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Abstract 
Maize is a major crop species in modern agriculture. Despite its importance, the cis-regulatory 

elements of its genome remain poorly characterized. Transcriptional enhancers, a subclass of 

cis-regulatory elements, participate in the differentiation of cells and tissues in all multicellular 

organisms. In this study, we focused on the putative enhancer Vgt1, which was originally 

identified as a QTL for flowering time and aimed at clarifying the function of this element. We 

show that Vgt1, and its upstream region, coined uva1 for ‘upstream Vgt1 and acetylated1’, are 

enriched for enhancer-associated characteristics. Importantly, we demonstrate that both uva1 

and Vgt1 can act as tissue-specific enhancers as shown by their ability to enhance the expression 

of a GUS reporter construct in transgenic maize seedlings. Moreover, we show that silencing 

of Vgt1 is sufficient to induce early flowering, accelerate growth speed during early 

developmental stages, and is associated with a trend of downregulation of expression of the 

downstream gene ZmRap2.7. Finally, Circular-Chromosome Conformation Capture (4C) 

experiments revealed interactions of the ZmRap2.7 transcription start site region with a 

sequence region containing uva1 and Vgt1, as well as with other sequences including candidate 

enhancers. Overall, our data show that uva1 and Vgt1 act as tissue-specific enhancers and that 

uva1-Vgt1, together with a.o. candidate enhancers, physically interact with ZmRap2.7, in line 

with a role for Vgt1 in regulating flowering time and growth speed. 
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Introduction 
Maize (Zea mays) is one of the most important crop plants, ranking first in terms of yield [1], 

and is being used for many purposes, ranging from food consumption to biofuel production. In 

addition, maize is an important model organism for research for more than a century. The maize 

genome is of particular interest given its large size (2,106 Mb) and its very repetitive nature 

(nearly 85% of transposable elements) [2,3]. Despite the high complexity of the maize genome, 

besides annotating the coding part of the genome, efforts are being deployed to decipher the 

functional non-coding parts of the genome, such as cis-regulatory elements [4,5]. Like all 

multicellular organisms, maize relies on cis-regulatory elements, such as transcriptional 

enhancers (hereafter called enhancers), to produce different cell types or respond to stimuli. 

Enhancers are non-coding DNA sequences that serve as binding platforms for transcription 

factors and promote transcription of a given target gene [6,7]. Importantly, trait-associated 

Single Nucleotide Polymorphisms and structural variants have been shown to locate in 

enhancers as well as in coding sequences indicating a relevance of enhancers in trait adaptation 

(see e.g. [8,9]). Like genic sequences, enhancers are associated with specific DNA and 

chromatin characteristics that allow their identification. Genome-wide, enhancer characteristics 

have been best characterized in animals (for review see [10]), showing that active enhancers 

are located in accessible chromatin regions [11,12], have low levels of DNA methylation [13] 

and are associated with specific histone marks, including H3K9ac, H3K27ac and H3K4me1 

[14–16]. Enhancers are in addition reported as non-coding RNA transcription units that produce 

enhancer RNAs (eRNAs) [12,17], of which the function remains controversial [18–23]. Until 

recently only a limited number of enhancers have been described in plants, scattered across 

many distinct species (for review see [6,7]). Development of Next Generation Sequencing 

methods such as DNase-seq and ChIP-seq allowed genome-wide identification and 

characterization of enhancers in Arabidopsis, rice, tomato and maize [4,5,24–26]. These studies 

stressed the conserved characteristics shared by plant and animal enhancers, such as being 

located in accessible, low DNA methylated regions, and enrichment of specific histone marks. 

From this continuously growing collection of putative plant enhancers, only a subset has been 

experimentally validated [6]. One of the enhancer candidates still requiring validation is the 

Vegetative to generative transition1 (Vgt1) locus in maize [27,28]. 

Vgt1 was identified as a major quantitative trait locus (QTL) for flowering time in maize 

[27,29], and was genetically mapped to a ~2 kb region sharing Conserved Non-coding 

Sequences (CNSs; CNS1, 2, 3 and 4) with sorghum (Sorghum bicolor) and rice (Oryza sativa; 
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Figure 1B). Vgt1 is located about 70 kb upstream of the Related to apetala2.7 (ZmRap2.7) 

locus. ZmRap2.7 encodes an APETALA2 (AP2)-like transcription factor that acts as a floral 

repressor [27], and Vgt1 is suggested to regulate the expression of ZmRap2.7, as particular 

sequence variations (SNPs and indels) at Vgt1 were associated with an early flowering 

phenotype and downregulation of ZmRap2.7 [27,30]. In an early flowering maize line 

containing a miniature inverted-repeat transposable element (MITE) insertion at the Vgt1 locus, 

sequences flanking the insertion showed an increased level of DNA methylation compared to a 

line in which Vgt1 was not disrupted by the MITE [28], suggesting a link between high levels 

of DNA methylation at Vgt1 and downregulation of ZmRap2.7 expression. However, it was 

unclear whether the downregulation of ZmRap2.7 was due to the insertion per se, disrupting 

e.g. transcription factor binding sites, or triggered by the changes in DNA methylation. In 

addition, different enhancer-associated characteristics were shown to be present at Vgt1 and its 

surrounding region [31,32]. The production of an about 800bp long non-coding RNA (lncRNA) 

overlapping CNS1 of Vgt1 was reported [32], and reanalysis of a data set derived from 14 days 

old shoots [31] indicated the presence of an H3K9ac-enriched region about 1kb upstream of 

Vgt1 (from here on termed upstream vgt1 and acetylated1 (uva1); chr8:135,943,120-

135,944,872 in B73 AGPv4). Altogether, the reported evidence suggests that the flowering time 

QTL Vgt1 acts as a cis-regulatory element 

We recently generated a list of 1702 candidate enhancers in the reference maize line B73 ([4], 

and Oka et al. unpublished results) that includes the previously described enhancers of the 

booster1 (b1) and teosinte branched1 (tb1) genes, but not Vgt1. The candidate enhancers were 

identified in two different tissues (inner stem tissue of V2 seedlings (V2-IST) and husk leaves 

(husk)) and selected on the combined presence of two chromatin features: high chromatin 

accessibility and H3K9ac enrichment within one contiguous low DNA methylated region 

(LUMR, less than 20% CG and CHG DNA methylation). While Vgt1 partially overlapped with 

an open chromatin region within an LUMR, it lacked H3K9ac enrichment and therefore did not 

meet the criteria applied [4].  

To clarify the molecular function of Vgt1 and uva1, we generated a series of transgenic maize 

lines. Our results indicate that both Vgt1 and the uva1 region may act as multifunctional 

regulatory sequences capable of transcriptional enhancing, but also transcriptional silencing or 

insulating a GUS reporter gene in transgenic maize lines. In addition, we show that Vgt1, but 

not the uva1 region, impacts flowering time as indicated by an earlier flowering phenotype and 

increased growth speed of Vgt1 RNAi lines. Finally, we discuss the consequences of Vgt1 

silencing on ZmRap2.7 expression, as well as the implications of chromosomal interactions of 
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the ZmRap2.7 Transcription Start Site (TSS) region with Vgt1 and other candidate enhancers 

and genes. 

 

Results 
Vgt1 and uva1 are associated with enhancer characteristics 
Vgt1 and uva1 were not identified as enhancers in the study by Oka et al. [4]. Therefore, the 

(epi)genomic profiles of the region containing Vgt1, uva1 and ZmRap2.7 [4] was analysed in 

more detail, visually (Figure 1A and Figure S1). Both Vgt1 and uva1 were located in a globally 

low DNA methylated region. This region displayed local increases of DNA methylation of 

sequences that partially overlap with the presence of plant repeat sequences (PGSB-REdat and 

REcat) [33]. At Vgt1, one DNase I Hypersensitive Site (DHS) was present in both tissues 

examined (B73 V2-IST and husk, see material and methods), and two LUMRs, one of which 

overlaps with the DHS. Vgt1 was however not enriched in H3K9ac, resulting in its absence 

from the list of candidate enhancers. Multiple reasons could explain the absence of Vgt1 from 

the candidate list despite having enhancer activity. Vgt1 could act as an enhancer sequence in 

other tissues than the ones studied [4]. In line with this, enhancers have been shown to be 

located in accessible chromatin regions even if inactive [34]. Vgt1 could also act as an enhancer 

sequence in only a subset of cells within the tissue tested, resulting in low H3K9ac enrichment. 

Alternatively, the active state of Vgt1 might be associated with other histone modifications than 

H3K9ac [35]. Examination of uva1 revealed overlap with an LUMR, but absence of a 

significant DHS or H3K9ac-enriched region. The read coverage of the ChIP-seq experiments, 

however, suggested a slight H3K9ac enrichment within uva1 in V2-IST tissue compared to 

husk tissue (Figure 1A).  

We re-investigated the H3K9ac enrichment at Vgt1 and its flanking regions in V2-IST and husk 

tissue of the maize line B73 by ChIP-qPCR (Figure 1B and C). The ChIP-qPCR data indicated 

higher levels of H3K9ac at exon 2 of ZmRap2.7 in V2-IST tissue than in husk. H3K9ac 

enrichment downstream of TSSs is known to positively correlate with gene expression (see e.g. 

[4]). Accordingly, in B73, ZmRap2.7 is clearly more expressed in V2-IST tissue (12.9 RPKM; 

Figure 1A) than in husk tissue (0.47 RPKM) [4]. At Vgt1, significant, but low levels of H3K9ac 

were detected in V2-IST. At uva1, significant levels of H3K9Ac were detected in both tissues, 

and the levels were 4-fold higher in V2-IST compared to husk.  

In addition, we investigated the level of H3K4me1 enrichment (Figure 1D), a hallmark of 

enhancers in animals [16]. In plants, however, the relation between H3K4me1 and enhancers  
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Figure 1: DNA and chromatin characteristics of Vgt1 and the uva1 region in V2-IST and husk tissue 

in B73. (A) Zoomed-in view from the genome browser of the uva1-Vgt1 and ZmRap2.7 regions. From the 

top to bottom: regions of interest (dark blue boxes), TE annotation (yellow boxes), B73 AGPv4 gene 

annotation (blue boxes represent exons, purple boxes 5’ and 3’ UTRs), lncRNAs (cyan box with arrowhead), 

DNase I hypersensitivity (DNaseI) and H3K9ac enrichment (see the rest of the legend at the bottom of the 

next page)  
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is not yet clear [4,24]. At Vgt1, ChIP-qPCR analysis revealed no enrichment of H3K4me1 

(Figure 1D). However, H3K4me1 enrichment was detected at uva1 in both tissues, and at exon 

2 of ZmRap2.7. For exon 2 the highest enrichment was observed in husk, a tissue in which the 

gene is very lowly expressed (0.47 RPKM, [4]). A negative correlation between H3K4me1 

enrichment and gene expression has been observed before [4,24]. Together, our analysis of 

H3K9ac levels shows that Vgt1 and especially uva1 are enriched with an enhancer-associated 

histone mark. 

Vgt1 and uva1 act as tissue-specific enhancers 
To examine whether Vgt1 and uva1 have enhancer activity, we tested the ability of Vgt1, uva1 

and the combined region (uva1-Vgt1) to act as transcriptional enhancers in a reporter system. 

Such an approach was successfully used in several studies validating predicted plant enhancers 

[24,36,37]. To this end, we inserted Vgt1, uva1 and the combined uva1-Vgt1 region upstream 

of a reporter construct containing the minimal 35S promoter (min35S) of the Cauliflower 

Mosaic Virus (CaMV) fused to a TMV omega leader-Adh1 intron-GUS reporter gene 

(min35S:GUS; Figure 2A). The TMV omega leader sequence and Adh1 intron enhance 

translation and transcript levels of the reporter constructs, respectively [38,39]. The following 

reporter constructs were generated: Vgt1:GUS, uva1:GUS and uva1-Vgt1:GUS (Figure 2A; 

Figure S2).  
 

Figure 1 (follow-up): (coverage and peak position are indicated as blue and green horizontal bars, 

respectively) in B73 V2-IST and husk tissue, unique mappability in percentage, DNA methylation levels in 

CG (red), CHG (orange) and CHH context (yellow). The numbers below the reference gene annotations 

indicate the relative gene expression levels (V2-IST/husk). In case of multiple isoforms, only the isoform 

with the overall highest expression level across both tissues was indicated. For DNase I hypersensitivity and 

H3K9ac enrichment the coverage shown is based on two and three replicates pooled per tissue, respectively. 

Regions with low DNA methylation (below 20%) are indicated by bars below the DNA methylation levels. 

Vertical red boxes delineate Vgt1 and the uva1 region. The grey vertical box represents an about 49.6 kb 

region not shown. The entire uva1-Vgt1-ZmRap2.7 locus is shown in Figure S1. (B) Schematic representation 

of the uva1-Vgt1-ZmRap2.7 locus. Blue arrows indicate ChIP-qPCR primer positions with the names of the 

amplified regions above. Light blue boxes below Vgt1 indicate CNSs from Salvi et al. [27]. The green wavy 

line and the green hooked arrow line represent the lncRNA TCONS_00089485 and its TSS reported by Li et 

al. [30]. (C) ChIP-qPCR data for H3K9ac and H3K4me1 enrichment at the Vgt1-ZmRap2.7 region in B73 

V2-IST and husk tissue; enrichments are relative to the enrichment at the maize actin 1 locus (actin). Error 

bars represent the standard error of the mean for three biological replicates. 
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Figure 2: GUS expression in enhancer reporter lines indicates that Vgt1 and uva1 can act as enhancer 
sequences. (A) Schematic representation of the different constructs used to generate GUS reporter lines. 
min35S represents the -90 bp Cauliflower Mosaic Virus 35S promoter. For more details see Figure S2. (B-
C) Example of GUS staining for Vgt1:GUS line #1 in (B) V2 seedling tissues, and (C) ear tissues. (D) 
Cumulative bar plot showing the percentage of plants belonging to each scoring category (null, weak, 
intermediary and strong) for the tissues and transgenic lines indicated. For each transgene, multiple replicates 
of three to five independent transgenic lines were scored (see Table S1 for the individual scoring). In the bar 
plots, mesocotyl refers to staining in the mesocotyl and base of the stem as indicated in figure 1B. 
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As a positive control, transgenic lines were generated carrying a construct in which the CaMV 

enhancer was cloned upstream of the minimal 35S promoter (CaMV:GUS; Figure 2A; Figure 

S2D). Similarly, we created a negative control consisting of the min35S:GUS (Figure 2A, and 

S2E). The constructs were transformed into the maize B104 line using Agrobacterium 

tumefaciens-mediated transformation [40], and a number of stable transgenic lines were 

generated (Table S1). For each construct, at least three independent transgenic lines carrying 

intact reporter constructs were tested for GUS expression (Figure S3, Table S1 and S2). GUS 

activity was examined visually through histochemical staining of young seedling (V2 stage) 

and ear tissues using a graded scale, from no expression (0) to weak (1), intermediate (2) and 

strong (3). Staining was performed in the first and second leaves, tip of leaf 3, inner stem tissue, 

base of the stem including mesocotyl (from here on abbreviated to mesocotyl), and roots of V2 

plants (Figure 2B), and in husk leaves, shank and cob tissue of the ear (Figure 2C). For each 

construct, slight differences in staining pattern and intensity were observed between 

independent transgenic lines and replicates, but generally similar patterns were observed. 

V2 and ear tissues from four independent CaMV:GUS transformants showed strong and 

ubiquitous GUS staining, demonstrating the ability of the reporter construct to express GUS in 

planta (Table S2, Figure S4A and B). In all independent transgenic min35S:GUS lines, GUS 

staining was consistently strong in ear tissues, in a similar pattern, and visible in the roots, 

mesocotyl, and top of leaf 2 and leaf 3 of part of the V2 seedlings (Table S2, Figure S4C and 

D). These results indicate that even in the absence of an enhancer sequence upstream of the 

min35S promoter, the reporter construct can be activated. A literature survey indicated that the 

MAS (mannopine synthase) promoter driving expression of the bar resistance gene (Figure S2) 

can enhance expression of a minimal 35S promoter in particular tissues of Nicotiana tabacum 

[41,42]. We suspect this is also true for maize, complicating the interpretation of our GUS 

reporter lines. 

 

Given the potential influence of the MAS promoter on the min35S:GUS construct, activity of 

the GUS reporter gene in uva1:GUS, Vgt1:GUS, and uva1-Vgt1:GUS reporter lines was 

compared to the GUS activity levels in the min35S:GUS transgenic lines. The analyses showed 

that both Vgt1 and uva1 region may act as enhancer sequences in V2 seedling tissues. 

Generally, all three constructs were associated with higher GUS activity in V2 leaf tissues than 

the min35S:GUS construct (Figure 2B, C, D, Figure S5, Table S2). For uva1-Vgt1:GUS 

transgenic lines, all V2 leaf tissues examined displayed even higher GUS activity, suggesting a 

higher enhancer potential for the combined region than the individual ones. These results 
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suggest that uva1, Vgt1 and especially the combined uva1-Vgt1 region can act as transcriptional 

enhancers. Note that for uva1:GUS, and Vgt1:GUS, and uva1-Vgt1:GUS constructs, GUS 

activity in the mesocotyl and root tissues appeared similar to the one of the min35S:GUS 

construct, indicating that most of the GUS activity in these tissues is driven by the MAS 

promoter. 

 

In ear tissues, the three constructs mediated overall similar or lower levels of GUS activity than 

the min35:GUS construct, suggesting the absence of enhancer potential for uva1 and Vgt1 in 

these tissues. Note that in the Vgt1:GUS transgenic lines, levels of GUS activity in the cob were 

drastically reduced compared to levels observed for the min35S:GUS lines. A similar effect is 

seen for the GUS level in husk leaves for all three constructs. This indicates a negative influence 

of the Vgt1, but also uva1 sequence on the GUS expression driven by the MAS promoter, 

suggesting that both uva1 and Vgt1 act as insulator and/or transcriptional repressor elements in 

these tissues [43,44]. 

 

ZmRap2.7 has been described as the putative target gene of Vgt1 [27]. To examine whether the 

pattern of ZmRap2.7 expression overlaps with the GUS expression pattern observed in 

transgenic lines, ZmRap2.7 expression levels were determined by RT-qPCR in (Figure S6). For 

this, RNA was extracted from different tissue parts of V2 seedlings of B73, the reference inbred 

line used to identify enhancer candidates, and B104, the inbred line used to generate 

transgenics. Both lines displayed similar expression levels in the investigated tissues, except 

for sheath tissue of leaf two, where ZmRap2.7 expression was 3-fold higher in B104 (Figure 

S6). Importantly, the GUS staining pattern in V2 plants observed with the different constructs 

overlapped with the ZmRap2.7 RNA expression pattern observed in the same tissues at the same 

developmental stages (Figure S5 and S6), but deviated from one another in mesocotyl tissue, 

which showed strong GUS staining with all three constructs, but low ZmRap2.7 RNA 

expression. This is in line with our hypothesis that the GUS activity in mesocotyl is mainly 

driven by the MAS promoter. Together our results suggest that ZmRap2.7 expression is at least 

partially under the regulation of Vgt1 and uva1. Additional regulatory sequences present at the 

endogenous locus may be required to establish the physiological ZmRap2.7 expression pattern 

[45]. 
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Silencing at the Vgt1 locus affects flowering time 

 
The ability of the Vgt1 locus and uva1 region to drive expression of a minimal reporter system 

classifies both sequences as a transcriptional enhancer. These results reinforce the hypothesis 

that Vgt1 influences flowering time possibly via the regulation of the downstream floral 

repressor gene ZmRap2.7 [27]. The relation between the effect of Vgt1 on flowering time and 

ZmRap2.7 expression has, however, not been clearly established. We therefore generated 

transgenic lines carrying Inverted Repeat (IR) constructs, to examine this relation. In plants, the 

expression of IR constructs can mediate silencing of promoters and/or enhancers through RNA-

directed DNA methylation (RdDM), providing a tool to study the role of regulatory sequences 

of interest [46]. For example, in A. thaliana and maize, IR-mediated methylation of the 

promoter of Flowering locus T (FT) and the enhancer of the booster1 (b1) gene was shown to 

decrease FT and b1 expression, respectively [47,48]. Here, we generated maize transgenic B104 

lines containing IR constructs targeting either Vgt1 or uva1 sequences (Figure 3A and S7, Table 

S1). For each line, the presence of the constructs was tested using PCR, and segregation analysis 

of the transgenic loci indicated the presence of one transgenic locus per transgenic line. In all 

independent transgenic IR lines the effect of silencing Vgt1 or uva1 on flowering time was 

measured by scoring Days to Pollen Shed (DPS), Number of vegetative nodes before male 

flowering (Node Number (ND) – equal to leaf number) and days to silking (Silking). Flowering 

time was scored in three independent experiments (35934, 38029 and 41307), which displayed 

similar trends (Figure S8B, D and F). After pooling the results of the three experiments (Figure 

S8A, C and E), lines 325-2 and 326-20 for uva1-IR, and 327-16, 327-38 and 331-6 for Vgt1-

IR, which were present in at least two experiments, were selected for subsequent statistical 

analysis (Figure 3B, C and D). All three Vgt1-IR lines were characterized by a significant earlier 

onset of flowering, whether looking at DPS, ND or days to silking (Figure 3; -3.76, -1.2, -4.5 

average days or nodes difference compared to wild type B104; p-value <1e-04, < 1e-03, and < 

1e-04, respectively). For the two uva1-IR lines, no statistical significant differences in 

flowering time were observed for DPS and ND. Only when looking at silking, the uva1-IR lines 

were characterized by a small significant earlier flowering time compared to wild type B104 

(average difference is -1.4 days to silking, average p-value = 0.046).  
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Figure 3: Effects of induced DNA methylation at uva1 and Vgt1 on flowering time. (A) Schematic 
representations of inverted repeat (IR) constructs used to generate RNAi transgenic lines. Pubi1 refers to the 
promoter (P) of the maize ubi1 gene (GRMZM2G409726). T35S refers to the terminator (T) sequence of the 
Cauliflower Mosaic Virus 35S RNA gene. For more details see Figure S7. (B-D) Pooled data for flowering 
time in terms of days to flowering (DPS) (B), node numbers (ND) (C) and days to silking (D) for non-
transgenic B104 and the uva1-IR and Vgt1-IR lines indicated. (E) Schematic representation of the uva1 and 
Vgt1 region indicating the primers used for PCR amplification of the regions analyzed by bisulfite 
sequencing. (F) Levels of CG, CHG and CHH DNA methylation in percentage at the 5’ and 3’ extremities 
of the uva1 region (lines 325-02, 325-08 and 326-36) and CNS1 of Vgt1 (lines 327-16, 331-06 and 331-09) 
in comparison to the levels in non-transgenic B104. The numbers in parentheses below each maize line 
indicate the number of individual clones analyzed in bisulfite sequencing experiments. 
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Silencing at the Vgt1 locus affects growth rate 
In addition to the effect on flowering time, the effect of silencing at Vgt1 on growth speed was 

investigated. The early flowering phenotype was mainly observed in Vgt1-IR lines rather than 

in uva1-IR lines, therefore we focused only on Vgt1-IR lines. The flowering phenotypes of 

these lines indicate an earlier reproductive maturity of the Vgt1-IR lines, which could either be 

the consequence of the reduced number of nodes in Vgt1-IR lines compared to wt B014, a faster 

growth, or a combination of the two. The growth rate of Vgt1-IR lines was therefore analyzed 

and compared to their B104 control; in addition, growth rate was analysed in the early flowering 

background C22-4 containing a MITE insertion at Vgt1, and the near isogenic late flowering 

background N28 lacking the MITE insertion [27]. In 10 to 25 plants per line, the growth speed 

was scored as the number of days required to reach each growth stage, starting from stage V2 

(Figure 4, Figure S9). N28 plants were growing slower than the early flowering C22-4 plants. 

Non-transgenic B104 plants displayed an intermediary phenotype with a growth rate in between 

that of N28 and C22-4. In general, the IR lines were characterized by a faster growth than non-

transgenic B104, with line 327-38 showing the strongest growth rate from V4 to V12. 

Interestingly, Vgt1-IR lines were characterized by an acceleration of their growth from stage 

V2 to V3, reaching the latter stage 3-4 days earlier than wild type B104. After stage V3, growth 

rate in most Vgt1-IR lines slowed down and from V4 on, became similar to that of B104 control 

lines (Figure 4, Figure S9). 

 

IR constructs induce targeted DNA methylation at Vgt1 and uva1 
To examine if the effects of IR constructs on flowering time and growth speed were associated 

with an increase in DNA methylation at the targeted endogenous regions (Vgt1 and uva1), the 

levels of DNA methylation were measured in non-transgenic B104, and three Vgt1 and three 

uva1 IR lines using targeted bisulfite sequencing on genomic DNA from the tip of leaf three. 

Analysis of the 5’ and 3’ end of the uva1 region, and CNS1 from the Vgt1 region revealed an 

increased level of DNA methylation in the investigated regions compared to the levels in wild 

type B104 lines (Figure 3E and F, Figure S10A and B, Table S3). For the uva1 region, only the 

endogenous target sequences were amplified, by having one primer in each primer pair 

annealing to the endogenous flanking sequences. The 5’ and 3’ extremities of the endogenous 

uva1 in IR lines displayed an increase in CG and CHG methylation compared to the levels in 

non-transgenic B104. At the 5’ extremity, high levels of CHH methylation were detected in the 
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Figure 4: Growth rate analysis of B104 and Vgt1-IR lines (327-16, 327-38 and 331-06) in comparison 
with late and early flowering lines N28 and C22-4, respectively. The plot shows the average number of 
days each line took to reach V3 and V4 using the moment of reaching V2 as a start. The steeper the line is in 
between two stages, the slower the next developmental stage was reached. Error bars represent the standard 
error of the mean for 10 to 25 biological replicates per line. 
 

three IR lines and non-transgenic B104. These high CHH methylation levels were also observed 

in B73 (Figure 1A). It is interesting to mention that levels of CHH methylation are on average 

low across the whole genome (~5%) and that such high levels (about 50%) could indicate a 

CHH island [43]. For the Vgt1-IR lines, the methylation status at CNS1 was investigated, as 

this particular CNS is disrupted by the insertion of a MITE element in early flowering lines 

[28]. Similar to the uva1-IR lines, Vgt1-IR lines were associated with a strong increase in CG 

and CHG methylation in the tested sequence compared to non-transgenic B104. Note that, given 

the position of the primers (within the Vgt1 region), no distinction could be made between the 

endogenous and transgenic Vgt1 sequence. Nevertheless, the clear differences in methylation 

levels between the Vgt1-IR lines and non-transgenic B104, argues in favor of DNA methylation 
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being present at both the endogenous and transgenic loci. The results indicate that the IR 

constructs mediated an increase in DNA methylation at the target sequences, mostly in CG and 

CHG contexts. This increased DNA methylation at Vgt1 is positively correlated with the earlier 

onset of flowering and accelerated growth at early developmental stages. Increased levels of 

DNA methylation at the endogenous uva1 region were not significantly associated with earlier 

flowering, suggesting that uva1 may require Vgt1 to enhance expression of ZmRap2.7 or that 

uva1 regulates different target genes than Vgt1 does. 

 

Effects of targeted DNA methylation at the Vgt1 locus on ZmRap2.7 

expression 
Next, the Vgt1-IR lines were used to evaluate whether the observed effects of DNA methylation 

at Vgt1 on flowering time and growth were associated with downregulation of ZmRap2.7 

expression. ZmRap2.7 encodes a repressor of the floral transition [27,49,50], and 

downregulation of such genes is associated with earlier flowering phenotypes [51–54]. In line 

with this idea, maize line C22-4 (MITE insertion in Vgt1) was associated with lower ZmRap2.7 

expression levels than N28 (no MITE insertion at Vgt1) [27,28]. These observations support 

the hypothesis that Vgt1 is a transcriptional enhancer of ZmRap2.7 expression.  

 

 
Figure 5: Relative expression of ZmRap2.7 in leaf blades at V2 and V3 stages. Expression of ZmRap2.7 
was measured using RT-qPCR in the blade of leaf 2 and 3 at stage V2 and V3, respectively, in Vgt1-IR lines 
(327-16, 327-38 and 331-6), non-transgenic B104, late (N28) and early (C22-4) flowering lines. Expression 
was normalized to the mean of three housekeeping genes (alanine amino transferase (aat), actin1 and EF1a). 
Error bars represent the standard error of the mean (SEM) calculated over three biological replicates. 
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Transcript levels of ZmRap2.7 were quantified in the Vgt1-IR lines and compared to non-

transgenic B104, and late (N28) and early (C22-4) flowering lines. RNAs from the last 

expanded leaf blade from V2 (leaf 2) and V3 (leaf 3) plants were converted into cDNA, 

followed by qPCR quantification of ZmRap2.7 expression, using the geometrical average of 

three different housekeeping genes for normalization (alanine aminotransferase (aat), actin1, 

and elongation factor 1α (EF1α)) (Figure 5, Figure S11) [55]. With such data normalization, at 

the V2 stage the Vgt1-IR lines 327-38 and 331-6 were characterized by lower levels of 

ZmRap2.7 expression than B104, N28 and C22-4. In IR line 327-16, the ZmRap2.7 expression 

levels were as high as B104 and C22-4 at the V2 stage (Figure 5). At the V3 stage, 327-38 and 

331-6 and B104 displayed similar expression levels. The influence of individual housekeeping 

genes on normalization of ZmRap2.7 levels of expression was subsequently investigated 

(Figure S11). Using aat as a reference gene, Vgt1-IR lines showed lower levels of ZmRap2.7 

expression at near significant levels when compared to non-transgenic B104 (two tailed t-test; 

p-value = 0,062, 0.115 and 0.061 for 327-38, 327-16 and 331-06, respectively). The Vgt1-IR 

lines clearly resembled more the early flowering line C22-4. However, when considering EF1α 

or actin1 as reference genes, no clear downregulation of ZmRap2.7 expression was observed in 

the Vgt1-IR lines compared to non-transgenic B104. To assess whether ZmRap2.7 

downregulation could be observed in another type of tissue, we quantified ZmRap2.7 

expression in aerial parts of plants one week after germination (VE stage) [56]. Data on 

genome-wide transcript levels during maize development indicated high levels of ZmRap2.7 

expression in this tissue [56]. However, no downregulation was visible in IR lines compared to 

B104 at the VE stage (data not shown). 

In conclusion, the lack of clear difference in ZmRap2.7 expression between the Vgt1-IR lines 

and the wild type B104 does not allow us to confirm the role of Vgt1 in regulating ZmRap2.7 

expression in the tissue and developmental stages analyzed. 

 

Vgt1 physically interacts with ZmRap2.7 
While the experiments with the GUS reporter indicates that Vgt1 may act as an enhancer (Figure 

2), the relation between Vgt1 and the coding sequence of ZmRap2.7 is still poorly understood. 

Although targeted DNA methylation at Vgt1 affected flowering time and growth rate, it did not 

result in a significant downregulation of ZmRap2.7 expression in the tissues examined. 

Enhancer elements are known to increase gene expression through physical interactions with 

the promoter of their target gene [6,57,58]. The interactions between distant enhancers and their 
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target genes can be elucidated with Chromosome Conformation Capture (3C) and derived 

techniques (4C, 5C, HiC) [59,60]. 

 

To investigate whether expression of ZmRap2.7 is associated with chromosomal interactions 

involving Vgt1, we used Circular Chromosome Conformation Capture (4C; [61,62]). BglII and 

CviQ1 were used as the first and second restriction enzyme, respectively, and the transcription 

Start Site (TSS) region of ZmRap2.7 served as the bait (bait “TSS”). 4C samples were prepared 

in triplicate for wild type B73 V2-IST and husk tissue, which exhibit high (12.92 RPKM) and 

low (0.47 RPKM) ZmRap2.7 expression levels, respectively [4]. The identity of the captured 

sequences was revealed and reliable 4C contact regions (contacts) were identified using fourSig 

[63]. Each contact region was classified based on which tissue it was identified in. A “V” 

indicates that the contact was exclusively identified in V2-IST tissue. Similarly, “H” indicates 

husk-specific contacts, and “HV” contacts that are present in both tissues (Figure 6). 

A summary of the number of contacts per type and their distribution can be found in Table 1 

and Figure S12. Examination of contacts 500 kb upstream and downstream of the ZmRap2.7 

TSS bait (bait region) showed that the ZmRap2.7 TSS region is engaged in a chromatin 

interaction with an approximately 50 kb HV contact region that includes Vgt1 and the UVA 

region (Figure 6 and Figure S13). Thus, Vgt1 and uva1 are interacting with the ZmRap2.7 TSS 

region, not only in V2-IST tissue, in which ZmRap2.7 is high expressed, but also in husk tissue, 

in which ZmRap2.7 is low expressed. In addition, within the 1-Mb region including the 

ZmRap2.7 TSS bait other interactions, with genes, expressed or unexpressed, or with regions 

encoding lncRNAs were observed (Zm00001d008102 and Zm00001d008102) (Table S4).  

Although the density of contacts is highest in the bait region, these contacts represent only a 

small fraction of the contacts identified (4.5% = 30/674) (Table 2, Figure S12A, D) and their 

distribution over the different types of contacts (H, V and HV) deviate from the genome-wide 

situation. At the bait region the majority of contacts were defined as husk specific (53%), while 

when examining the entire bait chromosome or genome, 53 and 73% of the contacts were found 

exclusively in V2-IST tissue, respectively (Figure S12B, C and D). This indicates that, 

generally, the ZmRap2.7 TSS region is involved in more contacts when highly expressed than 

when lowly expressed.  
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Table 1: Summary of 4C contacts in which the ZmRap2.7 TSS (TSS) is involved.  

 
The table indicates: i) the average number of contacts per Mb for each chromosome, genome-wide, and in 
the bait region +/- 500 kb. The contact density for the bait chromosome is indicated in blue; ii) the fraction 
of each type of contact (H, V and HV) in the total number of contacts detected (674), the contacts within the 
bait chromosome and within +/- 500 kb of the ZmRap2.7 TSS. 
 
 

TSS 
Chromosome Contacts per 1Mb

1 0.246
2 0.237
3 0.266

4 0.280

5 0.332
6 0.293
7 0.241
8 0.470
9 0.257
10 0.253

Average all 
Chromosomes

0.2875

Bait region +/- 500 
kb

30

Type Fraction of contacts (%)
H 10.39

HV 16.91

V 72.70

Total number of 
contacts

674

Type Fraction in bait chromosome (%)
H 28.42

HV 18.95
V 52.63

Total number of 
contacts 

95 (14.1%)

Type Fraction in bait region +/- 500 kb (%)
H 53.33

HV 30.00
V 16.67

Total number of 
contacts 

30 (4.5%)
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Figure 6: Chromosomal contacts involving the ZmRap2.7 TSS in B73. Chromosomal contacts, using the 
TSS region of ZmRap2.7 as the bait, are shown for a 500 kb window. From top to bottom: Non-mappable 
BglII-CviQI restriction fragments (blue bars), regions of interest (dark blue boxes), 4C contacts (red = V, 
blue = HV, and green = H-specific contacts), TE annotation (yellow boxes), B73 AGPv4 gene annotation, 
lncRNAs (cyan box with arrowhead), coverage for DNase I hypersensitivity (DNAseI) and H3K9ac 
enrichment with approximate peak position indicated as blue and green bars, respectively) in B73 V2-IST 
and husk tissue, unique mappability in percentage, DNA methylation levels in CG (red), CHG (orange) and 
CHH context (yellow). For DNase I hypersensitivity and H3K9ac enrichment the coverage shown is based 
on two and three replicates pooled per tissue, respectively. Regions with low CG and CHG DNA methylation 
(below 20%) are indicated by bars below the DNA methylation levels. The vertical red box and dark blue 
box within indicate the approximate position of the bait region. 
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A majority of contacts in the bait region overlapped with genic sequences (Figure 6, Figure S13 

and Table S4). Also, genome-wide, a large fraction of the contacts was overlapping with genic 

regions; the preference of contacts to overlap with genes was stronger than expected from 

random (45.7% vs 16.6%), in both V2-IST and husk libraries. In addition, the overlapping genes 

were rather active than inactive (Table S5, Figure S14A and B). Moreover, at the bait 

chromosome, the contact regions intersected more with active than inactive genes, especially 

in V2-IST, tissue in which ZmRap2.7 is expressed (Table S5, Figure S14C, D). Note that genic 

expression in V2-IST and husk tissues is highly correlated and most genes show the same 

activity status in both tissues (Figure S14E and F).  

Since the ZmRap2.7 TSS interacted relatively often with active genic regions, we questioned 

whether contacts were significantly overlapping with features of active chromatin, such as open 

chromatin (DHSs), H3K9ac enrichment, LUMRs, or with the candidate enhancers reported by 

Oka et al ([4]; unpublished results). For each type of contact, the percentage of intersection of 

restriction fragments with the different types of features was calculated (Table 2). Fragments 

in contacts from all types (H, V and HV) were generally shown to overlap significantly more 

with DHS, LUMR and H3K9ac enriched regions than random fragments, whether considering 

the direct surroundings of the bait, the bait chromosome or the entire genome (for details see 

Methods). Among these, the overlap of 4C contacts with LUMR regions was the strongest 

(approximately 46%). No significant overlap was observed between V contacts and DHSs in 

the vicinity of the bait. This might be explained by the low number of V contacts in the bait 

region (5 contacts, 8 fragments). Interestingly, except for the bait region, HV and V contacts 

were overlapping significantly with candidate enhancers regions. This overlap, with both husk 

and V2-IST candidate enhancers, is particularly pronounced for V contact regions on the bait 

chromosome (Table 2, Table S5). These candidate enhancers overlap almost exclusively with 

V contacts in the bait chromosome, suggesting they may act as tissue-specific regulatory 

elements of ZmRap2.7. Intriguingly, these candidate enhancers were located 2.2 to 52.6 Mb 

away from ZmRap2.7 (Figure S15). Similarly, we questioned whether 4C contacts were also 

significantly overlapping with inactive regions of the genome, i.e. with frequencies bigger than 

the frequencies observed for random fragments. For this, for each type of contact we calculated 

the percentage of overlap between restriction fragments within contacts and regions enriched 

for CHG methylation. CHG methylation is a mark associated with transposable elements and 

other heterochromatic regions in the maize genome [64,65]. Results indicated that fragments 

within 4C contacts and regions of high CHG methylation overlapped with a lower frequency 

than random mappable fragments. 
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In conclusion, we show that, in both tissues investigated, the TSS of ZmRap2.7 interacts with 

its upstream intergenic region including Vgt1 and uva1, suggesting that this interaction is 

independent from the ZmRap2.7 transcriptional status. In addition, the ZmRap2.7 TSS 

physically interacts with genomic regions (coding and non-coding) that are accessible, enriched 

for the active histone mark H3K9ac, and lowly DNA methylated at a frequency that is 

significant above that with random fragments. This indicates that ZmRap2.7 preferentially 

interacts with active parts of the genome. 

 
Table 2: Percentage of overlap of 4C fragments within contacts with different genomic features.  

 
 
The last column indicates the number of BglII-CviQI restriction fragments included in the contacts. For each 
category of overlap, the minimum percentage necessary to obtain a false discovery rate of 5 (light yellow), 1 
(yellow) and 0.1% (dark yellow) is given at the bottom of each column. 
 

Discussion 
In this study, we provide evidence that Vgt1 and its upstream region coined uva1 may have 

enhancer-like characteristics, including open chromatin, H3K9ac enrichment, low levels of 

DNA methylation and transcriptional enhancing capacities, in V2 seedling tissue. In Vgt1-IR 

lines, increased DNA methylation levels at Vgt1 were associated with a reduced flowering time 

Contact type DHS Husk DHS V2-IST H3K9ac 
Husk

H3K9ac V2-
IST

LUMRs Husk 
candidates

V2-IST 
candidates

High CHG 
methylated 

regions

Number of 
fragments in 

contact 
regions

H 5.04 7.56 21.01 12.61 42.02 0 0 86.55 119

HV 12.08 12.08 20.81 10.74 48.32 1.34 1.34 88.59 149

V 14.20 16.23 20.29 10.98 46.66 1.07 0.48 85.20 838

H 4.41 8.82 22.06 10.29 41.18 0 0 82.35 68

HV 14.29 11.43 8.57 5.71 40.00 2.86 2.86 91.43 35

V 7.45 9.57 40.43 23.40 56.38 6.38 4.26 78.72 94

H 5.88 5.88 19.61 15.69 43.14 0 0 92.16 51

HV 11.40 12.28 24.56 12.28 50.88 0.88 0.88 87.72 114

V 15.05 17.07 17.74 9.41 45.43 0 0 86.02 744

H 4.44 4.44 17.78 11.11 35.56 0 0 84.44 45

HV 19.23 11.54 11.54 7.69 46.15 0 0 88.46 26

V 0 0 37.50 37.50 62.50 0 0 87.50 8

0.95 4.22 5.13 9.08 5.47 20.68 0.70 0.30 97.00
0.99 4.45 5.38 9.53 5.62 21.10 0.77 0.45 97.17

0.999 4.54 5.41 9.77 5.65 21.16 0.77 0.54 97.23

Quantiles based on 100 random sets of 3000 mappable fragments

P level

All 
chromosomes

Bait 
chromosome

NOT bait 
chromosome

Bait region (+/- 
500 kb)
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and accelerated growth rate. However, ZmRap2.7 expression was not significantly reduced, 

suggesting that in the tissues examined, ZmRap2.7 expression might depend on additional 

regulatory sequences besides Vgt1 or that Vgt1 affects flowering time and growth rate via the 

regulation of other genes. A role for Vgt1 in regulating ZmRap2.7 expression was supported by 

physical interactions of the ZmRap2.7 TSS region with the uva1-Vgt1 region. 

 

Vgt1 and uva1 have enhancer-like characteristics 
In a previous study Vgt1 and uva1 were not identified as candidate regulatory sequences, 

because of their lack of significant H3K9ac enrichment and chromatin accessibility, 

respectively, which were selection criteria used in the prediction study [4]. Both uva1 and Vgt1 

overlapped with LUMRs, but different ones. We hypothesized that Vgt1 may still act as an 

enhancer, but in other tissues than examined, or only in a limited number of cells within the 

tissues examined (V2-IST and husk). Alternatively, in the active state of the enhancer, it could 

be enriched by a different histone mark [35].  

Our current investigation of H3K9ac levels with ChIP-qPCR revealed a preferential H3K9ac 

enrichment at both uva1 and Vgt1 in V2-IST tissue, with a clearly higher enrichment at uva1, 

in line with Oka et al. [4] (Figure 1A) and our reanalysis of previously published data [31]. The 

preferential H3K9ac enrichment in V2-IST was correlated with higher ZmRap2.7 expression 

levels in V2-IST tissue than in husk. Although only Vgt1 displays a significant DHS site, and 

only uva1 clear H3K9ac enrichment, they seem both able to enhance expression of a GUS 

reporter gene in some V2 seedling tissues of transgenic maize lines. In addition, the combined 

uva1-Vgt1 region displayed higher GUS activity than either of the two regions alone. These 

results suggest that both sequences, but especially the combined sequence can function as a 

transcriptional enhancer.  

In the tissues investigated, the interpretation of the GUS staining results for the uva1:GUS, 

Vgt1:GUS and uva1-Vgt1:GUS was complicated by the high GUS activity displayed by 

min35S:GUS transgenic lines. We suspect that the MAS promoter driving expression of the bar 

resistance gene, activates the min35S promoter. In Nicotiana tabacum it was shown that the 

MAS promoter activates the min35S promoter in a tissue-specific manner and is induced by 

wounding [41,42]. When used before, the exact same min35S:GUS construct, present in a 

vector backbone lacking the MAS promoter, did not mediate GUS expression in most 

transgenics [37], consistent with the MAS promoter activating the min35S promoter. Note that 

the GUS reporter constructs used in this study contain the maize Adh1 intron sequence 

downstream of the minimal 35S promoter. The presence of the Adh1 intron in reporter 
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constructs was associated with increased levels of expression [38]. We, however, suspect the 

Adh1 intron not to be responsible for the observed GUS expression in min35S:GUS lines. In 

previous studies, the min35S:GUS construct, or a GUS reporter gene driven by a different 

minimal promoter, contained the same Adh1 sequence, and resulted in mostly basal levels of 

GUS activity [36, 37]. 

In the tissues investigated, transgenic lines for uva1, Vgt1 and the combined region generally 

displayed different GUS expression levels than the min35S:GUS lines. In V2 tissues, the GUS 

levels were generally higher than in min35S:GUS lines. The GUS activity levels observed in 

husk leaves of uva1:GUS, Vgt1:GUS and uva1-Vgt1:GUS, and cob of Vgt1:GUS transgenic 

lines were, however, lower than the GUS activity observed in min35S:GUS lines. These results 

can be explained by Vgt1 and uva1 acting as insulator, shielding the min35S promoter from 

influences of the MAS promoter [43]. Alternatively, the lower levels of GUS expression in ear 

tissues could result from Vgt1 and uva1-Vgt1 containing transcriptional silencing activity in 

these tissues, repressing the effect of the MAS promoter [44,66].  

Importantly, to be able to decipher the transcriptional effects of each sequence in the different 

tissues, reporter constructs that are lacking undesired background expression should be used. 

This would imply using a different binary vector and generation of new transgenic lines.  

Given their proximity, Vgt1 and uva1 may have been part of one ancestral cis-regulatory region. 

The DNA sequences between and within uva1 and Vgt1 consist of short repeat sequences 

(PGSB-REdat and REcat) [33] that overlap with local elevated levels of DNA methylation, 

separating the two regions into two distinct LUMRs. Repetitive sequences, when inserted 

within a regulatory element, can disrupt its function [67]. Considering that both the uva1 region 

and Vgt1 seem capable of acting as transcriptional enhancers, it is tempting to speculate that 

both elements were part of the same ancestral regulatory region.  

 

Silencing of the uva1 and Vgt1 sequences have different effects on flowering 

time 
The uva1 and Vgt1 regions exhibit slight differences in their capacity to regulate expression of 

the GUS reporter gene in transgenic maize lines. In addition, their effects on flowering time 

varied. Silencing of uva1 did not significantly affect the flowering time, while Vgt1-IR lines 

were characterized by early flowering; they showed faster anther shedding, silking, and a 

reduction in the number of stem nodes than non-transgenic B104 plants. The results on Vgt1 

are in line with previous observations [27] and show that DNA methylation of Vgt1 is sufficient 
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to cause earlier flowering, indicating that the MITE insertion in Vgt1 in early flowering lines 

does not contribute to the flowering phenotype. The higher GUS expression levels with the 

combined uva1-Vgt1 region compared to the individual sequences indicates that uva1 may also 

affect flowering time. Its effect may, however, be insufficient to result in significant effects on 

its own. Alternatively, uva1 might regulate other target genes than Vgt1.  

Aside from effects on flowering time, Vgt1 IR-lines also showed an acceleration of growth rate 

at early developmental stages (V2 to V3) compared to their non-transgenic B104 relatives. This 

accelerated growth rate contributes, together with a reduced number of stem nodes and thereby 

leaves, to an earlier reproductive maturity of Vgt1-IR lines. Given that leaf and flower formation 

is controlled at the level of the meristem, these results suggest a role for Vgt1 in the inhibition 

of the floral transition at the level of both shoot apical meristem and lateral meristems. Such 

hypothesis is consistent with a gene regulatory network put forward for the control of flowering 

time in maize [68] that proposed a role for Vgt1 in regulating ZmRap2.7 expression in the 

meristem to inhibit expression of the floral inducer Zmm4 [68,69]. However, in reported data 

sets for 14-day B73 seedlings, the ZmRap2.7 expression levels are relatively low for shoot 

apical meristem, and only slightly higher in lateral meristem [70,71]. ZmRap2.7 encodes an 

AP2-like transcription factor and is orthologous to the TOE1 gene in Arabidopsis thaliana [27]. 

AP2 in A. thaliana has been identified as a negative regulator of floral transition through among 

others activating the expression of AGL15, negatively regulating the expression of AGAMOUS, 

or promoting WUS expression, leading to indeterminate floral meristems [72–74]. AP2-like 

transcription factors, such as TOE1 in A. thaliana, besides delaying flowering time, also appear 

to inhibit adult epidermal patterning in leaves, tissue in which TOE1 is highly expressed 

[50,73,75–77]. Our data and that of others indicate expression of ZmRap2.7 in leaf tissues 

(Figure 5 and S6) [27,28]. Previous studies reported a role for flowering genes in maize leaves 

[78,79]. It is therefore tempting to hypothesize a role for ZmRap2.7 in leaves.  

In rice, another monocot, an AP2-like transcription factor has been shown to delay flowering 

and inhibit plant growth, through regulating the balance between the phytohormones abscisic 

acid (ABA) and gibberellin (GA) [80]. Our results indicated that silencing of Vgt1 was 

associated with an acceleration of growth rate and lead us to speculate on a potential role for 

ZmRap2.7 in regulating plant growth and flowering time through regulation of the ABA/GA 

balance. 
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Effects of Vgt1 on ZmRap2.7 expression 
To get a first impression whether Vgt1 could regulate the expression of the downstream located 

ZmRap2.7 gene, we compared Vgt1:GUS and ZmRap2.7 expression patterns in tissues of V2 

seedlings. The comparison revealed an overlap between the two expression patterns, suggesting 

that Vgt1 might in part regulate ZmRap2.7 expression. However, when measuring ZmRap2.7 

expression in leaf tissues of Vgt1-IR lines at the V2 stage, only a slight, but non-significant 

downregulation of ZmRap2.7 expression was observed (Figure 5), indicating that the effect of 

Vgt1 on ZmRap2.7 expression is minimal. Possibly, Vgt1 regulates ZmRap2.7 in only a few 

cells within the tissue examined. In such case a significant downregulation of this gene might 

only be detectable in those cells. We can however not exclude that Vgt1 affects flowering time 

through the regulation of flowering genes other than ZmRap2.7. 

Presuming Vgt1 regulates ZmRap2.7 expression levels, the clear expression of ZmRap2 in V2 

stage leaves, even in Vgt1:IR lines, suggests that besides Vgt1, additional enhancers may 

regulate ZmRap2.7. In line with this hypothesis, 4C revealed the physical interaction of the 

ZmRap2.7 TSS with Vgt1 and other candidate enhancers located on the same chromosome. The 

activity of these additional candidate enhancers might contribute to the establishment of the 

endogenous ZmRap2.7 expression pattern and explain the absence of significant 

downregulation of ZmRap2.7 in leaf two of Vgt1-IR lines, as well as the differences between 

the ZmRap2.7 RNA and Vgt1:GUS expression patterns.  

The floral transition is correlated with downregulation of ZmRap2.7 expression in leaves 

[27,28,69]. Possibly, the effect of DNA methylation at Vgt1 on ZmRap2.7 expression can only 

be observed later than the V2 and V3 stage, closer to the floral transition, which is during the 

V5 stage in B73 maize plants. In Vgt1:IR plants ZmRap2.7 expression may be downregulated 

earlier than in non-transgenic B104 plants. A developmental series needs to be performed to 

test this hypothesis.   

 

4C reveals ZmRap2.7 interactome 
Our 4C analysis showed that in both V2-IST and husk tissue, the TSS of ZmRap2.7 was found 

to interact with Vgt1 in both V2-IST and husk tissues. The contact region encompassing this 

interaction was 50 kb long, included Vgt1, uva1, the upstream Rad51 gene and is located within 

a region of high contact density (bait +/- 500 kb). It is known that the interaction frequencies 

between a bait and other fragments are inversely proportional to the distance separating the 

former from the latter [59], and as such a high number of contacts in the vicinity of the bait is 
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expected. The observed contacts are, however, specific. Almost directly downstream of the bait, 

a mappable region of approximately 80 kb is deprived of contacts, indicating that proximity is 

not a sufficient prerequisite for the occurrence of chromosomal interactions, strengthening the 

validity of the contact including Vgt1.  

Genome-wide, the ZmRap2.7 TSS region is involved in more contacts when ZmRap2.7 is 

highly expressed (V2-IST) than when lowly expressed (husk). This result is coherent with 

previous observations that active genes display a higher number of interactions [61]. In 

addition, the contact regions were significantly overlapping with regions of the genome that 

categorize as functional (characterized by accessible chromatin, low DNA methylation, 

H3K9ac enrichment) as well as regions identified as candidate enhancers [4]. Similarly, a recent 

Hi-C study in maize demonstrated that large-scale active compartments of the genome interact 

preferentially with themselves and other active compartments instead of with inactive ones [81]. 

Interestingly, specifically 4C contacts identified in V2-IST tissue overlapped with candidate 

enhancers located on the bait chromosome, suggesting that these enhancers may play a role in 

the transcriptional regulation of ZmRap2.7 in this tissue. These contacts were located 2 Mb to 

56 Mb away of the bait. While 56 Mb is, to our knowledge, the most distant enhancer-promoter 

interaction reported, comparable long-distance contacts were reported between genic sequences 

[61,82]. 

 

General conclusion and future directions 
Altogether, this study validates the identity of the candidate enhancer Vgt1, and provides new 

evidence of its effect on flowering time and plant growth. Convincing evidence for its mode of 

action, however, remains elusive as illustrated by the unclear relation between Vgt1 and the 

expression level of the ZmRap2.7 gene. Future efforts to identify tissue(s) and developmental 

stage(s) that possibly show a clear relation between the activity state of Vgt1 and the ZmRap2.7 

expression level should help improving our understanding of Vgt1-mediated regulation of 

flowering time. Interestingly, in immature ear tissues, the meristematic identity factor 

KNOTTED1 was found to bind to the sequence encompassing the DHS at Vgt1 [83]. It would 

be interesting to identify additional transcription factors that bind to Vgt1 by yeast one-hybrid 

assays to shed light on its upstream regulators. This may help to better understand the role of 

Vgt1. 
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Material and Methods 

Plant Material and growth conditions 
Maize plants were grown in greenhouses at two different locations: The Max Planck Institute 

for Plant Breeding Research in Cologne (MPIPZ) and the University of Amsterdam (UvA). At 

the MPIPZ maize plants were grown for flowering time experiments. At the UvA, maize plants 

were grown for H3K9ac ChIP-qPCR, 4C, RNA expression analysis, and flowering time and 

growth speed experiments. At both locations, plants were grown in soil with a 16 hours light/8 

hours dark lighting schedule, at temperatures ranging from 20 to 25°C and 50-60% humidity.  

4C and ChIP-qPCR experiments were performed in maize line B73, in V2-IST and husk leaves 

tissues as described in chapter 2 (Figure S1). RT-qPCR experiments were performed in tissues 

from V2 and V3 seedlings from B73, B104, N28, and C22-4 maize lines as well as the indicated 

IR-lines (B104 background). GUS staining assays were performed in transgenic B104 plants 

hemizygous for the transgene (T1). Flowering time experiments were performed using non-

transgenic B104 (experiments 35934, 38029 and 41307) and transgenic IR lines (seeds derived 

from T0xB104 transgenic, experiment 35934; selfed T1, experiment 38029; selfed T2, 

experiment 41307). Growth rate experiments were performed on, non-transgenic B014 as well 

as T2 progeny from Vgt1-IR lines, as well as the maize lines N28 and C22-4 (provided by Dr. 

Silvio Salvi). Bisulfite experiments were performed on the T1 progeny (T0 transgenic x B104) 

of IR lines.  

ChIP-qPCR 
The ChIP procedure was performed as described previously [70] with minor modifications. In 

short, plant samples (5 inner stems from V2 plants or soft inner leaves from one husk per 

sample) were fixed with formaldehyde. Chromatin was extracted and sonicated. The soluble 

fraction was then immunoprecipitated using antibodies against H3K9ac (Abcam, ab10812), 

H3K4me1 (Abcam, ab8895) or rabbit serum (No antibody control, Sigma no. R9133) using 

protein-A agarose beads (ChIP-qPCR, Sigma-Aldrich). Immunoprecipitated DNA was 

recovered, decrosslinked and column-purified (Qiagen, 28104). The column-purified DNA (4 

µl out of 80 µl per reaction) was then mixed with specific primers (see Table S2) and FIREPol 

Evagreen qPCR Mix Plus (Solis Biodyne) in a total volume of 20 µl and amplification was 

performed on an Applied Biosystem 7500 Real Time PCR system (50°C, 2’; 95°C, 10’, 45 

cycles: 95°C, 15’’; 65°C, 1’). For each primer pair, a calibration curve was generated using 

DNA isolated from fixed, sonicated chromatin (100 ng/µl; dilutions 1/64, 1/256 and 1/1024) to 
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test primer efficiency and calculate DNA quantities from ChIP samples. Enrichment was 

calculated as the mean quantity of the different biological replicates (3) and normalized over 

the quantity at the maize actin locus, which contains relatively high levels of the histone 

modifications studied. 

Transgenic lines 

IR constructs 

IR constructs for Vgt1 and uva1 were generated as follows. The regions of interest were 

amplified from B73 gDNA with primers containing attR sequences (see Table S2) and cloned 

by a BP reaction into pDONR201 or pDONR207 (Invitrogen).  

Cloned regions were then transferred into the destination vector pBb7GW-I-WG-UBIL 

(https://gateway.psb.ugent.be/search) by an LR reaction and the proper rearrangement of the 

constructs and their sequence was verified by enzymatic restriction (BsrGI), and by PCR on the 

separate repeats followed by Sanger sequencing (Table S2). The generated expression clones 

were then transformed by heat shock into Agrobacterium tumefaciens EHA-101 [84] and 

selected on YEB medium with kanamycin (50 mg/l) and spectinomycin (70 mg/ml). 

 

GUS reporter constructs 

DNA sequences from Vgt1, uva1 and uva1-Vgt1 were PCR amplified from BAC clone 

b0288K09 using Phusion Polymerase (Thermo Scientific) and specific primers (Table S2). 

Sequences were cloned into pENTR-min35S-ΩAdh1-GUS-PinII using SalI/BamHI restriction 

sites upstream of the minimal 35S promoter and integrity of the inserts was verified by sanger 

sequencing. Subsequently, the reporter cassette was introduced by an LR reaction into the 

BIBAC-BAR-GW destination vector [85,86] followed by checking the integrity of the cassette 

by PCR. The generated expression vectors were electroporated into Agrobacterium tumefaciens 

EHA105 [87] and resistant clones were selected on YEB medium containing kanamycin 

(50mg/L). 

Maize transformation and selection of transgenic plants 

Transgenic maize lines were generated in the B104 inbred line background according to [40]. 

Regenerated, transformed plants (T0) were crossed with B104 (T0 x B104 / B104 x T0) to 

generate T1 seeds. Transgenic T1, T2 or T3 plants were selected by PAT assay and/or PCR 

genotyping. PAT enzyme activity was measured by the diagnostic AgraStripLLStrip Test Seed 

& Leaf (TraitChek Romer Labs) for T0 shoots or performed as described in Rasco-Gaunt et al. 
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[88] with some modifications. The latter protocol is briefly described here.  Twenty-four seeds 

per line were sown in pots and two pieces of the tip of the 2nd leaf were harvested at the V2 

stage and placed in two different 96-well plates (Fisher Scientific, NNC#267245) as technical 

replicates. To each well 200 µl of incubation buffer (50 mM KH2PO4 pH 5.8, 2% sucrose, 25 

mg/l glufosinate, 0.1 mg/l 2,4-D, 0.1% Tween 20) was added, followed by incubation for 48 h 

at 21°C and continuous light (100-200 µmol/m2/s). 50 µl of the incubated solution was 

transferred to a new 96-well plate, followed by addition of 100 µl of freshly prepared reagent 1 

(25 g/l sodium tartrate, 25 g/l trisodium citrate, 34 g sodium salicylate, and 0.0012 g/l sodium 

nitroprusside) and 100 µl of reagent 2 (5 g/l NaOH and 3.20 ml sodium hypochlorite solution 

containing 12% active chlorine). The 96-well plate was covered with aluminium foil and rocked 

gently for 5 min and then incubated 15 min at 37°C. Blue wells indicated sensitive plants while 

white wells indicated resistant (transgenic) plants.  

Alternatively, transgenic plants were distinguished from non-transgenic plants using PCR 

genotyping. For this, two cm of the tip of a leaf was harvested approximately one week after 

sowing. Samples were then ground in eppendorf tubes using a micropestle, 700 µL of extraction 

buffer (100 mM Tris, pH 8, 50 mM EDTA, 500 mM NaCl) and 37 µL of 20% SDS were added, 

followed by incubation for 20 min at 65°C. Next, 187 µL of 5M Potassium Acetate was added, 

the samples were, mixed well and incubated for 5 minutes on ice. Subsequently, samples were 

spun for 5 min at max speed, and the supernatant precipitated by addition of 1 volume of 

isopropanol and 5 min centrifugation at max speed. The pellet was washed with 1 mL 70% 

EtOH. Ultimately, gDNA was resuspended in 50 µL of 10 mM Tris, pH 7.5. To check for 

presence of the transgene, gDNA was PCR amplified with primers annealing to the BAR gene 

(Table S2) present in the T-DNA, followed by gel electrophoresis. 

DNA gel-blot analysis 

The physical integrity of reporter constructs in transgenic lines was evaluated through Southern 

blotting as indicated in Stam et al [89]. For this, DNA was extracted from each transgenic line 

as described by [90]. Next, 5 µg of DNA was digested overnight at 37°C with 15 units of NotI 

or BamHI restriction enzymes in a final volume of 60 µL. Digested samples and MRC Holland 

blue and red ladders were size fractionated on a 1% TBE agarose gel, followed by HCl 

treatment, denaturation, and neutralization of the gel and capillary blotting onto a Hybond N+ 

membrane. 32P-labelled probes were generated by random primer labelling of PCR fragments 

of either the BAR gene or GUS gene, and hybridized to the blots by overnight incubation at 

63°C in dextran sulfate buffer. After hybridization, blots were washed successively in 1 x SSPE, 
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0.1 % SDS and 0.1 x SSPE, 0.1 % SDS buffer at 65°C and radioactive signals were revealed 

using a Phosphorimager (Typhoon scanner, GE Healthcare). 

Flowering time 
Flowering time in maize was scored by measuring the number of days to pollen shed (DPS; 

first day of polled shed) and days to silking (first silks visible), and the total number of nodes 

(equal to the total number of leaves). Days were counted from the day of germination. Six to 

35 plants were assessed per transgenic line, divided over three independent experiments. 

Statistical analysis with ANOVA was used to calculate significant differences from B104. The 

flowering time for plants used in growth rate measurements was scored by counting days from 

stage V2 and using 10-24 plants per line.  

 

Growth rate measurements 
Growth rate was measured for the non-transgenic lines N28, C22-4, and B104 and transgenic 

IR lines 327-38, 327-16 and 331-6. For N28, C22-4 and B104, 15 seeds were sown, for IR-

lines 30 seeds (T1). All seeds were sown at the same time, and of the IR lines DNA was 

extracted from individual seedlings to test for transgene presence by PCR on the BAR gene. 

Non-transgenic seedlings were removed from the analysis. Each plant was assigned a t0 date 

corresponding to the date at which it reached stage V2 (leaf collar of leaf 2 visible). From this 

date, plants were scored daily and dates of reaching subsequent stages reported (V3 up to V22). 

To calculate the growth speed, the date at which each plant was reaching the next stage was 

subtracted from its t0 date and the results plotted.   

Gene expression analysis 
Total RNA was extracted from different plant tissues using TRizol (Thermo Fisher). Then, 2 µg 

of RNA were treated with DNA-free DNase I (Roche, Cat. no. 04716728001) and cDNA was 

generated using the RevertAid First Strand cDNA Synthesis Kit and T18 oligonucleotide for 

priming (Thermo Scientific, Cat. no. K1622). Quantitative PCR was performed using 2 µL of 

cDNA mixed with 2 µL of each primer (10 µM; Table S2) and 4 µL of the 5X FIREPol Evagreen 

qPCR Mix Plus (Solis Biodyne) in a total volume of 20 µL and amplification on a real-time 

PCR cycler (Aplied Biosystems 7500). Expression of Maize actin1 (GRMZM2G126010), 

alanine amino transferase (aat) (GenBank: AF055898.1) and EF1a (NM_0011112117, [91]) 

were used to normalize ZmRap2.7 expression levels according to the deltaCt method [92]. 
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Bisulfite sequencing 
Genomic DNA was extracted from the tip of the second leaf of maize plants at the V5 stage 

using the DNeasy Plant Mini Kit (Qiagen, Cat. no. 69104). Bisulfite conversion was performed 

using the EpiTect Bisulfite Kit (Qiagen, Cat No. 59104). The conversion cycle program and 

the conversion efficiency check was performed as described in Foerster and Mittelsten Scheid 

[93]. Regions of interest were amplified using degenerated primers designed with the Kismeth 

webtool [94] (Table S2), cloned into the TOPO vector using the TA cloning system 

(Invitrogen). Plasmid inserts from at least 3 individual colonies were DNA sequenced using 

universal M13 reverse primer. Methylation analysis was performed using the webtool 

CyMATE. 

 

Histochemical GUS Assay 
V2 plants or Husk tissue parts were collected and dissected. Selected tissue parts were vacuum 

infiltrated (25-30 mmHg) for 1 hour at RT in X-Gluc staining buffer (0.1M NaPO4 Buffer pH7, 

10mM EDTA, 0.1% Triton X-100, 1mM K3Fe(CN)6, 1 mM K4Fe(CN)6), followed by overnight 

incubation at 37°C. Then the X-Gluc staining buffer was removed and replaced by 70% EtOH. 

The ethanol solution was changed every 12-24 hours until complete clearance of the tissue from 

its chlorophyll. Pictures were taken of the different tissue samples. 

4C samples, library preparation and sequencing 
This section describes the procedure to generate one 4C-seq sample. In total, six 4C-seq 

libraries were generated for the bait ZmRap2.7 TSS: three 4C-seq libraries for both V2-IST and 

husk tissue. First, a 3C sample was generated as described [95,96]. In short, inner stem material 

from five V2 plants or the soft (non-lignified) leaves from one husk were crosslinked for 1 hour 

with 2% Formaldehyde in PBS and used to isolate nuclei. Chromatin was extracted and digested 

using 400 units of BglII restriction enzyme per sample. Fixed and digested chromatin was 

subsequently submitted to an intra-molecular ligation step using 100 units of T4 DNA ligase 

and ligated fragments (3C sample) recovered by de-crosslinking and precipitation. The pellet 

was dissolved in 150 µL of 10 mM Tris-HCl pH 7.5. The sample quality prior to digestion, after 

digestion and after ligation was evaluated for each sample on an 0.8% Agarose 0.5 x TAE gel. 
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To generate 4C samples, 3C samples were submitted to a second round of digestion and ligation 

following the protocol from Splinter et al. [97] with minor modifications. The entire 150 µL of 

each 3C sample was digested overnight at 37°C using 50 units of CviQI (ER0211-Thermo 

Scientific), in 1 x restriction Buffer B and a final volume of 500 µL. Efficiency of digestion 

was evaluated on a 0.6% Agarose 0.5 x TAE gel by comparing a 5 µL aliquot of the sample to 

unfixed gDNA digested with CviQI. If properly digested, Csp6I was heat inactivated (20 min 

at 65°C). Digested DNA was then ligated overnight at 16°C in a total volume of 14 mL using 

100 units of T4 DNA ligase. DNA was precipitated using 1/10 volume of 2 M NaOAc pH5.6, 

1/1000 volume of glycogen, 2 volumes of 96% Ethanol and an incubation time of 2 hours at -

80°C. DNA was recovered by centrifugation (1h, 4500 rpm, 4°C). The resulting pellet was 

washed with 15 mL of 70% Ethanol, spun again (30 min, 4500 rpm, 4°C) and incubated for 1 

hour at 37°C in 150 µL of 10 mM Tris pH 7.5 to ensure complete resuspension of the DNA. 

Finally, samples were column purified (QIAquick PCR purification kit- Qiagen) using 3 

columns per sample. For each column, elution was achieved with 2 successive centrifugations 

(first with 35 µL and then 20 µL Elution Buffer) and the eluates from columns belonging to the 

same sample were pooled. To check the quality of the 4C samples, 5 µL of each sample was 

loaded on a 0.6% agarose 0.5x TAE gel and compared to unfixed gDNA digested with CviQI.  

4C samples concentrations were then evaluated with Qubit (Thermo Fisher). 

4C samples were then converted into bait-specific libraries through PCR amplification of each 

sample using bait-specific primers (see Table S2). For each 4C sample, 16 PCR reactions were 

prepared (for 1 reaction: 30 ng of 4C DNA, 1 µL of 50 mM MgCl2, 1 µL of 10 µM Fwd Primer, 

1 µL of 10 µM Rev Primer, 10 µL KAPA HIFI 2x ReadyMix, MilliQ up to 20 µL) and amplified 

as follows: 2’, 98°C; 30x(15’’, 98°C; 15’’, 60°C; 3’, 72°C); 5’, 72°C; 12°C. PCR reactions 

were then column-purified using one column for eight, pooled PCR reactions, and 25 µL of 

elution buffer (QIAquick PCR purification kit- Qiagen). The two resulting eluates per 4C 

sample were pooled (final volume = 50 µL). Finally, the 4C samples were converted into 4C-

seq samples using Illumina Truseq sequencing adapters (with index) following the instructions 

from the KAPA HyperPrep Kit for Illumina Sequencing. 

For sequencing, all 4C-seq libraries were pooled together in equimolar amounts (1 mM each) 

in a final volume of 10 µL and sequenced on a Hiseq Illumina sequencer, generating 9.2-17.9 

million 125 bp single-end reads per library. To increase the diversity of nucleotides in the 

beginning of each read 20% PhiX genomic DNA was spiked in. 
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4C primer design 
Bait-specific 4C primers were designed (see Table S2). Primers were designed as oligos of 18-

27 nucleotides, with a GC percentage and Tm as close as possible to 50% and 60°C, 

respectively (max 2°C of difference between primer from the same pair) and located as close 

as possible to the primary (BglII-forward primer) or secondary (Csp6I-reverse primer) 

restriction sites. All primers were blasted against High throughput Genomic Sequences from 

Zea mays and only primers with one perfect match were kept. Finally, the specificity of each 

primer was evaluated through PCR amplification. For this, PCR reactions were prepared as 

described in the 4C section above, using either both primers (Fwd and Rev), one primer (Fwd 

or Rev), or no primers, and two different types of template: 30 ng of 4C sample or B73 gDNA. 

Primers generating no amplification product when used alone and giving a specific 

amplification pattern when used as a pair were considered for preparing bait-specific 4C 

samples. 

 

4C data analysis 
After sequencing, the forward and reverse reading primer sequences were trimmed and reads 

were filtered based on their quality score and presence of BglII or CviQI restriction sites. The 

origin of the captured sequences was revealed by mapping the selected reads to an in silico 

library of BglII-CviQI fragments of the maize genome (B73-AGPv4) using Bowtie2 (mismatch 

tolerance parameter score-min = L,0,-0.25). Uniquely mapped reads were selected and then the 

sets of reads for all libraries were down-sampled to 2.5 million reads (the minimum number 

obtained for all libraries). Regions contacting the bait were identified using the fourSig package 

[63] with a window size equal to 5 fragments and an FDR < 0.01. In each of the three 

replications per tissue, restriction fragments constituting the regions were assigned the score of 

1, 2 or 3 on the basis of belonging to broad, intermediate or narrow regions, respectively. Then, 

the consensus contact regions (contacts) were defined by collating fragments having the score 

(averaged over replications) of at most 2 (if found in two replications) or 3 (if found in three 

replications). Contacts were classified based on the tissue they were identified in. A “V” 

indicates that the contact was exclusively identified in V2-IST tissue. “H” indicates husk-

specific contacts, and “HV” contacts that were present in both tissues. 

The expression of maize genes in V2-IST and husk tissue was assessed in B73 using published 

RNA-seq data [4]. Genes were defined as expressed if their average RPKM value over 

replicates was bigger than 0.5. In case of multiple isoforms, a gene was considered active if at 
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least one of the isoform had expression >= 0.5 RPKM. Intersections of contacts with genes (and 

other genomic features, see below) were found using bedtools intersect [98]. 

To assess the magnitude of frequencies of contacts overlapping with genomic features [4], the 

analysis based on the following considerations was performed. Mapping of 4C reads was done 

using the „repeat masked” version of the reference genomic sequence (with unknown 

nucleotides and repeats marked with „N”), therefore restriction fragments that have a number 

of "Ns" at their ends have a lower chance of coverage by NGS reads. Also, because only 

uniquely mapped reads were selected for the analysis, the fragments with non-unique ends (in 

the sense that they are similar to ends of other fragments) generally have a lower coverage. 

Finally, the fragments with a very short distance between primary and secondary restriction 

fragments are less likely to be covered. The set of fragments with "mappable" ends, that is, not 

having the above problems (in at least one end), was obtained by mapping the set of all fragment 

ends to the in-silico library of fragments with strict conditions of no gaps and no mismatches 

(score min = L,0-0.0). One hundred sets of randomly selected 3000 mappable primary 

restriction fragments were used to estimate the background distribution of intersection 

frequency of fragments with genomic features, and percentiles of this distribution were used as 

thresholds to declare significant overlap of genomic features with fragments from 4C contacts.  

In addition, the mappability of reads in relation to the length of fragment ends was analyzed 

(Table S6). For this, mappable fragments were classified based on their 5’ and 3’ end size. The 

total number of fragments in each category was calculated as well as their respective percentage 

of uniquely mapped reads and median read coverage. 
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Supplementary Figures and Tables 

 

Figure S1: Genome browser view of the uva1-Vgt1-ZmRap2.7 region. From top to bottom: regions of 
interest (dark blue boxes), TE annotation (yellow boxes), AGPv4 gene annotation, lncRNAs (cyan boxes 
with arrowhead), DNase I hypersensitivity (DNAseI) and H3K9ac enrichment (coverage and peak position 
are indicated as blue and green horizontal bars, respectively) in B73 V2-IST and husk tissue, unique 
mappability in percentage and mCG (red), mCHG (orange) and mCHH (yellow) levels. The numbers below 
the reference gene annotations indicate relative gene expression levels (V2-IST/husk). In the case of multiple 
isoforms, only the isoform with the highest levels of expression across both tissues was indicated. For more 
details see legend Figure 1. 
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Figure S2: Detailed representation of GUS reporter constructs used for Agrobacterium-mediated 
transformation of the B104 maize line. Reporter constructs were cloned in a pENTR plasmid and 
subsequently transferred into the pBIBAC-BAR-GW destination vector using an LR reaction. The Vgt1:GUS 
(A), uva1:GUS (B) uva1-Vgt1:GUS (C) CaMV:GUS (D) and min35S:GUS (E) constructs within the BIBAC-
BAR vector. BAR indicates the coding region of the phosphinotricin resistance gene. Pmas and Tmas refer 
to promoter and transcription terminator sequences of the manopine synthase (mas) gene, respectively. The 
min35S annotation refers to the -90 to +1 bp sequence of the minimal promoter of the Cauliflower Mosaic 
Virus 35S RNA gene. WAdh1 intron indicates the Omega leader sequence from the Tomato Mosaic Virus 
fused to the first intron of the alcohol dehydrogenase-1 (Adh1) gene. TpinII indicates the transcription 
terminator sequence from the potato protease inhibitor II (pinII) gene. 
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Figure S3: DNA gel-blot analysis of GUS reporter lines. (A) Schematic representation of a GUS reporter 
construct with insert (CaMV, Vgt1, uva1 or uva1-Vgt1). NotI restriction sites are indicated by scissors. Probes 
used to characterize the transgenic lines are represented by radioactive labels at their annealing position. The 
NotI restriction site flanking the T-DNA left border (LB) sequence is located within the plant genome at an 
unknown distance from the inserted T-DNA. (B) DNA Blot analysis of DNA derived from CaMV:GUS lines 
1 to 4, Vgt1:GUS line 1, uva1:GUS lines 1 to 3, and uva1-Vgt1:GUS lines 1 to 5, digested with NotI and 
probed with a GUS probe. M1 and M2 refer to the MRC-Holland Red and Blue ladder, respectively. Grey 
arrowheads indicate the fragments of the correct size for each construct. The GUS probe allowed to estimate 
the intactness of the reporter construct. The correct size of the detected fragment hereby depends on the size 
of the inserted enhancer. Expected fragment sizes are 3860 bp, 5311 bp, 4938 bp and 8018 bp for CaMV, 
Vgt1, uva1, uva1-Vgt1 inserts, respectively. Lighter bands correspond to fragments that are unrelated to the 
transgene. 
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Figure S4: GUS activity and representative histochemical staining of GUS reporter control lines. (A) 
Cumulative bar plot showing the percentage of plants belonging to each scoring category (null, weak, 
intermediary and strong) and (B) representative histochemical staining of V2 seedling and ear tissues 
in.CaMV:GUS transgenic lines. For CaMV:GUS line 2, GUS stainings of V2 tissues are lacking. Cumulative 
bar plot (C) and representative histochemical staining (D) for min35S:GUS transgenic lines. For both 
constructs representative GUS stainings are shown. 
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Figure S5: Representative results of histochemical staining of young seedling and ear tissues of GUS 
reporter lines. (A) uva1:GUS, (B) Vgt1:GUS and (C) uva1-Vgt1:GUS. For each construct, a schematic 
representation of the construct is depicted, together with representative stainings of V2 seedling and ear 
tissues of independent transgenic lines (see Table S1 for the individual scoring). The number in each panel 
indicates the respective independent transgenic line. 
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Figure S6: ZmRap2.7 RT-qPCR expression analysis of V2 tissues from B73 and B104. (A) Tissues from 
a B73 maize plant at developmental stage V2. Dotted boxes indicate the different tissue parts used for RNA 
extraction and cDNA preparation. (B) Bar plot showing ZmRap2.7 expression levels relative to the levels of 
the actin1 reference gene. For each tissue shown in (A), ZmRap2.7 expression was investigated in both B73 
and B104. Error bars indicate the standard error of the mean for three biological replicates. 
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Figure S7: Detailed representation of IR constructs used for Agrobacterium-mediated transformation 
of B104 maize lines. IR constructs were generated in a pDONR vector and subsequently transferred to the 
Bb7GW-I-WG destination vector using a Gateway LR reaction. Ubi1:Vgt1-1tgV (A), and Ubi1:uva1-1avu 
(B). Pubi1 refers to the promoter of the maize ubi1 gene (GRMZM2G409726). P35S and T35S refer to the 
promoter and terminator sequences of the Cauliflower Mosaic Virus 35S RNA gene, respectively. Tnos refers 
to the terminator sequence of the nopaline synthase (nos) gene from Agrobacterium tumefaciens. The cat 
intron and Pdk intron refer to the introns of the chloramphenicol acetyltransferase and pyruvate 
dehydrogenase kinase genes, respectively. 
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Figure S8: Flowering time measurements of IR transgenic lines across different experiments. For each 
independent transgenic line indicated, the flowering time across three independent experiments (A, C, E), 
and for the three experiments independently (B, D, F) is presented in box plots for different flowering time 
traits: Days to Pollen Shed (DPS) (A, B), Silking (C, D) and Node Number (E, F). B104 represents non-
transgenic B104. Numbers in the boxes indicate the number of plants examined for the independent 
transgenic lines indicated. 
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Figure S9: Growth rate analysis and flowering time of Vgt1-IR lines compared to N28, C22-4 and B104 
lines. (A) Growth rate analysis of non-transgenic B104 and transgenic Vgt1-IR lines (327-16, 327-38 and 
331-06) in comparison with late and early flowering lines N28 and C22-4, respectively. The plot shows the 
number of days each line took on average to reach the different developmental stages indicated (V3 to V21), 
starting from the V2 stage. The steeper the line between two stages, the slower the growth rate. Error bars 
represent the standard error of the mean for 10 to 24 biological replicates (Number of plants per line: N28 = 
12; C22-4 = 12; B104 = 10; 327-16 = 18; 327-38 = 19; 331-06 = 24). (B) Same data as for (A) but showing 
the number of days in between each V stage for the different lines. (C-E) Flowering time for lines N28, C22-
4, B104 and Vgt1-IR lines expressed in days to pollen shed (DPS) (C), silking (D) or node number (ND)(E).  
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Figure S10: DNA methylation data for the uva1 region and Vgt1. Bisulfite sequencing followed by data 
analysis using Cymate was used to examine the methylation level at the uva1 and Vgt1 sequences. (A) 
Methylation status of the endogenous uva1 sequence in individual clones for lines 325-02, 325-06, 326-36 
and non-transgenic B104. Data for primer pairs 426/427 and 424/425, covering the 5’ and 3’ ends of the 
endogenous uva1 sequence are presented below the corresponding primer pairs indicated at the top. (B) 
Methylation status of the endogenous and transgenic Vgt1 sequence in individual clones analysed for lines 
327-16, 331-06, 331-09 and non-transgenic B104. Data for primer pair 390/391, overlapping CNS1 from 
Vgt1, are shown. Red circles represent CG sites, blue squares CHG sites, and green arrowheads CHH sites. 
Filled symbols represent methylated cytosines, unfilled symbols unmethylated cytosines. Reference 
represents a completely converted version of the analysed sequence. The black line at the top of the first 
reference sequence represents the investigated sequence, with black squares indicating cytosines, which are 
connected by lines with their position in the reference.  
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Figure S11: Relative expression of ZmRap2.7 in leaf blades at V2 and V3 stages. Bar plots show the 
expression of ZmRap2.7 measured in the blades of leaf 2 and 3 at stage V2 and V3, respectively, in Vgt1-IR 
lines (327-16, 327-38 and 331-6), non-transgenic B104, late (N28) and early (C22-4) flowering lines. 
Expression was normalized to the expression of alanine amino transferase (aat) (A), actin1 (B) or EF1a (C). 
Error bars represent the standard error of the mean of three biological replicates. 
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Figure S12: Density and fraction of contacts involving the ZmRap2.7 TSS region in H, V and HV 
categories. (A) Bar plot showing density of contacts evaluated as the number of contacts per Mb on the 
different chromosomes of maize line B73. The ZmRap2.7 TSS region is located on chromosome 8. (B-D) 
Pie charts displaying the different fractions of contacts in H, V and HV categories, genome-wide (B), in the 
bait chromosome (C), and in the 500 kb region upstream and downstream of the bait (D).  Below each pie 
chart, the corresponding number of contacts is given. 
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Figure S13: Chromosomal contacts involving the ZmRap2.7 TSS in B73. Chromosomal contacts of the 
ZmRap2.7 TSS fragment in a 1 Mb window. From top to bottom: Non-mappable BglII-CviQI restriction 
fragments (blue bars), region of interests (dark blue boxes), 4C contacts (red = V, blue = HV and green = H 
specific contact), TE annotation (yellow boxes), B73 AGPv4 gene annotation (for details, see Table S4), 
lncRNAs (cyan box with arrowhead), coverage for DNase I hypersensitivity (DNAseI) and H3K9ac 
enrichment with approximate peak position indicated as blue and green bars, respectively) in B73 V2-IST 
and husk tissue, unique mappability in percentage, DNA methylation levels in CG (red), CHG (orange) and 
CHH context (yellow). Vertical red box approximately delineates the bait region. For more details, see Figure 
6. 
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Figure S14: Analysis of relation between 4C contacts and genic regions. (A) Dot plot showing the 
correlation between gene expression in V2-IST and Husk. Gene expression is expressed in log of RPKM 
values. (B) Summary of gene expression in V2-IST and Husk. Upper table shows the genome-wide 
percentage of expressed and not expressed genes in the two tissues. Bottom table indicates the percentage of 
expressed and not expressed genes on the bait chromosome (chr 8). (C-D) Blue pie charts showing the 
percentage of 4C contacts overlapping or not with genic regions in V2-IST (C, E) and husk (D, F), genome-
wide (C, D) and at the bait chromosome (E, F). The fraction of expressed and not expressed genes within the 
fraction of contacts overlapping with genes is displayed in yellow-grey pie charts on the right side of the blue 
pie charts.  
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Figure S15: Graphical representation of contacts involving the bait chromosome. Chromosome 8 is 
depicted with the location of contacts of the TSS of ZmRap2.7. The type of contact is indicated by the color 
of the contact (red = V, blue = HV, green = H). The bait location is depicted by a dark grey box. Contacts 
within the bait region (bait +/- 500 kb) were not depicted given their high density. 4C contacts overlapping 
with candidate enhancers are indicated by dark grey arrowheads and the codes of the respective candidates. 
Curved lines indicate bait-enhancer interactions.  
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Table S1: Constructs and associated transgenic lines. 

Name of the 
construct Inserted sequence Type of 

construct Lines Intact construct 
Method of 
construct 
validation 

min35S:GUS no insert GUS 
reporter 

#1 (442-01) yes SB 
#2 (442-09) yes SB 
#3 (442-11) yes SB 

CaMV:GUS Cauliflower Mosaic 
Virus enhancer 

GUS 
reporter 

#1 (345-01) yes SB 
#2 (345-16) yes SB 
#3 (345-27) yes SB 
#4 (345-35) yes SB 

Vgt1:GUS Vgt1 GUS 
reporter 

#1 (351-01) yes SB 
#2 (410-01) yes SB 
#3 (410-03) yes SB 
#4 (410-05) yes SB 

uva1:GUS uva1 GUS 
reporter 

#1 (350-01) yes (2) SB 
#2 (350-03) yes SB 
#3 (350-05) yes SB 

uva1-Vgt1:GUS uva1-Vgt1 GUS 
reporter 

#1 (349-01) yes SB 
#2 (349-03) yes SB 
#3 (349-05) yes SB 
#4 (357-05) yes (1) SB 
#5 (357-07) yes (1) SB 

Ubil:uva1-1avu uva1 IR 

325-2 there is an insert PCR 
325-4 NT PCR 
325-8 there is an insert PCR 

326-14 NT PCR 
326-20 NT PCR 
326-24 NT PCR 
326-36 there is an insert PCR 
326-40 NT PCR 

Ubil:Vgt1-1tgV Vgt1 IR 

327-2 NT PCR 
327-4 NT PCR 
327-6 NT PCR 

327-16 yes PCR 
327-18 NT PCR 
327-24 NT PCR 
327-30 NT PCR 
327-32 NT PCR 
327-38 NT PCR 
331-2 NT PCR 
331-4 NT PCR 
331-6 yes PCR 
331-9 yes PCR 

 
IR: Inverted Repeat ; SB: Southern Blot; NT: Not Tested 
In case of multiple insertions, the number in between brackets reports the estimated number of intact 
insertions. To validate IR transgenes, PCR was performed using primer pairs specifically amplifying the first 
or second repeat.  
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Table S2: GUS expression scores in transgenic lines.  

 

GUS staining Intensity: 0 = null, 1 = weak, 2 = intermediate, 3 = strong. 
mean = arithmetic mean of the different biological replicates.  
NA: data Not Available. 
  

construct transgenic	line	# replicates leaf	1 leaf	2 leaf	3-top inner	stem mesocotyl root construct transgenic	line	# replicates husk	leaf shank cob
a 3 3 2 0 2 1 a 1 3 3
b 3 3 2 1 3 1 b 2 3 3
mean 3.00 3.00 3.00 0.50 2.50 1.00 mean 1.50 3.00 3.00
a 2 1 1 0 3 2 a 2 3 3
b 1 2 2 1 2 2 b 1 3 3
mean 1.50 1.50 1.50 0.50 2.50 2.00 mean 1.50 3.00 3.00
a 1 1 0 0 2 0 a 2 3 3
b 1 1 1 0 2 1 b 1 3 2
mean 1.00 1.00 0.50 0.00 2.00 0.50 c 1 3 2

mean 1.33 3.00 2.33
a 2 2 0 1 3 2
b 1 2 2 1 3 3 a 1 3 0
c 3 3 3 1 3 2 b 1 2 0
mean 2.00 2.33 1.67 1.00 3.00 2.33 mean 1.00 2.50 0.00
a 1 1 1 0 1 0 a 1 3 0
b 1 1 0 0 1 0 b 0 1 0
c 1 1 1 0 2 1 c 0 3 0
d 1 1 1 0 2 0 d 1 1 0
mean 1.00 1.00 0.75 0.00 1.50 0.25 e 0 2 0
a 2 2 NA 0 3 1 mean 0.40 2.00 0.00
b 1 1 NA 0 3 1 a 1 1 1
c 2 2 1 0 3 1 b 1 2 0
mean 1.67 1.67 0.33 0.00 3.00 1.00 c 1 3 1
a 1 1 1 0 1 1 d 0 1 0
b 1 0 1 0 2 0 mean 0.75 1.75 0.50
c 1 1 0 0 2 0 a 1 3 0
mean 1.00 0.67 0.67 0.00 1.67 0.33 b 0 3 0

c 1 3 1
a 1 1 2 0 2 0 d 1 3 0
b 2 2 2 0 2 1 mean 0.75 3.00 0.25
c 1 1 3 1 3 1
mean	 1.33 1.33 2.33 0.33 2.33 0.67 a 0 NA 2
a 2 1 2 1 2 0 b 1 3 2
b 2 2 2 1 2 1 c 1 3 3
c 2 2 3 1 3 1 d 1 3 3
mean	 2.00 1.67 2.33 1.00 2.33 0.67 mean	 0.80 2.30 2.50
a 2 1 2 0 2 1 a 0 2 0
b 2 2 2 1 3 2 b 1 2 2
c 2 2 2 1 2 1 c 1 3 3
mean	 2.00 1.67 2.00 0.67 2.33 1.33 mean	 0.70 2.30 1.70
a 2 1 0 0 3 1 a 1 NA 2
b 2 2 2 1 2 1 b 1 2 3
c 2 2 2 0 3 2 c 1 3 3
mean	 2.00 1.67 1.33 0.33 2.67 1.33 mean	 1.00 1.70 2.70
a 2 2 2 1 3 2 a 1 2 0
b 3 3 3 1 3 3 b 0 2 0
c 3 3 3 1 3 3 c 1 2 1
mean	 2.67 2.67 2.67 1.00 3.00 2.67 mean	 0.70 2.00 0.30

a 0 1 0
a 3 3 3 3 3 3 b 0 1 1
b 3 3 2 2 3 3 mean	 0.00 1.00 0.50
mean 3.00 3.00 2.50 2.50 3.00 3.00
a 3 3 3 3 3 3 1 a 3 3 3
b 3 3 3 3 3 3 2 a 3 3 3
mean 3.00 3.00 3.00 3.00 3.00 3.00 3 a 3 3 3
a 3 2 2 2 3 3 4 a 3 3 3
b 3 2 2 2 3 3
mean 3.00 2.00 2.00 2.00 3.00 3.00 a 2 3 3

b 1 3 3
a 0 1 1 NA 2 2 c 2 3 3
b 1 1 1 NA 3 2 mean 1.67 3.00 3.00
c 1 1 1 0 3 1 a 3 3 3
d 1 1 1 0 3 1 b 3 3 3
mean 0.75 1 1 0 2.75 1.5 mean 3.00 3.00 3.00
a 0 1 1 NA 2 1 a 3 3 3
b 1 2 3 NA 2 1 b 3 3 3
c 1 2 3 0 1 1 c 0 1 1
d 1 2 3 0 2 1 d 3 3 3
mean 0.75 1.75 2.5 0 1.75 1 mean 2.25 2.5 2.5
a 0 0 0 NA 1 0
b 0 1 0 0 1 0
c 1 2 3 1 2 1
mean 0.33 1 1 0.33 1.33 0.33

min35S:GUS

1

2

3

4

CaMV:GUSCaMV:GUS

min35S:GUS

1

2

3

1

3

2

3

5

4

uva1-Vgt1:GUS

1

uva1-Vgt1:GUS

5

1

2

3

4

V2 Husk

uva1:GUS

1

2

3

1

1

2

3

Vgt1:GUS

2

3

4

uva1:GUS

1

3

4

Vgt1:GUS

2
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Table S3: Primer list 

 
All primers used in this study are shown, classified based on the main experiment they were used for. 
 
  

Locus/sequence Name Amplicon size 
(bp)

ChIP-PCR
M70 F: 5'- TTTAAGGCTGCTGTACTGCTGTAGA -3'
M414 R: 5'- CACTTTCTGCTCATGGTTTAAGG -3'

M688 F: 5'- CGATGTGAAGACAGCATTCCT -3'
M689 R: 5'- CTCAAGTGACATCCCATGTGT -3'

BW2228 F: 5'- AGCGAAACCTGATTGATTGG -3'
BW2231 R: 5'- TGGGGATTGTCCTACTCGTC -3'

M1654 F: 5'- TTGCCGGTGATTAGAGAAGT -3'
M1655 R: 5'- GGACGTCATCTACCTAATAACATAG -3'

M1467 F: 5'- CTTCCTGCCTTTCCCGTTAC -3'
M1545 R: 5'- CGCGTTCTTTGTCAAATGTCG -3'

M1648 F: 5'- ATCGAGTGTTGAGGGAAGAC -3'
M1649 R: 5'- GGTTTTACCGAATGCCAAGC -3'

M1619 F: 5'- ACCGATTGCTTCCGACTCTC -3'
M1620 R: 5'- TCTTGCTCACCTAGGTACACC -3'

Cloning GUS constructs
BW2370 F: 5'- NNNNNNGTCGACcgaacaatccctgatgtgttta -3'
BW2272 R: 5'- NNNNNNGGATCCggaccaacctgcaaccttac -3'

BW2371 F: 5'- NNNNNNGTCGACattccggggaagataattcct -3'
BW2274 R: 5'- NNNNNNGGATCCccaaactctttgtgacgttttt -3'

BW2370 F: 5'- NNNNNNGTCGACcgaacaatccctgatgtgttta -3'
BW2274 R: 5'- NNNNNNGGATCCccaaactctttgtgacgttttt -3'

Cloning Inverted-Repeat constructs
104 F: 5'- ACAAGTTTGTACAAAAAAGCAGGCTcgaacaatccctgatgtgttta -3'
105 R: 5'- ACCACTTTGTACAAGAAAGCTGGGTggaccaacctgcaaccttac -3'

115 F: 5'- ACAAGTTTGTACAAAAAAGCAGGCTttccggggaagataattcc -3'
111 R: 5'- ACCACTTTGTACAAGAAAGCTGGGTcgattgtaacctggcaaacc -3'

Genotyping & checking integrity transgenes
Agi51_F (146) F: 5'- CATGATGGCATATGCAGCAT -3'
Agri56_R (147) R: 5'- CTGGGGTACCGAATTCCTC -3'

Agri64_F (148) F: 5'- CTTGCGCTGCAGTTATCATC -3'
Ari69b_R (149) R: 5'- TGATTTTTGCGGACTCTAGCAT -3'

H3ac_mid2 (145) F: 5'- CACCTTAGGGCTTGTTCGTT -3'
Agri56_R (147) R: 5'- CTGGGGTACCGAATTCCTC -3'

H3ac_mid2 F: 5'- CACCTTAGGGCTTGTTCGTT -3'
Agri64_F (148) F: 5'- CTTGCGCTGCAGTTATCATC -3'

hsp_fw (133) F: 5'- CGCCCTCTGCCTTTGTTACTG -3'
hsp_re (134) R: 5'- GAAGGCATCGAGCAAGATACGTA -3'

BW2418 F: 5'- TATAAATATTAATCATATATAATTAATATCAATTGGGTTAGCAAAACA -3'
BW2419 R: 5'- AGTGCAGTCGTAAAAGTCAGAACTGTG -3'

M1030 F: 5'- ATGAGCCCAGAACGACGC -3'
DM1969 R: 5'- GCGACGAGCCAGGGATAG -3'

Bisulfite sequencing
424 F: 5'- AGAGGTAGTAYYTTTAAAAAGAGAG -3'
425 R: 5'- CCTCAAAACCCARTRTRTCAATTTT -3'

426 F: 5'- TTGGGTTATAATTAATGAGGAGG -3'
427 R: 5'- ACATACCCATTTCRTCCAATCA -3'

390 F: 5'- YYGTTTGTGTGGYGGGAAAAA -3'
391 R: 5'- CCTTCCACTTCARRCATCTTCTACA -3'

RT-qPCR
M1462 F: 5'- CTGCCGACTGAAGTTGCTG -3'
M1463 R: 5'- GGAGCATCGTCGATCTTGGT -3'

M305 F: 5'- GCCTCATCACCTACGTAGGCAT -3'
M358 R: 5'- CCTATCGTATGTGACAATGGCACT -3'

M1224 F: 5'- ATGGGGTATGGCGAGGAT -3'
M1225 R: 5'- TTGCACGACGAGCTAAAGACT -3'

BW3184 F: 5'- TGGGCCTACTGGTCTTACTACTGA -3'
BW3185 R: 5'- ACATACCCACGCTTCAGATCCT -3'

Circular Chromosome Conformation Capture
BW2619 F: 5'- TTCTTAAGATAGTGACAATAAGATC -3'
BW2620 R: 5'- AACGAAAGAAATTAAAGGATAACTG -3'

Primer Sequence

3' end uva1  region 

5' end uva1  region 

Maize actin 1 (GenBank: J01238.1)

BIBAC pinII terminator 

uva1

control region HSP1 (GRMZM2G310431)

pB/Hb7GW-I-WG-UBI1 (amplifies second repeat; 
primers span sequence of interest)*

pB/Hb7GW-I-WG-UBI1 (amplifes first repeat;primers 
span sequence of interest)*

Rap2.7 Ex2 (GRMZM2G700665)

uva1  (Chr8:135943082..135944918)

Vgt1 (Chr8:135945789..135947998)

uva1 + Vgt1  (Chr8: 135943082..135947998)

uva1  (Chr8:135943082..135944918)

Ty1-copia type retrotransposon reverse transcriptase 
(GenBank: AF398212.1)

pUbil:uva1-1avu  (amplifies first uva1  repeat)

107

120

124

Down Vgt1 197

Up Vgt1 247

131Vgt1  (CNS1)

108

ZmRap2.7 (GRMZM2G700665)

Maize actin 1 mRNA (GRMZM2G126010) 

149 (cDNA-
specific)

155 cDNA / 240 
gDNA

Vgt1 (Chr8:135945790..135948097)

CNS1 (Middle of Vgt1  region)

BIBAC BAR gene

1837

2210

712

286

185

756

953

2309

1837

4917

UVA: 2146; Vgt1: 
2612;

TSS Rap2.7

Maize amino acetyl transferase (aat) (GenBank: 
AF055898.1) mRNA

283 cDNA / 454 
gDNA

Maize EF1α (NM_0011112117) mRNA 135

UVA: 2138; 
Vgt1:2603

405

452

340

NA

pUbil:uva1-1avu  (amplifies second uva1  repeat)
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Table S4: List of all transcription units located in the 500 kb upstream and downstream of the 
ZmRap2.7 TSS 4C bait. 

 
  

Transcription units coordinates Expression V2-IST Expression Husk Contact
23,3757 30,3817

0,127193 0,202857
66,7387 72,2205

0,550155 0,61
46,8035 96,7133
1,03037 3,09809

Zm00001d008102 (lncRNA) 8:135738898..135739112 0 0.28 H

2,20745 0,303807
1,17319 0,167277

Zm00001d0109789 8:135745018-135745616 0 0 H

30,0106 39,9123
1,42563 1,56

Zm00001d010983 8:135871487..135871560 0 0 HV

Zm00001d010984 8:135873289..135874824 0.00918296 0.025422 HV

0.448476 0.40059
0.154043 0.194155
0.420442 0.426835
0,570142 0,420408

0,83 0,33

Zm00001d008103 (lncRNA) 8:135946305..135947104 0 0 HV

12,9 0,47
1,27536 0,0376527

Zm00001d010989 8:136033896..136061774 0 0 HV / H

Zm00001d010990 8:136106009-136107611 0 0 N.C

Zm00001d010991 8:136108090-136117602 0 0 N.C

Zm00001d010992 8:136132171..136136718 0 0 H

Zm00001d010993 8:136138879-136139485 0 0 H

6,20316 3,75967
15,71 9,8

3,46103 2,82768
19,04 16,4

Zm00001d010996 8:136174498-136185556 20,741 0 V

Zm00001d010997 8:136174498-136185556 0.000528613 0.0032243 V

Zm00001d010998 8:136302778..136306209 0.058927 0.0221685 N.C

Zm00001d011000 8:136345771-136347914 0 0 N.C

Zm00001d011001 8:136349223-136350602 1.20505 1.03392 N.C

Zm00001d011002 8:136349223-136350602 0.38174 0.779234 N.C

Zm00001d011003 8:136383320-136385182 0.054884 0.0144476 V

0.560339 0.575116
130.237 89.2761

0.905436 0.521753
0.458346 0.263381

Zm00001d011006 8:136509358-136511766 0.17886 0.141882 N.C

Zm00001d011007 8:136513436-136514159 0 0 N.C

Zm00001d011008 8:136515412-136519991 0 0 N.C

Zm00001d010976 8:135650013-135656366

H

HV

Zm00001d010974 8:135529939-135542207 H

Zm00001d010975 8:135640258-135644144

H

V / HV

Zm00001d010985 8:135928640..135930519 H

8:135743173-135744214

8:135759693-135764442

Zm00001d010978

Zm00001d010982

H / HV8:135932033-135941271Zm00001d010986 (Rad51)

Zm00001d010987 (Rap2.7) 8:136009401-136013101 Bait

Zm00001d010994 8:136140823-136142408 H

VZm00001d010995 8:136174498-136185556

Zm00001d011005 8:136504796-136509174

8:136501109-136504602Zm00001d011004 H

H
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Expression in V2-IST and husk tissue is given in RPKM [4].  
In the case of multiple isoforms, their respective expression levels are indicated in consecutive rows.  
N.C.: No Contact; genes are not overlapping with contacts. 
 

gene coordinates Expression	V2-IST Expression	Husk Contact
23,3757 30,3817
0,127193 0,202857
66,7387 72,2205
0,550155 0,61
46,8035 96,7133
1,03037 3,09809

Zm00001d008102	(lncRNA) 8:135738898..135739112 0 0.28 H

2,20745 0,303807
1,17319 0,167277

Zm00001d0109789 8:135745018-135745616 0 0 H

30,0106 39,9123
1,42563 1,56

Zm00001d010983 8:135871487..135871560 0 0 HV

Zm00001d010984 8:135873289..135874824 0.00918296 0.025422 HV

0.448476 0.40059
0.154043 0.194155
0.420442 0.426835
0,570142 0,420408
0,83 0,33

Zm00001d008103	(lncRNA) 8:135946305..135947104 0 0 HV

12,9 0,47
1,27536 0,0376527

Zm00001d010989 8:136033896..136061774 0 0 HV	/	H

Zm00001d010990 8:136106009-136107611 0 0 N.C

Zm00001d010991 8:136108090-136117602 0 0 N.C

Zm00001d010992 8:136132171..136136718 0 0 H

Zm00001d010993 8:136138879-136139485 0 0 H

6,20316 3,75967
15,71 9,8
3,46103 2,82768
19,04 16,4

Zm00001d010996 8:136174498-136185556 20,741 0 V

Zm00001d010997 8:136174498-136185556 0.000528613 0.0032243 V

Zm00001d010998 8:136302778..136306209 0.058927 0.0221685 N.C

Zm00001d011000 8:136345771-136347914 0 0 N.C

Zm00001d011001 8:136349223-136350602 1.20505 1.03392 N.C

Zm00001d011002 8:136349223-136350602 0.38174 0.779234 N.C

Zm00001d011003 8:136383320-136385182 0.054884 0.0144476 V

0.560339 0.575116
130.237 89.2761
0.905436 0.521753
0.458346 0.263381

Zm00001d011006
8:136509358-136511766

0.17886 0.141882 N.C

Zm00001d011007
8:136513436-136514159

0 0 N.C

Zm00001d011008
8:136515412-136519991

0 0 N.C

Zm00001d011005 8:136504796-136509174

8:136501109-136504602Zm00001d011004 H

H

Zm00001d010994 8:136140823-136142408 H

VZm00001d010995 8:136174498-136185556

H	/	HV8:135932033-135941271Zm00001d010986	(Rad51)

Zm00001d010987	(Rap2.7) 8:136009401-136013101 Bait

H

V	/	HV

Zm00001d010985 8:135928640..135930519	 H

8:135743173-135744214

8:135759693-135764442

Zm00001d010978

Zm00001d010982

Zm00001d010976 8:135650013-135656366

H

HV

Zm00001d010974 8:135529939-135542207 H

Zm00001d010975 8:135640258-135644144
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Table S5: Overlap between 4C contacts and genes.  

 
 
The first three data rows display the number of 4C contacts found in V2-IST, husk tissue or both, and their overlap with genes, either genome-wide or for the bait 
chromosome. The last three data rows indicate the number of individual genes overlapping with contacts in V2-IST, husk tissue or both, genome-wide or for the bait 
chromosome. The overlap of the total number of genes, or specifically the active or inactive genes is shown. For the genes overlapping with contacts found in both V2-
IST and husk tissue, only the number of genes that are active or inactive in both tissues are shown. 

 

604 184 114 59 45 18 14 25 9

279 (45.36%) 81 (44.02%) 52 (45.61%) 41 (69.49%) 22 (48.89%) 9 (50%) 9 (64.29%) 14 (56.00%) 6 (66.67%)

325 (54.64%) 103 (55,98%) 62 (54.39%) 18 (30.51%) 23 (51,11%) 9 (50%) 5 (35.71%) 11 (44.00%) 3 (33.33%)

Total 386 114 67 49 35 10 11 18 7

Number of 
active genes 263 (68.13%) 84 (73.68%) 48 (71.64%) 38 (77.55%) 22 (62.86%) 5 (50%) 5 (45.45%) 7 (38.89%) 2 (28.57%)

Number of 
inactive genes 123 (31.87%) 30 (26.32%) 14 (20.90%) 11 (22.35%) 13 (37,14%) 4 (40%) 6 (54.55%) 11 (61.11%) 4 (57.14%)

Genome-wide

Experiment V2-IST Experiment Husk
Common contact 

regions for V2-IST and 
Husk

Number of 
genes 

intersecting 
with contacts

Total Number of contact regions

Number of contact regions 
overlapping with genes

Number of contact regions not 
overlapping with genes

Bait Region

Experiment V2-IST Experiment Husk
Common contact 

regions for V2-IST and 
Husk

Bait Chromosome

Experiment V2-IST Experiment Husk
Common contact 

regions for V2-IST and 
Husk
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Table S6: Overlap of 4C contacts with candidate enhancers outside of the ZmRap2.7 TSS bait region.  

 
 
The distance to the bait is calculated from the middle of the bait fragment to the middle of the 4C contact. 
  

contact coordinates candidate contact type distance to the bait (kb)
H424 V 52,562.3

H990 V 52,557.8

8:133835767..133846584 H1171 V 2,172.5

H141 / V419 V / HV -24,320.7

V191 V -24,318.5
8:160327168..160331519

8:83438307..83471594
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Table S7: Analysis of mappability of fragments based on the length of their Fragends.  

 
A Fragend corresponds to either the 5’ or 3’ extremity of BglII-CviQI restriction fragments. 
Fragends were classified according to their respective 5’ and 3’ length (blind = no CviQI restriction site, 
<=50, <=200, <=500, <=1000, <=2000, <=4000 and >4000 bp). 
Top table indicates the number of fragends in each category. In the tables below, for each replicate the 
percentage of covered fragends in each category and the median read coverage in each category is detailed. 
 
  

3’	fragend Blind 50 200 500 1000 2000 4000 >4000 Nr	observed
5’	fragend

blind 66671 0 0 0 0 0 0 0 66671
50 0 4064 14136 14237 9391 3879 503 21 46231
200 0 14000 38704 39791 27502 11144 1541 57 132739
500 0 14054 39693 40032 27315 10814 1574 67 133549
1000 0 9486 27264 27420 21213 7669 1189 55 94296
2000 0 3922 11183 10714 7693 3325 454 20 37311
4000 0 502 1529 1497 1223 466 76 0 5293
>4000 29 52 48 41 16 4 0 190 380

Nr	observed 66671 46057 132561 133739 94378 37313 5341 220 516280

Husk	replicates V2-IST	replicates

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 1.221 * * * * * * * blind 1.215 * * * * * * *
50 * 2.977 3.212 2.992 2.524 2.269 2.187 4.762 50 * 2.534 2.306 1.812 1.832 1.701 1.193 0.000
200 * 3.321 4.033 4.076 3.462 2.620 2.336 1.754 200 * 2.236 2.819 2.679 2.589 2.145 2.271 1.754
500 * 3.109 4.001 3.942 3.321 2.395 3.304 2.985 500 * 2.099 2.562 2.553 2.599 2.127 3.050 1.493
1000 * 2.646 3.396 3.286 2.550 2.099 2.271 3.636 1000 * 1.950 2.501 2.575 2.088 2.282 1.766 1.818
2000 * 2.142 2.969 2.893 2.405 1.203 0.881 0.000 2000 * 1.555 2.307 2.203 2.028 1.534 1.982 0.000
4000 * 1.195 2.878 2.605 1.472 2.575 2.632 * 4000 * 1.594 2.158 2.405 1.226 2.361 6.579 *
>4000 * 0.000 1.923 2.083 2.439 0.000 0.000 * >4000 * 3.448 3.846 4.167 2.439 0.000 0.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 2.000 * * * * * * * blind 2.000 * * * * * * *
50 * 6.000 7.000 4.000 4.000 5.000 1.000 11.000 50 * 4.000 2.500 4.000 2.000 3.000 3.000 *
200 * 7.000 7.000 5.000 3.000 4.000 7.000 1.000 200 * 4.000 3.000 4.000 3.000 3.000 2.000 4.000
500 * 5.000 5.000 4.000 3.000 4.000 4.000 12.500 500 * 3.000 3.000 3.000 3.000 3.000 4.000 1.000
1000 * 3.000 4.000 3.000 2.000 2.000 2.000 1.000 1000 * 3.000 3.000 3.000 2.000 2.000 3.000 1.000
2000 * 3.000 5.000 3.000 2.000 2.000 4.500 * 2000 * 2.000 2.000 3.000 2.000 1.000 4.000 *
4000 * 7.500 4.500 5.000 1.000 3.000 55.500 * 4000 * 2.500 2.000 3.000 2.000 1.000 1.000 *
>4000 * * 8.000 7.000 10.000 * * * >4000 * 1.000 1.000 1.500 4.000 * * *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 0.4365 * * * * * * * blind 2.176 * * * * * * *
50 * 0.7628 0.8065 0.8780 0.9264 0.7476 0.3976 0.0000 50 * 2.953 2.518 2.529 2.470 2.449 2.187 0.000
200 * 0.8786 1.1446 1.1410 1.1563 1.0768 1.1032 0.0000 200 * 2.764 3.162 2.945 2.953 2.934 2.661 5.263
500 * 0.7827 1.1614 1.1416 1.2045 0.9895 0.9530 1.4925 500 * 2.455 3.184 2.963 3.006 2.996 3.875 2.985
1000 * 0.9488 1.1040 1.1597 1.0842 1.0171 0.6728 0.0000 1000 * 2.688 2.967 3.078 2.956 3.338 2.860 5.455
2000 * 0.8669 1.1088 1.0547 1.0529 0.8120 0.2203 0.0000 2000 * 2.295 2.790 2.707 2.873 2.797 3.524 0.000
4000 * 0.9960 1.2426 0.8016 0.6541 0.6438 2.6316 * 4000 * 1.594 3.336 2.004 3.107 2.146 6.579 *
>4000 * 3.4483 0.0000 0.0000 2.4390 0.0000 0.0000 * >4000 * 0.000 5.769 6.250 2.439 6.250 0.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 4.00 * * * * * * * blind 3.000 * * * * * * *
50 * 15.00 9.50 12.00 6.00 7.00 27.00 * 50 * 4.000 4.500 4.000 5.000 4.000 5.000 *
200 * 18.00 16.00 10.00 6.00 2.00 7.00 * 200 * 4.000 5.000 5.000 4.000 3.000 2.000 1.000
500 * 11.00 11.00 10.00 6.00 6.00 3.00 10.00 500 * 5.000 5.000 5.000 4.000 4.000 4.000 4.000
1000 * 5.00 5.00 5.00 4.00 2.00 5.50 * 1000 * 4.000 4.000 4.500 4.000 3.000 4.000 3.000
2000 * 4.00 3.00 6.00 2.00 3.00 1.00 * 2000 * 2.500 5.000 4.000 4.000 4.000 3.000 *
4000 * 2.00 5.00 6.00 2.50 9.00 186.50 * 4000 * 5.000 5.000 5.000 3.000 2.500 3.000 *
>4000 * 139.00 * * 2.00 * * * >4000 * * 5.000 2.000 43.000 1.000 * *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 0.412 * * * * * * * blind 2.773 * * * * * * *
50 * 0.689 0.700 0.667 0.628 0.748 0.000 0.000 50 * 3.888 4.252 3.723 3.461 3.197 3.181 0.000
200 * 0.636 0.871 0.880 0.865 0.906 0.844 0.000 200 * 4.164 4.904 4.886 4.651 4.235 3.764 7.018
500 * 0.633 0.897 0.852 0.985 0.629 0.953 0.000 500 * 3.636 4.759 4.556 4.686 3.893 4.701 4.478
1000 * 0.685 0.877 0.948 0.896 1.082 1.093 3.636 1000 * 3.616 4.673 4.617 4.130 4.355 3.953 3.636
2000 * 0.612 0.984 0.989 0.949 0.571 0.220 0.000 2000 * 4.182 4.310 4.023 4.173 2.977 3.304 0.000
4000 * 0.398 0.719 0.735 1.226 1.073 2.632 * 4000 * 2.590 4.120 4.075 3.271 5.365 5.263 *
>4000 * 0.000 0.000 0.000 0.000 0.000 25.000 * >4000 * 10.345 5.769 2.083 2.439 0.000 50.000 *

3’	fragend blind 50 200 500 1000 2000 4000 >4000 3’	fragend blind 50 200 500 1000 2000 4000 >4000
5’	fragend 5’	fragend

blind 3.000 * * * * * * * blind 3.000 * * * * * * *
50 * 7.500 8.000 9.000 4.000 2.000 * * 50 * 4.000 4.000 4.000 4.000 4.000 4.500 *
200 * 6.000 9.000 10.500 6.000 4.000 13.000 * 200 * 5.000 5.500 5.000 4.000 3.000 5.000 4.500
500 * 9.000 8.000 10.000 7.000 3.500 6.000 * 500 * 4.000 5.000 5.000 4.000 3.000 4.000 7.000
1000 * 6.000 4.000 9.000 5.000 2.000 2.000 1.500 1000 * 4.000 4.000 4.000 3.000 4.000 3.000 3.500
2000 * 2.000 4.500 5.000 4.000 1.000 3.000 * 2000 * 3.000 3.000 4.000 3.000 3.000 2.000 *
4000 * 1.000 16.000 4.000 5.000 1.000 135.500 * 4000 * 2.000 2.000 4.000 3.500 6.000 6.000 *
>4000 * * * * * * 1.000 * >4000 * 2.000 39.000 15.000 23.000 * 1.500 *

H#3

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#3

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends

H#2

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#2

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends

Number	of	Fragments	in	each	category	of	fragends

H#1

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

V2#1

%	of	covered	fragments	(coverage	>	0)	in	each	category	of	fragends

Median	coverage	for	covered	fragments	in	each	category	of	fragends Median	coverage	for	covered	fragments	in	each	category	of	fragends
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