments or candidate enhancers upstream of the min35S promoter into 

either the pENTR-min35S- ΩAdh1-GUS or -Rluc or -GLuc was performed as follows. First, 

candidate enhancer sequences were PCR amplified from B73 gDNA or an existing plasmid 

(CaMV enhancer) using specific primers for each candidate (see Table S1). Next, PCR 

amplicons and the destination vector were digested using SalI and BamHI (2 hours at 37°C in 

1X BamHI buffer using a 2-fold excess of Sal1 and 1-fold excess of BamH1). 

 

Dual -luciferase reporter system 

To allow exchanging the Rluc and Gluc coding sequence with the GUS coding region in the 

pENTR-min35S-ΩAdh1-GUS plasmid, an EcoRI site was inserted between the GUS sequence 

and pinII terminator. For this, a synthetic DNA fragment (1376 bp) ranging from 20bp upstream 

of a unique PshA1 restriction site in the GUS sequence to 20 bp downstream of a unique PacI 

restriction site in the pinII terminator sequence was created. The fragment was identical to the 

original vector sequence except for the presence of the extra EcoRI site. The synthetic fragment, 

digested with PshAI and PacI, was ligated by T4 DNA ligase to the pENTR-min35S-ΩAdh1-

GUS plasmid digested with the same enzymes.  

  

First, the ΩAdh1 sequence was inserted upstream of the red luciferase coding sequence in 

pCBR-basic (Promega). For this, the ΩAdh1 sequence was PCR amplified from the pENTR-

min35S-ΩAdh1-GUS plasmid using high-fidelity Phusion polymerase and primers BW2669 



Chapter 4 

 194 

and BW2555 (See Table S1). The PCR amplified ΩAdh1 sequence and plasmid pCBR-basic 

were then digested using KpnI and XhoI and ligated together to create the pCBR-ΩAdh1 

plasmid. Subsequently, this plasmid was used to PCR amplify the ΩAdh1-RLuc sequence with 

Phusion polymerase, using primers BW2670 and BW2671 (See Table S1). The PCR amplicon 

and pENTR-min35S-ΩAdh1-GUS were subsequently digested using SacI and EcoRI (1 hour 

at 37°C with SacI in 1x Tango buffer, followed by another hour in 2x Tango and addition of 

EcoRI), and ligated together, resulting in pENTR-min35S-ΩAdh1-RLuc. For the GLuc 

sequence, a synthetic DNA fragment (SacI- ΩAdh1-GLuc-EcoRI) was obtained from IDT and 

inserted into the pENTR-min35S-ΩAdh1-GUS as detailed for the ΩAdh1-RLuc sequence. 

 

The BdEF1α promoter sequence was PCR amplified from the pENTR-L4-pBdEF1α-R1 

plasmid using primers BW3175 and BW3177 and Phusion polymerase (See Table S1), digsted 

with SacI and XhoI and inserted into a SacI, XhoI digested pENTR-min35S-ΩAdh1-RLuc. 

 

Ligation and colony selection  

All ligations were performed with a 1:3 to 1:6 ratio backbone:insert, using T4 DNA ligase (10 

min at RT plus 4 hours at 16°C). Products were subsequently desalted for 30min on a 0.025µm 

pore size membrane (VSWP02500-Millipore) prior to transformation into E. coli DH10B 

electro-competent cells. Resistant colonies were selected upon appropriate antibiotic selection 

(20ug/mL Gentamycin for pENTR-min35S-Adh1-GUS derived plasmids; 100ug/mL 

Ampicilin for pCBR-basic; 50ug/mL Kanamycin for pENTR-L4-pBdEF1α-R1) and tested 

using colony PCR. Positive clones were submitted to plasmid DNA extraction and the plasmid 

DNA sequence was verified using Sanger sequencing. 

 

 

Maize Transformation and transgenic plant selection 
The Agrobacterium-mediated transformation of B104 maize plants was performed under 

supervision of Mieke van Lijsebettens (VIB - Ghent) as described in [5]. For details please refer 

to Material and Methods from Chapter 3. 

 

Histochemical GUS Assay 
The 5-bromo-4-chloro-3-indolyl β-D-glucuronic (X-Gluc) assay was performed as follows. V2 

plants or husk tissue parts were collected and dissected, followed by vacuum infiltration (25-
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30 mmHg) for 1 hour at RT in X-Gluc staining buffer (0.1M NaPO4 Buffer pH7, 10mM EDTA, 

0.1% TritonX-100, 1mM K3Fe(CN)6, 1 mM K4Fe(CN)6) and then incubated overnight at 37°C. 

After incubation, the X-Gluc staining buffer was removed and replaced by 70% EtOH. The 

Ethanol solution was then changed every 12 hours until complete clearance of the tissue from 

its chlorophyll. Pictures were taken of the different tissue samples. 

 

CAGE-seq 
Total RNA extraction 

For CAGE-seq, total RNA was isolated from the inner husk leaves of three husks, and inner 

stem tissue of three V2 seedlings as described in Oka et al. [2] (See Material and Method section 

from Chapter 2) until removal of rRNA from the samples. 

 

Trapping 5’capped transcript extremity, library preparation and sequencing 

Total RNA extracted from V2-IST and husk tissues were subsequently prepared into CAGE-

seq libraries at the Bioinformatics Centre, Department of Biology and BRIC, University of 

Copenhagen, following a published protocol [73]. In short, total RNA was reverse transcribed 

using random primers to form cDNA/RNA hybrids. Such hybrids were then submitted to an 

oxidation and biotinylation reaction, followed by RNaseI digestion of single-stranded RNA 

regions. The 5’ capped and biotinylated extremities of cDNA/RNA hybrids were captured with 

magnetic streptavidin beads and unbound complexes washed away. Single-stranded cDNA 

molecules were then dissociated from their RNA counterpart, followed by poly(A) tailing and 

direct sequencing on a HeliScope sequencing system. For sequencing, 17.7-36.8 million reads 

were produced for each library. 

 

 

Data analysis 

The first 12 bp and the base pairs beyond bp 36 of the reads were trimmed using fastxtoolkit 

[74].  The resulting 24bp reads were mapped to the maize B73 genome AGPv4 [75] obtained 

from Ensembl Plants [76] using bowtie [77], allowing 2 mismatches.  Overlapping reads 

mapped on the same strand were clustered to form tag clusters (TCs). For each TC, the number 

of mapped reads were counted and reads per million (RPM) were calculated as the measure of 

the expression level. 
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Particle Bombardment 
Microcarrier stock preparation 

To prepare microcarriers, 60mg of tungsten particles (Tungsten M-10, Bio-Rad) were added to 

2 mL of 0.1M HN03 [78]. The mixture was sonicated on ice (12 cycles of 5 sec ON/30 sec 

OFF). Next, the solution was vortexed alternating seven cycles of 1 min vortexing/30 sec on 

ice (about 10 min). Tungsten particles were then pelleted by spinning for 1 min, 900 rpm at RT, 

the supernatant removed, and the particles resuspended in 1 mL of Sterile milliQ. The 

suspension was then mixed gently by inverting the tube, the particles pelleted again (1 min, 900 

rpm) and resuspended in 2 mL of 100% Ethanol. After mixing, the centrifugation was repeated 

and the pellet resuspended in 1 mL of 100% Ethanol. This last step was repeated and particles 

sonicated on ice (12 cycles of 5 sec ON/30 sec OFF). After sonication, the tungsten particles 

were mixed homogeneously by vortexing and divided in 50 µL aliquots. Finally, the Ethanol 

was removed and the aliquots were air-dried by spinning tubes with their lids open for 1 min 

on a tabletop centrifuge. Aliquots were then stored at -20°C. 

 

DNA coating of microcarriers 

Dried tungsten particles were resuspended in 20 µL of sterile milliQ. Particles were then 

supplemented sequentially with 5 µg of the plasmid(s) of interest (2 µg/ µL), 25 µL of 2.5 M 

CaCl2, and 10 µL of 0.1M free-base spermidine, and intensive mixing on a vortex in between 

each addition. The resulting mixture was then again intensively vortexed for 10 min (alternating 

cycles of 1 min vortexing/30 sec on ice.). The DNA-coated particles were then pelleted (10 sec, 

9000 rpm), followed by addition of 250 µL of 100% Ethanol and vortexed for 1 min. The 

centrifugation was repeated (10 sec, 9000 rpm) and the DNA-coated particles resuspended in 

50 µL of 100% Ethanol. For each bombardment, 10 µL of particles was used. Particles were 

thoroughly mixed on a vortex before pipetting. 

 

Bombardment 

Bombardment was performed on inner stem tissue of five V2 seedlings deposited on a 1x MS 

agar (no sucrose) plate using a PDS-1000/He Particle Delivery System (Bio-Rad). For this, 

particles were loaded on the macrocarrier according to the manufacturer specifications and the 

petri dish was placed at a distance of 9 cm from the stopping screen (position L3). 

Bombardment by particles happened when the critical pressure needed for breaking the rupture 

disk was reached (1100 psi or 1350 psi). Subsequently, petri dishes were wrapped in aluminum 

foil and left at RT for 12 hours before measuring reporter gene (GUS or Luciferase) activity. 
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For GUS reporter constructs, bombarded tissue parts were stained as described in 

“Histochemical GUS assay”. For luciferase reporter constructs, bombarded tissues were first 

frozen in liquid Nitrogen, ground in a mortar and subsequently lysed according to the section 

“Maize V2-IST Protoplast isolation and transfection”. 

 

Maize V2-IST Protoplast isolation and transfection 
Protoplast isolation and transformation was adapted from a previously published protoplast 

protocol for petunia [6]. Maize plants were grown in a greenhouse for about 14 days (16 hours 

light/8 hours dark, 23°C). The inner stem tissue of 10 V2 plants was collected and sliced into 

fine pieces (2mm) in a petri dish at RT, using a sharp and new scalpel blade. Tissue pieces were 

then digested in a petri dish overnight at RT, shielded from light, in filter-sterilized TEX Buffer 

(3.1g/L Gamborg’s B5 salts, 2.56mM MES, 5.1mM CaCl2*2H2O, 3.12mM NH4NO3, 0.4M 

Sucrose, pH 5.7 with KOH) containing 1% Cellulase R-10 and 0.5% Macerozyme R-10 

(Duchefa) and using low orbital shaking (50 rpm). The next day, protoplasts were carefully 

transferred into a clean 50 mL tube and spun for 15 min at 90g (low acceleration; no break). 

The top 5 ml of TEX buffer containing alive protoplasts floating on top were gently poured into 

a new 50 mL tube containing 20 mL W5 buffer (154mM NaCL, 125mM CaCl2*2H2O, 5mM 

KCl, 5mM Glucose). Protoplasts were pelleted (3 min at 90g, low acceleration, no break), 

gently resuspended in 1mL W5 buffer and counted using an hemocytometer. The volume of 

W5 was then increased to 20mL and the 50 mL tube was left horizontally at 4°C for 2 hours. 

 

For transfection, protoplasts were pelleted again (3 min at 90g, low acceleration, no break) and 

resuspended in the appropriate volume of MMM buffer (0.5M Mannitol, 15mM MgCl2, 0.1% 

MES) to reach a concentration of 6.5-10x105 protoplasts per mL. Next, for each transfection, 

20µg of each desired plasmid(s) was added to a 15 mL tube, followed by addition of 300 µL of 

the protoplast solution (2-3x105 protoplasts). For convenience, the following two steps were 

carried out with a max of three tubes at the same time. 300 µL of PEG solution (0.4M Mannitol, 

0.1M Ca(NO3)2*4H2O, pH 8 with KOH and 40% PEG 4000) was added to each tube and the 

suspensions were very gently homogenized for 1 minute by slowly inverting the tubes up and 

down. Right after this, the volume was increased with a drop-to-drop addition of 2 mL of W5, 

followed by gentle inversion of the tube until complete homogenization. All tubes were 

subsequently placed in a rack and incubated for 2 hours in the dark at 26°C. Then the protoplasts 

were pelleted (3 min at 90g, low acceleration, no break), resuspended in 2-3 mL of fresh W5 

buffer and incubated in the dark for 16-18 hours at 26°C. The next day, transfected protoplasts 
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were pelleted (5 min at 90g, low acceleration, no break), lysed for 20 min in 100 µL of 1x Glo 

lysis buffer (Promega) and then stored at -80°C. 

 

Luciferase measurement and data analysis 
Light emission in transfected protoplasts was measured using a Synergy H1M luminometer. 

For this, 20 µL of protoplast lysate was mixed with 100 µL of a 10mM Luciferine solution 

(Promega) and measured over a 10-minute time course using the appropriate filters (Green filter 

= 517.5 to 542.5 nm; Red filter = 580-620 nm). 

 

4C-seq  
Library preparation and sequencing 

A total of 12 4C-seq libraries corresponding to 2 baits (H112 and Neutral 4) were generated. 

For each bait three 4C-seq libraries were generated from V2-IST tissue (five V2 plants/sample) 

and from the soft husk leaves of three different ears (one ear/sample).  

At first, a 3C sample was generated following instructions from Louwers et al, [79] or Weber 

et al [80]. 3C samples were then submitted to a second round of digestion and ligation, as 

intended for 4C procedure, following the published protocol from Splinter et al, 2012[81] with 

minor modifications. 4C samples were converted into bait-specific libraries through PCR 

amplification of each sample using bait-specific primers (Table S1). Finally, bait-specific 4C 

libraries were converted into 4C-seq samples using Illumina TruSeq sequencing adapters (with 

index). For sequencing, all 4C-seq libraries were pooled together in equimolar condition (1 mM 

each) in a final volume of 10 µL and sequenced on a Hiseq illumina sequencer, generating 19-

26 million 125bp single-end reads per library. To increase the diversity of nucleotides in the 

beginning of each read, 20% PhiX genome was spiked in each lane. For details see the material 

and method section on 4C from chapter 3. 

 

4C primer design 

Bait-specific 4C primers were designed for each bait (Table S1). Primer pairs were designed as 

sequences of 18-27 nucleotides, with specific requirements for GC content, Tm and sequence 

homology. For details see the material and method section on 4C primer design from chapter 

3.  
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Data analysis 

After sequencing, reads were trimmed, filtered on their quality score and mapped to an in silico 

library of BglII-CviQI fragments of the maize genome (B73-AGPv4). Uniquely mapped reads 

were selected and then the sets of reads for all libraries were down-sampled to 2 and 3 million 

reads (the minimum number obtained for all libraries) for bait Neutral 4 and H112, respectively. 

For both baits, 4C contact regions were then defined using foursig [49]. Data on gene 

expression, and various genomic features were obtained from Oka et al [2]. 

The size of the different 4C contacts from both baits and in the different contact types was 

analysed and plotted in a density plot (Figure S13). To examine if amplified BglII-CviQI 

fragment ends were more difficult to sequence the longer they are [82], the coverage of reads 

in relation to the length of fragment ends was analyzed (Table S7 and Figure S14). For this, 

fragments were classified based on the length of their 5’ and 3’ BglII-CviQI ends. Then the 

percentage of covered fragment ends in the different categories was analysed across individual 

4C libraries (Figure S14A) or by merging all libraries together, including those of the ZmRap2.7 

TSS bait discussed in chapter 3 (Figure S14C). Similarly, the median coverage for the different 

fragment ends was plotted (Figure S14B and D). The conclusion is that the data obtained from 

sequencing are not substantially biased against fragments with long ends. For more details on 

the data analysis see material and method section on 4C data analysis from chapter 3. 
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Supplementary Figures and Tables 

 
Figure S1: Validation workflow for enhancer candidates. Candidates are PCR amplified from genomic 
DNA (gDNA) with primers containing SalI and BamHI restriction sites, digested and inserted into the 
appropriate reporter gene vector (GUS or Luciferase-based) cut with the same enzymes. To generate stable 
transgenic maize lines, the GUS reporter constructs were recombined into a pBIBAC binary vector by a 
Gateway LR reaction. Luciferase constructs were transfected into maize protoplast for transient expression.  
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Figure S2: Schematic representation of the basic pENTR plasmids. The pENTR min35S:GUS plasmid 
(A) was used for in planta validation and to create (B) the pENTR min35S:GLuc and (C) the pENTR 
min35S:RLuc used for transient expression in maize protoplasts. Min35S refers to the -90 to +1 bp sequence 
of the minimal promoter of the Cauliflower Mosaic Virus 35S RNA gene. WAdh1 intron indicates the Omega 
leader sequence from the Tomato Mosaic Virus fused to the first intron of the alcohol dehydrogenase-1 
(Adh1) gene. TpinII indicates the transcription terminator sequence from the potato protease inhibitor II 
(pinII) gene.  
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Figure S3: Detailed representation of GUS reporter constructs used for Agrobacterium-mediated 
transformation of B104 maize lines. Candidate and none-candidate sequences were cloned upstream of a 
reporter construct present within a pENTR plasmid (Figure S2A) and subsequently transferred to the 
pBIBAC-BAR-GW destination vector using an LR reaction. The (A) H11:GUS, (B) H112:GUS, (C) 
V29:GUS, (D) N4:GUS, (E) N7:GUS, (F) CaMV:GUS and (G) min35:GUS constructs within the BIBAC-
BAR T-DNA. BAR indicates the phosphinotricin resistance gene. Pmas and Tmas refer to promoter and 
transcription terminator sequences of the Agrobacterium-derived mannopine synthase (mas) promoter, 
respectively. For details on the basic reporter construct see legend of Figure S2.  
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Figure S4: Size distribution of candidate enhancers. Size distribution of (A) V2-IST candidate enhancers 
and (B) husk enhancers from Chapter 2. Enhancers are binned in 500bp categories. The two main bins for 
each tissue represent a size range from 500 to 1500 bp. 
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Figure S5: Representative results of histochemical staining of young seedling and ear tissues of the 
different GUS reporter lines. (A) H112:GUS, (B) H11:GUS, C) V29:GUS, (D) N4:GUS and (E) N7:GUS. 
For each construct, a schematic representation of the construct is depicted, together with representative 
staining of V2 seedling and ear tissues of independent transgenic lines (see Table S2 for the individual 
scoring). The number in each panel indicates the respective independent transgenic line.  
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Figure S6: Detailed representation of the luciferase reporter constructs used for transient expression 
in maize protoplasts. (A) min35S:GLuc, (B) CaMV:GLuc, (C) CaMV:RLuc, (D) Candidate:GLuc, (E) 
Neutral:GLuc and (F) BdEF1α:RLuc. For more details see legend Figure S2.  
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Figure S7: Accessibility and H3K9ac enrichment profile at candidate enhancers cloned into the 
luciferase reporter system. Genome browser view for (A) candidate H221 (b1 enhancer), (B) candidate 
H1403 (tb1 enhancer), (C) candidate V4/H1497 (DICE), (D) candidate V2/H1500, (E) candidate V3/H1498, 
(F) candidate V11/H1422 and (G) candidate V16. In each panel, the enhancer is represented by a cyan blue 
bar. Below the bar, the presence of TEs, and coverage for accessibility (light blue tracks) and H3K9ac (green 
tracks) in both V2-IST and husk tissue, together with significantly enriched regions as detected by MACS2 
(light blue bars = DHS, green bars = H3K9ac enrichment) are shown.  
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Figure S8: Green and red luciferase emission spectra and associated filters. The green luciferase 
spectrum ranges from 480 to 680 nm and is detected using the 525/30nm green filter. The red luciferase 
spectrum ranges from 550 to above 700 nm and is detected using the 610/40 nm red filter.  
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Figure S9: Silencing of the luciferase reporter system in petunia protoplasts. Luciferase light signals are 
expressed in Relative Light Units (RLU) and measured simultaneously for 10 minutes in both the green and 
red filters. For each transfection experiment, the transfected plasmids are indicated above the graphs. Error 
bars indicate the standard deviation from three measurements of one biological replicate.  
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Figure S10: Graphical representation of contacts involving the bait chromosome. Chromosomes 5 and 
10 are depicted with the position of contacts involving H112 or Neutral 4, respectively. The type of contact 
is indicated by the color of the contact (red = V, blue = HV, green = H). The position of the bait within each 
chromosome is depicted by a dark grey box. Contacts within this region (about 2Mb) were not depicted due 
to their high density. 4C contacts overlapping with candidate enhancers or genes are indicated by dark grey 
arrowheads, together with the name of the candidate enhancer or gene. For genes, levels of expression (in 
RPKM) in the different tissues are also indicated (V2-IST/husk).  
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Figure S11: Analysis of relation between 4C contacts and genic/lncRNA regions. Blue Pie Charts 
showing the percentage of 4C contacts overlapping or not with genic regions and lncRNA loci in V2-IST (A 
and C) and husk (B and D) for bait H112 and Neutral 4, respectively. The fraction of expressed and not 
expressed genes overlapping with contacts is displayed as grey/yellow pie charts.  
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Figure S12: Gene expression in V2-IST and husk tissue in B73. (A) Dot plot showing the correlation 
between gene expression in V2-IST and Husk. Gene expression is expressed in log RPKM values. (B) 
Summary of gene expression data in V2-IST and Husk. The upper table shows the percentage of expressed 
and not-expressed genes in the different tissues. The bottom table indicates the percentage of expressed and 
not-expressed genes on bait chromosome 5 (H112) and chromosome 10 (Neutral 4). 
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Figure S13: Analysis of contact length. (A) For each bait, the density plot of size (in bp) of contact regions 
is shown. (B, C) Density plots for size of contact regions from the different types (H, HV and V) for the (B) 
H112 and (C) Neutral 4 bait. 
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Figure S14: Analysis of coverage for the different fragment ends. Density plot showing, for the different 
biological replicates, (A) the percentage of covered fragment ends and (B) the median coverage for the 
different categories of fragment ends (see also Table S7). 1, 2, and 3 refer to the data sets from replications. 
(C, D) All reads from all 4C libraries (including data from the ZmRap2.7 4C analysis in Chapter 3) were 
pooled and the percentage of covered fragment ends (C) and median coverage (D) for the different size 
classes of fragment ends was calculated. 
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Table S1: Primer list.  

 
All primers used in this study are shown, classified based on the main experiment they were used for.  
  

Locus/sequence Name Amplicon 
size (bp)

Cloning
BW2462 F: 5'- NNNNNNGTCGACGGTCCCCAGATTAGCCTTTTCAATTTCA -3'
BW2463 R: 5'- NNNNNNGGATCCATCACATCAATCCACTTGCTTTGAAGAC -3'

BW2555 F: 5'- NNNNNNCTCGAGCCGCAGCTGCACGGG -3'
BW2669 R: 5'- NNNNNNGGTACCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACAT -3'

BW2670 F: 5'- NNNNNNGAGCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACAT -3'
BW2671 R: 5'- NNNNNNCACGTCCTAACCGCCGGCCTTCAC -3'

BW2714 F: 5'- GACGTCGGATCCTGTCCTTTCC -3'
BW2715 R: 5'- NNNNNNGTCGACTCTGTACTAGAGTGCATGGTC -3'

BW2718 F: 5'- NNNNNNGTCGACACGCTTACGCCAACGAAGT -3'
BW2719 R: 5'- NNNNNNGGATCCGCTACAAGTCCTTTTAAACTGTGTCA -3'

BW2722 F: 5'- NNNNNNGGATCCGCAACAAATTTAACCCTAGCCATCC -3'
BW2723 R: 5'- AGCCCAGTCGACCCAGCCTC -3'

BW2726 F: 5'- NNNNNNGTCGACCTCTGTTTAAATCCTAAATCCGTTTATTTTCG -3'
BW2727 R: 5'- NNNNNNGGATCCGCACCTTCTACCCGCGC -3'

BW2730 F: 5'- NNNNNNGTCGACCCTAGTTACAAACTTTTTGATAAGACGAAAAACATTTAAAATAACC -3'
BW2731 R: 5'- TACGATTCTTGTATGGATCCCTAGTTATCTGATCA -3'

BW3040 F: 5'- NNNNNNGTCGACTTAAGGTCGGGCTTCTAAGG -3'
BW3050 R: 5'- NNNNNGGATCCCCCTAGGCAGGCTAATTATTCC -3'

BW3041 F: 5'- NNNNNNGTCGACCATGGGTTTGCTGCATCCTT -3'
BW3051 R: 5'- NNNNNNGGATCCAGATGAGAGCTGAGCACAGA -3'

BW3089 F: 5'- NNNNNNGTCGACACCTCGCCATTTCTGTATTA -3'
BW3090 R: 5'- NNNNNNGGATCCGGGTCAATTTGGACTTCATA -3'

BW3093 F: 5'- NNNNNNGTCGACGCATTAAGGAGAATGTGAGG -3'
BW3094 R: 5'- NNNNNNGGATCCCGTCGGTCCATAACTTTTAG -3'

BW3101 F: 5'- NNNNNNGTCGACGACACCAGCAAAATTAAAGG -3'
BW3102 R: 5'- NNNNNNGGATCCCCTTATCTGTGTAGCCCAAG -3'

BW3113 F: 5'- NNNNNNGTCGACAAGGAAAAGCACTCTGCTGG -3'
BW3114 R: 5'- NNNNNNGGATCCTAGACCCGGCGCATAGTTACTA -3'

BW3175 F: 5'- NNNNNNGTCGACAGATTTGTGATTGTTCAGCTACATGCTCC -3'
BW3177 R: 5'- NNNNNNCTCGAGGGCTGAAACTGCAGCATCGAAG -3'

BW3187 F: 5'- NNNNNNGTCGACGATAACACAACCGCAACAAG -3'
BW3188 R: 5'- NNNNNNGGATCCCAGTCTCTTTGCGCAGTCTA -3'

Colony PCR
BW2738 F: 5'- AGGCTCCACCATGGGAACC -3'
BW2739 R: 5'- CGTCATCCCTTACGTCAGTGGAG -3'

4C
BW2806 F: 5'- ACCCAAGCCATCTCGAAAGATCT -3'
BW2807 R: 5'- AAGCAAGCAGACAGGCGTAC -3'

BW2817 F: 5'- ACACAATCATTAAACGTTAAAGATCT -3'
BW2818 R: 5'- GTGCGGTCGATATTGTGTAC -3'

Primer sequence

Neutral 7 1244

V29 905

H11 912

CaMV 771

H112

Ω-Adh1-RLuc 2339

Ω-Adh1 654

N.A

N.A

N.A

802

1314

2508

3402

Neutral 4

V4 (DICE)

4409

1062

1792

1158

2024

875

H1403 (tb1  enhancer)

V11

V2

V3

H221 (b1  enhancer)

Bait H112

Bait Neutral 4

SalI-Insert-BamHI

V16

BdEF1α
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Table S2: GUS expression scores in transgenic lines.  

 
For all biological replicates, for each independent transgenic line of each reporter construct, the level of GUS 
staining was scored (0 = null, 1 = weak, 2 = intermediate, 3 = strong) for each tissue indicated. For each 
independent transgenic line, the arithmetic mean of the different biological replicates is indicated. N.A. 
indicates missing tissues. 
  

construct transgenic	lines replicates leaf	1 leaf	2 leaf	3-top inner	stem mesocotyl root construct transgenic	lines replicates husk	leaf shank cob
1 a 1 1 1 1 2 0 a 0 2 2
2 a 1 NA NA 1 1 0 b 1 2 2
3 a 1 1 1 1 2 0 c 0 2 2

d 1 2 2
H11:GUS 1 a 1 1 1 1 1 1 mean 0,50 2,00 2,00

a 0 2 2
V29:GUS 1 a 3 3 3 1 3 1 b 0 2 2

c 0 2 2
1 a 3 2 2 1 2 2 d 1 2 2
2 a 3 2 1 NA 1 1 mean 0,25 2,00 2,00

a 0 2 1
1 a 1 0 0 1 0 0 b 0 2 2
2 a 1 1 1 1 1 2 c 0 2 2
3 a 1 1 1 1 0 2 d 1 2 2

mean 0,25 2,00 1,75

a 1 1 1
b 1 1 0
c 0 1 0
d 0 1 0

mean 0,50 1,00 0,25

a 2 1 0
b 3 3 3
c 3 3 3
d 2 3 3

mean 2,50 2,50 2,25

a 0 0 0
b 1 1 0

mean 0,50 0,50 0,00
a 0 0 0
b 0 0 0
c 0 0 0
d 0 0 0

mean 0,00 0,00 0,00

a 2 3 3
b 2 3 3
c 1 3 3

mean 1,67 3,00 3,00
a 1 3 3
b 1 3 3
c 1 3 3
d 2 3 3

mean 1,25 3,00 3,00
a 2 3 3
b 1 3 3
c 1 3 3
d 1 3 3

mean 1,25 3,00 3,00

2

N4:GUS

N7:GUS

1

2

3

1H11:GUS

1V29:GUS

1

HuskV2

3

2

1

H112:GUS

H112:GUS

N4:GUS

N7:GUS
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Table S3: Summary of 4C contacts for baits H112 and Neutral 4. 

 
 
The table indicates: i) the average number of contacts per Mb for each chromosome, genome-wide, and in 
the bait regions (+/- 500 kb). The contact densities for the bait chromosomes are indicated in light blue. ii)  
the fractions of each type of contact (H, HV and V) genome-wide, iii) in the bait chromosomes and iv) in 
the bait regions (+/- 500 kb). 
  

H112 Neutral
Chromosome

1 0.089 0.145
2 0.058 0.122
3 0.062 0.17
4 0.085 0.148
5 0.124 0.124
6 0.091 0.125
7 0.065 0.07
8 0.054 0.089
9 0.026 0.089

10 0.065 0.447
average all 

chromosomes
0.0719 0.1529

bait region 12 28

Type
H 8.00 33.81

HV 4.57 7.45
V 87.43 58.74

Total number 
of contacts

175 349

Type
H 9.68 60.53

HV 9.68 15.79
V 80.65 23.68

Total number 
of contacts

31 76

Type 
H 16.67 64

HV 16.67 32
V 66.67 4

Total number 
of contacts

12 28

Contacts per 1Mb

Fraction of genome-wide contacts (%)

Fraction in bait region +/- 500 kb (%)

Fraction in bait chromosome (%)
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Table S4: Overlap between 4C contacts and transcription units.  

 
The first three data rows display the number of 4C contacts found in V2-IST, husk tissue or both, and their 
overlap with genes and lncRNA loci, either genome-wide or for the bait chromosome, For H112 (A) and 
Neutral 4 (B). The last three rows of each table indicate the number of individual genes (total, active or 
inactive) overlapping with contacts in V2-IST, husk tissue or both, genome-wide or for the bait 
chromosome. For the genes overlapping with contacts in both V2-IST and husk tissue, only the number of 
genes that are active or inactive in both tissues are shown. In the table, ‘genes’ represents both genes and 
lncRNA loci.

161 22 8 28 6 3

64	(39.75%) 8	(36.36%) 1	(12.5%) 7	(25%) 2	(33.33%) 0	(0%)

97	(60.25%) 14	(63.64%) 7	(87.5%) 21	(75%) 4	(66.67%) 3	(100%)

Total 101 12 1 15 2 0

Number	of	active	
genes	

63	(62.38%) 8	(66.67%) 0	(0%) 7	(46.67%) 1	(50%) 0

Number	of	
inactive	genes

38	(37.62%) 4	(33.33%) 1	(100%) 8	(53.33%) 1	(50%) 0

231 144 26 30 58 12

113	(48.92%) 50	(34.72%) 7	(26.92%) 16	(53.33%) 16	(27.59%) 3	(25%)

118	(51.08%) 94	(65.28%) 19	(73.08%) 14	(46.67%) 42	(72.41%) 9	(75%)

Total 166 61 8 21 20 4

Number	of	active	
genes	

104	(62.65%) 39	(63.93%) 4	(50%) 13	(61.90%) 8	(40%) 2	(50%)

Number	of	
inactive	genes

62	(37.35%) 22	(36.07%) 4	(50%) 8	(38.10%) 12	(60%) 2	(50%)

Number	of	genes	
intersecting	with	

contacts

Total	Number	of	contact	regions

Number	of	contact	regions	
overlapping	with	genes

Number	of	contact	regions	not	
overlapping	with	genes

Genome-wide
H112

Genome-wide Bait	Chromosome

V2-IST	Experiment Husk	Experiment Common	regions	for	V2-IST	
and	Husk

V2-IST	Experiment Husk	Experiment Common	regions	for	V2-IST	
and	Husk

Bait	Chromosome

V2-IST	Experiment Husk	Experiment Common	regions	for	V2-IST	
and	HuskV2-IST	Experiment Husk	Experiment Common	regions	for	V2-IST	

and	Husk

Total	Number	of	contact	regions

Number	of	contact	regions	
overlapping	with	genes

Number	of	contact	regions	not	
overlapping	with	genes

Number	of	genes	
intersecting	with	

contacts

Neutral
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Table S5: List of all genic and non-coding transcription units located in the 500 kb upstream and 
downstream flanking sequences of bait H112 and Neutral 4.  

 
 
For each gene or lncRNA, its coordinates are indicated and expression in V2-IST and husk tissue is given 
(RPKM; Oka et al, 2017). In the case of multiple isoforms, their respective expression levels are indicated 
in consecutive rows. Also, for each transcript, the overlap with contacts is indicated. N.C. (No Contact) 
indicates transcripts that are not overlapping with contacts. 
  

locus coordinates Expression	V2-IST Expression	Husk Contact
Zm00001d015907 5:130258774-130259760 0 0 N.C
Zm00001d015910 5:130470005-130470524 0 0 N.C
Zm00001d001639	(lncRNA) 5:130669245-130669473 0,615682 3,62614 N.C
Zm00001d001640	(lncRNA) 5:130745618-130746175 0 0 H
Zm00001d015912 5:130787029-130789864 0,249395 0,846213 N.C

21,44 12,777
1,3351 0,672394
18,0424 25,1727
12,7709 17,7446

locus coordinates Expression	V2-IST Expression	Husk Contact
Zm00001d024208 10:56531883..56542918 0 0 H
Zm00001d024209 10:56568678..56569597 0 0 H
Zm00001d024210 10:56611720..56614911 0 0,0201638 H
Zm00001d023104	(lncRNA) 10:56626223-56629642 0 0 H
Zm00001d024211 10:56725558..56728538 0 0 HV
Zm00001d024212 10:56828755..56838148 0,564714 0,575725 H
Zm00001d024213 10:56996605..56997603 1,9899 1,38959 N.C

Zm00001d023105	(lncRNA)	
Zm00001d023106	(lncRNA)

10:57031020-57033532 3,06367 3,27237 HV

Zm00001d024216 10:57105193..57106370 0 0 HV
Zm00001d024217 10:57145310..57146503	 0 0 H

H112

Neutral	4

Zm00001d015914

Zm00001d015917

H5:130947370-130950744

V5:131162040-131163049
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Table S6: Percentage of overlap of 4C contacts with different genomic features.  

 
 
The top two tables indicate the percentage of overlap of H, HV and V contacts with DNase I hypersensitive 
sites (DHS) and H3K9ac enriched regions in V2-IST and husk tissue, with LUMRs, with candidate enhancers 
in husk and V2-IST, and regions of high CHG methylation for the H112 (A) and Neutral 4 baits (B) either at 
the bait chromosome, non-bait chromosomes and in the bait region (+/- 500kb). For more details see legend 
Table 3.  
  

(A)

 Type DHS Husk
DHS V2-

IST
H3K9ac 

Husk
H3K9ac V2-

IST
LUMRs

Husk 
candidates

V2-IST 
candidates

High CHG 
methylated 

Regions

Number of 
fragments 
in contact 

regions
H 66.67 33.33 33.33 0.00 66.67 0.00 0.00 100 3

HV 20.000 0.000 0.000 0.000 20.000 0.00 0.00 100 5
V 5.26 13.16 7.89 2.63 42.11 2.63 0.00 94.74 38

H 0.00 0.00 18.18 9.09 36.36 0.00 0.00 100 11
HV 0.00 0.00 0.00 0.00 20.00 0.00 0.00 100 5
V 24.10 27.18 20.51 13.85 50.26 1.54 0.00 86.15 195

H 100.00 50.00 50.00 0.00 100 0.00 0.00 100 2
HV 25.000 0.000 0.000 0.000 25.000 0.00 0.00 100 4
V 0.00 5.26 0.00 0.00 21.05 0.00 0.00 100 19

(B)

 Type DHS Husk
DHS V2-

IST
H3K9ac 

Husk
H3K9ac V2-

IST
LUMRs

Husk 
candidates

V2-IST 
candidates

High CHG 
methylated 

Regions

Number of 
fragments 
in contact 

regions
H 2.70 4.05 5.41 4.73 21.62 0.00 0.00 97.97 148

HV 0.000 4.444 0.000 0.000 20.000 0.00 0.00 93.33 45
V 0.00 2.63 13.16 10.53 31.58 0.00 0.00 84.21 38

H 6.96 7.83 15.65 7.83 37.39 1.74 0.00 93.04 115
HV 40.91 40.91 13.64 4.55 59.09 0.00 0.00 81.82 22
V 15.36 18.44 22.07 13.97 49.72 0.56 0.28 87.71 358

H 0.00 1.37 1.37 2.74 13.70 0.00 0.00 100 73
HV 0.000 5.000 0.000 0.000 20.000 0.00 0.00 92.50 40
V 0.00 0.00 50.00 0.00 50.00 0.00 0.00 100 2

0.95 4.22 5.13 9.08 5.47 20.68 0.70 0.30 97.00
0.99 4.45 5.38 9.53 5.62 21.10 0.77 0.45 97.17

0.999 4.54 5.41 9.77 5.65 21.16 0.77 0.54 97.23

Bait 
chromosom

e

H1
12

Ne
ut

ra
l 4

Quantiles based on 100 random sets of 3000 mappable fragments

NOT bait 
chromosom

e

Bait region 
(+/- 500 kb)

P level

NOT bait 
chromosom

e

Bait region 
(+/- 500 kb)

Bait 
chromosom

e
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Table S7: Analysis of mappability of fragments based on the length of their fragment ends.  
(A) 

 
  

3’	fragend Blind 50 200 500 1000 2000 4000 >4000 Nobserved
5’	fragend

blind 66671 0 0 0 0 0 0 0 66671
50 0 4064 14136 14237 9391 3879 503 21 46231
200 0 14000 38704 39791 27502 11144 1541 57 132739
500 0 14054 39693 40032 27315 10814 1574 67 133549
1000 0 9486 27264 27420 21213 7669 1189 55 94296
2000 0 3922 11183 10714 7693 3325 454 20 37311
4000 0 502 1529 1497 1223 466 76 0 5293
>4000 29 52 48 41 16 4 0 190

Nobserved 66671 46057 132561 133739 94378 37313 5341 220 516280

Husk	replicates	H112 V2-IST	replicates	H112

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 0.184 * * * * * * * blind 0.682 * * * * * * *
50 * 1.919 1.698 1.503 1.640 1.186 1.789 0.000 50 * 2.534 2.674 2.163 1.938 1.727 2.187 0.000
200 * 1.614 1.964 1.830 1.764 1.391 1.363 1.754 200 * 2.457 3.266 2.898 2.669 2.324 3.180 3.509
500 * 1.345 1.708 1.511 1.604 1.470 1.017 2.985 500 * 2.199 2.794 2.818 2.475 2.247 2.287 2.985
1000 * 1.444 1.717 1.524 1.306 1.500 1.430 1.818 1000 * 2.203 2.718 2.673 2.060 1.956 1.682 3.636
2000 * 1.300 1.467 1.437 1.170 0.932 1.542 10.000 2000 * 1.734 2.450 2.193 2.275 1.444 1.101 5.000
4000 * 1.992 1.635 0.935 1.472 1.288 0.000 * 4000 * 0.797 2.812 2.405 2.208 1.288 1.316 *
>4000 * 0.000 3.846 0.000 2.439 6.250 0.000 * >4000 * 0.000 1.923 0.000 0.000 12.500 0.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 8.000 * * * * * * * blind 5.000 * * * * * * *
50 * 13.000 7.000 5.000 6.500 7.000 3.000 * 50 * 9.000 5.000 6.500 6.000 3.000 3.000 *
200 * 5.000 7.000 7.000 8.000 4.000 2.000 3.000 200 * 10.000 7.000 6.000 4.000 4.000 3.000 1.000
500 * 7.000 8.000 8.000 7.000 8.000 6.500 66.000 500 * 6.000 6.000 7.000 4.500 4.000 8.000 88.500
1000 * 8.000 5.500 7.000 6.000 7.000 5.000 20.000 1000 * 4.000 4.000 4.000 3.000 3.500 1.500 2.000
2000 * 9.000 6.000 7.000 8.500 7.000 1.000 5.500 2000 * 7.000 4.000 7.000 2.000 2.000 2.000 1.000
4000 * 4.000 11.000 8.000 1.500 5.500 * * 4000 * 15.500 2.000 10.000 2.000 5.000 2.000 *
>4000 * * 5.000 * 35.000 1.000 * * >4000 * * 9.000 * * 1.000 * *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 0.0495 * * * * * * * blind 0.709 * * * * * * *
50 * 0.3199 0.2476 0.2388 0.3833 0.2320 0.5964 0.0000 50 * 3.543 3.756 3.245 3.322 2.578 1.988 4.762
200 * 0.4071 0.4056 0.3292 0.3782 0.3051 0.3245 0.0000 200 * 3.500 4.599 4.197 4.094 3.410 4.023 1.754
500 * 0.3202 0.3855 0.3622 0.4759 0.2774 0.3177 1.4925 500 * 3.415 4.079 3.829 3.914 3.292 2.986 4.478
1000 * 0.3268 0.4108 0.3720 0.3677 0.3390 0.1682 0.0000 1000 * 2.931 4.060 3.928 3.451 2.947 2.355 3.636
2000 * 0.2550 0.3309 0.3640 0.3250 0.3609 0.4405 0.0000 2000 * 2.422 3.452 3.164 2.990 2.165 2.423 0.000
4000 * 0.1992 0.5232 0.4676 0.4088 0.2146 0.0000 * 4000 * 5.378 3.924 2.672 2.944 1.502 0.000 *
>4000 * 0.0000 0.0000 2.0833 2.4390 0.0000 0.0000 * >4000 * 3.448 1.923 0.000 2.439 6.250 0.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 9.00 * * * * * * * blind 6.000 * * * * * * *
50 * 3.00 16.00 4.00 11.00 10.00 1.00 * 50 * 8.500 7.000 9.500 7.000 3.000 15.000 26.000
200 * 6.00 8.00 13.00 9.00 11.50 15.00 * 200 * 8.000 8.000 8.000 6.000 4.000 3.000 4.000
500 * 23.00 15.00 11.00 9.00 5.00 40.00 173.00 500 * 7.000 7.000 10.000 6.000 7.000 14.000 2.000
1000 * 2.00 6.50 10.00 4.50 8.50 89.50 * 1000 * 6.000 6.000 6.000 5.000 4.000 5.500 5.000
2000 * 8.00 8.00 10.00 6.00 7.50 46.00 * 2000 * 4.000 4.500 6.000 4.000 2.000 3.000 *
4000 * 10.00 3.50 24.00 1.00 1.00 * * 4000 * 5.000 4.500 9.500 2.500 2.000 * *
>4000 * * * 1.00 58.00 * * * >4000 * 1.000 55.000 * 1.000 1.000 * *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 0.0675 * * * * * * * blind 0.601 * * * * * * *
50 * 0.2953 0.3608 0.2248 0.2130 0.2836 0.3976 0.0000 50 * 1.722 1.790 1.812 1.895 1.547 1.193 0.000
200 * 0.3643 0.4444 0.3669 0.3672 0.3679 0.3894 0.0000 200 * 1.814 2.380 2.161 2.116 2.288 1.622 0.000
500 * 0.3060 0.3930 0.3322 0.4210 0.2497 0.6353 0.0000 500 * 1.750 2.396 2.121 2.273 1.914 1.715 4.478
1000 * 0.2635 0.3705 0.3975 0.2498 0.2608 0.6728 0.0000 1000 * 1.771 2.197 2.082 1.966 1.956 2.439 0.000
2000 * 0.3060 0.3756 0.3360 0.4030 0.1805 0.0000 0.0000 2000 * 1.453 2.092 2.025 1.859 1.444 2.203 0.000
4000 * 0.3984 0.4578 0.2672 0.1635 0.2146 0.0000 * 4000 * 1.594 2.093 1.870 1.799 2.146 0.000 *
>4000 * 0.0000 3.8462 0.0000 0.0000 0.0000 0.0000 * >4000 * 0.000 1.923 0.000 2.439 0.000 25.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 2.00 * * * * * * * blind 11.00 * * * * * * *
50 * 4.00 22.00 5.50 3.50 4.00 1.00 * 50 * 18.00 12.00 18.00 11.50 10.00 28.50 *
200 * 22.00 9.00 5.50 7.00 6.00 1.00 * 200 * 9.00 16.00 13.50 13.00 7.00 5.00 *
500 * 4.00 7.00 3.00 6.00 19.00 9.50 * 500 * 17.00 11.00 15.00 12.00 8.00 25.00 52.00
1000 * 3.00 4.00 4.00 10.00 15.00 2.00 * 1000 * 12.00 11.00 9.00 10.00 4.00 11.00 *
2000 * 43.00 11.00 5.50 8.00 1.00 * * 2000 * 10.00 10.00 7.00 8.00 3.00 6.00 *
4000 * 12.50 4.00 115.50 36.00 5.00 * * 4000 * 8.00 21.00 20.00 8.00 1.00 * *
>4000 * * 58.50 * * * * * >4000 * * 25.00 * 42.00 * 1.00 *

Number	of	Fragments	in	each	category	of	fragends	(True	for	all	samples	and	bait)

H#1

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#1

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends

H#2

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#2

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends

H#3

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#3

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends
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(B) 

 
 
Results are shown for (A) bait H112 and (B) Neutral 4. A fragment end (fragend) corresponds to either the 
5’ or 3’ extremity of BglII-CviQI restriction fragments. Fragment ends were classified according to their 
respective 5’ and 3’ length (blind = no CviQI restriction site, ≤50, ≤200, ≤500, ≤1000, ≤2000, ≤4000 and 
>4000 bp). Top table indicates the number of fragends in each category. Below, for each replicate the 
percentage of covered fragends in each category and the median read coverage in each category is detailed.  
 
  

3’	fragend Blind 50 200 500 1000 2000 4000 >4000 Nobserved
5’	fragend

blind 66671 0 0 0 0 0 0 0 66671
50 0 4064 14136 14237 9391 3879 503 21 46231
200 0 14000 38704 39791 27502 11144 1541 57 132739
500 0 14054 39693 40032 27315 10814 1574 67 133549
1000 0 9486 27264 27420 21213 7669 1189 55 94296
2000 0 3922 11183 10714 7693 3325 454 20 37311
4000 0 502 1529 1497 1223 466 76 0 5293
>4000 29 52 48 41 16 4 0 190

Nobserved 66671 46057 132561 133739 94378 37313 5341 220 516280

Husk	replicates	Neutral	4 V2-IST	replicates	Neutral	4

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 1.210 * * * * * * * blind 1.540 * * * * * * *
50 * 3.912 4.039 3.477 3.014 2.346 2.783 4.762 50 * 3.740 4.061 3.147 2.822 2.681 3.380 0.000
200 * 3.964 5.578 4.770 3.971 3.527 3.569 1.754 200 * 3.621 5.098 4.220 3.782 3.634 4.023 3.509
500 * 3.294 4.671 4.272 3.496 3.181 3.621 8.955 500 * 2.917 4.081 3.747 3.474 3.264 2.668 1.493
1000 * 2.319 4.163 3.869 2.475 2.204 2.187 0.000 1000 * 2.804 4.141 3.388 2.909 2.399 2.187 1.818
2000 * 2.116 3.470 3.323 2.041 1.113 1.101 5.000 2000 * 2.091 3.622 3.005 2.431 1.444 0.441 0.000
4000 * 2.590 3.663 2.872 1.226 0.429 2.632 * 4000 * 2.390 3.990 2.672 2.862 1.288 2.632 *
>4000 * 0.000 1.923 2.083 4.878 0.000 0.000 * >4000 * 3.448 5.769 6.250 2.439 0.000 0.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 3.00 * * * * * * * blind 4.00 * * * * * * *
50 * 13.00 8.00 6.00 3.00 10.00 6.00 4.00 50 * 4.00 5.00 4.00 3.00 3.00 6.00 *
200 * 9.00 8.00 7.00 3.00 6.00 10.00 4.00 200 * 5.00 4.00 5.00 3.00 2.00 4.00 934.00
500 * 7.00 7.00 6.00 3.00 3.00 8.00 7.00 500 * 6.00 5.00 7.00 4.00 3.00 4.50 1.00
1000 * 3.00 3.00 3.00 2.00 1.00 3.00 * 1000 * 4.00 3.00 4.00 3.00 2.00 2.00 1.00
2000 * 8.00 4.00 5.00 2.00 2.00 3.00 1.00 2000 * 2.00 3.00 2.00 2.00 1.00 1.00 *
4000 * 2.00 3.50 3.00 1.00 1.00 1.00 * 4000 * 4.00 2.00 2.00 3.00 2.00 1.00 *
>4000 * * 321.00 58.00 3.00 * * * >4000 * 5.00 7.00 9.00 1.00 * * *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 0.529 * * * * * * * blind 1.398 * * * * * * *
50 * 1.722 2.292 1.798 1.736 1.624 1.590 4.762 50 * 4.429 5.093 3.976 3.493 2.758 2.187 0.000
200 * 1.993 2.922 2.480 2.262 2.091 1.622 3.509 200 * 4.514 6.348 5.489 5.192 4.289 5.062 5.263
500 * 1.871 2.343 2.018 2.101 1.748 1.461 1.493 500 * 4.120 5.240 4.889 4.371 3.754 4.765 2.985
1000 * 1.645 2.509 1.966 1.862 1.565 1.850 1.818 1000 * 3.468 5.098 4.562 3.305 3.012 3.112 1.818
2000 * 1.198 2.307 1.661 1.378 0.812 0.220 0.000 2000 * 2.779 4.265 3.687 3.185 2.316 2.203 5.000
4000 * 1.594 2.027 1.603 1.308 0.644 0.000 * 4000 * 2.988 4.644 4.275 3.434 1.288 2.632 *
>4000 * 0.000 0.000 0.000 0.000 0.000 0.000 * >4000 * 3.448 7.692 2.083 0.000 12.500 0.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 3.000 * * * * * * * blind 3.000 * * * * * * *
50 * 2.000 3.000 7.000 5.000 2.000 1.000 2.000 50 * 4.000 5.000 4.000 3.000 2.000 4.000 *
200 * 2.000 3.000 5.000 4.000 1.000 7.000 7.500 200 * 4.500 4.000 5.000 2.000 2.000 2.000 1.000
500 * 7.000 5.500 10.500 6.500 4.000 4.000 1.000 500 * 8.000 5.000 6.000 3.000 3.000 7.000 8.500
1000 * 2.500 3.000 7.000 4.000 4.000 6.500 4.000 1000 * 3.000 3.000 3.000 2.000 2.000 1.000 1.000
2000 * 2.000 3.000 3.000 3.000 2.000 4.000 * 2000 * 2.000 2.000 3.000 2.000 1.000 1.000 1.000
4000 * 1.000 6.000 23.000 3.000 1.000 * * 4000 * 2.000 4.000 3.000 2.000 2.500 1.000 *
>4000 * * * * * * * * >4000 * 80.000 55.500 4.000 * 1.000 * *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 0.511 * * * * * * * blind 1.342 * * * * * * *
50 * 1.993 2.292 1.531 1.555 1.598 1.789 0.000 50 * 3.814 3.806 2.606 2.982 2.140 2.187 0.000
200 * 2.193 3.310 2.501 2.469 2.495 2.466 0.000 200 * 3.357 4.782 3.910 3.792 3.580 3.699 3.509
500 * 1.743 2.388 2.013 1.735 1.812 1.525 2.985 500 * 2.661 3.993 3.327 3.288 2.700 3.113 2.985
1000 * 1.571 2.542 1.947 1.546 1.343 1.598 3.636 1000 * 2.203 3.888 3.377 2.852 2.152 1.850 0.000
2000 * 1.300 2.253 1.633 1.365 0.992 0.661 5.000 2000 * 2.014 3.675 2.968 2.483 2.075 2.203 0.000
4000 * 1.195 2.027 1.937 1.554 0.858 2.632 * 4000 * 1.793 3.924 2.872 2.535 1.073 1.316 *
>4000 * 6.897 1.923 4.167 2.439 0.000 0.000 * >4000 * 0.000 0.000 2.083 7.317 0.000 0.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 2.000 * * * * * * * blind 3.000 * * * * * * *
50 * 2.000 1.000 2.000 2.000 1.000 1.000 * 50 * 3.000 3.000 4.000 2.000 1.000 11.000 *
200 * 1.000 2.000 2.000 2.000 1.000 1.000 * 200 * 3.500 3.000 4.000 2.000 2.000 3.000 5.000
500 * 3.000 2.000 4.000 5.000 2.000 3.000 2.000 500 * 4.500 4.000 5.000 4.000 2.000 4.000 13.000
1000 * 2.000 2.000 3.000 3.000 2.000 1.000 2.500 1000 * 3.000 2.000 3.000 2.000 2.000 1.000 *
2000 * 1.000 2.000 4.000 4.000 1.000 1.000 107.000 2000 * 2.000 1.000 3.000 2.000 1.000 2.000 *
4000 * 1.000 1.000 2.000 10.000 1.000 1.500 * 4000 * 2.000 4.000 2.000 3.000 1.000 1.000 *
>4000 * 119.500 1.000 2.000 1.000 * * * >4000 * * * 2.000 21.000 * * *

Number	of	Fragments	in	each	category	of	fragends	(True	for	all	samples	and	bait)

H#1

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#1

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends

H#2

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#2

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends

H#3

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#3

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends
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Abstract 
Chromosome Conformation Capture (3C) allows studying the relative frequency of 

interaction of one chromosomal fragment with another. The technique is especially suited for 

unravelling the 3D organization of specific loci when focusing on aspects such as enhancer-

promoter interactions or other topological conformations of the genome. 3C has been 

extensively used in animal systems, among others providing insight into gene regulation by 

distant cis-regulatory elements. In recent years, the 3C technique has been applied in plant 

research. However, the complexity of plant tissues prevents direct application of existing 

protocols from animals.  Here we describe an adapted protocol suitable for plant tissues, 

especially Arabidopsis thaliana and Zea mays. 
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1. Introduction 

Since the first microscopic observation of nuclei, it has become clear that chromatin is not 

randomly organized [1]. A specific 3D architecture of the genome is established in each and 

every cell’s nucleus to ensure proper regulation of gene expression [2, 3]. Such architecture 

includes large-scale chromatin domains as well as specific enhancer-promoter interactions that 

together shape the cell’s transcriptome and its fate [4, 5]. Chromosome Conformation Capture 

(3C) allows to study chromatin organization and helps to understand how the spatiotemporal 

organization of chromatin influences gene expression [6]. 3C technology was first implemented 

in yeast [7] and rapidly adapted to other organisms including mice, human and Drosophila [8–

10]. The 3C technique provides the attractive opportunity to study chromosomal interactions at 

a resolution that was previously difficult to achieve with cytological methods [6]. The method 

relies on the proximity ligation concept (Figure 1). In this method, chromatin from fixed nuclei 

is first subjected to digestion with a methylation insensitive restriction enzyme, followed by 

ligation in conditions favoring intramolecular ligations. Hereby, regions that are in close contact 

in 3D have a higher chance of being ligated together. Subsequently, interaction frequencies of 

specific ligation events are quantified, providing insight into the 3D organization of chromatin 

at the genomic locus of interest. Frequencies of interaction are measured using quantitative 

PCR (qPCR) in combination with primers specific for each interaction one desires to examine. 

The use of primers recognizing specific fragments makes 3C an hypothesis-driven approach. 

Since the first publication in 2002, variants of the 3C method have been developed (e.g. 4C, 5C 

and Hi-C, see Chapter 29) that allow a more systematic analysis of chromosomal interactions 

[11–14]. These methods identify many more interactions at the same time (one to all, many to 

many, all to all) by including deep sequencing techniques. Hence they are associated with 

higher costs, and given the complexity and amount of data generated, also time consuming data 

analysis pipelines. Therefore, 3C remains a method of choice when special focus is given to 

one specific locus. It allows faster results and often offers better resolution. 

The specific nature of plant cells hampers the direct application of published 3C protocols from 

other species. Therefore, 3C on plant tissues requires plant specific steps. In literature, 3C 

protocols have been described for Arabidopsis and Maize [15, 16]. In this article, we provide a 

step-by-step bench protocol, starting from the design and setup of a 3C experiment, up to the 

analysis and interpretation of the 3C data. In addition, we provide critical notes on different 

aspects that need to be adapted when applying this method to other plants or tissues of interest. 
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Fig. 1 Graphical overview of the 3C technique. (A) Schematic representation of a potential locus of 
interest. Primers (black arrows) are designed on one and the same strand for all fragments monitored. The 
bait is indicated in blue. (B) Schematic representation of an hypothetical chromosome conformation at the 
potential locus of interest. (C) Fixed chromatin is digested, ligated in a large volume and then de-crosslinked. 
The products of these processes are shown. (D) Schematic representation of a 3C template. Black vertical 
bar indicates the ligated restriction site (RS). Primers (black arrows) anneal on each side of the RS and now 
form a primer pair. A TaqMan probe can be used for more specific quantification by qPCR (see Note 15) 
and should be designed on the bait fragment, on the strand complementary to the strand on which the bait 
primer is designed. (E) Graphical representation of a 3C plot. The relative frequency of interaction of each 
fragment with the bait is plotted on the y-axis (black and red circles). The distances to the middle of the bait 
fragment are reported on the x-axis. Vertical boxes are used to indicate the different fragments monitored.  
 

2. Materials 

Prepare all solutions using autoclaved milliQ water and analytical grade reagents. Sterilization 

by autoclaving is performed at 121 °C for 10 min unless indicated otherwise. Diligently follow 

all waste disposal regulations when disposing of waste materials. 
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2.1 Tissue Fixation and nuclei isolation 

1. 1 X Phosphate Buffered Saline (PBS): add 800 mL of milliQ water into a graduated 

cylinder together with a magnetic stirrer. Weigh 8 g of NaCl, 0.2 g of KCl, 1.44 g of 

Na2HPO4, 0.24 g of KH2PO4 and add it to the measuring column. Adjust the pH to 7.4 

with HCl and add milliQ water up to 1 L. Autoclave the solution and store at room 

temperature (RT).  

2. 4% Paraformaldehyde (PFA) in PBS: Prepare this solution in the fume hood. Pour 100 

mL of autoclaved 1 X PBS in a 250 mL glass bottle. Weigh 4 g of powdered 

paraformaldehyde and transfer it to the PBS-filled bottle. Adjust the pH to 9 with KOH, 

close the bottle and transfer it to a 65 °C water bath. Shake the bottle from time to time 

until the PFA is completely dissolved. Transfer it back to the fume hood and allow the 

bottle to cool down before adjusting the pH back to 7-7.5 with HCl. Prepare aliquots of 

10 mL to be stored at -80 °C.  

3. 2 M Glycine: Add 80 mL of milliQ water to a glass graduated cylinder or beaker, 

together with a magnetic stirrer. Weigh 15 g of Glycine and add it into the graduated 

cylinder or beaker. Dissolution can be enhanced by raising the temperature. After 

complete homogenization, adjust the volume to 100 mL with milliQ water and transfer 

the solution to a 100 mL glass bottle. Autoclave and store at 4 °C. 

4. 20 % Triton X-100: pipette twice 1 mL of Triton X-100 with a cut pipette tip and add 

to a 15 mL tube containing 8 mL of autoclaved milliQ water. Allow all Triton to get out 

of the tip by pipetting up and down. Avoid foaming as much as possible. Shield the tube 

from light with opaque tape or aluminium foil. Place the tube in a rotating wheel at RT 

overnight to allow complete homogenization. 20 % Triton X-100 can be stored shielded 

from light at RT for a month. 

5. 100 mM Phenylmethylsulfonyl fluoride (PMSF): weigh 174 mg of PMSF and dissolve 

it in 10 mL of isopropanol. Prepare aliquots of 100 µL and store at -20 °C. 

6. Complete Protease inhibitor (Roche): dissolve 1 complete protease inhibitor tablet in 2 

mL of autoclaved milliQ water by vortexing vigorously. Dissolved tablets can be stored 

for 1-2 weeks at 4 °C, or up to 6 weeks at -20 °C.    

7. Nuclei Extraction Buffer (100 mL, prepare fresh):  2 mL 1M  Hepes pH 8, 25 mL 1M 

Sucrose, 0.1 mL 1M MgCl2, 0.5 mL 1M KCl, 46 mL 87% Glycerol, 1.25 mL 20% 

Triton X-100, 26 mL autoclaved milliQ, 100 µl 100 mM PMSF, 100 µl Beta-

Mercaptoethanol. 

8. 50 mL tubes. 
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9. Miracloth.  

10. Sefar Nitek nylon filter 50 µm pore size. 

11. Morter and pestle. 

12. Liquid Nitrogen. 

13. Cooling centrifuge for 50 mL tubes. 

14. Cooling microcentrifuge. 

2.2 Digestion and ligation of 3C and control samples 
1. BAC-clone or other large plasmid that contains the region of interest (see step 3.2.1) 

2. Suitable restriction enzyme (see Table 1 and section 3.1) with 10x restriction buffer. 

3. Phenol:Chloroform:Isoamyl alcohol (25:24:1 v/v): under the fume hood, pipette 25 mL 

of Phenol equilibrated with 10 mM Tris-HCl, 1mM EDTA, pH 8 and transfer it to a 50 

mL glass bottle. Add 24 mL of Chloroform and 1 mL of Isoamyl alcohol. Close the lid 

and mix. Allow the phases to separate, protect the bottle from light and store at 4 °C. 

4. Chloroform:Isoamyl alcohol (24:1 v/v): under the fume hood, pipette 24 mL of 

Chloroform and transfer it to a 50 mL glass bottle. Add 1 mL of Isoamyl alcohol. Close 

the lid and mix. Protect the bottle from light and store at 4 °C. 

5. 2 M Sodium Acetate (NaOAc) pH 5.6: Add 80 mL of milliQ water to a graduated 

cylinder. Weigh 16.4 g of Anhydrous Sodium Acetate and dissolve it in the 80 mL of 

milliQ water. Adjust pH to 5.6 with HCl and bring volume up to 100 mL with milliQ 

water. Autoclave and store at RT. 

6. Glycogen 20 mg/mL 

7. 96% and 70% Ethanol  

8. 10 mM Tris pH 7.5 

9. 1 M Tris-HCl pH 7.8: add 800 mL of milliQ water into a graduated cylinder, together 

with a magnetic stirrer. Weight 157.6 g of Tris and gradually add it to the column while 

stirring. Set the pH to 7.8 with HCl and adjust the volume to 1 L with milliQ water. 

Autoclave solution and store at RT. 

10. 1 M DL-Dithiothreitol (DTT): dissolve 1.53 g of DTT powder into 10 mL of autoclaved 

milliQ water. Prepare aliquots of 100 µL and store at -20 °C.    

11. 10x Ligase buffer for 3C samples (1 mL, prepare freshly): 300 µL 1M Tris-HCl pH7.8, 

100 µL1M MgCl2, 100 µL 1M DTT, 6 mg ATP (final concentration 10 mM), 500 µL 

autoclaved milliQ water.                   
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12. Highly concentrated T4 DNA ligase 

13. 20 % Sodium dodecyl sulfate (SDS): open SDS container under the fume hood and 

weigh 10 g of SDS. Still under the fume hood, transfer SDS to a 50 mL glass bottle 

filled with 35 mL of autoclaved milliQ water. Ensure complete homogenization and 

bring volume to 50 mL with autoclaved milliQ water. Store bottle at RT.Agarose 

14. Gel running device and UV transilluminator. 

15. Water bath 

16. Heat block 

17. Cooling microcentrifuge 

18. Cooling centrifuge for 50 mL tubes. 

19. 50 mL tubes 

2.3 De-crosslinking, DNA purification and qPCR analysis 
1.  10 mg/mL Proteinase K: weight 100 mg of proteinase K and dissolve in 10 mL of 

autoclaved milliQ water. Prepare aliquots of 100 µL and store at -20 °C.  

2. 10 mg/mL RNase A: for a final volume of 1 mL, add 900 µL of 10mM NaOAc 

pH5.6to a 1.5 mL eppendorf. Add 10 mg of RNase A. Mix until complete dissolved 

and place the tube into boiling water for 15 min. Allow solution to cool down at RT 

and add 100 µL of Tris-HCl pH 7.4. Store at -20°C.  

3. Phenol:Chloroform:Isoamyl alcohol (25:24:1 v/v), see step 4 of Subheading 2.2. 

4. Chloroform:Isoamyl alcohol (24:1 v/v), see step 5 of Subheading 2.2  

5. Agarose. 

6. Gel running device and UV transilluminator. 

7. 10 µM primers for the ligation products to be tested (see step 3 of Subheading 3.1). 

8. 10 mM dNTPs. 

9. Quantitative PCR machine. 

10. Reagents for real-time PCR analysis (e.g. SYBR Green Mastermix) 

3. Methods 

3.1 Study design  

1. Define your region of interest: 3C can be performed at any specific locus or gene of 

interest for which the DNA sequence is known. In general, one should select a restriction 

enzyme (RE) that will generate a restriction pattern compatible with intramolecular 
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ligation (fragments smaller than 300 bp are more difficult to ligate) and allows the 

verification of hypothesized interactions (regions of interest should be located in 

fragments >300 bp). Define a “bait” or “viewpoint” (see Figure 1) by selecting the 

fragment for which you will quantify the frequency of interactions with other fragments.  

2. Selection of the Restriction Enzyme: REs used in the 3C procedure need to efficiently 

digest crosslinked chromatin, which is challenging. Different REs or combinations of 

REs that allow digestion of fixed chromatin have been reported in published 3C 

protocols and studies. Using such REs (see Table 1) is a safe choice. However, if the 

restriction patterns generated by these enzymes are not compatible with one’s 

hypothesis at the locus of interest, newly selected enzymes should fulfill a number of 

requirements. First, the selected RE should be methylation insensitive, since 

methylation sensitive enzymes may result in partial digestion and thus introduce a bias. 

Second, the selected RE should ideally display optimal efficiency for digesting fixed 

chromatin at 37 °C, and preferably maintain its activity over a long period of time (e.g. 

overnight). In case of a short survival time, aliquots of restriction enzymes can be added 

sequentially during the digestion time. Thirdly, high ligation efficiency is crucial for a 

successful 3C experiment. Thus, favor enzymes generating sticky ends (the larger the 

overhang, the better), and ensure that the re-ligation efficiency is high without the need 

of adding any macromolecular crowding agent such as polyethylene glycol (PEG).  

Once the digestion is complete, to stop digestion the RE needs to be inactivated by 

elevated temperatures. In addition, for some enzymes detergents need to be added for 

inactivation (see Table 1). Note that the addition of SDS is associated with negative 

effects on ligation efficiency. 

 
Table 1: List of REs regularly used in 3C experiments.  

Enzyme Heat Inactivation Reference 

HindIII Yes  [17, 18] 

EcoRI Yes [7, 18] 

BglII No [18–20] 

BamHI No [18, 20, 21] 

DpnII Yes [22, 23] 

MfeI No [24] 
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NlaIII Yes [25] 

XhoI Yes [18] 
Column “Heat Inactivation” indicates if an enzyme can be heat-inactivated without addition of SDS. 

3. Type of tissue and number of nuclei: chromosome conformations are mostly cell type-

dependent [8, 19, 26]. Therefore, ideally, for 3C one uses fresh (see Note 1), 

homogeneous and synchronized cell populations. Plant tissues have an heterogeneous 

cell type composition, and their cells are not synchronized. The heterogeneity of plant 

tissues does not preclude the use of 3C technology, however, one should keep in mind 

that the results obtained will reflect an average of the chromosomal interactions 

occurring in different and unsynchronized cell types. Combining the 3C procedure with 

methods that allow the isolation of specific cell types (e.g. FACS or INTACT) could, 

although technically very challenging, allow studying cell type-specific interactions 

[27–29]. 

The type of plant tissues used for 3C analysis is dependent on the research question. 

Theoretically, most tissues are compatible with 3C analysis, however, tissues that are 

highly lignified or have a high starch content pose difficulties at grinding and/or 

downstream process. In addition, the amount of starting material needs to be sufficient 

to allow isolating 1 to 10 million nuclei (to assess the number of nuclei see Note 2). 

Tissues that are difficult to harvest in bulk, such as meristems, are therefore challenging. 

4. Primer Design: Specific primers need to be designed for all DNA fragments one wishes 

to study. 3C primers need to be orientated uni-directionally, meaning that all primers 

are designed complementary to the same strand. This way, only ligation events between 

two different fragments will result in amplicon formation (see Fig. 1). Primers are 

usually designed 40-150 bp away from the restriction sites. Furthermore, they are 

preferably 18-27 bp long with a GC content of about 50 %, a Tm between 57-63 °C and 

no more than 2 °C difference in Tm between them. Primers need to be very specific, 

which should be determined using BLAST (High Throughput Genome Sequence 

database). Select primers  only if one perfect match is found; homology to sequences 

elsewhere in the genome should be less than 75 % of the primer length and exclude the 

3’ end of the primer. Primers should be tested experimentally on control template 

(Random Ligation Library; see section 3.2.1) and genomic DNA to ensure that  only the 

correct amplicon size is amplified when using the Random Ligation Library.      
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3.2 Controls in the 3C procedure 

The correct interpretation of 3C results demands the use of a number of controls. For instance, 

controls are used to ensure an optimal digestion efficiency (a non-digested 3C sample and 

digested gDNA), correct for primer efficiency (Random Ligation Library), and also account for 

technical and biological variation between 3C libraries (endogenous locus).  

3.2.1 Random Ligation Library (RL-Library)   

To determine the relative frequency of interaction of one fragment with another, one needs to 

ensure that no quantification bias arises due to primer pairs with different amplification 

efficiencies. Therefore, to normalize for the primer efficiency, a random ligation library (RL-

Library) is prepared that consists of all possible ligation products that need to be analyzed by 

qPCR (see 3.7). The RL-Library can be used as a template to first test primer efficiency and 

specificity. An RL-Library can be generated in different ways. One option is by digesting a 

bacterial artificial chromosome (BAC) or other large plasmid that contains the locus of interest, 

followed by re-ligation. The digestion of the BAC is performed with the same RE selected to 

generate the 3C library but in a smaller volume compared to the ligation step for the 3C library. 

This allows all fragments to randomly ligate with one another. Alternative to using a BAC-

derived RL-Library in the qPCR experiments, one can PCR amplify all potential ligation 

products from a 3C library, and mix those in equimolar amounts. Finally, note that a different 

RL-Library has to be prepared for every locus one examines (locus of interest and the 

endogenous locus).    

1. Prepare a 1.5 mL eppendorf tube with 10 µg of template (e.g. BAC) in a final volume 

of 100 µL with a two-fold excess of restriction enzyme (e.g. 1µl of 20,000 units/mL 

HindIII) and its recommended restriction buffer at a final concentration of 1x.  

2. Incubate for 5 hours at 37 °C. 

3. Check the digestion efficiency by running 10 µL of the digestion mixture on a 0.8 % 

agarose gel. Satellite bands should be visible.  

4. Add 210 µL of sterile milliQ to bring the volume up to 300 µL.  

5. Add 1 Volume of Phenol:Chloroform:Isoamyl Alcohol (25:24:1) to the digestion 

mixture. Mix thoroughly. 

6. Centrifuge at full speed for 10 min at RT. 

7. Transfer the top aqueous phase to a new 1.5 mL eppendorf tube and add 1 volume of 

Chloroform:Isoamyl Alcohol (24:1). Mix thoroughly. 

8. Repeat the centrifugation step at full speed for 10 min at RT. 
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9. Transfer the top (aqueous) phase to a new 1.5 mL eppendorf tube and precipitate the 

DNA with 1/10 volume of 2 M NaOAc (pH 5.6), 2 volumes of 96 % Ethanol and 10 µL 

of Glycogen (20 mg/ml).  

10. Store the tube at -80 °C for 2 hours to overnight. 

11. Centrifuge at full speed for 30 min at 4 °C. 

12. Gently pour off the supernatant and wash the pellet with 1 mL of 70 % ethanol.  

13. Centrifuge at full speed for 10 min at 4 °C. 

14. Gently pour off the supernatant and use a pipette tip to remove the remaining droplets.  

15. Let the pellet air dry for 2-5 min and resuspend the DNA in 22 µL of 10 mM Tris pH 

7.5. 

16. Transfer 20 µL of the digested DNA to a new eppendorf tube. Add 5 µL of fresh 10x  

ligation buffer, sterile milliQ water and 20 Units of T4 DNA ligase up to a final volume 

of 50 µL (see Note 3). Store the remaining 2 µL of digested BAC DNA at -20 °C.  

17. Incubate the ligation reaction overnight at 16 °C.   

18. Bring the volume to 300 µL by addition of 250 µL of sterile milliQ water. 

19. Add 1 Volume of Phenol:Chloroform:Isoamyl Alcohol (25:24:1) to the ligation 

mixture. Mix thoroughly. 

20. Centrifuge at full speed for 10 min at RT. 

21. Transfer the top phase to a new 1.5 mL eppendorf tube and add 1 volume of 

Chloroform:Isoamyl Alcohol (24:1). Mix thoroughly. 

22. Centrifuge at full speed for 10 min at RT. 

23. Transfer the top phase to a new 1.5 mL eppendorf tube and precipitate the DNA with 

1/10 volume of 2 M NaOAc (pH 5.6), 2 volumes of 96 % Ethanol and 10 µL of 

Glycogen (20 mg/ml).  

24. Store the tube at -80 °C for 2 hours to overnight. 

25. Centrifuge at full speed for 30 min at 4 °C. 

26. Gently pour off the supernatant and wash the pellet with 1 mL of 70 % ethanol.  

27. Centrifuge at full speed for 10 min at 4 °C. 

28. Gently pour off the supernatant and use a pipette tip to remove the remaining droplets.  

29. Let the pellet air dry for 2-5 min and resuspend the DNA in 22 µL of 10 mM Tris pH 

7.5. 

30. Prepare a 0.8 % Agarose gel and mix both the 2 µL of the RL-Library, and the 2 µL of 

digested 3C sample (3.6.1 step 16) with 7 µL of sterile milliQ and 1 µL of 10x loading 

buffer. 
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31. Store the RL-Library at -20 °C. 

32. Run the digested and ligated samples on the prepared 0.8 % agarose gel to check the 

ligation efficiency.  

33. Prepare 1/10, 1/100, 1/1000 and 1/10,000 dilutions of the RL-Library in sterile milliQ, 

and add non-digested gDNA to each dilution (final concentration of 50 ng gDNA/µL). 

Addition of non-digested gDNA mimics the PCR conditions with the 3C library as a 

template. Measure the Ct values for the different primer pairs of interest using qPCR. 

For each 20 µL PCR reaction prepare a qPCR mix according to your own setup. Use 1 

µL of template (concentration depends on the dilution) and 1 µL of each primer (10 

µM). When analyzing the 3C library for the first time with qPCR, use the different 

dilution series of your RL-Library complemented with gDNA. Subsequently, for 

normalization use the dilution showing Ct values in the range of the Ct values obtained 

for the 3C library. In later qPCR analyses, one can use only the relevant dilution(s) of 

the RL-Library.  

3.2.2 Endogenous Control 

Another crucial 3C control, an endogenous control locus, accounts for technical and biological 

variation between samples. Technical variation hereby refers to differences in quantity and 

quality of the sample, biological variation refers to differences in interaction frequencies at the 

locus of interest between different tissues. To this end, an endogenous locus is chosen that 

shows similar RNA expression levels across the different tissues examined by 3C. A similar 

RNA expression level indicates a similar chromatin conformation. Typically, genic loci referred 

to as housekeeping genes are known to be similarly expressed and can be assumed to show 

similar chromatin conformation in different tissues. The frequency of interactions at such loci 

can therefore be used to normalize the data between biological samples.  

 

1. Identify a proper endogenous control locus (e.g. SAM (GRMZM2G154397) in Z. mays 

or TIP41 (AT4G34270.1) in A. thaliana). Do this by checking if RNA transcript levels 

are similar in the tissues of interest.  

2. Design primers complementary to multiple restriction fragments at the endogenous 

control locus and its flanking sequences. 

3. Using qPCR and your 3C library as a template, measure the frequencies of interaction 

between the selected bait fragment and the other fragments of the endogenous locus. 

Usually the bait fragment consists of the fragment that contains the TSS of the selected 
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endogenous locus. Select a primer pair displaying a frequency of interaction comparable 

to the mean of your frequency of interactions at the studied locus and take this primer 

pair along at subsequent 3C experiments for normalization.  

3.2.3 Positive Digestion Control 

The positive digestion control is used as a reference to determine the efficiency of digestion. 

The positive digestion control consists of fully digested gDNA. In this sample, the pattern of 

digestion (size range of the smear and satellite bands) should be clearly visible.  

1. Prepare a 1.5 mL eppendorf tube with 10 µg of gDNA template in a final volume of 100 

µL with a two-fold excess of restriction enzyme and its recommended buffer at a final 

concentration of 1x.  

2. Incubate overnight at 37 °C. 

3. Check the digestion efficiency by running 10 µL of the digestion mixture on a 0.8 % 

agarose gel. Satellite bands should be visible. If the pattern of digestion is not clearly 

visible, extend the incubation time. 

4. Add 200 µL of sterile milliQ to bring the volume up to 300 µL.  

5. Add 1 Volume of Phenol:Chloroform:Isoamyl Alcohol (25:24:1) to the digestion 

mixture. Mix thoroughly. 

6. Centrifuge at full speed for 10 min at RT. 

7. Transfer the top aqueous phase to a new 1.5 mL eppendorf tube and add 1 volume of 

Chloroform:Isoamyl Alcohol (24:1). Mix thoroughly. 

8. Repeat the centrifugation step at full speed for 10 min at RT. 

9. Transfer the top (aqueous) phase to a new 1.5 mL eppendorf tube and precipitate the 

DNA with 1/10 volume of 2 M NaOAc (pH 5.6), 2 volumes of 96 % Ethanol and 10 µL 

of Glycogen (20 mg/ml).  

10. Store the tube at -80 °C for 2 hours to overnight. 

11. Centrifuge at full speed for 30 min at 4 °C. 

12. Gently pour off the supernatant and wash the pellet with 1 mL of 70 % ethanol.  

13. Centrifuge at full speed for 10 min at 4 °C. 

14. Gently pour off the supernatant and use a pipette tip to remove the remaining droplets.  

15. Let the pellet air dry for 2-5 min and resuspend the DNA in 50 µL of 10 mM Tris pH 

7.5.  

16. Store the tube at -20 °C. 
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17. Load 5 µL of the positive digestion control on a 0.8% agarose gel when checking the 

digestion efficiency of the 3C library (see 3.6.16).  

3.3 Plant tissue fixation and nuclei isolation 

The following procedure describes the handling of one biological sample. Multiple samples can 

be handled at the same time. In our hands, working with more than four samples at once is 

cumbersome and might result in suboptimal 3C library quality. 

 

1. Prepare Nuclei Extraction Buffer (NEB) and place on ice. Also, pre-cool the centrifuge 

for 50 ml tubes (swing-out) and eppendorf centrifuge to 4 °C. 

2. Fill a 50 mL centrifuge tube (preferably PPCO tubes – Poly Propylene COpolymer) and 

fill it with 10 mL of 1x PBS. Place the tube on ice.  

 

 
Fig. 2 Preparation of a “tea bag” from Miracloth. One black square is 4 by 4 cm. (A) Cut a 12 by 12 cm 
piece of Miracloth. (B) Place the plant tissue at the center of the piece of Miracloth. (C) Fold by joining all 
corners and staple them together. 

 

3. Harvest tissue of interest (1 to 3 g; see Note 2) and place it in a large petri-dish on ice. 

If necessary, cut tissue into pieces with a sharp scalpel to improve penetration of the 

fixative (see Note 4).  Place the tissue on top of a 12x12 cm piece of Miracloth (see 

Note 5). Enclose the tissue into the Miracloth by folding and stapling the corners, 

generating a “tea bag” (see Figure 2). Completely submerge the bag into the PBS 

solution. [Figure 2 here] 

4. Place the tube under the fume hood. Add 10 mL of 4 % PFA.  

5. Vacuum infiltrate the tissue at RT (to determine the time of fixation, see Note 4). During 

fixation turn vacuum OFF and ON again 3 times to ensure good penetration of the 

fixative.  
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6. Stop fixation by adding 1.25 mL of ice-cold 2 M Glycine (final concentration is 0.125 

M) and vacuum infiltrate for 5 min.  

7. Place the tube back on ice under the fume hood and discard PFA solution. Add 

autoclaved milliQ water to the tube, close the lid and shake vigorously to wash the 

tissue. Repeat this step twice. Discard PFA solution and milliQ water used for the 

washes according to your waste disposal regulations for fixative.  

8. Place the tea bag in between two stacks of paper towels and press to dry the tissue. 

Repeat this process with new paper towels until the tissue is sufficiently dry (see Note 

6).  

9. Open the tea bag and place the tissue into a pre-chilled mortar containing liquid 

nitrogen. Grind the tissue into a fine powder. Avoid thawing the ground material.  

10. Add sufficient NEB to submerge all the ground material (usually 10 to 20 mL). The 

NEB may freeze upon addition into the frozen mortar. Wait for it to thaw and mix from 

time to time. Avoid the suspension to warm up higher than 4 °C.  

11. Place a new 50 mL tube on ice with a funnel on top.  

12. Prepare a 12 by 12 cm piece of Sefar Nitek nylon filter (50 µm pore size) and of 

Miracloth. First place the Sefar Nitek filter in the funnel and then cover it with the piece 

of Miracloth, resulting in a two-layer filter. 

13. Pipette the tissue suspension (from step 10) onto the two-layer filter and allow it to flow 

through by gravity. Rinse the mortar with an additional 5 to 10 mL of NEB and pipette 

it on top of the filter. Do not compress the filter! Upon squeezing you also obtain 

undesirable debris. Let gravity do its work. The filtrate contains your nuclei. 

14. Centrifuge filtered nuclei at 1900 g for 15 min at 4 °C.  

15. Promptly place the tube back on ice and gently pour off the supernatant. Resuspend the 

pellet in 1 mL of NEB and transfer the nuclei suspension into a 1.5 mL eppendorf tube. 

At this step the number and quality of extracted nuclei can be determined  (see Note 2). 

16. Centrifuge at 1900 g for 5 min at 4 °C.  

17. Promptly place the eppendorf tube back on ice and gently pipette off the supernatant. 

Resuspend the pellet in 1 mL of NEB and repeat the centrifugation step (1900 g for 5 

min at 4 °C). 

18. Promptly place the tube back on ice. 
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3.4 Digestion 

1. Gently pipette off the supernatant and resuspend the nuclei into 400 µL of 1.2x 

restriction buffer (refer to the manufacturer’s instructions for the optimal restriction 

buffer).  

2. Centrifuge at 1900 g for 5 min at 4 °C.  

3. Promptly place the tube back on ice and gently pipette off the supernatant. Resuspend 

the nuclei into 500 µL of 1.2x restriction buffer.  

4. Add 7.5 µL of 20 % SDS (final concentration 0.3 %) to permeabilize the nuclei and 

inactivate endogenous nucleases. Incubate at 65 °C for 40 min in a shaker at 900 rpm 

(see Note 7).  

5. Place the tube at 37 °C for 20 min, still shaking at 900 rpm. 

6. Add 50 µL 20 % Triton X-100 (final concentration is 2 %). Incubate at 37 °C for 1 hour 

while shaking at 900 rpm. The Triton X-100 will sequester the SDS, preventing a 

negative impact on the digestion efficiency. The susceptibility to SDS varies from one 

restriction enzyme to another. In case of poor digestion efficiency, the final 

concentration of SDS might have to be adjusted (see Note 8).   

7. For a non-digested control sample: transfer 28 µL of the nuclei suspension to a new 1.5 

mL eppendorf tube containing 272 µL of milliQ water. Store the tube at -20 °C until all 

samples will be decrosslinked (see step 7 of Subheading 3.5.). 

8. Add 400 Units of Restriction Enzyme and incubate overnight at 37 °C while shaking at 

900 rpm (see Note 9). 

3.5 Intra-molecular Ligation and de-crosslinking 

The ligation of fragments crosslinked together needs to be favored. Therefore, the volume of 

ligation needs to be sufficiently large to favor intramolecular ligations. At the same time, a too 

large volume will result in low DNA recovery. Thus, genome size-specific adaptations are 

required. For small-genome organisms such as A. thaliana the volume of ligation needs to be 

decreased compared to the volume used for large-genome organisms such as Z. mays. The 

following part of the protocol describes volumes based on the Z. mays genome size. To 

determine in which volume intramolecular ligation should be performed for other organisms 

see Note 10 and Table 2. 
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Table 2: Reported volumes of ligation reactions in different 3C protocols and organisms with their 
respective haploid genome size 

Organism S. cerevisiae A. thaliana Z. mays M. musculus H. sapiens 

Genome size 
(Mbp) ~12,5 ~135 ~2100 ~2800 ~3300 

Volume 
ligation 
reaction 
(mL) 

0,8 2 7 7,5 7,5 

Reference [7] [16] [15, 19] [25] [18] 
 

1. Prepare 10x ligation Buffer and store at RT (see Note 11).  

2. Inactivate the restriction enzyme either by heat inactivation (refer to the manufacturer’s 

instructions, shake at 900 rpm) or by addition of 40 µL of 20 % SDS (final concentration 

is 1.6 %) followed by incubation for 25 min at 65 °C, 900 rpm. 

3. Transfer the digested sample to a 50 mL tube and add 7 mL of 1x ligation Buffer (700 

mL of 10x Ligation buffer plus 6.3 mL of sterile milliQ water). 

4. Sequester the SDS by addition of 375 µL of 20 % Triton X-100 (final concentration is 

1 %) and incubation for 1 hour at 37 °C.  

5. For a digested control sample, pipette 300 µL of the digested sample into a 1.5 mL 

eppendorf tube and store the tube at -20 °C until the de-crosslinking step (see step 7).  

6. Add 100 units of highly concentrated T4 DNA ligase to the ligation mix and incubate 

for 5 hours at 16 °C, followed by 45 min at RT (see Note 3).   

7. Add 30 µL of 10 mg/mL proteinase K to the ligation mix, and 5 µL to the non-digested 

and digested samples previously stored at -20 °C (see step 7 of Subheading 3.4 and step 

5 of Subheading 3.5).  

8. Incubate all tubes overnight in a 65 °C water bath.  

3.6 DNA purification 

1. Place the Phenol:Chloroform:Isoamyl Alcohol and Chloroform:Isoamyl Alcohol 

solutions under the fume hood at RT at least 2 hours before starting (see Note 12).  



Chapter 5 

 244 

2. Add 30 µL of 10 mg/mL RNase A to the ligation sample, and 5 µL to the non-digested 

and digested samples.  

3. Incubate all tubes at 37 °C for 30 to 45 min.  

4. Place all tubes under the fume hood and add 10 mL of Phenol:Chloroform:Isoamyl 

Alcohol to the ligated sample and 300 µL to the non-digested and digested samples. 

Close all lids tightly and shake vigorously.  

5. Spin all tubes at 4500 g for 10 min at RT. 

6. Transfer the aqueous phase to a new 50 or 1,5 mL tube.  

7. Precipitate the DNA by first doubling the volume with milliQ, followed by addition of 

1/10 volume of 2M NaOac (pH 5.6) and 2 volumes of 96 % Ethanol. To promote high 

precipitation efficiency the addition of Glycogen is strongly recommended. Typically, 

20-40 µL (20 mg/ml) is added to the ligated sample and 5 µL to the non-digested and 

digested samples.  

8. Incubate all tubes at -80 °C for at least 2 hours.  

9. Cool the centrifuge for 50 ml tubes (swing-out) and eppendorf centrifuge to 4 °C. 

10. Centrifuge all tubes at 4500 g for 60 min at 4 °C. 

11. Pour off the supernatant and wash the pellet of the ligated sample with 10 mL and the 

non-digested and digested samples with 1 mL of 70 % Ethanol. 

12.  Centrifuge all tubes at 4500 g for 20 min at 4 °C. 

13. Promptly place the tubes back on ice and gently pour off the supernatant. With a pipette 

tip, remove the residual droplet of ethanol and let the pellet air-dry for 2-5 min. 

Alternatively, when dealing with multiple samples one can use a pump to remove the 

supernatant and then dry the pellet. Using a pump is certainly faster, but be cautious as 

loose pellets might get lost. 

14. Resuspend the ligated sample in 150 µL, and the non-digested and digested samples in 

15 µL Tris-HCl pH 7.5. 

15. Incubate all tubes at 4 °C overnight to optimally resuspend the DNA pellet. 

16. To assay the digestion and ligation efficiency, mix 2 µL of the generated 3C library with 

1.5 µL of 10x  loading buffer and 11.5 µL of milliQ water. Load the sample, together 

with the entire 15 µL of the non-digested and digested samples, and a positive control 

for digestion consisting of digested gDNA (see step 3 of Subheading 3.2), all with 10x  

loading buffer, on a 0.8 % Agarose gel. For the expected results, see Fig. 3 and Note 

13. 
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17. The 3C library concentration can be estimated using a Qubit fluorometer. Alternatively, 

the concentration can be estimated on gel by comparison to a dilution series of a gDNA 

sample of known concentration. For more accuracy, load several dilutions of the 3C 

library on gel (1:1, 1:2, 1:4, 1:8).  Note that nanodrop measurement is not reliable for 

quantification of complex DNA samples such as 3C libraries. 

 

Fig. 3 Non-digested (ND), digested (D) and Ligated 3C library (L) samples on a 0.8% agarose gel. The 
ND and L samples show one high molecular weight band, indicating intact DNA (ND sample) and efficiently 
ligated DNA (L sample). The presence of low molecular weight products in the ND and L samples would 
indicate DNA degradation and inefficient ligation, respectively. The digestion (D) sample has to show a 
similar banding pattern, including signs of satellite bands, as the positive digestion control (+), which consists 
of digested genomic DNA. M indicates the size marker lane. 
 

3.7 Quantification of interaction frequencies and Data analysis  
In 3C experiments the Relative Frequency of Interaction (RFI) is measured between a fixed 

fragment, the bait or viewpoint, and another fragment at the locus of interest. To estimate the 

RFI of a given fragment (e.g. the red fragment in Fig. 1) with the bait fragment (blue fragment 

in Fig. 1), one needs to compare it to the RFI of other fragments (black fragments in Fig. 1) 
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with the bait. Below, we provide step-by-step qPCR and RFI quantification methods. The qPCR 

protocol is based on using SYBR green. The use of TaqMan probes is an alternative to SYBR 

green technology. For this, please see Note 14.    

 

1. Prepare the qPCR mix, excluding primers, according to your own setup. The final 

volume for each reaction should be 20 µL.  

2. Use 50 ng of 3C library as a template per reaction. Prepare similar reactions for the 

locus of interest and the endogenous control locus. 

3. For the RL-Library controls, use the previously prepared dilution(s) complemented with 

gDNA (see step 33 of Subheading 3.2.1). Prepare similar reactions for the RL-Library 

dilution of the locus of interest and the endogenous control locus. 

4. Add 2 µL of primer (1 µL bait primer + 1 µL fragment primer from 10 nM stock) to 

each well.  

5. For each primer pair, perform a triplicate qPCR reaction on the 3C library and RL-

Libraries.  

6. For each primer pair, the RFI is calculated as follows:  

RFI = (2%(&'()*	%&',-*))/(2%(&'()0%&',-0	)) 
Ct3Ci = mean value from the 3C triplicate for a given primer pair i. 

CtRLi = mean value from the RL-Library triplicate for primer pair i. 

Ct3Ce = mean value from the 3C triplicate for the primer pair of the endogenous locus. 

CtRLe = mean value from the RL-library triplicate for the endogenous locus.  

7. Normalize all RFIs to the highest RFI value and plot the normalized RFIs as a function 

of their distance to the bait (Fig. 1E).  

4. Notes 
1. Use always fresh plant material if possible. Fresh material results in the most optimal 

digestion of fixed chromatin. In case material collection and the 3C protocol cannot be 

performed simultaneously, we advise to store fixed, dried material rather than fixed, 

ground material. This appeared more effective in our hands. 

2. The amount of tissue to be processed per sample ranges between 1 to 3 grams of fresh 

plant material. This range should not be exceeded as too much tissue will affect the 

efficiency of fixation. At the same time, the amount of tissue used in each experiment 

should yield a sufficient number of nuclei (1 to 10 x 106). To estimate the number of 

nuclei isolated, take a 2 µL aliquot after the first resuspension of nuclei in 1 mL of NEB 
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(step 15 of Subheading 3.3). The nuclei have the tendency to sink to the bottom of the 

tube. Therefore, invert the tube with the resuspended nuclei gently three times before 

pipetting to avoid underestimating the actual yield. Add 2 µL of DAPI stain to the 

sample (final DAPI concentration of 2 µg/mL; Dilution Factor of 2) and count the nuclei 

on a hemocytometer using fluorescence microscopy (10-20x magnification, use DAPI 

filter). The total number of nuclei is estimated with the following formula: Total number 

of nuclei = (total number of counted nuclei x Dilution Factor x 104)/(number of 

chambers counted). In case of a low number of nuclei per gram of tissue, one could 

consider generating multiple tissue samples and subsequently pool the nuclei together 

when resuspending the nuclear pellets (step 15 of Subheading 3.3).  

3. Crowding reagents such as PEG cannot be used to increase the efficiency of the 3C 

ligation as it compromises the intramolecular nature of the ligation. Note that the 

addition of PEG 4000 (10 % final concentration) can be used to increase the ligation 

efficiency of the RL-library. 

4. Some tissue types can be used directly for fixation, other types need to be cut in smaller 

pieces. For instance, relatively permeable tissue like Arabidopsis rosettes can be used 

directly, while maize inner stem and husk tissue needs to be cut in ~1 cm2 pieces before 

fixation. For each tissue type the optimal fixation time needs to be determined. Under-

fixation will negatively affect the ability to detect chromosomal interactions. Over-

fixation will negatively affect digestion and de-crosslinking efficiency, but also increase 

the background level of interactions. A good indication that tissue gets fixed is when it 

gets a translucent appearance. To define the optimal fixation time, one should perform 

a time series, fixing tissue samples for different time periods, and proceed with nuclei 

isolation and digestion (from step 6 of Subheading 3.3 to step 8 of Subheading 3.4), 

followed by de-crosslinking and DNA precipitation (from step 7 of Subheading 3.5 to 

step 14 of Subheading 3.6). Run the DNA samples on a 0.8 % agarose gel in parallel 

with an unfixed, de-crosslinked sample (no fixative added, no vacuum infiltration, 

positive control for DNA isolation) and a fixed, non-decrosslinked sample (negative 

control). At the optimal time of fixation, samples display efficient digestion and a 

relatively high DNA recovery after de-crosslinking and DNA isolation. Alternatively, 

one could test the effect of different formaldehyde concentrations while using a fixed 

incubation time. 

5. For efficient fixation, wrap the tissue or pieces of tissue in a 12 by 12 cm piece of 

Miracloth, and close the Miracloth with a staple, generating a “tea bag” (see Fig. 2). The 
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tea bag ensures complete submersion of the tissue during fixation, prevents spilling of 

tissue, and allows easier handling of the sample during subsequent washes.  

6. To efficiently dry the tissue, place the Miracloth “tea bag” containing the tissue between 

a stack of paper towels and use a bottle or something similar as a roller to remove water. 

Repeat this procedure till the paper towels do not get wet anymore. Then the tissue is 

considered dry. Remaining water negatively impacts the grinding efficiency and hence 

the yield of nuclei.  

7. The incubation of the chromatin for 40 min at 65 °C prior to digestion is crucial for 

inactivation of endogenous nucleases that would otherwise become active during the 

digestion step at 37 °C.  

8. Digestion efficiency is sensitive to the chemicals present in a solution, including the 

SDS used to permeabilize the nuclei (step 4 of Subheading 3.4). In case of poor 

digestion efficiency, we recommend testing the effect of different SDS concentrations 

(0.05 to 0.3 % final concentration) on the digestion efficiency of the restriction enzyme.  

9. Efficient digestion is key to a successful 3C experiment. For enzymes with a low 

performance over a long incubation period, we recommend to add fractions of the total 

number of enzyme units (400) at different time points during the digestion procedure. 

This helps to maintain high digestion efficiency. 

10. Good intramolecular ligation conditions are important to ensure that only fragments 

crosslinked with one another are being ligated. To favor intramolecular ligation events, 

the ligation reaction is carried out in a large volume. This volume needs to be adapted 

to the genome size, as a low DNA concentration hampers an efficient precipitation of 

the ligation products, while a too high DNA concentration also allows intermolecular 

ligation events. In Table 2 we report volumes of intramolecular ligation used in different 

published 3C protocols for different organisms. Note that the appropriate ligation 

volume (step 3 of Subheading 3.5) is influenced by the concentration of SDS present 

before the ligation step. If one wishes to lower the ligation volume, the volume of 

digestion should be adapted such that the SDS concentration will not hamper ligation 

efficiency. For instance, when working with Arabidopsis thaliana, in our hands a 

ligation volume of 2 mL (see Table 2) requires a digestion volume of 250 µL (step 3 of 

Subheading 3.4) followed by addition of SDS to a final concentration of 0.2 % (step 4 

of Subheading 3.4).  



Chapter 5 

 249 

11. We highly recommend preparing a fresh 10x ligation buffer each time to ensure efficient 

ligation. Addition of extra ATP (0.6 mg/mL) after 2 to 3 hours of incubation of the 

ligation reaction can further improve the ligation efficiency.  

12. In case of low DNA recovery after the ligation step: make sure that 

thePhenol:Chloroform:Isoamyl-Alcohol and Chloroform:Isoamyl-Alcohol solutions 

are well equilibrated at RT before adding them to the samples. Cold 

Phenol:Chloroform:Isoamyl-Alcohol and Chloroform:Isoamyl-Alcohol are more prone 

to phase inversion. Increasing the amount of Glycogen added and incubation of the 

precipitation reaction overnight at -80 °C can help to increase precipitation efficiency.   

13. Digestion efficiency can be evaluated on an agarose gel as indicated at step 16 of 

Subheading 3.6 (see Fig. 3). A more accurate evaluation of digestion efficiency can be 

achieved by designing a few primer pairs spanning restriction sites, followed by qPCR. 

The digestion efficiency of the 3C sample should be evaluated by comparison to a non-

digested and digested gDNA template. Ideally the digestion efficiency is above 80 %. 

To check for variation in the amount of each template, use a primer pair amplifying a 

region not cut by the restriction enzymes used.  

14. Plant genomes can harbor a very high density of repetitive elements (see e.g. Zea mays) 

[30]. Specific amplification of the desired amplicons can therefore be challenging. 

When analyzing the qPCR results, always perform melting curve analyses for all primer 

pairs to check amplicon specificity. If obtaining specific primers appears to be very 

difficult, the design and use of a TaqMan probe (Fig. 1) can help to increase signal 

specificity. With a TaqMan probe one does not rely on the use of a non-sequence-

specific fluorescent dye such as SYBR. A TaqMan probe should be designed for the 

bait fragment, on the opposite strand of the bait primer (see Fig. 1). In this way, the 

quencher from the probe can only be removed when a new strand is synthesized using 

the primer annealed at the ligated fragment. TaqMan probes are usually designed as an 

approximately 30 bp oligo with a Tm 7-10 °C above the Tm of the primers [25].  
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General Discussion 

A bird’s eye view on the maize regulatory genome 
 

The work described in this thesis is dedicated to the identification and characterization of plant 

enhancers. Enhancers can be defined as transcriptional regulation units. They are DNA 

sequences that serve as docking platforms for transcription factors that influence the expression 

of target genes, and thereby allow the establishment of particular expression patterns in time 

and space. Plant enhancers remain astonishingly poorly described in comparison to their animal 

counterparts for which numerous genome-wide analyses have revealed their associated 

proteins, chromatin and DNA characteristics. Through the identification and characterisation 

of enhancer sequences in Zea mays, this work, aimed to reduce the gap in knowledge on plant 

enhancers. Below, we discuss the main results presented in the different chapters. 

 

Plant and animal enhancers: similar but different 
The first chapter of this thesis summarizes the current knowledge on plant and animal enhancer 

characteristics and provides a list of previously identified enhancers in the plant kingdom [1]. 

Examination of characteristics associated with plant and animal enhancers reveals many 

similarities between enhancers from the two kingdoms. At active enhancers, these include high 

chromatin accessibility levels, low DNA methylation, and enrichment for specific histone 

marks such as H3K9ac and H3K27ac [1,2].  

There are, however, also differences between plant and animal enhancers. For example, in 

animals, preferential enrichment of H3K4me1 over H3K4me3 has been described as a mark to 

distinguish enhancer sequences from transcription start sites (TSS), independently of their 

activity status [3–5]. Notably, we show that in maize tested candidate enhancers are mostly not 

enriched for H3K4me1 [6].  

The histone marks H3K9ac and H3K27ac are hallmarks of active enhancers in animals [4,7,8]. 

In rice, relatively high levels of H3K9ac and H3K27ac were observed at intergenic regions, 

possibly indicating the presence of active enhancers [2,9]. In maize, H3K9ac as well as 

H3K27ac enrichment at the b1 enhancer correlated with the activity of the enhancer [6]. Still, 

H3K9ac appeared to better distinguish the inactive from the active state of the b1 enhancer. In 

Arabidopsis, the active candidate enhancer sequences were poorly associated with H3K27ac 

[10], suggesting differences between plants and animals regarding histone marks associated 

with active enhancers. In their inactive state, the same candidate Arabidopsis enhancers were 
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associated with H3K27me3 [2,10]. In animals, H3K27me3 is replaced by H3K27ac upon 

enhancer activation [7,11,12], and it is therefore tempting to think that the same occurs in plants. 

The poor association of active enhancers with H3K27ac in Arabidopsis may be the result of an 

experimental artefact. 

In animals, active enhancers have been shown to be characterized by the production of low 

levels of short, and relatively unstable transcripts coined enhancer RNAs (eRNAs) [13–15]. In 

addition, eRNA producing-enhancers were shown to be transcribed in a bi-directional fashion. 

In plants, a previous study on nascent transcripts in both Arabidopsis and maize suggested the 

absence of transcription at enhancers [16]. We found, by contrast, that the candidate enhancers 

identified in Chapter 2, were transcribed (see chapter 4). Genome-wide, the candidate enhancer-

associated transcripts were produced in a uni-directional fashion; only very few bi-directionally 

produced transcripts were detected from candidate enhancers ([6], unpublished CAGE-seq 

data). These results are, to our knowledge, the first evidence for the existence of plant eRNAs, 

but also highlight the differences between plant and animal enhancers. 

 

Predicting enhancer sequences 
In the opening chapter of this thesis, we review some of the features associated with enhancer 

sequences and techniques allowing their identification. It is important to realize that individual 

techniques do not allow for the identification of enhancers per se but instead allow to “map” 

the distribution of specific feature(s) associated with enhancers. Techniques such as DNaseI-

seq, MNase-seq or ATAC-seq can map accessible regions for instance, while ChIP-seq can map 

specific histone modifications and the binding of transcription factors, and Bisulfite-seq low-

and unmethylated regions (see chapter 1 for more techniques and details). Also, each technique 

has an intrinsic predictive value, which depends on the degree of association of the studied 

characteristic with enhancers. For example, accessible chromatin is found at both poised and 

active enhancers, but also at promoters [11,17–20]; histone marks associated with active 

enhancers (e.g. H3K27ac or H3K9ac; [4,8]) or inactive enhancers (e.g. H3K27me3; [7,11,12]) 

can also mark active and inactive promoters, respectively [4,9,21,22]. In addition, for the same 

activity status, distinct enhancers might exhibit different histone marks [23]. Importantly, there 

is no single chromatin characteristic that is sufficient on its own to predict enhancers, reveal 

their activity status and distinguish them from other genomic sequences. Genome-wide 

identification of enhancer sequences would therefore benefit from combining multiple 

chromatin features. The resulting maps, like individual layers, can then be overlapped to define 

candidate enhancer regions. Note that maps remain an approximation of the reality or, as coined 
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by Alfred Korzybski “the map is not the territory”. With this statement, Korzybski wished to 

illustrate the difference between reality (the territory) and belief (the map, the representation 

one has of a given reality). In a similar way, genome-wide maps of features and the resulting 

candidate enhancer regions we define based on the maps remain approximations of the exact 

enhancer “territory”, an estimate of the enhancer’s position in the genome. 

Genome-wide identification of enhancers ideally takes into account as many tissues and 

developmental stages as possible, as this would enable the identification of tissue-specific 

enhancers. However, analysing numerous cell types and developmental stages, and ideally also 

in various environmental conditions is very expensive. Instead, combining existing 

experimental data with in silico methods to uncover regulatory sequences is appealing. 

Classically, such approaches are based on the identification of sequence conservation or 

presence of Transcription Factor Binding Motifs (TFBM) [24–27]. Hereby, the results are very 

much dependent on the evolutionary distance of the species compared, the quality of consensus 

TFBMs and the ability of transcription factors (TFs) to bind such motifs [28–30]. The last 

decade has seen rapid breakthroughs in machine learning approaches, especially with image 

analysis for which extremely large data sets are available (for potential applications in the 

medical field see [31,32]). Machine learning-based methods were also used to predict enhancer 

sequences [33–38]. Only, a sine qua non condition to the success of such approaches is the 

collection of numerous datasets and good reference genomes. So far, those are still relying on 

human contributions! In plants, only a few reports using machine learning-based prediction of 

cis-regulatory elements are currently published [39–41]. Prediction of enhancer sequences 

using machine learning will certainly become a major research area in the near future and is of 

interest to define the best set of features for such prediction. 

 

Predicting candidate enhancers in Zea mays 

In Weber et al ([1]; Chapter 1), we call for large-scale discovery of plant enhancers. To match 

words with actions, we focused on the genome-wide identification of candidate enhancer 

sequences in the genome of the B73 reference line ([6]; Chapter 2). This was done by looking 

for genomic regions with high chromatin accessibility (DNaseI-seq), low levels of DNA 

methylation (BS-seq) and enriched levels of H3K9ac (ChIP-seq), as these characteristics were 

shown to be associated with active enhancers in both plants and animals [1,2]. The study 

performed in two different tissues (V2-IST and husk leaves) identified 1,702 intergenic regions 

defined as candidate enhancers ([6] and unpublished results). More specifically, 472 and 1,500 

candidates were identified in V2-IST and husk, respectively; 270 candidates were predicted to 
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be active in both tissues. Importantly, the method successfully identified three (out of five) 

validated or putative enhancers (enhancer of b1 and tb1, and DICE, the putative enhancer of 

bx1). Note that the putative enhancer Vgt1 was not part of the predicted enhancer sequences 

(see below and Chapter 3 for details). 

1,702 candidate enhancers is a relatively small number of identified candidates compared to the 

numbers found in other studies such as in Arabidopsis (about 10,000 enhancers), or humans 

(about 40,000 enhancers) [10,14]. Several factors can explain this discrepancy. In Arabidopsis, 

the prediction of intergenic candidate enhancers was done in two tissues, but solely based on 

chromatin accessibility [10]. In our study, a DNase I Hypersensitive Sites (DHS)-based 

prediction would result in the identification of approximately 9,200 candidate enhancers across 

both investigated tissues, a similar number as found in Arabidopsis. Recently, a study in tomato 

identified about 35,000 gene-distant DHSs across two different developmental stages [42]. This 

number drops to about 1,000 candidate regulatory regions across the two developmental stages 

when only sequences are considered that are marked by both a DHS and H3K4me3, which is 

equivalent to the number of candidate enhancers found in our study. Note that H3K4me3 is a 

mark that is shown to be more associated with a gene’s TSS than with enhancer sequences [3–

5]. In the absence of details on the level of H3K4me3 enrichment at these gene-distant DHSs, 

it is unclear whether they represent candidate enhancer regions, alternative promoters or 

unannotated TSSs of coding genes. The higher numbers of identified enhancers in human can 

for a large part be explained by the use of 120 different cell types; our analysis was based on 

only two different tissues. In addition, in our study, BS-seq identified 43,000 intergenic DNA 

regions as low or un-methylated (LUMRs). In plants, levels of DNA methylation appear to be 

relatively stable across tissues and stages ([43,44]; Oka, Stam and Springer unpublished 

results). Thus, we hypothesized that regions defined as LUMRs in our study could therefore 

represent the complete pool of intergenic cis-regulatory elements in B73. Data described in 

Chapter 4 suggest this may indeed be the case. 

Strikingly, candidate enhancers identified in Chapter 2 were generally characterized by an 

asymmetric enrichment of H3K9ac. This result contrasts with previous reports in animals, 

indicating a symmetric distribution of H3K27ac at active enhancers (e.g.[7,14]). In animals, 

this symmetric distribution is correlated with the bi-directional production of eRNAs at the 

enhancer site [13,14]. We hypothesize that the asymmetric distribution of H3K9ac at enhancer 

candidates is connected to the relatively high and low number of uni- and bi-directional eRNAs 

observed in our maize tissues, respectively ([6], unpublished results). The asymmetric 
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enrichment of H3K9ac and eRNAs discriminates the regulatory sequences from maize and 

animals. 

With an asymmetric enrichment of H3K9ac, high levels of accessibility and low levels of DNA 

methylation, the chromatin profile of candidate enhancers resembles the one of transcriptional 

start sites of genes. However, compared to TSSs, candidate enhancers are generally 

characterized by lower levels of transcripts and H3K4me3, and slightly higher levels of CG and 

CHG methylation at the sequences flanking the candidates ([6], Chapter 2). These observed 

similarities in the chromatin profiles of promoters and enhancers reinforce the idea that these 

two types of sequences are two sides of the same coin: transcriptional units [45]. In addition 

silencers and insulators seem to share similar characteristics with enhancers and promoters [46–

51]. This was also indicated in our study in which candidate enhancer sequences appeared able 

to act as tissue-specific enhancers, but also as insulators or transcriptional silencers (Chapter 

4). Sometimes these different functions appeared combined in one and the same sequence. The 

latter results are supported by publications highlighting the fact that cis-regulatory sequences 

can have multiple functions [45–47] and therefore questions the idea of strict distinctions 

between definitions of promoter, enhancer, silencer and insulator. For this reason, the candidate 

enhancers from chapter 2 will below be defined as candidate regulatory sequences. 

The boundaries of the candidate regulatory sequences identified in chapter 2 were defined as 

the limits of the LUMRs regions. We mentioned that a map is an approximation of the 

“territory”. Our candidate regulatory sequences are an estimate of the exact regulatory sequence 

position; exact coordinates remain to be identified. Do they include DNA sequences that are 

not absolutely required for the regulatory activity? To answer such question, one would need 

to dissect candidates into segments and test the regulatory abilities of each segment (and 

combination of segments) in as many tissue/cell/developmental conditions as possible. This 

could be achieved using methods such as massively parallel reporter assay (MPRA) or STARR-

seq [49,52]. One caveat to such approach might be the inability of some enhancers to activate 

specific promoters [53]. In addition, these methods test putative enhancer sequences outside of 

their original genomic context. The modification of candidate enhancer sequences in their 

endogenous context can be accomplished through DNA-editing techniques such as CRISPR-

Cas9 or TALEN-based methods [54–58]. However, compared to reporter constructs, these 

methods are not as precise in dissecting regulatory elements, and result in a large spectrum of 

indels at the target site and can in addition affect other genomic regions than the target site (off-

target sites). 
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Another striking aspect of the candidate enhancers described in chapter 2 is their substantial 

overlap with Transposable Elements (TEs). Approximately 30% of the candidate enhancers 

overlapped with a TE, and most of these are even entirely within a TE. One well-known maize 

enhancer, that of tb1 (candidate H1403), consists of a Hopscotch TE [59]. TEs are known to be 

a source of novel cis-regulatory elements as they require the transcriptional machinery of their 

host for gene expression [60–63]. To understand if enhancer sequences could originate from 

specific TEs, we looked for TE families showing enrichment for candidate enhancers. Analysis 

indicated three LTR Gypsy families (RLG00010, RLG00357, RLG01570) as significantly 

enriched for candidate enhancers. Comparison of enhancer-associated TEs with all TEs 

indicated a slightly longer size of the former, but no differences in terms of their distance to the 

nearest gene. In addition, candidates within TEs were distributed randomly within TE 

sequences, indicating the absence of overlap with promoters contained within TEs. Motif 

analysis of TE-associated enhancers revealed their enrichment for a site II motif (GGCCCA), 

but this motif was also enriched in candidate enhancers not overlapping with TE sequences. 

Future research has to show the exact function of the TE-associated enhancer candidates. 

 

Validation and characterization of candidate enhancers 
The identification of candidate enhancers is a first step in deciphering the regulatory potential 

of the genome but calls for validation of the predicted sequences. In this thesis, we aimed at 

validating candidate enhancers predicted by us and by others. For this, we generated stable 

transgenic maize lines containing GUS reporter constructs or Inverted Repeat (IR) silencing 

constructs and put effort in establishing a transient reporter assay (Chapter 3 and 4). Note that 

the GUS reporter system used in this study suffers from an unexpected high activity of the 

minimal 35S promoter, which resulted in substantial “background” GUS expression in 

min35S:GUS transgenic lines, making it difficult to assess whether inclusion of putative 

enhancers increases the GUS expression levels (see Chapter 3 and 4). Nevertheless, our results 

from the different GUS transgenic lines indicate that some of the candidate sequences tested 

can act as transcriptional enhancers. Others can potentially act as transcriptional silencers or 

insulators, while some may act as enhancer in the one, but silencer/insulator in the other tissue 

examined. 

Two candidate enhancers (H11/V426 and H112/V441) reduced GUS expression when included 

in the min35S:GUS transgene, suggesting a role as transcriptional silencer or insulator rather 

than transcriptional enhancer. Note that our reporter assay does not distinguish between silencer 

or insulator activity. A role for H112 as a silencer was supported by the downregulation of two 
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relatively closeby genes in the tissue in which they physically interacted with H112. These were 

the only genes that interacted with H112 in the bait region. However, genome-wide, the 

expression of genes physically interacting with H112 specifically in V2-IST tissue had a 

tendency to be higher in this tissue than in husk. In addition, we showed that two LUMR 

sequences that did not match the full set of criteria used to predict active enhancer candidates 

(ex-candidate V29 and neutral 4) were capable of acting as transcriptional enhancers in seedling 

tissues; other tissues than the one used to predict candidate enhancers (Chapter 4). One of these, 

neutral 4, in addition appeared to act as a silencer/insulator in ear tissues. This fits our 

hypothesis that the LUMRs identified in chapter 2 represent the genome-wide pool of intergenic 

cis-regulatory sequences.  

In chapter 3, we focused on the suspected enhancer Vgt1 and showed that Vgt1 and its upstream 

region, coined uva1, can function separately, and also in combination, as tissue-specific 

transcriptional enhancers. No enhancing capacities were detected in the inner stem tissue and 

husk leaves, consistent with the absence of Vgt1 and uva1 from the list of candidate regions 

identified in Chapter 2. In husk leaves, Vgt1, uva1 and the combined region appeared to act as 

a silencer or insulator. Further experiments indicated that silencing of Vgt1 using IR constructs 

(Vgt1-IR lines) is sufficient to induce early flowering. This result is in line with previous studies 

associating sequence variations, including a TE insertion, at Vgt1 with delays in flowering time 

[64–66]. In addition, we showed that Vgt1 negatively impacts plant growth rate, as 

demonstrated by the faster growth rate of Vgt1-IR lines compared to non-transgenic plants. The 

effect on flowering time is in line with Vgt1 regulating the downstream AP2-like floral repressor 

gene ZmRap2.7. In favour of this hypothesis, we show that the TSS of ZmRap2.7 physically 

interacts with a region encompassing Vgt1. Evidence regarding Vgt1 being a transcriptional 

enhancer of ZmRap2.7 is still unclear though. In the tissues examined, we did not observe 

significant downregulation of ZmRap2.7 expression in Vgt1-silenced lines, suggesting Vgt1 

does not regulate expression of ZmRap2.7. 

Intriguingly, using Circular Chromosome Conformation Capture (4C), we identified genome-

wide contacts of the ZmRap2.7 TSS overlapping with genes and loci encoding long non-coding 

RNAs (lncRNAs), but also with five candidate enhancers in the bait chromosome. The latter 

contacts were mostly specific for V2-IST tissue, the tissue in which ZmRap2.7 is expressed. 

We therefore hypothesized that ZmRap2.7 might be under the regulation of additional 

regulatory sequences besides Vgt1, limiting the impact of only silencing the Vgt1 regulatory 

sequence by IR constructs. 
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Table 1: Summary of the effects of sequences tested in the different tissues 

Sequence Tested  V2 seedling Ear tissues 

Vgt1 enhancer Silencer/insulator 

uva1 enhancer Silencer/insulator 

uva1-Vgt1 enhancer Silencer/insulator 

H11 Silencer/insulator Silencer/insulator 

H112 Silencer/insulator Silencer/insulator 

V29 enhancer Background level 

N4 enhancer Silencer/insulator 

N7 Silencer/insulator Background level 

 

The results obtained from GUS transgenic lines for sequences indicated in table 1 were 

complicated by the presence of background GUS expression in min35S:GUS transgenic lines. 

The transgenic cassette incorporated into the genome of the transgenic lines contained, on top 

of the individual reporter constructs, the BAR selectable marker gene driven by the mannopine 

synthase promoter. Importantly, in tobacco the MAS promoter and subfragments thereof were 

shown capable of activating the minimal 35S promoter in a tissue-specific and wounding 

inducible manner [67,68]. We therefore suspect the MAS promoter to be responsible for the 

activation of the minimal 35S promoter resulting in background GUS expression in 

min35S:GUS transgenic lines. However, when taking the background GUS activity into 

account, most sequences tested seem capable of acting as regulatory sequences (Table 1). In 

addition, about half of these sequences appeared multi-functional: enhancing expression in one 

tissue, decreasing it in another. These results are in line with previous studies demonstrating a 

multi-functional potential of regulatory sequences in both animals and plants [69–74]. This 

multi-functional role of regulatory sequences is coherent with their enrichment for TFBS 

clusters [74–76] and with the existence of multi-functional TFs that can be activators or 

repressors [77–80]. In addition, the functionality of a regulatory sequence might be dependent 

on its genomic location and thereby genomic sequence context, which are flanking or relatively 

closeby sequences capable of functionally interacting with the sequence of interest. For 

instance, the LCR control region of the b-globin locus, normally acting as a strong 
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transcriptional enhancer, was shown to be sequence context specific and act as a transcriptional 

silencer in a different genomic location [81]. In addition, the fab-7 insulator from Drosophila 

can also act as a transcriptional enhancer in a different genomic context [82]. All together, these 

results demonstrate the complexity of transcriptional regulation and the necessity to consider 

regulatory sequences as a whole rather than fixed entities with one unique function. 

 

Candidate enhancer interactome 
Distant enhancers physically interact with their target gene(s) through formation of chromatin 

loops often referred to as Promoter-Enhancer (P-E) interactions (a.o. [83–88]). In addition, 

enhancers are known to interact with other regulatory regions including enhancers (E-E 

interactions), while promoters were shown to also interact with other promoters (P-P 

interactions) [88,89]. Note that also coding sequences can be included in interactions. Such 

interactions can be studied using Chromosome Conformation Capture (3C) based techniques. 

In this thesis, a detailed protocol to perform 3C, specifically in maize and Arabidopsis is 

reported (Chapter 5). Also, to better understand the type of contacts maize sequences are 

involved in, we used 4C, taking as baits the candidate enhancer H112/V441, neutral region 4 

and the TSS of ZmRap2.7. 

In line with previous studies, our results identified for all three baits P-E, E-E and P-P 

interactions. These include, for instance, interactions between the TSS of ZmRap2.7 and other 

candidate regulatory sequences (E-P interactions) or coding regions (P-P interactions), and 

interactions between candidate H112/V441 and coding regions (E-P) or other candidate 

regulatory sequences (E-E). In human and mice cells it was shown that genes that are in physical 

contact with one another are often transcribed in a coordinated manner [89–92]. It would be 

interesting to see if genes interacting with the promoter of ZmRap2.7 show a similar 

transcriptional behaviour. 

We show that all three bait regions interact preferentially with other regions of the genome 

characterised by active chromatin features (open chromatin regions, LUMRs, H3K9ac enriched 

regions, candidate enhancers). Significant interaction with sequence regions displaying inactive 

features (high CHG methylation) was only detected with husk specific contacts (H contacts) or 

contacts common to both V2-IST and husk tissues (HV contacts) of bait H112/V441, but this 

might be due to the low number of contacts in these categories. The interactions of the two 

active bait regions with other active regions of the genome appear consistent with the activity 

status of the baits itself. In addition, the ZmRap2.7 TSS bait was specifically associated with 

other candidate enhancers in V2-IST, a tissue in which ZmRap2.7 is expressed, while bait 
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H112/V441 was interacting with other candidate enhancers in V2-IST but not in husk tissue. 

The genes with which H112/V441 interacts specifically in V2-IST tissue showed overall higher 

expression. These results are coherent with a recent Hi-C study in maize indicating that active 

regions interact with one another whether located within the same active chromatin 

compartment or different ones [93]. 

More work is needed to fully understand the characteristics of E-P interactions in maize, such 

as the number of target gene(s) per enhancer, the number of enhancer(s) per gene and the 

distance at which such interactions can take place. One intra-chromosomal E-P interaction 

reported in this study spanned 52 Mb, which is longer than the previously reported maximal 

distance for functional distal E-P interactions in animals (for e.g. [94]). The functionality of 

interactions identified in this thesis remains to be demonstrated, potentially through disrupting 

the sequence of interest using genome editing techniques [56,57], followed by monitoring 

effects on transcript levels at potential target genes or genome-wide [58]. Also note that in 

animals, the genome is organized into Topologically Associated Domains (TADs) that are 

stable across tissues and conserved among species [95,96]. TADs have an average size of 1 Mb, 

and for a large part restrict E-P interactions to within their limits [95,96]. These TADs are 

themselves contained into A and B compartments (active and inactive, respectively), and both 

intra- and inter-compartment interactions have been reported for A, but also B compartments 

[97,98]. In plants, the presence of TADs remains to be identified, suggesting A/B compartments 

are the main organizational structure of the genome [93]. In maize, this genomic organization 

into A/B compartments is complicated by the very repetitive nature of its genome with genes 

and regulatory elements being separated from one another by the presence of TE-rich regions. 

The maize genome organization increases the distances between cis-regulatory sequences and 

target genes therefore explaining the very long E-P distances reported in our study. 

 

Conclusion 
This thesis is a modest contribution to the identification and characterisation of plant regulatory 

sequences. On top of establishing a first genome-wide map of candidate regulatory sequences 

in the maize B73 reference genome, the work highlights similarities of plant and animal 

enhancers, but also indicates some of their differences. The thesis also gets into the details of 

some of the candidate regulatory sequences through a first characterisation of the Vgt1 

regulatory sequence, a few predicted candidate enhancers and control sequences. Finally, also 

a sneak peek into the 3D organization of the maize genome is given through identification of 

the chromatin interactions of regulatory sequences and a gene promoter. 
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Summary 

 

Identification and Validation of Maize Enhancers 
A cartography of the maize regulatory genome 

 
The work described in this thesis aims at the genome-wide identification of novel enhancer 

sequences in the maize genome and their subsequent characterization and validation. Enhancers 

are non-coding DNA sequences that regulate transcription of their target genes and are 

necessary to establish the complex and diverse patterns of gene expression of multicellular 

organisms. Enhancers are therefore vital contributors to genic transcriptional regulation. 

However, despite their importance, the genome-wide identification and characterization of 

plant enhancers received until recently little attention. This thesis therefore aims at a better 

characterisation of plant enhancers through identification and validation of candidate sequences 

in the crop plant Zea mays. 

In chapter 1 of this thesis, we review knowledge on plant and animal enhancers and provide a 

list of previously identified enhancers in plants. In addition, we review the methods allowing 

medium to large-scale identification of enhancer sequences and validation of identified 

sequences, and discuss the advantages and drawbacks associated with each method. 

In chapter 2, we used a combination of methods described in chapter 1 to identify novel 

enhancers in the genome of the B73 maize line. Candidate sequences were defined as regions 

of low DNA methylation displaying enriched levels of chromatin accessibility and H3K9ac. In 

total, using two tissues (V2-IST and husk), we identified 1702 candidate enhancers. In more 

detail, we identified 472 and 1500 enhancers in V2-IST and husk tissues, respectively, while 

270 enhancer candidates were predicted to be active in both tissues. Also, when possible, each 

candidate enhancer was assigned one or two target genes, based on the expression levels of the 

directly upstream and downstream located coding sequences. Importantly, three out of five 

previously reported enhancers were present in our list of candidates: the putative DICE 

enhancer and the enhancers of gene b1 and tb1. The profiles of candidate sequences appeared 

similar to those of promoters. Unlike seen in animals, both displayed asymmetric enrichment 

of H3K9ac and, the unidirectional production of transcripts. In animals, enhancers are indicated 

to show symmetric enrichment of histone acetylation and produce transcripts in a bidirectional 
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manner. In addition, 10% and 18% of the candidates in V2-IST and husk, respectively, 

overlapped with conserved non-coding sequences (rice to maize comparison), supporting a 

functional role for these candidate enhancers. Finally, about 30% of candidate enhancers 

overlapped with transposable elements and a large part of these candidates possibly emerged 

from transposable elements.  

In chapter 3, attention was given to the Vgt1-ZmRap2.7 locus. Vgt1 was previously predicted 

as a regulatory sequence controlling expression of the downstream ZmRap2.7 gene, which 

encodes a protein that represses the switch from vegetative growth to reproductive growth (i.e. 

flowering). In addition, we examined an H3K9ac enriched region just upstream of Vgt1, coined 

uva1. We showed that the combined region is characterized by enhancer-like characteristics 

(H3K9ac enrichment, high levels of accessibility and low levels of DNA methylation). 

Moreover, by using GUS reporter genes, we demonstrated that both uva1 and Vgt1 might 

function as tissue-specific regulatory sequences: transcriptional enhancers in some tissues and 

transcriptional silencers or insulators in others. We show that DNA methylation-mediated 

silencing of Vgt1 was sufficient to induce early flowering, and also increased growth rate of the 

corresponding transgenic plants. The effect on flowering time is consistent with ZmRap2.7 

being the target gene of Vgt1. Surprisingly, no clear downregulation of ZmRap2.7 expression 

was detected upon induced silencing of Vgt1. These results indicate that (i) Vgt1 may regulate 

ZmRap2.7 in only a few cells within the tissues examined, (ii) ZmRap2.7 expression is also 

controlled by other regulatory sequences, (iii) the effect on ZmRap2.7 expression can only be 

observed in other tissues than examined, or alternatively, (iv) that Vgt1 affects flowering time 

by regulating other genes. Interestingly, using 4C-seq we observed physical interactions 

between the promoter of ZmRap2.7 and a genomic region containing Vgt1. In addition, the 

promoter of ZmRap2.7 was also found to interact with other protein-coding genes, lncRNA loci 

and candidate cis-regulatory regions. Altogether our results show that Vgt1 is a regulatory 

sequence that can enhance expression of a reporter gene, and delay flowering time, the latter 

possibly via enhancing ZmRap2.7 expression, potentially in collaboration with other cis-

regulatory sequences. 

In chapter 4, a subset of candidate enhancers and control regions was selected and cloned into 

reporter systems for validation purposes. Two candidate regions, H11/V426 and H112/V441, 

appeared able to function as a silencer and/or insulator in the tissues examined. These results 

indicate that regions identified based on enhancer-associated marks in chapter 2 are not 

necessarily all acting as transcriptional enhancers; part of them are likely to act as silencers or 

insulators or combine different functions. Hence, enhancer candidates should therefore rather 
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be defined as cis-regulatory regions. We also show that regions defined as LUMRs (low or un-

methylated regions; ex-V29 and neutral region 4) are capable of acting as enhancers and/or 

silencer or insulator in other tissues than the ones used to predict enhancer candidates. This 

suggests that LUMRs represent the entire pool of cis-regulatory elements in B73. Finally, using 

4C-seq, we show that candidate H112/V441 and the LUMR Neutral 4 display tissue-specific 

interactomes, and are interacting with other active regions of the genome. Interestingly, genic 

regions specifically interacting with H112/V441 in V2-IST tissue were in general expressed at 

higher levels in this tissue than in husk tissue, suggesting a potential role for the candidate 

region as a transcriptional enhancer. 

In chapter 5, a protocol for Chromatin Conformation Capture (3C) is detailed. 3C offers the 

opportunity to resolve chromatin interactions between sequences of interest. We therefore 

provided a step-by-step 3C protocol particularly adapted to both maize and Arabidopsis, and 

included tips and details aimed at facilitating the successful application of the 3C method. 

Finally, in the General Discussion, the main findings of this thesis are discussed and critically 

evaluated in the context of literature, providing a bird’s eye view on the maize regulatory 

genome. 
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Samenvatting 

 
Identificatie en validatie van transcriptie activator sequenties in het 

maïsgenoom 

Een cartografie van het regulerende deel van het maïsgenoom  
 

De doelstelling van het werk beschreven in dit proefschrift is de genoom-brede identificatie van 

nieuwe transcriptie activator sequenties in het maïsgenoom, hun karakterisatie en validatie. 

Transcriptie activator sequenties (enhancers) zijn niet-coderende DNA sequenties die de 

transcriptie reguleren van hun doelwitgenen. Activator sequenties zijn cruciaal bij het 

bewerkstelligen van de verschillende, complexe genexpressie patronen die aanwezig zijn in 

multicellulaire organismen. Activator sequenties zijn daarom van vitaal belang bij de 

transcriptionele regulatie van genen. Echter, ondanks hun belangrijke rol in genregulatie, werd 

er tot voor kort weinig aandacht geschonken aan de genoom-brede identificatie en karakterisatie 

van transcriptie activator sequenties. Dit proefschrift richt zich daarom op een betere 

karakterisatie van activator sequenties middels de identificatie en validatie van kandidaat-

sequenties in de gewasplant Zea mays (maïs). 
In hoofdstuk 1 van dit proefschrift bespreken we de kennis over transcriptie activator 

sequenties in planten en dieren, en rapporteren we een lijst met eerder geïdentificeerde activator 

sequenties in planten.  Daarnaast bediscussiëren we de methoden die het mogelijk maken om 

activator sequenties op middelgrote tot grote schaal te identificeren, en om geïdentificeerde 

sequenties te valideren. Ook bespreken we de voor- en nadelen van de diverse methoden. 

In hoofdstuk 2 hebben we een combinatie van methoden die beschreven staan in hoofdstuk 1 

gebruikt om activator sequenties in het genoom van de B73-maïslijn te identificeren. 

Kandidaat-activator sequenties werden gedefinieerd als gebieden met (relatief) lage DNA-

methylatie nivo’s, een (relatief) hoge toegankelijkheid van het chromatine en een hoog H3K9 

acetylatie nivo. Twee verschillende plantenweefsels werden gebruikt voor de studie: V2-IST 

(stengel weefsel van jonge zaailingen) en maïskolf bladeren. In totaal identificeerden we 1702 

kandidaat-activator sequenties. We identificeerden respectievelijk 472 en 1500 activator 

sequenties in V2-IST en maïskolf bladeren; 270 van deze sequenties waren actief in beide 

weefsels. Ook werden, indien mogelijk, kandidaat activator sequenties gekoppeld aan een of 

twee doelwitgenen, genen waarvan de expressie mogelijk gereguleerd wordt door de kandidaat 
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sequentie. Dit werd gedaan op basis van de expressienivo’s van de direct stroomopwaarts of 

stroomafwaarts gelegen eiwitcoderende genen. Een bevestiging dat onze aanpak werkte is dat 

drie van de vijf eerder gerapporteerde maïs activator sequenties in onze kandidatenlijst 

aanwezig waren: de vermeende DICE-enhancer en de enhancers van het bl en teosinte branched 

1 (tb1) gen. De profielen van kandidaat-sequenties bleken vergelijkbaar met die van 

promotoren. Anders dan in dieren, vertoonden beiden asymmetrische verrijking van H3K9 

acetylatie en de unidirectionele productie van RNAs. In dieren worden activator sequenties 

gekenmerkt door een symmetrische verrijking van histon acetylatie en een bidrectionele 

transcriptie. Daarnaast bleken 10% en 18% van de kandidaat-sequenties in V2-IST en maïskolf 

bladeren, respectievelijk, overeenkomst te vertonen met niet-coderende sequenties in rijst. De 

conservering van deze sequenties tijdens de evolutie ondersteunt een functionele rol voor deze 

kandidaat-activator sequenties. Ten slotte laten we zien dat ongeveer 30% van de kandidaat-

sequenties overlappen met mobiele DNA elementen (transposons) en dat een groot deel van 

deze kandidaten mogelijk is ontstaan in transposons.  

In hoofdstuk 3 wordt aandacht besteed aan de Vgt1-ZmRap2.7-locus. De genomische Vgt1 

locus werd eerder voorspeld als zijnde een sequentie die de expressie van het stroomafwaarts 

gelegen ZmRap2.7-gen reguleert. Het ZmRap2.7-gen codeert voor een eiwit dat de bloei 

onderdrukt. Daarnaast onderzochten we een H3K9ac-verrijkt gebied, genaamd uva1, dat net 

stroomopwaarts van Vgt1 gelegen is. We hebben aangetoond dat de gecombineerde uva1-Vgt1 

sequentie de typische kenmerken heeft van activator sequenties, d.w.z H3K9ac-verrijking, hoge 

chromatine toegankelijkheid en lage DNA-methylatie nivo’s. Bovendien hebben we met behulp 

van GUS-reportergenen aangetoond dat uva1 en Vgt1 als weefselspecifieke regelsequenties 

kunnen functioneren. In sommige weefsels fungeren ze als transcriptie activator sequenties, en 

in andere weefsels als transcriptie repressor- of isolator sequentie. We laten tevens zien dat 

DNA-methylatie-gemedieerde repressie van Vgt1 in transgene planten voldoende is om vroege 

bloei van de planten te induceren; dezelfde transgene planten lieten ook een verhoogde 

groeisnelheid zien. Het effect op de bloeitijd is consistent met de hypothese dat ZmRap2.7 het 

doelwitgen is van Vgt1. Verrassend genoeg veroorzaakte de geïnduceerde repressie van Vgtl  

geen overtuigend verlaagde expressie van het ZmRap2.7-gen. Deze resultaten suggereren dat 

(i) Vgt1 de expressie van ZmRap2.7 slechts in een paar cellen in de onderzochte weefsels 

reguleert, (ii) de expressie van ZmRap2.7 ook door andere regelsequenties wordt gereguleerd, 

(iii) het effect op ZmRAP2.7-expressie slechts in andere weefsels kan worden waargenomen 

dan nu onderzocht, of dat (iv) Vgtl de bloeitijd beïnvloedt via de regulatie van andere genen. 

Met behulp van 4C-seq toonden we de aanwezigheid aan van fysieke interacties tussen de 
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promotor van ZmRap2.7 en een genomisch gebied dat Vgt1 bevat. Bovendien werden 

interacties waargenomen met andere eiwitcoderende genen, met loci die lange niet-coderende 

RNAs (lncRNAs) produceren, en met kandidaat-cis-regulerende sequenties. Al met al laten 

onze resultaten zien dat Vgt1 een regelsequentie is die expressie kan verhogen van een 

reportergen, en de bloeitijd vertraagt; het laatste mogelijk via het verhogen van het ZmRap2.7-

expressie nivo, potentieel in samenwerking met andere cis-regulerende sequenties. 

In hoofdstuk 4 werd voor validatiedoeleinden een subset van de geïdentificeerde kandidaat-

activator sequenties, maar ook controle sequenties, geselecteerd en ingebouwd in 

reportersystemen. Twee kandidaat-sequenties, H11/V426 en H112/V441, leken te kunnen 

functioneren als transcriptie repressor/isolator sequentie in de onderzochte weefsels. Deze 

resultaten geven aan dat regio's die op basis van enhancer-geassocieerde kenmerken zijn 

geïdentificeerd in hoofdstuk 2 niet noodzakelijkerwijs allemaal als transcriptionele activator 

sequentie fungeren; een deel van hen zal waarschijnlijk fungeren als transcriptie repressor- 

en/of isolator sequentie. Als gevolg kunnen kandidaat-activator sequenties beter worden 

gedefinieerd als cis-regulerende sequenties. We laten ook zien dat regio's gedefinieerd als 

LUMR's (regio’s met lage of afwezige DNA methylatie nivo’s; ex-V29 en neutrale regio 4) in 

staat zijn om als transcriptionele activator en/of repressor/isolator sequentie te fungeren in 

andere weefsels dan die gebruikt zijn om de kandidaat-cis-regulerende sequenties te 

voorspellen. Dit suggereert dat LUMR's alle cis-regulerende elementen in de B73-maïslijn B73 

omvatten. Ten slotte laten we met 4C-seq zien dat kandidaat H112/V441 en de LUMR Neutral 

4 weefselspecifieke interactiepatronen vertonen en fysieke interacties aangaan met andere 

actieve regio's van het genoom. Interessant is dat coderende genen die specifiek interageren met 

H112/V441 in V2-IST-weefsel in het algemeen hogere expressie nivo’s vertoonden in V2-IST-

weefsel dan in maïskolf bladeren, hetgeen een rol voor H112/V441 als een transcriptionele 

activator suggereert. 

In hoofdstuk 5 wordt een Chromatin Conformation Capture (3C) protocol in detail beschreven. 

3C maakt het mogelijk om chromatine-interacties te detecteren tussen sequenties van interesse. 

Daarom hebben we een stap-voor-stap 3C-protocol beschreven dat bijzonder geschikt is voor 

zowel maïs als Arabidopsis weefsel. De publicatie bevat ideeën en gedetailleerde uitleg om de 

successvolle toepassing van de 3C methode te vergemakkelijken. 

Ten slotte worden in de algemene discussie de belangrijkste bevindingen van dit proefschrift 

besproken, kritisch geëvalueerd, en in de context van de literatuur geplaatst. Hierbij wordt een 

vogelperspectief gegeven op het regulerende deel van het maïsgenoom.
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