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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. 
 

Annotations:

DN
as
eI

H3
K9

ac

Husk

V2-IST

V2-IST

Husk

mCG

mCHG

mCHH

Uniqueness

CA
GE

	V
2

CA
GE

	H
us
k

Positive	strand

Negative	strand

Positive	strand

Negative	strand

lncRNA

Neutral	region	7		(chr 10:74,184,655-74,203,193)

N7

Figure	1E

TEs
Regions	of	interest

2.5kb



Chapter 4 

 176 

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). 
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(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 
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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.  

 

 



Chapter 4 

 199 

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.  

LB RB

BAR

LoxP

Tmas Pmas cosNGUS

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

H112

LB RB

BAR

LoxP

Tmas Pmas cosNGUS

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

H11

LB RB

BAR

LoxP

Tmas Pmas cosNGUS

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

N4

LB RB

BAR

LoxP

Tmas Pmas cosNGUS

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

N7

(B)	pBIBAC H112:GUS

(A)	pBIBAC H11:GUS

(C)	pBIBAC	V29:GUS

(D)	pBIBAC N4:GUS

(E)	pBIBAC N7:GUS

LB RB

BAR

LoxP

Tmas Pmas cosNGUS

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

V29

Figure	S3

(F)	pBIBAC CaMV:GUS

(G)	pBIBACmin35S:GUS

GUS

LB RB

BAR

attB1 attB2 LoxP

TpinIIΩ
Adh1	intron

min35S

Tmas Pmas cosNCaMV

SalI BamHI

GUS

LB RB

BAR

attB1 attB2 LoxP

TpinIIΩ
Adh1	intron

min35S

Tmas Pmas cosN

SalI BamHI



Chapter 4 

 203 

 
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.  

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

Red	LuciferaseCaMV

attB1 attB2

TpinII

SalI XhoI

Red	LuciferaseBdEF1α

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

Green	LuciferaseNeutral

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

Green	LuciferaseCandidate

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

Green	LuciferaseCaMV

attB1 attB2

TpinIIΩ
Adh1	intron

min35S

SalI BamHI

Green	Luciferase

(A)	pENTRmin35S:GLuc

(B)	pENTR CaMV:GLuc

(D)	pENTR	Candidate:GLuc

(E)	pENTR Neutral:GLuc

(F)	pENTR BdEF1α:RLuc

(C)	pENTR CaMV:RLuc



Chapter 4 

 207 

 
 
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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