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Abstract: The ratio of the mononucleosome mapping site-number to the dinucleosome mapping 

site-number calculated using nucleosome mapping data of Aspergillus fumigatus was employed 

as a marker for the sensitivity of nucleosomes to micrococcal nuclease (MNase). This ratio was 

obtained for four different regions, namely, active gene bodies, active gene promoters, inactive 

gene bodies, and inactive gene promoters and compared. It was found that the nucleosomes 

located in the active gene promoters were more sensitive to MNase than those in the active 

gene bodies but less sensitive than those in the inactive gene bodies and promoters. In addition, 

compared to the gene bodies, gene promoters have a greater variety of nucleosomes that are 

sensitive to MNase, regardless of the transcriptional activity of these genes. This study showed 

that in addition to a mononucleosome map, a dinucleosome map is useful for estimating the 

sensitivity of nucleosomes to MNase.
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Introduction
Eukaryotic genomic DNA is packaged with histones to form chromatin,1 in which 

the most fundamental repeating unit is the nucleosome.2 Nucleosomes consist of an 

octamer of histones around which genomic DNA is wrapped.2 Adjacent nucleosomes 

are separated by unwrapped linker DNA. Analyses performed using genomic tiling 

arrays or massively parallel DNA sequencers have led to the high-resolution mapping 

of nucleosome positions.3–13 The genome-wide nucleosome map has revealed the 

relationship between nucleosome density (particularly, the presence or absence of 

nucleosomes in gene promoter regions) and gene expression.

In the genome of the filamentous fungus Aspergillus fumigatus, 7,715,001 

mononucleosomal and 8,565,279 dinucleosomal DNA fragments have already been 

sequenced and mapped using a massively parallel DNA sequencer.13 In a previous 

study, a relationship was shown to exist between the distribution of nucleosomal DNA 

fragment lengths and gene expression levels. The distribution of mononucleosomal 

DNA fragment lengths showed two peaks: one at 135 nt and the other at 150 nt.13 The 

gene bodies of active and inactive genes and inactive gene promoters showed these 

two peaks; however, the peak produced at 150 nt by the active gene promoters was 

lost.13 This may be because the active promoters were more sensitive to micrococcal 

nuclease (MNase) than the other regions and therefore may have lost the farther peak. 
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In order to ascertain this assumption, sensitivity to MNase 

should be examined.

Genomic DNA consists of regions with varied sensitivity 

to MNase.14–16 MNase digests unwrapped linker DNA but 

does not digest nucleosome-bound DNA. Prolonged treat-

ment with MNase (eg, a 15-min treatment of rye chromatin 

with MNase) results in nearly complete cleavage of the total 

DNA into mononucleosomes;16 this finding suggests that 

MNase-digested dinucleosomes are precursors of mono-

nucleosomes. Assuming that A. fumigatus dinucleosomes 

function as mononucleosome precursors, it may be possible 

to use the ratio of the mononucleosome mapping site-num-

ber to the dinucleosome mapping site-number as a marker 

for sensitivity of nucleosomes to MNase or dinucleosome 

stability. By comparing the ratios obtained in four regions, 

namely, active gene bodies, active gene promoters, inactive 

gene bodies, and inactive gene promoters, the sensitivity of 

the nucleosomes to MNase or the stability of dinucleosomes 

can be estimated.

Methods
On the basis of each nucleosomal DNA fragment sequence 

obtained from mononucleosome and dinucleosome mapping 

data in A. fumigatus,13 mononucleosome and dinucleosome 

mapping numbers were estimated for each nucleotide position 

in the region from 1 kb upstream of the translational start 

site to the translational end site of a gene (Figure 1). Next, 

the ratio of the mononucleosome mapping number to the 

dinucleosome mapping number was calculated for each 

nucleotide. In this study, 50 genes with the highest expression 

levels (excluding rRNA genes) and 50 genes with the lowest 

expression levels were analyzed; the genes were selected on 

the basis of microarray data obtained in a previous study.13 

The gene promoter was defined as the region from 1 kb 

upstream of the translational start site, and the gene body 

was defined as the region from the translational start site to 

the translational end site.

Results and discussion
The mononucleosome and dinucleosome mapping numbers 

and their ratio were calculated for each nucleotide position 

in the region from 1 kb upstream of the translational start site 

to the translational end site of each of the 50 transcriptionally 

active and 50 transcriptionally inactive genes. The genomic 

nucleotide positions that exhibited a ratio of the mononucleo-

some mapping number to the dinucleosome mapping number 

with both numbers being 1 for each nucleotide position in 

the active gene bodies, active gene promoters, inactive gene 

bodies, and inactive gene promoters were 71,873, 37,734, 

60,478, and 42,386, respectively.
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Figure � An example of mapping numbers for each nucleotide position. The four colors indicate the different nucleosomal DNA fragment sequences. each box represents a 
genomic nucleotide. in this example, three nucleotide positions are shared by four different sequences (mapping number, 4).
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The genes Afu5g03760 and Afu2g13025 had the highest 

and lowest expression, respectively, and are shown in Figure 2. 

Although the dinucleosome mapping numbers were higher 

than the mononucleosome mapping numbers, the profiles 

of the two types of numbers were similar. The Spearman’s 

rank correlation coefficients between the mononucleosome 

mapping numbers and the dinucleosome mapping numbers 

were 0.68 (the 50 transcriptionally active gene promoters), 

0.61 (the 50 transcriptionally active gene bodies), 0.65 (the 50 

transcriptionally inactive gene promoters), and 0.71 (the 

50 transcriptionally inactive gene bodies). These findings sug-

gest that many of the dinucleosomes served as precursors for 

the mononucleosomes. If this assumption holds true, genomic 

regions with a high ratio of the mononucleosome mapping 

number to the dinucleosome mapping number will be more 

sensitive to MNase than other regions. In other words, the 

dinucleosome stability of such regions would be low.

Among the 50 transcriptionally active genes, 22 genes 

had the region(s) with high ratio (2 in log
2
 scale) of the 

mononucleosome mapping number to the dinucleosome 

mapping number (Supplementary Data 1, Table 1; see 

http://www.dovepress.com/submission_7797_files.php for 

all supplementary data). Among the 50 transcriptionally 

inactive genes, 27 genes had the region(s) with high ratio 

(2 in log
2
 scale) of the mononucleosome mapping number 

to the dinucleosome mapping number (Supplementary Data 

2, Table 1). Most of those regions were AT rich, regardless of 

their transcriptional activation status (Supplementary Data 

3 and 4, Table 1). This result is consistent with the yeast 

nucleosome positioning.17

The median values of the ratio (log
2
 scale) of the 

mononucleosome mapping number to the dinucleo-

some mapping number in the active gene bodies, active 

gene promoters, inactive gene bodies, and inactive gene 

promoters were -1.37, -1.00, -0.72, and -0.76, respectively 

(Figure 3). Comparison of the four median values strongly 

indicated that the dinucleosomes are more stable in active 

genes (both promoters and bodies) than in inactive genes. 
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Figure � Mapping numbers and ratios of the mononucleosome mapping number to the dinucleosome mapping number for the genes Afu5g03760 and Afu2g13025, which 
had the highest and lowest expression, respectively. A) Red and blue have been used to indicate the mononucleosome and dinucleosome mapping numbers, respectively, in 
the region from 1 kb upstream of the translational start to the translational end site in Afu5g03760. The arrow indicates the region from the translational start site to the 
translational end site. B) Red and blue indicate the mononucleosome and dinucleosome mapping numbers, respectively, in the region from 1 kb upstream of the translational 
start site to the translational end site in Afu2g13025. The arrow indicates the region from the translational start site to the end site. C) Ratio (log2 scale) of the mononucleo-
some mapping number to the dinucleosome mapping number for Afu5g03760. D) Ratio (log2 scale) of the mononucleosome mapping number to the dinucleosome mapping 
number for Afu2g13025.
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In addition, the difference (0.37) between the medians of 

the ratios for the active gene bodies and promoters was 

higher than the difference (0.04) between the medians of 

the ratios for the inactive gene bodies and promoters. Thus, 

the nucleosomes in the active gene promoters are certainly 

more sensitive to MNase than the nucleosomes in the active 

gene bodies but are less sensitive than those in the inactive 

gene bodies and promoters. This result indicates that 

the sensitivity of the active promoters to MNase is not the 

sole reason for the loss of the farther peak in the distribu-

tion of the mononucleosomal DNA fragment lengths in the 

active gene promoters.13

The histograms for the ratio (log
2
 scale) of the mononu-

cleosome mapping number to the dinucleosome mapping 

number in the 4 different regions were compared (Figure 4); 

it was found that the distributions in the gene bodies (both 

active and inactive) produced a larger peak than those in the 

corresponding gene promoters. This indicates that compared 

to gene bodies, gene promoters have a greater variety of 
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Figure � Boxplots of the ratios (log2 scale) of the mononucleosome mapping number 
to the dinucleosome mapping number in transcriptionally active and inactive gene 
bodies and promoters. The boxes are composed of the medians with the first and 
third quartiles. The dots indicate outliers. The genomic nucleotide positions with 
a significant ratio of the mononucleosome mapping number to the dinucleosome 
mapping number (with both numbers being 1 for a single nucleotide position) in 
the active gene bodies, active gene promoters, inactive gene bodies, and inactive 
gene promoters were 71,873, 37,734, 60,478, and 42,386, respectively. The median 
values for the ratio (log2 scale) of the mononucleosome mapping number to the 
dinucleosome mapping number in the active gene bodies, active gene promoters, 
inactive gene bodies, and inactive gene promoters were -1.37, -1.00, -0.72, and 
-0.76, respectively.  The red line indicates the median for the ratio (log2 scale) of 
the mononucleosome mapping number to the dinucleosome mapping number in 
the active gene promoters.

Table � genes with high ratio (2 in log� scale) of the mononucle-
osome mapping number to the dinucleosome mapping number

Gene Region AT-rich

Transcriptionally active genes (�� genes)
Afu1g02550 Promoter No

Afu1g03570 Promoter/Body Yes/Yes

Afu1g03630 Promoter Yes

Afu1g14220 Promoter Yes

Afu2g11150 Promoter/Body Yes/No

Afu2g11520 Promoter Yes

Afu2g13530 Promoter No

Afu2g16060 Promoter Yes

Afu3g08010 Promoter No

Afu3g08160 Promoter Yes

Afu3g10660 Promoter Yes

Afu3g10960 Promoter Yes

Afu4g06820 Promoter No

Afu4g13120 Promoter Yes

Afu5g03020 Promoter Yes

Afu5g04210 Promoter Yes

Afu5g04230 Promoter No

Afu5g08830 Promoter Yes

Afu6g04740 Promoter Yes

Afu8g03930 Promoter Yes

Afu8g05320 Promoter Yes

Afu8g05610 Promoter Yes

Transcriptionally inactive genes (�7 genes)
Afu1g00140 Body Yes

Afu1g09340 Promoter/Body Yes/Yes

Afu1g13810 Body Yes

Afu1g15410 Promoter/Body Yes/Yes

Afu1g17300 Promoter/Body Yes/Yes

Afu2g04180 Promoter Yes

Afu2g04420 Promoter Yes

Afu2g09970 Promoter/Body Yes/Yes

Afu2g13025 Promoter Yes

Afu2g13300 Promoter No

Afu2g17550 Promoter Yes

Afu3g01470 Promoter Yes

Afu3g03270 Promoter Yes

Afu3g14580 Promoter Yes

Afu4g06650 Promoter/Body Yes/Yes

Afu4g14530 Promoter No

Afu4g14690 Promoter Yes

Afu5g11060 Promoter Yes

Afu5g12690 Promoter Yes

Afu5g14100 Promoter Yes

Afu5g14840 Body Yes

Afu5g14990 Promoter Yes

Afu6g11280 Promoter Yes

Afu7g04530 Promoter No

Afu8g00820 Promoter Yes

Afu8g02230 Promoter Yes

Afu8g02270 Promoter Yes
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nucleosomes that are sensitive to MNase, regardless of the 

transcriptional activity of these genes. It is possible that 

a variety of modified histones are related to the different 

types of nucleosomes in gene promoters that are sensitive 

to MNase. Fungi possess various histone modification 

systems.18 In human cells, the relative nucleosome deple-

tion in the vicinity of the transcription start site may not 

necessarily be associated with active transcription but with 

histone modification in gene promoters.19 Hence, the sensi-

tivity of nucleosomes to MNase may be related to histone 

modification, regardless of the transcriptional activity of the 

genes. Generally the nucleosome map studies are based on 

the mononucleosome map data. This study showed that in 

addition to a mononucleosome map, a dinucleosome map 

is useful for determining the sensitivity of nucleosomes 

to MNase.
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