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The results of conventional gene-based analyses which combine epigenome and transcriptome data,
including those conducted by the ENCODE/modENCODE projects, suggest various histone modifications
performing regulatory functions in controlling mRNA expression (referred to as a histone code) in several
model animals. While some histone codes were found to be universally adopted across organisms,
‘‘species-specific” histone codes have also been defined. We found that the characterization of these his-
tone codes was confounded by factors (e.g. gene essentiality, expression breadth) that are independent of,
but correlated with, gene expression levels. Hence, we attempted to decode histone marks in mouse (Mus
musculus), fly (Drosophila melanogaster), and worm (Caenorhabditis elegans) genomes by examining ratios
of RNA sequencing (and chromatin immunoprecipitation sequencing) intensities between paralog genes
to remove confounding effects that would otherwise be present in a gene-based approach. With this
paralog-based approach, associations between four histone modifications (H3K4me3, H3K27ac,
H3K9ac, and H3K36me3) and gene expression are substantially revised. For example, we demonstrate
that H3K27ac and H3K9ac represent universal active marks in promoters, rather than worm-specific
marks as previously reported. Second, acting regions of the studied active marks that are common across
species (and across a wide range of tissues at different developmental stages) were found to extend
beyond the previously defined regions. Thus, it appears that the active histone codes analyzed have a uni-
versality that has previously been underappreciated. Our results suggested that these universal codes,
including those previously considered species-specific, could have an ancient origin, and are important
in regulating animal gene expression abundance.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Eukaryotic chromosomes are formed from a repeating struc-
tural unit, the nucleosome, which has146 base pairs of DNA
wrapped around an octamer of four histone proteins (H2A, H2B,
H3, and H4) [1,2]. Histone proteins are crucial to gene accessibility
and can be altered by post-translational modifications (PTMs),
especially at their N-terminal tails [3]. PTMs included methylation,
acetylation, and other types of modification which are established
by specific enzymes [4]. The ‘‘histone code hypothesis” suggests
that specific combinations of histone modifications would be read
by certain proteins or protein complexes to result in specified bio-
logical outcome, including the state of genomic DNA transcription.
[5–8]. Accordingly, histone modifications that mark actively
transcribed genes or transcriptionally repressed genes has been
referred to as an ‘‘active histone code (or mark)” [9,10] or ‘‘repres-
sive histone code (or mark)” [11,12], respectively. Histone modifi-
cations are critically important for organism development [13], for
disease progression [14], and are key contributors to central pro-
cesses of molecular evolution [15]. However, deciphering how his-
tone codes translate into a gene expression derived biological
response(s) which have phenotypic consequences has been a chal-
lenge [6,16].

The ENCODE/modENCODE projects have compared chromatin
immunoprecipitation sequencing (ChIP-seq) based histone modifi-
cation signals among different regions of genes that are differen-
tially transcribed (i.e., activated genes vs. suppressed genes)
[4,17]. One of the goals of these projects has been to identify his-
tone marks which potentially regulate the mRNA transcription of
genes in various genomes. Histone modifications that are enriched
in expressed genes (or silent genes), yet are depleted in silent
genes (or expressed genes), have been defined as active marks
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(or repressive marks) [15,18]. As a result, both universal and
species-specific histone marks (or ‘‘codes”) have been identified.
For example, according to patterns of scaled ChIP-fold enrichment
of histone modifications on regions of expressed or repressed
genes of various species (Extended Data Figure 1 of ref. [17]),
H3K4me3 (trimethylation of histone H3 at lysine 4) represents
an active mark (a mark that activates gene transcription) at the
5’-genic regions of fly, worm, and mouse genes [15]. Meanwhile,
H3K27ac (acetylation of histone H3 lysine 27) and H3K9ac (acety-
lation of histone H3 lysine 9) have been found to be active marks
specifically in the promoter regions of worm genes (see Supple-
mental Figure S3 of ref. [15] and below for details). However, there
may be biases in conventional approaches by treating genes as
units in defining histone codes. These biases could derive from fac-
tors (e.g., gene essentiality, expression breadth, and local genomic
environments) that correlate with mRNA level, yet the directions
or strengths of correlations differs between species. For instance,
while introns of genes are marked by specific histone modifications
such as H3K36me3 (trimethylation of histone H3 at lysine 36) [19],
mRNA expression level is positively correlated with intron density
in human and fly, but negatively correlated with intron density in
worm [20]. Consequently, it remains unclear if ‘‘species-specificit
y” of species-specific histone codes is a true effect. We hypothe-
sized that this ‘‘species-specificity” is partially an artefact from
gene-based observations that were confounded by organism-
specific factors unrelated to the transcriptional status of the
Fig. 1. The presence of bias in gene-based approaches for defining histone codes. (A) F
TSS + 500” (‘‘5’Gn”), ‘‘TSS + 500 to TTS-500” (‘‘CtrGn”), ‘‘TTS-500 to TTS” (‘‘3’Gn”), and ‘‘TT
essential genes (E) versus non-essential genes (nE), and (C) non-tissue-specific genes
distributions of (D) DH3K4me3E-nE and (E) DH3K4me3nT-T indicate that essential (or non
specific) genes in ‘‘Upstr” and ‘‘5’Gn” regions after controlling for FPKM differences betwe
hypothesis of equal median or (D, E) the sign test under the null hypothesis of the negat
each box, while the bars outside each box indicate quartile ranges. CDS, coding seq
termination site.
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marked genes (see below and Fig. S1 for the framework of testing
this hypothesis).

To address this issue and test our hypothesis, we examined if
gene essentiality and expression breadth could have confounded
the identification of histone codes, and if these two biological prop-
erties are more homogeneous between pairs of paralogous genes
(paralogs) originating from tandem duplication events than the
other gene pairs (Fig. S1). According to the result, we proposed to
define histone codes by treating pairs of tandemly duplicated par-
alogs as units, and then simultaneously comparing ChIP-seq and
RNA sequencing (RNA-seq) signals of such paralog pairs (see Meth-
ods) (Fig. S1). With this proposed approach, the influences of
potential confounding factors in gene-based approaches were
reduced. Here, we focused on four active histone modifications
(H3K4me3, H3K27ac, H3K9ac, and H3K36me3) whose regulatory
mechanisms have been proposed. For example, H3K4me3 in a pro-
moter may facilitate transcriptional initiation by recruiting tran-
scriptional machinery [21–23]. H3K27ac proximal to the
transcription start sites (TSSs) of genes may potentially modulate
transcription factor binding or chromatin structure to enhance
transcription [24,25]. H3K9ac [26] and H3K27ac [27] in promoter
regions may facilitate the progression of RNA polymerase II from
transcriptional initiation to transcriptional elongation by recruiting
the super elongation complex to chromatin. Meanwhile, a hallmark
of active transcription, H3K36me3 at a gene body may enhance
suppression of cryptic transcriptional initiation sites during the
ive potential acting regions of histone marks: ‘‘TSS-1000 to TSS” (‘‘Upstr”), ‘‘TSS to
S to TTS + 1000” (‘‘Dnstr”). (B) Distributions of mRNA expression level (in FPKM) of
(nT, genes with s � 0.1) versus tissue-specific genes (T, genes with s � 0.6). The
-tissue-specific) genes have higher levels of H3K4me3 than nonessential (or tissue-
en the two groups. P-values are from (B, C) the Mann-Whitney U test under the null
ive median. (B-E) Upper quartile, median, and lower quartile values are indicated in
uence; UTR, untranslated region; TSS, transcription start site; TTS, transcription
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elongation process [28,29]. We used the proposed approach to
redefine acting regions of H3K4me3, H3K27ac, H3K9ac, and
H3K36me3 in mice (at various developmental stages in different
tissues), flies (L3 larva, adult head), and worms (L3 larva, adult).
We also investigated H3K27me3 (trimethylation of histone H3
lysine 27), a known repressive mark. For comparative purposes,
we additionally generated results of the gene-based method in
defining histone marks using criteria analogous to the paralog-
based method proposed here. When these results were compared,
the species-specificity of the code for each histone mark was
updated, and a surprisingly high universality of active histone
codes was found to be utilized by the three animal model organ-
isms examined.
2. Results and discussion

2.1. Gene essentiality, expression breadth, and nucleosome density
influence the identification of histone codes in gene-based studies

To understand if organism-specific factors correlated with, but
independent of, the transcriptional status of the genes have influ-
enced the identification of histone codes in previous studies, it is
important to know how active or repressive histone marks were
defined previously and what factors are correlated with gene
expression abundance. It has been proposed that histone modifica-
tions determine the ‘‘on versus off” status of target genes [30,31].
The actions of histone modifications can also depend on the DNA
regions in which they are located [32]. For each of the histone
marks investigated for this study, potential acting regions were
specified (Fig. 1A): 1) the region encompassing 1000 bp (base
pairs) upstream of the transcriptional start site (TSS), referred to
as the ‘‘Upstream region” (i.e., ‘‘TSS-1000 to TSS” or ‘‘Upstr”); 2)
the region from the TSS to 500 bp downstream, referred to as the
‘‘5’-genic region” (i.e., ‘‘TSS to TSS + 500” or ‘‘5’Gn”); 3) the region
encompassing 500 bp downstream of the TSS to 500 bp upstream
of the transcriptional termination site (TTS), referred to as the
‘‘central genic region” (i.e., ‘‘TSS + 500 to TTS-500” or ‘‘CtrGn”); 4)
the region including 500 bp upstream of the TTS, referred to as
the ‘‘3’-genic region” (i.e., ‘‘TTS-500 to TTS” or ‘‘3’Gn”); and 5) the
region including 1000 bp downstream of the TTS, referred to as
the ‘‘downstream region” (i.e. TTS to TTS + 1000 or ‘‘Dnstr”). Previ-
ously, ChIP-seq-based signals for histone marks present in these
DNA regions were subjected to z-score transformation to compare
‘‘expressed genes” (defined as genes with a fragments per kilobase
of exon per million fragments mapped (FPKM) value �1 or other
thresholds; see Methods for the calculation of FPKM) versus ‘‘silent
genes” (defined as genes with a FPKM value <1 or other thresh-
olds). Histone modifications that are enriched in expressed genes
(or silent genes), yet are depleted in silent genes (or expressed
genes), have been defined as active marks or repressive marks,
respectively [15,18]. More sophisticated methods which imple-
ment correlation-based statistics and mathematical modeling have
been applied to define histone codes [4,33–37]. However, in these
studies, genes were treated as units and the potential confounding
effects of factors linked with transcriptional abundances (e.g.., gene
essentiality, tissue-specificity, etc.) were not considered.

Genes that are highly expressed in animal genomes tend to be
essential [38,39] and more ubiquitously expressed [40]. Consistent
with these observations, we observed that essential genes (essen-
tial genes are genes that are required for the survival or reproduc-
tion of an organism, and the essentiality of a gene could be defined
based on the phenotypic consequences of gene deletion experi-
ments; see Methods) and non-tissue-specific genes (s � 0.1, see
Methods; s ranges from 0 to 1; a greater s value indicates greater
specificity) tend to be highly expressed in mouse liver tissue
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(Fig. 1B and 1C). These results suggest that these two types of
genes are more likely to be defined as ‘‘expressed genes”. We mea-
sured the difference in average density of H3K4me3 between
essential genes (‘‘E”, see Methods) and nonessential genes (‘‘nE”,
see Methods) (DH3K4me3E-nE), and between non-tissue-specific
genes (‘‘nT”, s � 0.1, see Methods for s) and tissue-specific genes
(‘‘T”, s � 0.6) (DH3K4me3nT-T). After controlling for differences in
mRNA abundance between the two groups by matching their
mRNA abundance distributions (see Methods), the average density
of H3K4me3 was found to be significantly higher in the essential
genes and non-tissue-specific genes in upstream and 5’-genic
regions, respectively (as indicated by the values of DH3K4me3E-nE
and DH3K4me nT-T which were significantly > 0 in the ‘‘Upstr” and
‘‘5’Gn” regions in Fig. 1, D and E, respectively, according to sign
tests). These results suggest that the ‘‘active” roles for
5’-genic H3K4me3 previously reported based on the result of
ENCODE/modENCODE [17] may be partially contributed by the
confounding effect of gene essentiality (Fig. 1D) and tissue-
specificity (Fig. 1E). It has also been suggested that uneven genomic
distribution of nucleosomes may represent a bias when interpret-
ing ChIP-seq signals for histone modifications. For example, genes
located in genomic segments occupied by nucleosomes with
greater spacing (i.e., with lower nucleosome density), tend to have
lower raw ChIP-seq signals for any histone modification [41].
However, experiments to measure nucleosome density that are
required to normalize ChIP-seq signals have seldom been per-
formed simultaneously. Consequently, if genes associated with dif-
ferent densities of nucleosomes are directly compared when
identifying histone codes, the results obtained may be distorted.

Considering the abovementioned issues, an approach to mini-
mize the influence of confounding effects from gene essentiality,
expression breadth, and other potential factors such as genomic
environments and gene structure in defining histone codes are
desired.

2.2. Homogeneous essentiality, expression breadth, and nucleosome
occupancy of paralogous genes

Because of the shared ancestry, paralogs, especially those which
arise from tandem duplications, often encode proteins with similar
sequences and domain architecture, produce products of the same
functional category, and reside in similar genomic environments
[42,43]. We therefore proposed to utilize these inherited similari-
ties of paralogs to minimize the influences of confounding factors
in decoding regulatory roles of histone modifications.

To examine if our proposed strategy has the potential to test the
hypothesis and control for the abovementioned confounding
effects, we first examined whether paralogs tend to be homoge-
neous in terms of tissue-specificity or nucleosome spacing
(Fig. S1). Based on the orthology information available for genes
annotated by Ensembl, we obtained 7489 multiple-exon dupli-
cated protein coding genes in the mouse genome. Moreover, each
of the genes has at least one paralog. Single-exon genes were
excluded because they could possibly represent retrogenes (genes
duplicated by mRNA-mediated retrotransposition), which often
diverge from their progenitor genes in sequence, regulatory pat-
terns, genomic environments, and functions [44,45]. From this pool
of genes, we identified 120,869 and >5.6 � 107 nonredundant gene
pairs (gene pairs consisting of ‘‘gene A and gene B” and ‘‘gene B and
gene A” were considered the same and were not double counted).
These two sets of gene pairs were defined as paralog and non-
paralog gene pairs, respectively. Differences in tissue-specificity s
(see Methods) (or nucleosome density proximal to the TSS, nuc;
see Methods) of each of the above gene pair groups were calculated
as: Ds (or Dnuc) = |XA - XB|/|XA + XB|, where XA and XB represent s
(or nuc) for genes A and B of a focal gene pair, respectively. The par-
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alog gene pairs were also compared with the non-paralog gene
pairs after controlling for mRNA expression abundance in liver tis-
sue, from which nuc was estimated (see Methods). Briefly, 500 sets
of gene pairs were selected, each of which consisted of one paralog
pair and one non-paralog pair. For each set, the mRNA expression
abundances of both gene copies of the non-paralog pair were
matched with those of paralog pair. Then, the average Ds (orDnuc)
values for both the paralog pairs and the non-paralog pairs were
calculated. This process was repeated 1000 times, and distributions
for average Ds (or Dnuc) for the paralog pairs and non-paralog
pairs after controlling for mRNA abundance were obtained
(Fig. 2, A & B). Significantly smaller Ds (or Dnuc) values were
obtained for the paralog pairs versus the non-paralog pairs. This
result suggests that greater homogeneous tissue-specificity (or
nucleosome density) exists between paralogs than between non-
paralogs.

Next, we examined if paralogous genes tend to be more similar
in gene essentiality than non-paralog pairs. Among the paralog
gene pairs defined in the above section, 3324 gene pairs had both
copies of genes phenotyped to define their gene essentiality (see
Methods). According to essentiality data of mouse genes defined
based on the phenotypic data of gene deletion experiments (see
Methods), it was determined that these 3324 gene pairs include
824 (40.6%) essential genes and 1204 (59.4%) nonessential genes.
Considering these proportions within this subset of genes, the
expected number of randomly selected gene pairs with equal
essentiality (both essential or both nonessential) was calculated
as: (p2 + q2) � 3324 = 1720.35, where p = 0.406 and q = 0.594.
The observed number of gene pairs with equal essentiality was
2176, a value significantly greater than the expected value
(P < 10�55; v2 test). In several previous studies, gene essentiality,
expression level, and gene duplication were found to be interre-
lated [43]. To determine whether this higher-than-expected num-
Fig. 2. Homogeneity of paralog genes in regard to (A) nucleosome density, (B)
tissue-specificity, and (C) essentiality. In comparison with randomly selected non-
paralog gene pairs with matched mRNA expression abundances, paralog pairs have
significantly lower Dnuc (A) and Ds (B) values, and significantly greater PeqESS (C). In
each box of the boxplot (A) or (B), upper quartile, median, and lower quartile values
are indicated. The bars outside each box indicate quartile ranges. In (C), the
distribution of PeqESS for each of the paralog or non-paralog pairs is shown in the
histogram. P-values are from the Mann-Whitney U test under the null hypothesis of
equal median of the two compared gene pair groups.
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ber is a byproduct from this type of interrelationship, we randomly
selected 500 pairs of non-paralog genes with matched mRNA
abundance distributions to paralog gene pairs (see Methods). After
repeating this process 1000 times and calculating the proportion of
gene pairs with equal essentiality (PeqESS) each time, a distribution
of PeqESS for the nonparalog gene pairs was obtained. This same
procedure was also applied to the paralog gene pairs. While gene
essentiality could change after a gene duplication event [46], par-
alog pairs still exhibited a significantly greater chance of being
equally essential (or equally nonessential) than non-paralog gene
pairs, when the difference in mRNA abundance was controlled
(P < 10�300, Mann-Whitney U test) (Fig. 2C).

Due to significant homogeneity in expression breadth, nucleo-
some density, and gene essentiality among paralogs, we expected
that the biases associated with these three properties (and poten-
tially many others) in defining histone codes can be autocorrected
by comparing and contrasting ChIP-seq histone modification sig-
nals and RNA-seq signals between pairs of paralogs which origi-
nated from tandem duplication events (Fig. S1).

2.3. Contrasting ChIP-seq and RNA-seq signals between paralogs to
define regulatory roles of animal histone modifications

To examine how universal an active or repressive histone code
is, data collected from multiple species under different conditions
are needed for the analysis. In addition to the 7489 multiple-exon
duplicated mouse genes mentioned above, we further obtained
multiple-exon duplicated genes from fly and worm genomes. Con-
sequently, 120869, 2624, and 69,412 paralog pairs from 7489
mouse genes, 1379 fly genes, and 6034 worm genes, respectively,
were included in subsequent analyses to reassess histone codes
in each of these model organisms.

To quantify histone modification status and expression status of
these genes, ChIP-seq histone modification data for H3K4me3,
H3K27ac, H3K9ac, and H3K36me3 were obtained from: mouse
organs (heart, liver, forebrain/cerebellum) at three different stages
(embryonic day 11.5, embryonic day 16.5, and 8-week-old adult),
fly (whole organism of L3 larval, and adult head), and worm whole
organism (at L3 larval and adult stages), except for H3K9ac and
H3K36me3 data for 8-week-old mouse brain and H3K4me3 and
H3K9ac data for adult worm which were unavailable. The four
active histone marks were selected based on the regulatory roles
previously proposed for each (see Introduction). In addition, the
three organs selected for analysis from mouse (heart, liver, fore-
brain/cerebellum) were intended to represent differentiated cell
lineages derived from mesoderm, endoderm, and ectoderm germ
layers in mammals, respectively [47]. While ChIP-seq histone
modification data and RNA-seq data for the selected tissues/
stages of the model organisms were profiled simultaneously by
ENCODE/modENCODE [17], data for the different organisms were
independently generated (see Methods). To integrate these data
for meta-analysis, both RNA-seq and ChIP-seq data were repro-
cessed (see Methods).

For each paralog pair from each species, the ratio of mRNA
abundance was calculated as ES/EW, where ES or EW represents
the FPKM of the strongly expressed copy, or the weakly expressed
copy, of the focal paralog pair, respectively (Fig. 3). All of the par-
alog pairs were classified into four groups: ‘‘1 � ES/EW < 2”,
‘‘2 � ES/EW < 4”, ‘‘4 � ES/EW < 8”, or ‘‘ES/EW > 8”. Meanwhile, the
ratio of histone modification signals was calculated as HS/HW,
where HS or HW represents the ChIP-seq signals of the strongly
expressed copy, or the weakly expressed copy, respectively
(Fig. 3). Because HW could have a value of zero, a pseudo count
value of ‘‘0.5” was added to both HS and HW when calculating
HS/HW. HS/HW was calculated for ‘‘Upstr”, ‘‘5’Gn”, ‘‘CtrGn”, ‘‘3’Gn”,
and ‘‘Dnstr” regions for each gene (Fig. 1A). Paralogs consisting of



Fig. 3. Example of the calculation of ES/EW versus HS/HW of a histone modification for hypothesis testing. In this example, the paralog group has four member genes and
therefore 6 pairs of paralogs. The mRNA abundance in FPKM (EG) and ChIP-fold enrichment score of a given region (HG) of each gene, and the values of ES/EW and HS/HW of each
paralog pair, are indicated.
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genes with a length <1500 bp from the TSS to the TTS were
excluded. Region-specific HS/HW values were compared among
the groups with different ranges of ES/EW values.

Histone modifications which exhibited the following patterns in
specific genic regions were defined as ‘‘active marks”: Pattern A-I:
groups with increased ES/EW showed an increased value of mean
HS/HW; and Pattern A-II: HS/HW of the group with ‘‘ES/EW > 8” was
statistically greater than those of the group ‘‘1 � ES/EW < 2” accord-
ing to the Mann-Whitney U test under the null hypothesis of equal
medians of the two compared groups. Those showing opposite pat-
terns (i.e., Pattern R-I: groups with increased ES/EW showed a
decreased value of mean HS/HW; and Pattern R-II: HS/HW of the
group ‘‘1 � ES/EW < 2” was statistically greater than those of the
group ‘‘ES/EW > 8”) were defined as ‘‘repressive marks”. Based on
the results obtained from the three animal models, the histone
marks that could be consistently identified in all three species
(and all conditions) were labeled ‘‘universal marks”, whereas the
others were labeled ‘‘species-specific marks”.
2.4. Extended universal regions of H3K4me3 as an active mark

It is known that H3K4me3 tends to be present in the promoters
of actively transcribed genes, and its high intensity around a TSS
positively correlates with the corresponding gene’s mRNA abun-
dance. This distribution feature, and the enzymes that methylate
H3K4, have been found to be evolutionarily conserved across fungi,
plants, and animals [48,49]. Since H3K4me3 is able to recruit tran-
scriptional machinery and serve as a substrate to facilitate initia-
tion of transcription [21–23], divergence in H3K4me3 nearby
TSSs has been linked with divergence of mRNA expression level
of primate orthologous genes [50].

Based on enriched (and depleted) signals of H3K4me3 in speci-
fic regions of expressed genes (and silent genes) reported by mod-
ENCODE [17], H3K4me3 is an active mark commonly used in the 50

genic regions of genes in human, fly, and worm genomes, and not
in other regions [15]. The results from our paralog-based analyses
show that the HS/HW and ES/EW distributions which characterize
H3K4me3 are consistent with Pattern A-I and Pattern A-II not only
in 50-genic regions, but also in promoter regions, central genic, and
30-genic regions of worm genes (Fig. 4A), in promoter regions, cen-
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tral genic regions, and downstream regions of fly genes (Fig. 4B, by
considering only consensus parts across two conditions), and in
promoter regions and central genic regions of mouse genes
(Fig. 4C, by considering only consensus parts across tissues and
developmental stages). Thus, the acting regions of H3K4me3 which
are found to be universally associated with gene upregulation in all
three models extend the previously described acting region of
H3K4me3 to both upstream and central genic regions. It is possible
that the localization of H3K4me3 at central genic regions of highly
expressed animal genes is related to assurance of transcriptional
consistency (or stability) [48,49,51]. However, further studies are
needed to better understand this possibility.
2.5. Revised association of H3K27ac and H3K9ac with gene expression
and species-specificity

Based on the data of modENCODE [17], it has been suggested
that H3K27ac and H3K9ac mark genes that are transcriptionally
active in worm, fly, and mouse genomes when they are located
in ‘‘50-genic regions” [15]. In the present study, we consistently
observed that these two histone modification marks exhibited
ChIP-seq intensities consistent with Pattern A-I and Pattern A-II
across the three model organisms investigated (H3K27ac, Fig. 5;
H3K9ac, Fig. 6) and across different mouse organs at various devel-
opmental stages (H3K27ac, Fig. 5C; H3K9ac, Fig. 6C). Taken
together, these results suggest a universally active role for
H3K27ac and H3K9ac in 5’-genic regions of animal genes.

In addition to the ‘‘50-genic region”, H3K27ac and H3K9ac also
exhibited Pattern A-I or Pattern A-II in upstream and central genic
regions across the same species and stages/tissues (Figs. 5 & 6,
respectively). These results suggest that H3K27ac and H3K9ac
modifications in these regions are associated with gene activation.
Previously, H3K27ac and H3K9ac were identified to be enriched in
the upstream regions of activated C. elegans genes, yet not in fly or
mammal genes, and were labeled as ‘‘worm-specific” active marks
according to the gene-based analysis [15]. In the present study,
both upstream H3K27ac and H3K9ac were identified as active
marks universally adopted by a wide range of animal species
(and by divergent cell lineages in the same organism) (Figs. 5 &
6). It has been hypothesized that the presence of H3K9ac [26]



Fig. 4. The relationship of ES/EW versus H3K4me3 HS/HW in various regions of (A) worm genes (at L3 larva stage), (B) fly genes (adult head or L3 larva), and (C) mouse genes
(heart, liver, or cerebellum/forebrain at developmental stages of day 11.5, day 16.5, or 8-weeks, as indicated). Regions of the corresponding genes showing both Patterns A-I
and A-II which support an active role for the histone mark examined are marked with a pink background. The symbols, * or **, above each panel indicate 0.01 < P < 0.05 or
P < 0.01, respectively, according to the Mann-Whitney U test in examining Pattern A-II. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. The relationship of ES/EW versus H3K27ac HS/HW in various regions of (A) worm genes (at adult or L3 larva stage), (B) fly genes (adult head, or L3 larva), and (C) mouse
genes (heart, liver, or cerebellum/forebrain at developmental stages of day 11.5, day 16.5, or 8-weeks, as indicated). Regions of the corresponding genes showing both Patterns
A-I and A-II which support an active role for the histone mark examined are marked with a pink background. The symbols, * or **, above each panel indicate 0.01 < P < 0.05 or
P < 0.01, respectively, according to the Mann-Whitney U test in examining Pattern A-II. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. The relationship of ES/EW versus H3K9ac HS/HW in various regions of (A) worm genes (at L3 larva stage), (B) fly genes (adult head, or L3 larva), and (C) mouse genes
(heart, liver, or cerebellum/forebrain at developmental stages of day 11.5, day 16.5, or 8-weeks, as indicated). Regions of the corresponding genes showing both Patterns A-I
and A-II which support an active role for the histone mark examined are marked with a pink background. The symbols, * or **, above each panel indicate 0.01 < P < 0.05 or
P < 0.01, respectively, according to the Mann-Whitney U test in examining Pattern A-II. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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and H3K27ac [27] in gene promoters mediate progression from ini-
tiation of transcription to elongation during the transcriptional
process. Moreover, glioma-amplified sequence 41 (GAS41) is able
to detect H3K27ac in promoters of actively transcribed genes,
and this has been associated with cancer cell proliferation [52].
Interestingly, H3K27ac [53] and H3K9ac [54] have been shown to
mark promoters of expressed genes in fungal genomes. Thus, it
appears that H3K9ac and H3K27ac modifications in promoters
are important for guiding gene expression in not only various ani-
mal species but also fungal species, and the role of guiding tran-
scription of both of these two modifications could have a
common origin dated before the divergence of fungi and animals.

Investigations in several plants, including rice (Oryza sativa)
[55], maize (Zea mays) [56], and Arabidopsis [57], have shown that
H3K9ac and H3K27ac are overrepresented across the gene body.
Moreover, the level of modifications at genic regions proximal to
TSSs has been found to positively correlate with mRNA expression
levels. This trend in plants is remarkably consistent with the
results of genic H3K9ac and H3K27ac in the three animal models
examined in the present study (Figs. 5 & 6). However, the underly-
ing mechanistic implications for this trend are not entirely clear.
We also observed that the intensities of H3K27ac and H3K9ac were
highly correlated in all of the genic regions, independent of the
organisms or tissues examined (except for adult worm due to
unavailable H3K9ac data) (Table S1). It will be of interest to deter-
mine whether these two modifications which are associated with
gene upregulation mediate the same mechanism across species.
The universal acting regions of H3K27ac were also found to extend
to the downstream regions of genes (Fig. 5). This result is consis-
tent with a general function observed for H3K27ac in mouse
fibroblast cells to control transcriptional readthrough of animal
genes [58]. However, this possible role requires further
exploration.

2.6. H3K36me3 as a universal active mark

H3K36me3 influences alternative splicing [19] and guides N6-
methyladenosine modification of mRNAs [59]. As a hallmark of
active transcription, H3K36me3 prevents cryptic transcription ini-
tiation during the elongation process which has been associated
with aging in fungal and animal cells [28,60,61]. The ChIP-fold
enrichment status of H3K36me3 characterized by modENCODE
through a gene-based analysis [17] has demonstrated that
H3K36me3 is commonly observed in central genic regions of mam-
malian, fly, and worm genes (acting as a universal active mark),
while association of H3K36me3 with other gene regions (i.e., ‘‘30-
genic regions” and ‘‘downstream regions”) is organism-specific
[15] (Fig. 7).

The presence of H3K36me3 in ‘‘central genic regions”, ‘‘3’-genic
regions”, and ‘‘downstream regions” was consistent with distribu-
tions of HS/HW and ES/EW according to Pattern A-I and Pattern A-II in
genes of the three model organisms investigated (Fig. 7, A-C, across
organisms; Fig. 7C, across different mouse organs at various devel-
opmental stages). Hence, our paralog-based analysis suggests that
the universal acting regions of H3K36me3 can extend downstream
of ‘‘central genic regions”. The universal active role of H3K36me3
in the ‘‘3’-genic region” may further imply a common need for ani-
mal cells to prevent spurious transcription initiation from cryptic
promoters, even in this region.

The phenomena of stop codon readthrough is prevalent in
metazoans [62]. Based on the observations that highly expressed
genes tend to not have readthrough motifs and have a decreased
rate of readthrough, it has been proposed that stop codon read-
through is largely non-adaptive [63]. However, in the present
study, HS/HW of both H3K27ac and H3K36me3 increased as ES/EW
increased universally in the 30-genic and downstream regions
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(Fig. 7). Enrichment of these two modifications in these two
regions has previously characterized genes which produce mRNAs
by transcriptional readthrough [58]. Further investigation is
needed to determine whether the presence of H3K27ac and
H3K36me3 in ‘‘downstream regions” is related to maintenance of
an open chromatin state for ‘‘functional” transcriptional
readthrough.

2.7. Assessing H3K27me3 as a repressive mark

In addition to the four active histone marks examined above, we
also conducted a paralog-based analysis of H3K27me3. It has been
proposed that this histone mark recruits PRC1 and induces
monoubiquitination of H2A at lysine 119 to inhibit RNA poly-
merase II elongation [64–66]; meanwhile, depositions of
H3K27me3 at gene bodies may be the consequence of gene silenc-
ing [67]. Previous gene-based analyses have indicated that intensi-
ties of H3K27me3 negatively correlate with mRNA expression
levels at upstream and 50 genic regions of genes in human cell
lines, fly, and worm [15,17]. However, in our paralog-based
approach, H3K27me3 only exhibited Patterns R-I and R-II in both
stages of worm and adult mouse tissues in the upstream region
(Fig. 8), and not in fly and the rest of the mouse tissue/stages exam-
ined. Moreover, although H3K27me3 generally exhibited Patterns
R-I and R-II in the 50-genic region, Pattern R-I was not observed in
mouse embryo day 16.5 heart tissue due to a higher mean HS/HW

of ‘‘4 � ES/EW < 8” paralogs than mean HS/HW of ‘‘2 � ES/EW < 4”
paralogs (Fig. 8).

It should be noted that for H3K27me3 in the 50 genic region, the
ES/EW between the two groups of ‘‘4 � ES/EW < 8” and
‘‘2 � ES/EW < 4” paralogs did not statistically differ from each other
in heart tissue from the day 16.5 mouse embryo (P = 0.560, U test)
(Fig. 8C). Similarly, for H3K27me3 in the promoter regions of fly
genes, the ES/EW between the ‘‘4 � ES/EW < 8” paralogs and the
‘‘2 � ES/EW < 4” paralogs also did not statistically differ (L3 larva:
P = 0.497; adult head: P = 0.099; U test) (Fig. 8B). Thus, if we used
a less stringent criteria (i.e., by pooling ‘‘4 � ES/EW < 8” and
‘‘2 � ES/EW < 4” paralogs into a single category [‘‘2 � ES/EW < 8”]
to examine if HS/HW decreases with increased ES/EW) in defining
repressive marks, H3K27me3 in 5’-genic regions could be consid-
ered a universal mark. In a study of mouse tissues, acquisition of
H3K27me3 kept a substantial proportion of genes silent after early
embryogenesis [68]. Therefore, if we only consider mouse adult tis-
sues and L3 larva stage of worm and fly as done in ref. [17] in our
analysis, and if we pooled ‘‘4 � ES/EW < 8” and ‘‘2� ES/EW < 4” into a
single group, upstream H3K27me3 could also be considered a uni-
versal mark across mouse, fly, and worm genomes. Hence, the pre-
sent results are not contradictory to previously reported
associations of H3K27me3 with gene activities, if a less stringent
criterion is applied.

2.8. The analogous gene-based analysis

Although in the above sections, the results inferred from mod-
ENCODE gene-based data and the results based on our proposed
paralog-based method were compared and discussed, the methods
used in generating these two sets of results did not differ only in
the units used for decoding histone modifications. For the purpose
of a fair comparison, we additionally conducted a gene-based anal-
ysis using criteria analogous to our proposed paralog-based
method as follows. In this gene-based method, EG represents the
FPKM of each gene (see Methods). For each condition of each spe-
cies, genes were categorized into four equal sized bins according to
the FPKM values, from low to high as EG = Q1 (0–25 percentile
rank), Q2 (25–50 percentile rank), Q3 (50–75 percentile rank) or
Q4 (75–100 percentile rank). HG represents the ChIP-fold enrich-



Fig. 7. The relationship of ES/EW versus H3K36me3 HS/HW in various regions of (A) worm genes (at adult or L3 larva stage), (B) fly genes (adult head, or L3 larva), and (C)
mouse genes (heart, liver, or cerebellum/forebrain at developmental stages of day 11.5, day 16.5, or 8-weeks, as indicated). Regions of the corresponding genes showing both
Patterns A-I and A-II which support an active role for the histone mark examined are marked with a pink background. The symbols, * or **, above each panel indicate
0.01 < P < 0.05 or P < 0.01, respectively, according to the Mann-Whitney U test in examining Pattern A-II. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8. The relationship of ES/EW versus H3K27me3 HS/HW in various regions of (A) worm genes (L3 larva stage), (B) fly genes (L3 larva stage), and (C) mouse genes (heart, liver,
or cerebellum/forebrain at developmental stages of day 11.5, day 16.5, or 8-weeks, as indicated). Regions of the corresponding genes showing both Patterns R-I and R-II to
support the repressive role of H3K27me3 are marked with a green background. The symbols, * or **, above each panel indicate 0.01 < P < 0.05 or P < 0.01, respectively,
according to the Mann-Whitney U test in examining Pattern R-II. Data from 8-week mouse brain were not analyzed due to poor quality (Pearson’s correlation coefficients for
H3K27me3 signals of two replicates in ‘‘Upstr”, ‘‘5’Gn”, ‘‘CtrGn”, ‘‘3’Gn”, or ‘‘Dnstr” region of mouse genes were only: 0.394, 0.354, 0.590, 0.476, or 0.559, respectively). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Summary of our proposed histone mark revisions. The empty colored boxes
(red, blue, purple, bronze, or green) mark the acting regions identified based on the
modENCODE ChIP-fold enrichment status which is gene-based, while the solid
colored boxes (orange, blue, or bronze) mark the acting regions identified using the
paralog-based approach described in the present study. The colors used for the
boxes indicate the species-specificity (or universality) of the focal histone marks in
the specific regions examined. Universal histone marks identified with a gene-
based approach based on modENCODE results versus a paralog-based approach are
indicated with red empty boxes versus orange solid boxes, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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ment score of the focal region for each gene (see Methods). Histone
modifications which exhibited the following patterns in specific
genic regions were defined as ‘‘active marks”: Pattern A-I: groups
with increased EG showed an increased value of mean HG; and Pat-
tern A-II: HG of the group with ‘‘EG = Q4” was statistically greater
than those of the group ‘‘EG = Q1” according to the U test under
the null hypothesis of equal medians of the two compared groups.
Those showing opposite patterns (i.e., Pattern R-I: groups with
increased EG showed a decreased value of mean HG; and Pattern
R-II: HG of the group ‘‘EG = Q1” was statistically greater than those
of the group ‘‘EG = Q4”) were defined as ‘‘repressive marks”.

We found the universal regions of active histone marks defined
by this analogous gene-based method to be: H3K4me3 at central
genic region (Fig. S2); H3K27ac at promoter, 50-genic, and central
genic regions (Fig. S3); H3K9ac at 50-genic and central genic
regions (Fig. S4); H3K36me3 at 30-genic region (Fig. S5). For the
repressive histone modification mark, H3K27me3 was found to
be universal at gene downstream region (Fig. S6). Only universal
regions of two of the five histone modifications (i.e., H3K27ac
and H3K9ac) are overlapped with universal regions defined
according to the modENCODE data, as summarized in Fig. S7.
Because this analogous gene-based approach is expected to
produce results confounded by factors correlated with but
independent of expression level, as previously discussed, the
‘‘histone codes” identified by this approach may not reflect the
direct association between histone modifications and transcrip-
tional control of genes and are not discussed further.

2.9. Concluding remarks

In the present study, we developed a novel approach for defin-
ing histone codes by contrasting ChIP-seq histone modification sig-
nals and RNA-seq signals between paralog pairs. Our method has
the potential to reduce the confounding effects of gene properties
which influence the determination of histone codes in a
conventional gene-based approach. We also demonstrated that
simultaneously controlled factors include gene essentiality,
tissue-specificity, and nucleosome density (Figs. 1 & 2). In theory,
these controlled factors could have included any of the factors
which exhibited a higher similarity between tandemly duplicated
paralogs than between randomly sampled gene pairs from a gen-
ome (i.e., intron density, protein domain architecture, functional
categories of genes, etc.). With our approach, we redefined and
substantially revised the associations of several histone modifica-
tions with gene expression (Figs. 4-8), and the results are summa-
rized in Fig. 9.

Histone modifications at specific regions that were previously
identified as active marks according to the modENCODE data (re-
gions marked with red empty boxes in Fig. 9) were all verified by
our approach (as shown with red boxes marked with orange solid
boxes in Fig. 9). This remarkable consistency, was not observed in
the gene-based method using equivalent criteria in defining active
or repressive histone marks (Fig. S7). More importantly, we sub-
stantially extended the universal active regions for the four active
marks examined (H3K4me3, H3K27ac, H3K9ac, H3K36me3)
beyond the regions previously defined by ENCODE/modENCODE.
The extension of universal active regions for active histone marks
were not obvious in the results produced by the gene-based
approach (Fig. S7). According to the results for H3K27me3, the cri-
teria we used to define the action of histone marks are stringent
(see the previous section). Moreover, the universality of each of
the active histone marks was inferred not only from multiple spe-
cies, but also under various conditions for the species examined.
Therefore, the proposed extension of universal acting regions for
H3K4me3, H3K27ac, H3K9ac, and H3K36me3 are unlikely to be
artifacts. Indeed, of the many histone codes previously considered
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to be ‘‘species-specific”, we found them to be universally adopted
in fly, worm, and mouse genomes (Fig. 9). Therefore, these marks,
including H3K27ac and H3K9ac in the upstream regions of genes
and others shown in Fig. 9, may have contributed to regulation
of mRNA expression in the genome of a common ancestor of meta-
zoans, and may be of ancient origin.
3. Methods

3.1. Paralogous genes and their genome coordinates

Annotated genome assemblies from mouse (M. musculus,
GRCm38.p6), fly (D. melanogaster, BDGP6.28), and worm (C. ele-
gans, WBcel235) were obtained from Ensembl [69]. Orthology
information and chromosomal coordinates of genes for each of
the genomes were downloaded from Ensembl BioMart (http://
asia.ensembl.org/biomart/martview/; accessed Jul 2020). In total,
13907, 7876, and 11,818 genes with at least one paralog were
identified from the mouse, fly, and worm genomes, respectively.
For cases where a single gene may be transcribed into multiple iso-
forms, TSS and TTS of the longest isoform were used to define
‘‘Upstr”, ‘‘5’Gn”, ‘‘CtrGn”, ‘‘3’Gn”, and ‘‘Dnstr” regions of the gene
(Fig. 1A). When definitions of TSS and TTS were based on the fore-
most 5’-end and hindmost 3’-end positions of all of mapped iso-
forms, virtually identical results were obtained (Fig. S8). To
ensure our analyses were based on genes with sufficient length
in the central genic region (>500 nucleotides), genes with a length
�1500 nucleotides between their TSS and TTS were discarded.
Single-exon genes were also discarded to avoid the inclusion of ret-
rogenes in our analyses. After removing these two types of genes,
7489, 1379, and 6034 genes with at least one paralog in the mouse,
fly, and worm genomes, respectively, were included in our subse-
quent analyses.

http://asia.ensembl.org/biomart/martview/
http://asia.ensembl.org/biomart/martview/
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3.2. RNA-seq and ChIP-seq data

RNA-seq and ChIP-seq data were obtained from Gene Expres-
sion Omnibus (https://www.ncbi.nlm.nih.gov/geo/; accessed Jul
2020) and modENDCODE (http://www.modencode.org/; accessed
Jul 2020), respectively. Focusing on developmental stages or tis-
sues which had both RNA-seq and ChIP-seq data available for
H3K4me3, H3K27ac, H3K9ac, and H3K36me3, raw RNA-seq and
ChIP-seq data (for the four focal histone marks) were downloaded
for various tissues (heart, liver, and forebrain/cerebellum) at vari-
ous developmental stages (day 11.5 embryo, day 16.5 embryo,
and 8-week-old adult) of mouse (M. musculus), the whole organism
at third larval stage (L3) or adult stage of worm (C. elegans), and the
whole third-instar larva (L3) and adult head of fly (D. melanoga-
ster). Accession numbers for the RNA-seq and ChIP-seq data of
the abovementioned tissues or stages that were downloaded are
listed in Table S2 (worm and fly) and S3 (mouse).

According to standard data preprocessing and quality assess-
ment procedures of ENCODE and modENCODE [17], the RNA-seq
and ChIP-seq raw sequences were mapped to their respective gen-
omes (GRCm38.p6 for mouse; BDGP6.28 for fly; WBcel235 for
worm) by Bowtie2 (2.2.5) [70] with no allowance for sequence
mismatch (-N 0). SAMtools [71] (http://samtools.sourceforge.net;
accessed Jul 2020) was used to transform the resulting .sam files
into .bam files for subsequent analyses. Paralogous genes could
be highly similar in sequence. To accurately estimate RNA-seq
and ChIP-seq signals of individual genes with a closely related par-
alog, Sambamba (0.7.0) was used with the parameter ‘‘XS == null”
to remove alignment records that derived from reads mapped to
multiple regions of the genome. Filtered mapping data of RNA-
seq were processed by using the ‘‘cufflinks” function of Cufflinks
(2.2.1) [72] (http://cole-trapnell-lab.github.io/cufflinks/manual/,
accessed Jul 2020) with default parameters used to estimate the
mRNA expression abundance for each gene measured as FPKM
(values for ES, EW or EG). To estimate the intensity of each histone
mark, filtered mapping data generated by ChIP-seq were processed
with the ‘‘callpeak” function of MACS2 (2.1.2) [73] and the param-
eters of ‘‘--nomodel, --SPMR”. The resulting .bdg files were pro-
cessed according to the ‘‘bdgcmp” function of MACS2 with ‘‘-m
FE” applied to calculate the fold enrichment of histone mark inten-
sities relative to background inferred from the control sample (val-
ues for HS, HW or HG) (Tables S2 & S3). We added a pseudo count
value of ‘‘0.5” to both HS and HW when calculating HS/HW. We
found that the use of alternative pseudo count values did not
change the results obtained (Fig. S9).
3.3. Gene essentiality, tissue-specificity, and nucleosome density

A gene is essential when mutations in it cause premature death
or infertility of an organism. Otherwise, a gene is considered
nonessential. Based on these definitions, 4341 essential genes
and 4701 nonessential genes in the mouse genome were obtained
from the Online Gene (OGEE) database [74] (http://ogee.medge-
nius.info; access at Jul 2020). Tissue-specificity calculated as s
based on a gene’s expression profile across 26 mouse tissues was
computed for each of the mouse genes selected in our previous
study [40]. According to these precomputed s values [40], 3347
tissue-specific genes (s � 0.6) and 4715 non-tissue-specific genes
(s � 0.1) from the mouse genome were identified. Nucleosome
positioning data for mouse liver were obtained from NucMap
[75] (http://bigd.big.ac.cn/nucmap/NucMap_FTP_Directory/;
accessed Jul 2020) (represented as iNPS peaks in the sample
mmNuc0410101, 3 month adult liver) [76]. The nucleosome den-
sity value, nuc, for each gene was defined according to the number
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of ‘‘peak(s)” identified between 1 kilobase upstream of the TSS and
1 kilobase downstream of the TSS of the gene.

3.4. Eliminating biases associated with mRNA abundance in
comparisons of gene groups

Essential genes tend to be more highly expressed than
nonessential genes (Fig. 1B). Similarly, non-tissue-specific genes
tend to be more highly expressed than tissue-specific genes
(Fig. 1C). Therefore, in order to compute DH3K4me3E-nE (or
DH3K4me3nT-T), the intrinsic difference in mRNA abundance
between essential and nonessential genes (or between non-
tissue-specific and tissue-specific genes) has to be eliminated by
matching the FPKM distributions of the two focal gene groups.
To achieve this, we categorized genes according to their FPKM into
seven bins: 1) FPKM < 1, 2) 1 � FPKM < 5, 3) 5 � FPKM < 10, 4)
10 � FPKM < 20, 5) 20 � FPKM < 40, 6) 40 � FPKM < 80, and 7)
FPKM � 80. Genes assigned to the first (FPKM < 1) and last
(FPKM � 80) bins were discarded. The numbers of essential and
nonessential genes (or non-tissue-specific and tissue-specific
genes) in each FPKM category were subsequently calculated
(Fig. S10, A & B). Equivalent numbers of genes for each bin of the
compared gene groups were randomly sampled without replace-
ment, as shown in Figure S10A (or Fig. S10B). DH3K4me3E-nE (or
DH3K4me3nT-T) for the genic region of interest was calculated by
taking the average H3K4me3 intensity of the resampled essential
genes (or non-tissue-specific genes) and subtracting the average
H3K4me3 intensity of the resampled nonessential genes (or
tissue-specific genes). This process was repeated 500 times to
obtain the data presented in Fig. 1D (or Fig. 1E).

Paralog pairs could be similar in their expressed mRNA abun-
dance due to a shared ancestry. Therefore, eliminating the poten-
tial influence of mRNA expression similarity was also required
when examining homogeneity in s, nucleosome density, and
essentiality, and between paralog pairs versus non-paralog pairs.
To do this, we selected 500 sets of gene pairs, each of which con-
sisted of one paralog pair and one non-paralog pair (the members
of the non-paralog pairs that were selected had to have a mRNA
expression abundance that matched the corresponding paralog
pair, according to the assigned FPKM categories [FPKM < 1,
1 � FPKM < 5, 5 � FPKM < 10, 10 � FPKM < 20, 20 � FPKM < 40,
40 � FPKM < 80, or FPKM � 80] of the gene members). The average
Ds (or Dnuc) value for both the paralog pairs and the non-paralog
pairs were calculated. When examining homogeneity in essential-
ity, we calculated the proportion of gene pairs whose gene mem-
bers are equally essential (PeqESS) for the paralog pairs, based on
the subset of paralog pairs that have gene essentiality data for both
copies. The FPKM distribution for gene members of this subset was
calculated (Fig. S11A) and compared with the reference distribu-
tion for the selected non-paralog pairs with matched expression
abundance (Fig S11B) (Fig. 2C).
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