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Abstract

Transposable elements (TEs) are major components of eukaryotic genomes and represent approximately 45% of the human
genome. TEs can be important sources of novelty in genomes and there is increasing evidence that TEs contribute to the evolution
of gene regulation in mammals. Gene duplication is an evolutionary mechanism that also provides new genetic material and
opportunities to acquire new functions. To investigate how duplicated genes are maintained in genomes, here, we explored the
TE environment of duplicated and singleton genes. We found that singleton genes have more short-interspersed nuclear elements
and DNA transposons in their vicinity than duplicated genes, whereas long-interspersed nuclear elements and long-terminal repeat
retrotransposons have accumulated more near duplicated genes. We also discovered that this result is highly associated with the
degree of essentiality of the genes with an unexpected accumulation of short-interspersed nuclear elements and DNA transposons
around the more-essential genes. Our results underline the importance of taking into account the TE environment of genes to better
understand how duplicated genes are maintained in genomes.

Key words: transposable elements, gene duplication, essential genes, gene evolution, SINE, LINE.

Significance

Gene duplication is a major mechanism in the evolution of genomes, because it results in the appearance of new
genes often with new functions. Transposable elements (TEs) represent 45% of the human genome and these
repeated sequences contribute to the evolution of gene regulation in mammals in different ways. However, it is
not known to what extent TEs are involved in the maintenance of genes after duplication. In this study, we show that
classes of TEs have accumulated differently in the environments of duplicated genes than in the environments of
singleton genes. The differences observed are associated with how essential the genes are. Our results point to
possible roles for TEs in both the maintenance of human genes after duplication and the acquisition of gene
essentiality.

Introduction example, in fish, TEs represent 6% of the genome in the
Transposable elements (TEs) are repeated genomic sequences pufferfish Tetraodon nigroviridis but more than 55% in the
that have the intrinsic capacity to multiply and move within zebrafish Danio rerio, whereas in mammals, the genome of
genomes. They are a major component of eukaryotic the opossum Monodelphis domestica has the highest known
genomes (Petersen et al. 2019; Wu and Lu 2019). For proportion of TE sequences which compares with the human
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genome with approximately 45% (Lander et al. 20071;
Cordaux and Batzer 2009; Chalopin et al. 2015). TEs can be
divided into two major classes based on their mechanism of
transposition. DNA transposons move by “cutting and
pasting” a DNA intermediate whereas retrotransposons trans-
pose through RNA intermediates in a “copy and paste”
mechanism. Retrotransposons can be subdivided into two
groups according to the presence or absence of long-
terminal repeats (LTRs) (Wicker et al. 2007). Among the
non-LTR  retrotransposons,  the  autonomous long-
interspersed nuclear elements (LINEs) and the nonautono-
mous short-interspersed nuclear elements (SINEs) can be
distinguished.

The distribution of TEs in genomes is not random and can
depend on recombination rates, gene density, and selective
pressure (Lander et al. 2001; Rizzon et al. 2002; Tian et al.
2009; Zhang and Mager 2012; Kent et al. 2017).
Nevertheless, TEs can move and insert virtually everywhere
in a genome, so they can disrupt genes directly (Van Zelm
et al. 2008), and once inserted can induce chromosomal rear-
rangements between regions with homologous TEs. Both
types of events are expected to be under purifying selection
to remove deleterious insertions (Kent et al. 2017). When TEs
are inserted near genes (or regulatory regions) they may mod-
ify gene regulation. For example, the insertion of TEs into or
near promoter regions can alter the normal pattern of gene
expression (Lerat and Sémon 2007; Cordaux and Batzer
2009). Jordan et al. (2003) showed that in the human ge-
nome almost 25% of the analyzed promoter regions contain
TE-derived sequences. Since then, much evidence has accu-
mulated supporting the idea that TEs have contributed to the
evolution of gene regulation in mammals (Lowe et al. 2007;
Jacques et al. 2013; Sundaram et al. 2014; Trizzino et al.
2018). TEs are also found in protein-coding regions of genes.
For example, around 4% of protein-coding human genes
have intraexonic TEs (Nekrutenko and Li 2001). Entire new
protein-coding genes can even be derived from TEs through
molecular domestication (Sinzelle et al. 2009; Chénais et al.
2012). The case of the Recombination-Activating Gene 1
(RAG1) protein involved in V(D)) recombination in jaw verte-
brates is a well-characterized example. There is evidence that
the core of the RAG1 protein was derived from the trans-
posase of the Transib DNA transposon (Kapitonov and Jurka
2005; Zhang et al. 2019). TEs can thus be an important source
of novelty in genomes.

Another important way that genetic novelty arises in
genomes is through gene duplication. Whether one gene is
duplicated at a time or a whole genome, new genetic material
is generated providing opportunities to evolve and acquire
new functions (Ohno 1970; Zhang 2003; Conant and
Wolfe 2008; Kondrashov 2012). Duplicated gene copies are
mostly lost or pseudogenized after accumulating deleterious
mutations (Lynch and Conery 2000; Jaillon et al. 2009;
Naseeb et al. 2017). However, in some cases, duplicated

genes are fixed and maintained in the genome. Examples
are the odorant receptor genes in vertebrates (Kratz et al.
2002; Niimura and Nei 2003) and the unrelated but function-
ally analogous odorant receptor genes in ants (McKenzie and
Kronauer 2018), which mostly appeared through tandem
duplications.

Duplicated genes may therefore represent a significant
part of genomes (Zhang 2003). Three main models help ex-
plain how duplicated genes are preserved in genomes. In the
Ohno's neofunctionalization model (Ohno 1970), one of the
copies of a duplicated gene evolves toward a novel function
whereas the ancestral function is maintained in the other. The
subfunctionalization model differs by positing that mutations
accumulate in the two copies such that both are necessary to
provide the ancestral function (Ohno 1970; Force et al. 1999).
Gene dosage models, by contrast, consider that any beneficial
increase in dosage can be positively selected, like certain
genes that control responses to stress (Kondrashov et al.
2002). Gene dosage models also account for dosage balance,
mostly observed when the whole genome is duplicated,
where the optimal dosage of duplicated genes is non-inde-
pendent and both copies are maintained because deletion of
either one would be deleterious (Conant and Wolfe 2008;
Innan and Kondrashov 2010; Konrad et al. 2011).

There is strong evidence that two rounds of whole-
genome duplications (WGD) occurred early in vertebrate evo-
lution (McLysaght et al. 2002; Dehal and Boore 2005;
Nakatani et al. 2007; Singh et al. 2015). Between 46% and
76% of human protein-coding genes are estimated to be
duplicated genes (Shoja and Zhang 2006; Pan and Zhang
2008; Singh et al. 2014; Acharya and Ghosh 2016). Indeed,
30% of the protein-coding genes can be designated as hav-
ing been duplicated as a result of these WGD events
(McLysaght et al. 2002; Makino and Mclysaght 2010;
Singh et al. 2015). Aside from WGD, small-scale duplication
can occur at any time through segmental duplication (Jiang
et al. 2007; Marques-Bonet et al. 2009) and tandem duplica-
tion (Zhang et al. 2011; Lan and Pritchard 2016), both involv-
ing mostly homologous or non-homologous recombination
(Zhang 2003) or messenger RNA-derived duplication also
named retroposition (Zhang 2003; Carelli et al. 2016). In
the retroposition mechanism, the messenger RNA from a
host gene is reverse transcribed into a cDNA then inserted
in another location of the genome via enzymes encoded by
a retrotransposon (Lallemand et al. 2020). Messenger RNA-
derived duplications have been discovered in different organ-
isms including mammals. A specific example in hominoids is
the glutamate dehydrogenase gene 2 (GLUD2) which origi-
nated by retroposition from GLUD1 in the hominoid ancestor
(Burki and Kaessmann 2004). GLUD1 is expressed in many
tissues whereas GLUD?2 is specifically expressed in nerve tis-
sues and in testis (Shashidharan et al. 1994). In the human
genome, according to different studies, between 3,771 and
18,700 retropositions have been identified and an estimated
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120-692 of them are likely to be functional genes (Casola and
Betran 2017).

Among the factors favoring gene duplication, Alu repeats
(which are SINE) have been shown to increase local recombi-
nation rates (Witherspoon et al. 2009; Guo et al. 2011) and to
be involved in segmental duplication through alu-alu medi-
ated recombination events (Bailey et al. 2003; Zhou and
Mishra 2005). This suggests that TEs could cause expansion
and/or contraction of gene families (Hahn et al. 2007). For
example, links between the presence of TEs and expansion of
the Abp gene family in mouse have been described (Janousek
et al. 2013). Recently, a significant association was found
between the presence of LINEs and LTR retrotransposons,
and lineage-specific gene family expansions in both the hu-
man and mouse genomes. They hypothesized that LINEs
could play a structural role by promoting gene duplication
and that LTR retrotransposons would have a role in the main-
tenance of duplicated genes through their involvement in
reshaping gene regulatory networks (Janousek et al. 2016).

Given that TEs are now acknowledged as major contrib-
utors to genome evolution (Kidwell and Lisch 2000; Biémont
and Vieira 2006) having an influence on genome structure
(Chalopin et al. 2015), in this study, we explored the role of
TEs in the evolution of duplicated genes in the human ge-
nome. For this, we focused on the following questions. Is the
TE context different in terms of TE density and composition
between duplicated genes, that are members of gene fami-
lies, and those that are not, the so-called singleton genes?
Can the observed patterns of TE density around duplicated
and singleton genes be explained by selective pressure, GC
content, gene length, and/or gene function? We also took
advantage of the growing amount of available data on cell-
essential genes to ask a third question. Could TEs be some-
how associated with gene essentiality considering the dupli-
cation status of the genes?

Our study showed that proportionally more TEs, mainly
SINEs and DNA transposons, have accumulated in the vicinity
of singleton genes than in the vicinity of duplicated genes.
Unexpectedly, we also discovered that more SINE elements
and DNA transposons have accumulated in the more-
essential genes.

Results

TEs Accumulate in Singleton Genes Compared with
Duplicated Genes Independently of Selection Pressure and
GC Content

Duplicated Genes and TE Number and Distribution

Protein sequences from the human reference genome
(Ensembl hg38) were used to define the duplication status
of 20,213 protein-coding genes (see Materials and
Methods). Three datasets with different levels of stringency
for the definition of duplicated genes were generated. The

Table 1
Numbers of Duplicated and Singleton Genes for the Three Human
Datasets

Dataset 1 Dataset 2 Dataset 3
Duplicated 10,885 (53.9%) 9,299 (46%) 13,240 (65.5%)
Singleton 9,328 (46.1%) 10,914 (54%) 6,973 (34.5%)
Total 20,213 20,213 20,213

criteria defining homologous gene sets were of medium strin-
gency for dataset 1 and we will mainly focus on this dataset,
while highlighting notable differences observed with the
more stringent dataset 2 and the less stringent dataset 3.
The distribution of duplicated and singleton genes for each
dataset is shown in table 1.

Before computing the TE environment of each gene, we
sought to verify whether any structural bias between dupli-
cated and singleton genes could confound our analyses. It has
indeed been shown in plants that orthologs have accumu-
lated significantly fewer structural differences than paralogs
(Xu et al. 2012). Moreover, in mammalian gene introns, TE
density decreases significantly near exons (Lev-Maor et al.
2008; Zhang et al. 2011), suggesting that overall TE density
would be lower for genes with a higher density of exons. We
thus tested whether the fraction of the gene length corre-
sponding to introns differed between duplicated and single-
ton genes. We defined exonic regions as gene regions that
correspond to an exon in at least one spliced variant, and
intronic regions as the regions between exonic regions (see
Materials and Methods). No significant difference in intronic
fraction was detected (Wilcoxon test, P value =0.77, supple-
mentary fig. ST and table S1, Supplementary Material online)
except when considering the least stringently defined gene
sets. Specifically, the intronic fraction was significantly larger
for singleton genes compared with duplicated genes
(Wilcoxon test, dataset 3, P value=0.002 with Bonferonni
correction, supplementary fig. S1C and table ST,
Supplementary Material online). The median number of ex-
onic regions is therefore nine for both duplicated and single-
ton genes. However, for the less stringently defined gene set,
the median number of exonic regions is eight for singleton
genes, but nine for duplicated genes. The median gene length
was longer for duplicated compared with singleton genes al-
though not at a significant level (Wilcoxon test, P val-
ue=0.2432, supplementary fig. S2 and table ST,
Supplementary Material online) except for the least stringently
defined gene set (Wilcoxon test, dataset 3, P val-
ue=1.9x 10~® with Bonferonni correction, supplementary
fig. S2C and table S1, Supplementary Material online). To
summarize, a structural bias between duplicated and single-
ton genes can be detected for one of the definitions of du-
plicated genes. We thus decided to take into account the
exon—intron structure of genes when computing the TE envi-
ronment of genes.
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In human tissue-specific genes, TE density is on average
greater in intronic regions than in exonic regions, indicating
that the exons are more resistant to TE insertions because of
functional constraints (Jin et al. 2012). We thus computed the
TE environment of genes considering the intron—exon struc-
ture of genes with two measures: TE density and TE coverage
(as fraction of sequence length). TE density and TE coverage
were computed taking into account the flanking regions and
intronic regions of genes but not exonic regions (see Materials
and Methods). Please note, that in all the results, we refer to
"2-kb (or 10-kb) flanking region” as the contiguous sequence
going from 2kb (or 10kb) upstream of a gene to 2kb (or
10 kb) downstream of the gene including the gene itself. The
exonic sequences within these regions were not considered
(see Materials and Methods).

The total numbers of TEs found in the environment of
genes correspond to 826,444 and 967,135 insertions for 2-
and 10-kb flanking regions respectively (see Materials and
Methods and supplementary table S2, Supplementary
Material online). Among the 20,213 genes included in the
datasets, 833 and 76 genes did not contain any TEs inside
and in their 2- and 10-kb flanking regions respectively. Table 2
shows how the four TE categories are distributed in and
around genes according to the different sizes of flanking
regions. SINEs were the most represented TEs in the human
genome as a whole and in the environment of genes. In con-
trast, DNA transposons were the least common TE class. The
distribution of TEs in terms of TE number is different in the
gene environment relative to the global genome (2-kb flank-
ing regions, y*= 26,436, df =3, P value<2.2 x 107 10-
kb flanking regions, %*=28,026, df=3, P val-
ue < 2.2 x 107", SINEs and DNA TEs are more concentrated
in the gene environment compared with the total genome
whereas LTR retrotransposons and LINE are less concentrated
(supplementary tables S3-S5, Supplementary Material on-
line). These values are consistent with previously reported
results (Lander et al. 2001; Kidwell 2002; Cordaux and
Batzer 2009; Bailly-Bechet et al. 2014).

Table 2

Distribution of TE Classes Throughout the Entire Genome Compared with
within Gene Environments, That Is Genes Plus Their Respective 2- and 10-
kb Flanking Regions

Genome 2-kb 2-kb 10-kb 10-kb
TE  No. of Insertions No. of Length No. of Length
Class (%) Insertions (%) in % Insertions (%) in %
DNA 114,669 (6.78) 59,394 (7.19) 695 66,266 (6.85) 6.52
LINE 256,320 (15.16) 99,739 (12.07) 33.85 114,558 (11.84) 31.93
LTR 223,775 (13.23) 70,226 (8.50) 1291 87,533 (9.05) 13.84
SINE 1,096,177 (64.83)597,085 (72.25) 46.29 698,778 (72.25) 47.71
Total 1,690,941 (100) 826,444 (100) 100 967,135 (100) 100

Note.—Numbers correspond to the —strict option of the tool One Code To Find
Them All. Length in % corresponds to the TE coverage in the genes plus flanking
regions.

2-kb 10-kb
0 © 4
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Fic. 1.—Distribution of the TE density in gene environments of dupli-
cated and singleton genes including their 2- or 10-kb flanking regions.
Dupl, duplicated genes; singl, singleton genes. Asterisks indicate a signif-
icant difference between the TE density distributions.

Association between Gene Duplication Status and TE
Densities

We first investigated the overall relationship between TE den-
sity and the duplication status of genes. The results indicated
that TEs are significantly denser in the environments of sin-
gleton genes considering the 2- and 10-kb flanking regions
than those for duplicated genes (Wilcoxon tests, for 2- and
10-kb flanking regions, all P values <2 x 107°, fig. 1 and
supplementary fig. S3, Supplementary Material online).

We also observed a greater TE coverage for singleton
genes than for duplicated genes for both sizes of flanking
region (Wilcoxon tests with Bonferroni correction, for 2-kb
flanking regions; P value<2x 107% for 10-kb flanking
regions; P value=1.35x 10""", supplementary table S2
and fig. S4, Supplementary Material online). The presence
of more TEs in and around singleton genes compared with
duplicated genes may be partly explained by differences in
selection pressure on these sequences. Indeed, TEs are less
likely to insert in regions expected to be under strong selective
pressure (Simons et al. 2006). Human tissue-specific genes
with TEs are subject to higher selective pressure than those
without TEs (Jin et al. 2012). To test this hypothesis, we cal-
culated the ratio between the number of nonsynonymous
substitutions per nonsynonymous site (K,) and the number
of synonymous substitutions per synonymous site (K) for
orthologs between human and chimpanzee. We were able
to compute 15,587 K/K; ratios out of the 16,645 putative
human—chimpanzee orthologous gene pairs (see Materials
and Methods and supplementary fig. S5, Supplementary
Material online). Ky/Ks ratios were significantly higher for
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Table 3

Coefficient Values for the Multiple Linear Regression Analyses Where TE Density Is the Response Variable and GC Content, Recombination Rate,
Gene Length (GL), K,/Ks, and Duplication Status (Dataset 1) Are Predictors

2-kb 10-kb

Variable All TEs DNA LINE SINE LTR All TEs DNA LINE SINE LTR
log(GC) -5127" -2278" -2012" -5704" -1576" —-1.739" -2220° -5414 0.001 —3.895"
Recomb. 1.879" 1.053" 0.036 1.770" 0.899" 1.538" 1.570" 0.849" 1.759" 0.839"
Log(Ka/Ks) -1.661" —-0.813" 0.504"  -2.284" 0.086" -1.073" -1.133" 1.138" -1.904"  -0.178"
Log(GL) —1.983" —0.388" 0312 -2280"  -0.020 -0.848" —0.623° —1.070" -0.650"  —0.939"
Status 1.871° 1.598"  —1.652" 2.782°  -0.539 1.145" 3.064° -2.616" 2935"  —0.094"
Log(GC)x Recomb. -0307"  —0.231" / -0306"  —0.157° -0272° -0386"  —0.173° -0334"  -0.127
Log(GC)x Log(Ka/Ks) 0.363" 0.167°  -0.121 0.464" / 0.205" 02377 -0211" 0.359" /
Log(GC)x Log(GL) 0.602" 0.190" / 0.750" 0.092" 0.252" 0.218" 0.285" 0.220" 0.273"
Log(GC)x Status —0.281 —0.346" 0271  -0.531" 0.127 —0.190 —-0.597" 0.448" —0.505" /
RecombxLog(GL) —0.060" -0.017" / -0.051"  —0.022" —-0.041"  —-0.012 -0.014 —-0.040"  —0.022
Recombx Status —0.041 / —-0.047" / / —0.035 / —0.058" / /
Log(K, /Ks)x Log(GL) 0.034" 0.015" / 0.052" / 0.032" 0.021"  —0.028" 0.051" 0.020"
Log(Ka/Ks)x Status / / / / / -0.021 / / / /
Log(GL)xStatus -0.054"  —0.018 0.064°  —0.052" / —-0.026 —0.065" 0.088°  -0.077" /
Recombx Log(K, /Ks) / / 0.018 / / / / 0.025 / 0.022
Adjusted R? 0.067 0.377 0.487 0.251 0.292 0.027 0.186 0.295 0.084 0.092

Note.—/, variable not retained in the step Akaike Information Criterion (AIC) process; Status, categorical variable for duplication status with duplicated as reference category
and singleton as second category; Bold with asterisk, significant values considering Bonferroni correction for multiple tests.

singleton genes than for duplicated genes (Wilcoxon test, P
value < 2.2 x 107'®), suggesting there is less selective pres-
sure on singleton genes compared with duplicated genes.

A negative association between TE density and meiotic
recombination rates is a highly recurrent feature of eukaryotic
genomes (Rizzon et al. 2002; Kent et al. 2017). To investigate
a possible relationship between recombination rate and TE
density, we estimated the meiotic recombination rates using
Marey maps, an approach based on mapping genetic chro-
mosome maps onto physical maps of chromosomes (see sup-
plementary fig. S6, Supplementary Material online and
Materials and Methods). We did not find any differences in
recombination rates for duplicated genes compared with sin-
gleton genes after Bonferonni correction for multiple tests
(Wilcoxon tests, dataset 1, raw P value =0.03834; dataset
2, raw P value = 0.08513; dataset 3, raw P value = 0.02856).

It is known that TEs are not randomly inserted according to
GC content (Lander et al. 2001; Grover et al. 2004). The
higher numbers of TEs in the environment of singleton genes
compared with those of duplicated genes might be partly
explained by the GC content of genes and their vicinity
(Vinogradov 2005; Jjingo et al. 2011). TE gene fractions
have been highly correlated with human gene length (GL)
(Jjingo et al. 2011). To study the specific relationship between
the duplication status and the TE density in the vicinity of
genes independently from selection pressure and the GC con-
tent, we considered a linear model with TE density as the
dependent variable, the duplication status as the explanatory
variable, and the K /K ratios, GC content, recombination
rate, and GL as covariables. Table 3 displays the coefficient

values and their significance for 2- and 10-kb flanking regions
when testing association between the TE density and GC, GL,
recombination rate, and duplication status (including pairwise
interactions) according to linear models (see Materials and
Methods). The overall TE density and the individual densities
of SINE, LINE, LTR, and DNA TE categories were considered.

The overall TE density of singleton genes was significantly
higher than for duplicated genes according to the linear mod-
els for both flanking region sizes and when interactions espe-
cially with GL were considered (table 3). When considering
each class of TE separately, DNA tranposon and SINE densities
were significantly higher in singleton than in duplicated genes
for both flanking region sizes. On the contrary, LINE densities
where higher around duplicated genes compared with single-
ton genes. LTR retrotransposons followed the same tendency
but not to a significant extent for all datasets (table 3).

We observed significant relationships between the GC
content and the TE density of gene contexts for all TE cate-
gories with negative relationships for LINEs, DNA transposons,
and LTR retrotransposons for both flanking region sizes. SINEs
have also accumulated significantly in the vicinity of genes
with a lower GC content in 2-kb flanking regions and in
10-kb flanking regions when considering the interactions of
GC content with recombination rates and K, /K; ratio (table 3
and supplementary tables S7 and S8, Supplementary Material
online).

According to our linear model analyses, K;/Ks ratio was
significantly negatively associated with the overall TE densities
for 2- and 10-kb flanking regions and for all datasets (supple-
mentary tables S7 and S8, Supplementary Material online).
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This result was unexpected because, according to the hypoth-
esis that a negative selection is acting on inserted TEs, TE
numbers would be expected to be lower in genes with small
Ka/Ks ratios compared with genes with higher K, /K values.
When considering each class of TE separately, SINE densities
are negatively related to K, /K; ratios for both flanking region
sizes. The same tendency is observed for DNA transposon
densities (supplementary tables S7 and S8, Supplementary
Material online). Positive significant relationships were found
for LINE densities and K, /K ratios for all flanking region sizes
(table 3 and supplementary tables S7 and S8, Supplementary
Material online). Similar but less significant results were found
for LTR retrotransposon densities except for a negative rela-
tionship between LTR retrotransposon densities and K /Ks
ratios for the shortest genes (table 3 and supplementary tables
S7 and S8, Supplementary Material online). It should be noted
that we detected a negative relationship between GL and TE
density when considering all TEs and DNA, SINE, and LTR
elements separately. However, a positive relationship with
GL was found for LINEs for 2-kb flanking region size.

According to the linear models, a positive relationship was
found between TE densities and recombination rates for all
TEs and DNA, SINE, LINE, and LTR elements separately for 2-
and 10-kb flanking regions and all datasets. These relation-
ships were significant with interactions taken into account,
especially those with GL and GC. An exception was that no
significant relationship was found for LINE density for 2-kb
flanking regions. A negative relationship between recombina-
tion rates and TE distribution would be expected, but this
expectation is based on considering intergenic regions too.

Results were also similar when TE coverage was consid-
ered, but less significant (supplementary tables S9 and S10,
Supplementary Material online). Overall our results suggest
that the duplication status of genes partly explains the distri-
bution of TEs in the vicinity of the genes.

Gene Functions Are Associated to TE Environment and
Duplication Status

To decipher whether the functions of the human genes could
explain the relationship between the duplication status of a
gene and its TE environment, we compared the functions of
the human genes with different densities of TE. Gene func-
tions were assigned by the PANTHER V14 software (Mi et al.
2019) to GO-slim annotations for the three GO ontologies
Biological Process (BP), Molecular Function (MF), and
Cellular Component (CC). In total, for the 2-kb flanking
regions, 4,752 TE-poor genes, 9,821 TE-medium genes, and
4,922 TE-rich genes were assigned GO-slim annotations, and
for the 10-kb flanking regions respectively 4,731, 9,826, and
4,937 genes (supplementary table S11, Supplementary
Material online). We compared the functions of the dupli-
cated genes and the singleton genes for each TE density cat-
egory (see Materials and Methods). For clarity, we only

present the GO-slim categories for which statistically signifi-
cant differences (FDR correction <0.01) in the distribution of
functions were found for either the 2- or the 10-kb flanking
regions of the genes compared and for which at least 5% of
either the duplicated or the singleton genes were involved
(fig. 2).

Biological Process Functions

Considering TE density in environments with 2-kb flanking
regions and the BP ontology of the genes, we observed 27
GO-slim terms that were significantly overrepresented among
duplicated genes compared with singleton genes whatever
the TE density. Duplicated genes were significantly underrep-
resented only for the macromolecule metabolic process and
the Unclassified GO-terms, the latter encompassing the nu-
merous genes for which no specific function has yet been
assigned (fig. 2). For most of the 27 GO-slim terms, results
were significant for the three different TE density ranges. For
example, duplicated genes were more likely to be involved
than singleton genes in functions related to cellular process,
biological requlation and regulation of biological process, cel-
lular response to stimulus, and signal transduction at all TE
densities. Genes of the same gene family are likely to share
the same or similar functions, so to verify that the results were
not solely due to family size, we reanalyzed the data by ran-
domly choosing one gene per family in each list of duplicated
genes (see Materials and Methods). Similar results were
obtained (fig. 2) and the same trends were also observed
for the 10-kb flanking regions (supplementary fig. S7,
Supplementary Material online).

We observed that the proportion of genes in a particular
functional class was often higher for TE-poor compared with
TE-rich and TE-medium gene environments. For example, if
we consider the biological regulation GO-slim term
(GO : 0065007), the biological regulation term was assigned
to only around 15% of duplicated TE-rich genes whereas
23% of TE-poor duplicated genes were involved in this func-
tion. We thus specifically compared the functions of the hu-
man genes between TE-rich, TE-medium, and TE-poor genes
for the BP ontology GO-slim terms with the same methodol-
ogy (see Materials and Methods). In the case of 2-kb flanking
region TE density, we observed 22 GO-slim terms with signif-
icantly different proportional representation in the different
TE density ranges (fig. 3).

TE-poor genes were overrepresented compared with TE-
rich genes in 15 GO-slim term categories. Comparisons of TE-
medium to TE-poor genes and of TE-rich to TE-medium genes
showed the same tendency but were less pronounced for the
former comparison (fig. 3). For example, we found that TE-
poor genes are significantly overrepresented for the multicel-
lular organism development GO-slim term (GO : 0007275), in
accordance with previous results (Simons et al. 2006;
Mortada et al. 2010; Zhang and Mager 2012). TE-rich genes
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with functions related to metabolic processes are overrepre-
sented compared with TE-poor genes as previously reported
(Grover et al. 2003; Mortada et al. 2010; Zhang and Mager
2012). Overall our results suggest that genes with few TEs in
their vicinity tend more often to have specific functions than
genes with many TEs in their vicinity.

We next considered the GO-slim term representation
results of TE-poor versus TE-rich genes and of duplicated
genes versus singleton genes side by side. We noticed that
for nine of the 15 GO-slim terms for which TE-poor genes
were overrepresented compared with TE-rich genes, an

overrepresentation of duplicated genes compared with single-
ton genes was also generally found (figs. 2 and 3). For exam-
ple, when the biological regulation GO-slim term is
considered, 13% of TE-rich genes versus 19% of TE-poor
genes, and 18% of duplicated genes versus 12.5% of single-
ton genes have such a function. For only four GO-slim term
functions were TE-rich genes more involved than TE-poor
genes. Other than cellular localization, the functional catego-
ries did not correspond to those for which duplicated and
singleton genes were represented significantly differently.
Similar trends were observed for the 10-kb flanking regions
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Fic. 3.—Gene Ontology (GO) term enrichment analysis according to the TE context for the Biological Process ontology and 2-kb flanking region size.
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metabolic process, organic substance metabolic process.

(supplementary figs. S7 and S8, Supplementary Material on-
line). Our results thus showed that nine GO-slim terms cate-
gories included an overrepresentation of duplicated genes
compared with singleton genes and an overrepresentation
of TE-poor genes compared with TE-rich genes.

Molecular Function and Cell Component

Significant associations were identified with Molecular
Function (MF) and Cellular Component (CC) GO-slim terms.
As for BP functions, MF GO-slim categories with significant

associations with duplicated status were also mostly over-
populated by duplicated genes compared with singleton
genes, for example, for 18 out of 21 significant GO-slim terms
for the 2-kb flanking region size (supplementary fig. S9,
Supplementary Material online). The main corresponding
functions concern protein-binding, binding, catalytic activity,
and molecular transducer activity. These observed patterns
were similar between TE-rich, TE-medium, and TE-poor
genes. When gene TE environment was taken into account
without considering the duplication status, TE-rich versus TE-
poor genes had a biased representation for 17 GO-slim terms,
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mostly in the sense of overrepresentation of TE-poor genes
compared with TE-rich and TE-medium genes. Among these
terms, 14 corresponded to GO-slim terms with biased repre-
sentation in the duplication status of genes (supplementary
figs. S9-512, Supplementary Material online). Interestingly,
TE-poor genes were significantly overrepresented compared
with TE-rich and TE-medium genes for the protein binding,
binding, and molecular transducer activity functions, but un-
derrepresented for the catalytic activity function. We obtained
the same type of observations for CC GO-slim terms, with
significant associations corresponding mainly to categories
with overrepresentation of duplicated genes and in similar
patterns for the different TE densities (supplementary figs.
S13-S16, Supplementary Material online). It is worth noting
that for TE-medium genes only, singleton genes were signif-
icantly overrepresented in the CC ontology functions corre-
sponding to nucleus parts and organelles. Interestingly, when
gene TE context alone was taken into account regardless of
duplication status, TE-rich genes were significantly overrepre-
sented compared with TE-medium and TE-poor genes both
for nucleus part and organelle GO-slim terms, unlike most of
the other GO-slim terms (supplementary figs. S13-S16,
Supplementary Material online).

TE Density Is Related to Gene Essentiality

To further explore the links between the duplication status of
a gene and its TE context, we considered whether not only
the function but the essentiality of a gene could be important.
Essential genes can be defined as those indispensable for re-
productive success of a living system or those required to
support cellular life, for example. Rather than being a static
binary property, recent studies suggest that gene essentiality
is both context dependent and can evolve (Liu et al. 2015;
Wang et al. 2015; Chen et al. 2017; Rancati et al. 2018). We
retrieved human gene essentiality data from OGEE, (Chen
et al. 2017) which is composed of 18 datasets, all but one
corresponding to cancer cell line experiments. We observed
that duplicated genes are less likely to be essential than sin-
gleton genes (y>=237.6, df=1, P value <2.2 x 107'° ta-
ble 4 and supplementary table S12, Supplementary Material
online).

We then defined five categories of essentiality for these
genes, “Essential” (E) genes are defined as those that are
essential in all the test datasets, “Conditional Restricted
Essential” (CRE) genes as those that are essential in fewer
than 25% of the test datasets, “Conditional Medium
Essential” (CME) genes as those that are essential in between
25% and 75% of the test datasets and “Conditional Largely
Essential” (CLE) genes as essential in more than 75% of the
test datasets. The remaining genes were defined as “Non
essential” (NOE) (see Materials and Methods and supplemen-
tary table S13 and fig. S17, Supplementary Material online).
The distributions of TE densities in the 2-kb flanking regions of

Table 4

Number of Essential and Non-Essential Genes among Duplicated and
Singleton Genes According to OGEE for All Test Conditions and for
Genes Tested at least in Five Conditions (>5), Dataset 1

Essential Non-Essential

All Tests >5 All Tests >5
Singleton 3,841 (77.0%) 3,750 (84.7%) 4,989 (23.0%) 4,424 (15.3%)
Duplicated 3,267 (46.2%) 3,143 (52.4%) 7,069 (53.8%) 5,999 (47.6%)
Total 7,108 (58.9%) 6,893 (66.1%) 12,058 (41.1%) 10,423 (33.9%)

Nore.—Essential genes correspond to genes found essential at least in one test
condition.

genes with respect to the different degrees of essentiality
were significantly different when all TE types were considered
together (fig. 4, Kruskal-Wallis > =591.86, df =4, P val-
ue < 2.2 x 107" and individually (fig. 4, DNA transposons,
Kruskal-Wallis 5% = 72.504, df =4, Pvalue=6.717 x 10~ '>;
LINE, Kruskal-Wallis XZ: 34.187, df=4, P val-
ue=6.821x 1077; SINE, Kruskal-Wallis % = 804.12, df =4,
P value < 2.2 x 10 '® LTR retrotransposons, Kruskal-Wallis
7’ =172.31, df =4, Pvalue < 2.2 x 107').

Results were similar for the 10-kb flanking regions, and
when TE density was replaced by TE coverage in the compar-
isons (supplementary table S14, Supplementary Material on-
line). Thus, to better study the relationship between the
duplication status and the TE density of genes, we reverted
to the linear models with TE density as the dependent vari-
able, the duplication status as the explanatory variable, and
GL, the Ky/K; ratio, GC content, and recombination rate as
covariables, and added a categorial covariable of gene essen-
tiality (Ess), expressed as the proportion of OGEE datasets in
which each gene was essential relative to the number of
OGEE test datasets listing the gene. Genes were considered
as non-essential when the essentiality value was below a
threshold of 0.143, otherwise as essential genes (see
Materials and Methods). The association between the TE den-
sity and each variable (including pairwise interactions between
variables) was tested for 2- and 10-kb flanking regions.
Analogous analyses with TE coverage as the dependent var-
iable were also performed.

Table 5 displays the coefficient values obtained by testing
associations between TE density and each variable with its
interactions by pairs. The overall TE density and the densities
for each TE type were considered. In each case, the linear
model can be written TEgensty = o + fsStatus + feEss + f
GL + pKa/Ks + B4GC + f.Recomb + interactions + ¢
where Status and Ess are binary variables expressing respec-
tively the duplicated or singleton status of the gene and its
non-essential or essential nature (see Materials and Methods).

The relationship between TE density and essentiality for
total TEs, DNA transposons, and SINEs was significant for 2-
and 10-kb flanking regions, but this was not true for LINEs.
For LTR retrotransposons this relationship was also significant
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genes.

for all datasets, but sometimes only through interactions with
GL or GC (table 5 and supplementary tables S15 and S16,
Supplementary Material online). When all TEs are considered
along with the interactions with GC, recombination rates, K,
/Ks and GL (table 5), the positive relationship indicates that
higher TE densities are found in the vicinity of essential genes
compared with non-essential genes. This relationship is more
nuanced when each TE type is considered separately. Higher
densities of SINEs and DNA transposons are found around
essential genes compared with non-essential genes, when
interactions with GC, recombination rates, K,/Ks and GL
are taken into account (table 5 and supplementary tables
S15 and S16, Supplementary Material online). Densities of
LTR retrotransposons were higher in the environments of
non-essential genes compared with essential genes, when
considering significant interactions with GC and GL (table 5
and supplementary tables S15 and S16, Supplementary
Material online). The results were similar when TE coverage
was the dependent variable (supplementary tables S17 and
S18, Supplementary Material online).

It should be noted that when a measure of essentiality is
included in the linear models and each TE type is considered
separately, the relationship between the duplication status
and the TE density is similar. To summarize, this relationship
is significant for DNA transposons, SINEs, LINEs, and LTR ret-
rotransposons for both 2- and 10-kb flanking regions and
more or less stringent definitions of duplication status with
few exceptions (table 5 and supplementary tables S15 and
S16, Supplementary Material online). The exceptions often
relate to the most stringent dataset 2, the 2-kb flanking
regions, and some interactions. Our results thus indicate the
tendency for DNA transposons and SINEs to be more dense in
the environment of duplicated genes than in the environment
of singleton genes.

However, when all TEs are considered together the rela-
tionship between duplication status and TE density varies
from one dataset to another and between the two flanking
region sizes (table 5 and supplementary tables S15 and S16,
Supplementary Material online). When TE coverage was used
instead of TE density, this relationship was significant for all
analyses (supplementary tables S17 and S18, Supplementary
Material online).

Analysis of TE Superfamilies

To understand at a finer scale the relationship between TE
density and the duplication status of genes, we considered
the age of TEs. For this, we calculated the median TE copy
divergence as a proxy for the age of each TE superfamily
(supplementary table S19 and fig. S18, Supplementary
Material online). We only considered TE superfamilies for fur-
ther analysis when the number of TE copies was high enough
to be compatible with robust statistical analyses (fig. 5 and
supplementary tables S4 and S5, Supplementary Material on-
line). Among the SINEs, we thus analyzed the Alu and MIR
superfamilies. The Alu superfamily is one of the youngest
superfamilies, whereas the MIR superfamily is one of the old-
est (Wilcoxon test W= 552,930,000, P value <2.2 x 10~ '°,
fig. 5). The LINE L7 and L2 superfamilies were also analyzed.
L7 elements belong to one of the youngest superfamilies
whereas the L2 elements belong to one of the oldest
(Wilcoxon test W= 134,450,000, P value<2.2x 10"'°,
fig. 5). Among the LTR retrotransposons, superfamilies with
enough copies in genes to be analyzed are ERV1, ERVK, and
ERVL-MaLR. ERVK is one of the youngest superfamilies with a
median divergence value for the retrieved copies of 8.22
whereas ERV1 and ERVI-MalLR superfamilies show medium
median values for divergence (fig. 5). For DNA transposons,
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Table 5
Coefficient Values for the Multiple Linear Regression Analyses Where TE Density Is the Response Variable and GC Content, Recombination Rate,
Gene Length (GL), K, /Ks, Duplication Status (Dataset 1), and Essentiality Are Predictors

2-kb 10-kb
Variable All TEs DNA LINE SINE LTR All TEs DNA LINE SINE LTR
Log(GCQ) -5.625" —-2539° —1916" —6.640° —1.793" -1.892° -2750° -4.821" -0538 —4.592
Recomb 2.124" 1.260" 0.028 1.962" 0.845" 1.770" 1.233" 0.603" 1.993" 0.775
Log(Ka/Ks) -1.097"  -0.904" 0.215 -1.703"  —0.339 —-0.794"  —1.088" 0.752°  -1.347" 0.062"
Log(GL) -2.117" —-0.509" 0.345°  -2542"  —0.099 —-0.894" —-0.804" —-0.873" —-0.802" —1.160"
Status 0.179" 0.909" -1.114" 0.142°  —0.042 —-0.033 1.885" -1.536" 0.133" -1.525"
Ess 2.647" 1.763" —-0.822 3532 —1.966 1.516" 2.698" —1.369 3.064" 0.212
Log(GC)xRecomb -0.339"  —0.265" / -0.325"  —0.144 -0307° -0330" -0.145" -0367" -0.119
Log(GC)x Log(Ka/Ks) 0.276" 0.182°  -0.076 0.365" 0.078 0.164" 0228°  -0.151" 0.271" /
Log(GC)x Log(GL) 0.628" 0.223" / 0.808" 0.115" 0.256" 0.255 0.239" 0.244 0.317"
Log(GC)x Status / -0.217" 0.184 / / / —0.366" 0.256" / 0.267
RecombxLog(GL) —0.069" —-0.025" / -0.060" —0.0208  —0.049" / / —0.048" —0.021
Recombx Status —0.045 / —0.039 / / —0.032 / —0.051 / /
Log(Ka/Ks)x Log(GL) 0.014 0.018" 0.011 0.035" 0.011 0.021" 0.020°  -0.014 0.031 /
Log(K,/Ks)x Status / / 0.024 / / / / / / /
Log(GL)x Status / / 0.046" / / 0.015 —-0.039" 0.056" / 0.042"
Recombx Log(K, /Ks) / / 0.015 / / / / 0.026 / /
Log(GC)x Ess —-0.220 —-0.452" 0.166 -0.571" 0.446" —-0.170 —-0.627" 0.245 —0.485" /
RecombxEss —0.095" / / —0.097" / —0.084" / / —0.090" /
Log(Ka/Ks)xEss -0.079" / —-0.035 —0.065 / —-0.070" / / —-0.060"  —0.053
Log(GL)xEss -0.139" / / —0.087" / -0.057"  —0.027 0.029 -0.074"  —0.055"
StatusxEss / / 0.102" / 0.085 / / / / 0.080
Adjusted R? 0.080 0.367 0.496 0.237 0.293 0.048 0.185 0.292 0.010 0.106

Note.—/, variable not retained in the step Akaike Information Criterion (AIC) process; Status, categorical variable for duplication status with duplicated as reference category
and singleton as second category; Ess, categorical variable for essentiality status with nonessential as reference category and essential as second category; Bold with asterisk,
significant values considering Bonferroni correction for multiple tests.
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Fic. 5.—Divergence of TE copies according to superfamilies in the entire genome (strict option of the tool One Code To Find Them All).

seven superfamilies were analyzed. TcMar-Mariner is are among the oldest ones with respectively 18.5% and
one of the youngest superfamilies with a median divergence 18.2% divergence (Wilcoxon test, TcMar-Mariner and HAT-
of 11.2 and the HAT-Blackjack and hAT-Tip100 superfamilies Blackjack W=378,050, P value<2.2x 107 '®; Wilcoxon
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Table 6

Coefficient Values for the Multiple Linear Regression Analyses for the TE Superfamilies: TE Density Is the Response Variable and GC Content,
Recombination Rate, Gene Length (GL), K,/Ks, Duplication Status (Data Set 1), and Essentiality Are Predictors

SINE LINE LTR

Alu MIR L1 L2 ERV1 ERVK ERVL-MaLR
Variable 2kb  10kb 2kb 10-kb 2-kb 10-kb 2kb  10kb 2kb 10kb 2kb  10kb 2-kb  10-kb
Log(GQ) —1.760" —0.185 —0.579 -5.202" 7.909° 2.221" —0.894 -5.137" 5685 —0.141 0.173 —5276" 7.596" 2.456"
Recomb 1.645° 1.959° 0.029 0.011 —0.093 0039 / —-0535 —-0.216 0.041° 0331 0.363° 0.928° 0.837"
Log(Ka/Ks) —1.234" -1.435" —-0389 -0981" 1.324° 0919 / -1.132" 0.056" —0.192 —0.816 —1.630" 0.617" 0.046
Log(GL) —1.157" —0.687" —1.321" —2.691" 3.093" 1.352" —1.245" —2.431" 1.347" —0.372" —0.846" —2.515" 2.105" 0.670"
Status 0.158" 0.127° 1261 0631 —1.450" —1.128" / —0.245 —0.053 —0.049 —0.063 —0.031 —0.588 —0.528
Ess 1.251° 2766 1.806 1.877° —0.841 -1.029° 1611 1195 —0.58 0.741° / 0.597 0.039 0.851"
Log(GC)xRecomb ~ —0.305" —0.363" / / / / / 0.129 / / / / —0.237" —0.200"
Log(GQ)xLog(Ka/Ks) 0.255" 0.283° 0.094 0.169" —0.244" —0.195" / 0.161" / / 0.148 0.286° / /
Log(GC)x Log(GL) 0.304" 0.209° 0.144" 0573° —0.898" —0.392° 0.091 0.479" —-0.528" / / 0.530" —0.663" —0.226"
Log(GC)x Status / / —-0.260 —0.165 0246 0.153 / / / / / / 0.148  0.146
RecombxLog(GL)  —0.036" —0.046" / / 0013 / / / 0.024 / —-0.025 —-0.032" / /
Recombx Status / / / / —-0.063" —0.051" / 0.043 / / —-0.045 —0.056 / —0.034
Log(Ka/Ks)xLog(GL)  0.025" 0.035° / 0.027" —0.033" —0.013  / 0.045" / 0.022° 0.028 0.059" —0.048" /
Log(GL)xStatus / / -0.024 / 0.054" 0.053" / 0.019 / / / / / /
Log(GC)x Ess —0205 —0.462" —0.311 —0.341 0262 0231 —0.263 —0222 0364 / / / 0240 /
Log(Ka/Ks)x Ess —-0.120" —0.091" / / / / / / —-0.073 —0.060 / / —0.064 —0.064
Log(GL)xEss / —0.054 —0.059 -0.052 -0.029 / —0.056" —0.028 —0.070 —0.068" / —0.053 —0.091" —0.085
Adjusted R? 0.099 0105 0867 0803 0218 0.185 0941 0909 0512 0356 0887 0.809 0302 0.169

Note.—/, variable not retained in the step Akaike Information Criterion (AIC) process; Status, categorical variable for duplication status with duplicated as reference category
and singleton as second category; Ess, categorical variable for essentiality status with non-essential as reference category and essential as second category; Bold with asterisk,

significant values considering Bonferroni correction for multiple tests. Predictors with no significant value for any superfamily are not shown.

test: TcMar-Mariner and hAT-Tip100 W=884,510, P val-
ue<2.2x 107" fig. 5). These results are in accordance
with the observation that Alu, L7, and possibly ERVK elements
remain actively mobile in the human genome (Mills et al.
2007).

Tables 6 and 7 display the coefficient values and their sig-
nificance when testing association between the TE superfam-
ily density for 2- and 10-kb flanking regions and GC, GL,
recombination rate, duplication status, and essentiality of
genes (including pairwise interactions) according to linear
models (see Materials and Methods). Among the different
TE classes, the relationship between TE density and the dupli-
cation status of genes and the relationship between TE den-
sity and the apparent essentiality of genes differed according
to the TE superfamily. The SINE Alu superfamily was present at
significantly higher densities around singleton genes com-
pared with duplicated genes (also for 10-kb flanking regions
for datasets 2 and 3) and around highly essential genes com-
pared with less-essential genes. The SINE MIR superfamily did
not show a significant relationship between TE densities and
duplication status. MIR densities were however significantly
higher around highly essential genes compared with less-
essential genes for all datasets and flanking regions sizes
with the exception of dataset 1 for 2-kb flanking region

(table 6 and supplementary tables S20-S23, Supplementary
Material online). As for all LINE elements, the L7 superfamily
showed significantly higher densities in duplicated genes
compared with singleton genes, and a tendency, significant
in most cases, to be denser in less-essential genes compared
with highly essential genes. However, the L2 superfamily did
not show any significant relationship with the duplication sta-
tus and the apparent essentiality of genes. LTR superfamilies
densities did not show significant relationships with the du-
plication status of genes. For ERVT and ERVL-MaLR superfa-
milies, TE density was significantly higher in 10-kb flanking
regions of highly essential genes compared with less-essential
genes (table 6 and supplementary tables S$20-523,
Supplementary Material online).

Among DNA superfamilies, hAT-Blackjack densities are
significantly higher in duplicated genes compared with sin-
gleton genes in the 10-kb flanking region contrary to the
observations for all DNA transposons. The other DNA
superfamilies do not show strong differences of density
according to the duplication status of the genes. TcMar-
Tigger elements significantly accumulate around highly es-
sential genes compared with less-essential genes. No sig-
nificant relationship between DNA element densities and
the degree of gene essentiality was detected for the other
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Table 7

Coefficient Values for the Multiple Linear Regression Analyses for the DNA TE Superfamilies: TE Density Is the Response Variable and GC
Content, Recombination Rate, Gene Length (GL), K;/Ks, Duplication Status (Data Set 1), and Essentiality Are Predictors

MULE-MuDR TcMar-Mariner  TcMar-Tigger hAT hAT-Blackjack hAT-Charlie hAT-Tip100
Variable 2kb  10kb 2kb 10kb 2kb 10kb 2kb 10kb 2kb 10kb 2kb 10kb 2kb  10kb
Log(GCQ) —1.528" —7.441" 2927" —-3.255" 8355 3.835° 0.212" —2532" —0.907 -5.873" 3.409" —-0301 0.213" —4.833"
Recomb —-1505 —1.980 / 0.445° —0.205 0413 / / 1454 0363" 1.926° 1.623° / 0.191
Log(Ka/Ks) 2933 2360 / / 0.298" / / —1.210" —0.382 —0.437 -0.212 —0.702" —0.018 —-1.131"
Log(GL) —1.065" —2.633° 0.088 —1.652" 2439 1.159° —0.870° —1.631" —1.379" —2.758" 0.400 —0.606" —0.907 —2.451"
Status —-0.240 —0239 0530 / 0874 1.161° 0400 045 / —-0.656" 0.891 0575 / —-0.224
Ess 2906 1.768 / / 0.110° 0.105° / 1006 / —0.0572 0.572 1221 —-0970 /
Log(GC)x Recomb 0422 0556 / / / —-0.101  / / -0.244 | —-0.437" —-0353" / /
Log(GC)x Log(K, /Ks) —0.490 —0.453  / / / / / 0.189 0.110 0.112 0.143 0.191" / 0.205
Log(GC)x Log(GL) / 0.490° —0.261" 0.269" —0.812" —0.398" / 0274 0.137 0.549° —0.223" 0.105° / 0.490"
Log(GC)x Status / / / / —-0.219 —0.294" / / / / -0.170 —-0.152  / /
RecombxLog(GL) / / / —-0.038" 0.022 / / / —0.051" —0.035" —0.030" —0.030" / —-0.022
Log(K,/Ks)xLog(GL) —0.084 —0.047 / / -0.026" / / 0.042" / / -0.027" / / 0.033"
Log(GL)x Status / / -0.047 / / / —0.033 —-0.030 / 0.056" —0.023 / / 0.022
Log(Ka/Ks)x Ess / / / / / / / / / / 0.056" 0.033 / /
Log(GL)x Ess -0.274" —-0.147 / / / / / / / / —-0.040 —-0.036 / /
Adjusted R? 0903 0878 0906 0879 0484 0342 0927 0890 0951 0923 0443 0249 0930 0.89%

Note.—/, variable not retained in the step Akaike Information Criterion (AIC) process; Status, categorical variable for duplication status with duplicated as reference category
and singleton as second category; Ess, categorical variable for essentiality status with nonessential as reference category and essential as second category; Bold with asterisk,

significant values considering Bonferroni correction for multiple tests.

superfamilies (table 7 and supplementary tables S20-S23,
Supplementary Material online).

Discussion

The importance of transposable elements in the evolution of
mammalian genomes is now recognized, particularly in gene
family evolution (Lowe et al. 2007; Cordaux and Batzer 2009;
Janousek et al. 2013, 2016; Sundaram et al. 2014; Chalopin
et al. 2015). Recently, we found that TEs influence the evo-
lutionary divergence of human duplicated genes through var-
iation in the epigenetic landscape of the genes (Lannes et al.
2019). To better understand the impact of the TE environ-
ment on the fate of duplicated genes, here, we analyzed the
association between the presence of TEs surrounding genes
(within 2- or 10-kb flanking sequences) and the duplication
status of the genes, taking into account various genomic fea-
tures known to influence TE distribution along chromosomes.
We have also quantified the functional representation bias of
duplicated genes compared with nonduplicated genes with
respect to the TE environment, and evaluated how the essen-
tiality of the genes influences the association of TE density
with the duplication status of the genes.

What Is a Duplicated Gene?

We defined the gene families in the human genome by using
several characteristics as a way of ensuring the robustness and
relevance of our results in terms of what constitutes a dupli-
cated gene. Estimations of the proportion of duplicated genes

among protein-coding genes in human differ quite widely
from around 46-76% (Shoja and Zhang 2006; Pan and
Zhang 2008; Singh et al. 2014; Acharya and Ghosh 2016)
and even up to 97% if very ancient duplications are consid-
ered (Britten 2006). We thus decided to use several definitions
of a “duplicated gene” to allow for different theoretical and
practical scenarios. We estimated that between 46% and
65.5% of human genes could be considered as duplicated
genes, which is consistent with the range of values obtained
in the previous studies cited. By using different definitions, our
results highlighted differences or similarities in structure be-
tween singleton and duplicated genes. Thus, with a loose
definition which assumes a larger proportion of genes are
duplicated, the chosen genes are on average longer with
more exons and with a smaller intronic fraction than singleton
genes. Because criteria to define duplicated genes relied
mainly on the similarity level between protein sequences
and on the fraction of the length of the proteins involved in
the obtained alignments, we expected the duplicated genes
retrieved to include a higher number of old duplicated genes
when the loose definition was used than when more stringent
definitions were used. It has been reported by Bu and Katju
(2015) that for 163 duplicated pairs, the older duplicated
genes included different proportions of structural catego-
ries—such as incomplete and chimeric structures—than youn-
ger duplicated genes. This could explain some of the observed
differences between our datasets. For example, it has been
shown that chimeric duplicated gene copies may be longer
with more exons than the original genes (Courseaux and
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Nahon 2001). In Populus trichocarpa, duplicated genes orig-
inating from WGD are longer than other genes, whereas tan-
dem duplicated genes are significantly shorter (Rodgers-
Melnick et al. 2012). According to Nakatani et al. (2007)
and Makino and McLysaght (2010), about 20-30% of the
protein-coding genes in the human genome are derived from
WGD, relatively ancient events (McLysaght et al. 2002; Dehal
and Boore 2005). Moreover, it has been estimated that 25—
40% of the recent gene duplications are generated by tan-
dem duplications in mouse and human (Pan and Zhang
2008), accounting for 10-18% of genes in the latter (Shoja
and Zhang 2006). We can thus make the hypothesis that the
differences in the distribution of duplicated genes observed in
our datasets reflect how and when the genes were
duplicated.

We thus chose to take into account the structure of genes
when computing the TE environment to eliminate any bias
due to structural differences between duplicated genes and
singleton genes. In this respect, our results are consistent
across our different datasets.

The TE Environment of Genes Differs According to Their
Duplication Status

We found that the environments of duplicated genes have
fewer TEs than singleton gene environments. This relationship
differs according to the TE class under consideration.
Singleton genes have more SINEs and DNA transposons in
their vicinity than duplicated genes do. On the contrary,
LINEs and LTR retrotransposons accumulate more near dupli-
cated genes. We observed a relationship between the GC
content and the TE environment of genes when all TE types
are considered which is not in agreement with previous stud-
ies (Jin et al. 2012). Total TE densities are indeed lower overall
in high GC regions than in low GC regions whereas the op-
posite trend was reported by Jin et al. (2012). We found LINEs
had accumulated in low GC regions as previously shown by
Gu et al. (2000). However, when individual superfamilies are
considered the patterns are more nuanced. In our analyses, L2
accumulate in low GC regions but only to a significant extent
when 10-kb flanking regions are considered. The L7, on the
contrary, accumulate significantly in high GC regions. SINEs,
more specifically the Alu and MIR superfamilies were found
here to accumulate in low GC regions. This result contrasts
with previous studies considering TE densities across the ge-
nome, where the Alu and MIR superfamilies were reported to
accumulate in high GC regions (Gu et al. 2000; Lander et al.
2001; Medstrand et al. 2002; Grover et al. 2004; Jin et al.
2012).

DNA transposons and LTR retrotransposons accumulate
rather in medium GC regions across the genome (Gu et al.
2000; Medstrand et al. 2002). Interestingly, we observed a
negative relationship between GC content and the density of
DNA transposons and LTR retrotransposons near genes,

suggesting that insertions of these TE classes are distributed
differently according to GC content if the sequence is in the
vicinity of genes compared with the whole genome. Densities
of LTR retrotransposons and L 7 elements within human genes
were lower in a previous study than predictions based on the
surrounding GC content in human (Medstrand et al. 2002). A
possible explanation for this difference could be that TEs pref-
erentially insert in AT-rich sites around genes. For example,
the LTR retrotransposons TfT in Schizosaccharomyces pombe
are enriched in promoters of genes involved in the stress re-
sponse (Guo and Levin 2010; Esnault et al. 2019) and they
mostly integrate at genomic sequences bounded by Sap7, an
essential DNA-binding protein (Hickey et al. 2015). We found
that this tendency differed according the different LTR retro-
transposon superfamilies.

The age of TE copies could also explain our observations. In
a previous study, Alus distribution in various GC fractions of
the human genome was shown to differ according to the
divergence of the copies, when considering divergence over
20-25% (Medstrand et al. 2002). For some specific LTR retro-
transposon superfamilies (MLT, MER4, and ERV), the oldest
copies (25-30% divergence) are found in lower GC regions
compared with the youngest copies (Medstrand et al. 2002).
We calculated the median divergence of copies of the rela-
tively young Alu superfamily and the older MIR superfamily
but this did not alter the relationship between TE density in
the vicinity of genes and the GC content. DNA transposon
copies inserted in AT-rich regions tend to be younger than
those in more GC-rich regions especially copies with a se-
guence divergence of less than 20% from the reference
(Lander et al. 2001). However, when we analyzed the TE
densities of different DNA transposon superfamilies in linear
models, considering the mean age of copies did not alter the
relationship with GC content.

Our methodology to retrieve TE copies used criteria based
on the 80-80-80 rule (Wicker et al. 2007), that is an element
belongs to a specific TE family if its length is longer than 80 bp
and if it has greater than 80% identity to the reference ele-
ment (Bailly-Bechet et al. 2014). In addition, we did not sep-
arate copies into divergence groups because there was not
enough data in the vicinity of genes to perform a robust sta-
tistical analysis. Discrepancies might therefore be resolved by
using a different methodology.

We found similar values for K,/K; ratios between human
and chimpanzee genes to those reported in previous studies
with a median value of 0.225 and a mean of 0.354
(Sequencing et al. 2005; Mortada et al. 2010) (supplementary
fig. S5, Supplementary Material online). Ky/K; ratios were
higher for singleton genes than for duplicated genes, in
agreement with previous studies (Jordan et al. 2004) an indi-
cation that stronger purifying selection is acting on duplicated
genes. We found that the proportion of essential genes
among singleton genes is higher than among duplicated
genes and K/K; ratios were lower for essential genes than
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for non-essential genes (supplementary figs. S19-S21,
Supplementary Material online). However, the proportion of
essential singleton genes was not high enough to observe
whether K,/Ks ratios were higher in duplicated genes com-
pared with singleton genes. More TEs in the vicinity of single-
ton genes are thus expected under the gene disruption model
accounting for the distribution of TEs (Kent et al. 2017).

When we took into account the variations in GC content,
gene length (GL), and duplication status, our results show the
tendency for TEs, mainly SINEs and DNA transposons, to ac-
cumulate near the genes with lower Ky/K; ratios. Indeed when
each class of TEs is analyzed separately, the LINEs and, to a less
extent, LTR retrotransposons behave as predicted by the gene
disruption model. We observed that the L7 superfamily accu-
mulates in higher Ky/K; values. It has been recently shown that
de novo L7 insertions occur at preintegration sites bearing an
AT-rich consensus L7 target motif (Sultana et al. 2019).
Moreover, at large genomic scales, L7 integration shows pref-
erential targeting of early-replicating regions of the genome
(Sultana et al. 2019). The distribution of these de novo
L7 insertions differs from endogenous L7 distribution. The
authors concluded that it was rather resulting from evolution-
ary selection which is in agreement with our own
observations.

Our results are similar when we also considered how es-
sential the genes are. These disparities from the model may be
partly due to the fact that exons were excluded from the
environment calculations. TEs are indeed more often found
in intronic regions than in exons (Mortada et al. 2010; Jin et al.
2012), but TE densities calculated with and without exonic
regions are still highly correlated (supplementary table S24,
Supplementary Material online) indicating the possibility of a
very small bias from that source.

It is also possible that the Ky/K; ratios are valid for coding
regions but do not represent selection pressure acting on
noncoding flanking regions. Calculation of Ky/K; ratios indeed
deals with substitutions in DNA sequences at the level of
codons, checking whether these substitutions change the
amino acid in the peptide sequence, but we used TE insertions
in flanking regions and introns to calculate TE densities. TE
densities in flanking regions are highly significantly correlated
with TE densities in introns (supplementary table S25,
Supplementary Material online). In a previous study, it has
been shown that for human genes with no TE, the percentage
identities of their 2- and 10-kb flanking regions with orthol-
0gous regions in macaque are significantly higher with orthol-
ogous regions in macaque than for human genes with
numerous TEs. In human—chimpanzee and human-orangu-
tan comparisons, observations are similar although less often
statistically significant (Mortada et al. 2010). These results
suggest that through evolutionary time there has been better
sequence conservation in the regions flanking TE-free genes
than in those flanking TE-rich genes (Mortada et al. 2010).
Note that Mortada et al. (2010) found higher Ky/K; ratios for

TE-free genes than for TE-rich genes in a human—chimpanzee
comparison, in agreement with our results, and inverse results
in @ human—-mouse comparison. Human and chimpanzee are
indeed very closely related, making it difficult to detect the
selection pressure acting on TEs at a sufficiently detailed level.
Intriguingly our linear model analyses showed a significant
and positive relationship between gene TE density and recom-
bination rates which is not expected under the disruption
model (Rizzon et al. 2002; Kent et al. 2017). This relationship
remained true when DNA transposons, SINEs, LINEs, and LTR
retrotransposons were considered separately. These results
contrast with previous reports of LINEs that also considered
TE density in intergenic regions (Jensen-Seaman et al. 2004).
On the other hand, enrichment of particular families of SINEs
(AluY), LINEs (L2), and LTR retrotransposons (THETB and
THETA) was detected in recombination hot spots relative to
recombination cold spots (Myers et al. 2008). Our estimated
recombination rates do not account for hot and cold spots of
recombination because we used a methodology which aver-
ages the values along chromosomes. Our approach does nev-
ertheless recognize that the distribution of TEs can be
different when all the regions of the genome are considered
and when only coding regions are considered, both for re-
combination rates and Ky/K; ratios. A positive relationship was
previously found for the densities of total TEs and the recom-
bination rate in human tissue-specific genes (Jin et al. 2012).
Alus elements are also overrepresented in genes compared
with what would be expected based on GC content
(Medstrand et al. 2002). Overall our results suggest that TEs
close to coding regions, if neutral or even potentially delete-
rious, could be protected from deletion because a deletion
event removing a TE copy that is near or in a gene is also likely
to remove valuable sequences around it (Brookfield 2001).

The TE Environment and Duplication Status of Genes Are
Associated with Gene Ontology Functional Biases

Can we attribute any of the TE distribution bias between du-
plicated and singleton genes to gene function? Functional
biases between duplicated genes and singleton genes have
been considered in yeast (Hakes et al. 2007), human and
mouse (Emes et al. 2003; Janousek et al. 2016), and some
plants (Rizzon et al. 2006; Rodgers-Melnick et al. 2012), but
without considering the TE environment of the genes. Biases
of function related to a gene’s TE environment have been
studied in human and mouse more globally (Grover et al.
2003; Sironi et al. 2006; Mortada et al. 2010; Zhang and
Mager 2012). Janousek et al. (2016) found that among the
genes attributed to the same GO term, LTR retrotransposon
and LINE densities tend to be higher in large gene families
than in small gene families and singletons. By contrast, the
opposite pattern is found for SINE densities. This is in accor-
dance with our observations that LTR retrotransposon and
LINE densities are higher in duplicated genes than in singleton
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genes whereas SINE densities are higher in singleton genes,
without considering gene function. We were curious to fur-
ther evaluate the contribution of gene function to the ob-
served bias of TE densities according to the duplication status.

Caution must be urged when interpreting GO-based results
for at least two reasons. First, only a relatively small proportion
of human genes have been assigned GO terms (around 47%
for Molecular Function [MF] terms, 55% for Biological Process
[BP] terms, and 44% for Cell Component [CC] terms according
to PANTHER version 14.1). Second, there are inherent uncer-
tainties and difficulties when dealing with paralogs because
the annotation of a sequence that has not been tested exper-
imentally may be extrapolated from the ancestral nodes on
PANTHER family trees (Mi et al. 2019). Although it is parsimo-
nious to infer that paralogs carry the same or similar functions,
there is a risk of overlooking the possibility that maintaining
paralogs in genomes through time may entail subfunctionali-
zation and neofunctionalization (Force et al. 1999; Conant and
Wolfe 2008; Rodgers-Melnick et al. 2012). For GO terms with
significant biases of representation, we tended to find over-
representations of duplicated genes compared with singleton
genes, consistent with previous studies in yeast (Hakes et al.
2007) and in human (Janousek et al. 2016).

For example, duplicated genes were overrepresented
mainly for the following functions (corresponding to subfam-
ily GO annotation sets; Mi et al. 2019): cellular process, reg-
ulation of biological process, cellular response to stimulus and
signal, transduction, protein binding, binding, catalytic activity,
molecular transducer activity but underrepresented for mac-
romolecule metabolic process. These results are partly in
agreement with previous studies although different sets of
subfamily GO annotations may have been used (Emes et al.
2003; Janousek et al. 2016). We also confirmed known biases
of function for groups of genes with different TE densities, for
example, TE-poor genes are associated with developmental
functions, transcription, response to stimulus, cell surface re-
ceptor, signaling pathway and requlation of metabolic pro-
cess, and TE-rich genes are overrepresented in the
metabolic process and cellular localization functional groups
(Mortada et al. 2010; Zhang and Mager 2012). Interestingly,
we found patterns of over- and underrepresentation of genes
according to the duplication status to be consistent across the
three TE density ranges, though generally less pronounced for
TE-rich genes. Notably, more than half of the GO-slim terms
with overrepresentation of duplicated genes compared with
singleton genes (nine out of 15 for the BP ontology and 14
out of 17 for the MF ontology) also correspond to GO-slim
terms with an overrepresentation of genes with TE-poor com-
pared with TE-rich genes. We cannot exclude the possibility
that the observed tendencies would differ if TE classes were
considered separately (Sironi et al. 2006). However, there is
not enough data for gene environments with only one class of
TEs to allow further inference from statistical analyses. Overall,
our results show that both the duplication status and the TE-

density of the gene environment are important when consid-
ering the functional representation of genes.

SINE and DNA Elements Are Associated with Essential
Genes

We found that duplicated genes are less likely to be essential
than singleton genes. These results are consistent with previ-
ous studies in human (Wang et al. 2015) and other organisms
(Chen, Dahlstrom, et al. 2012; Woods et al. 2013) and with
the idea that duplication can provide functional redundancy.
We introduced a measure of how essential a gene is, calcu-
lated as the fraction of test conditions in which the gene is
essential. Higly essential genes correspond to genes with an
essentiality value above the median and less-essential genes
have lower values. When considering the essentiality status of
the genes in linear models we observed a significant link be-
tween the TE density and the level of essentiality with an
accumulation of TEs in the genes that are highly essential in
most test conditions. This is a surprising result. We observed
that the essential genes had lower K /K; ratios than non-es-
sential genes (Wilcoxon test, P value < 2 x 107°, supplemen-
tary fig. S17, Supplementary Material online), in agreement
with previous studies (Wang et al. 2015), indicative of a stron-
ger selection pressure on essential genes compared with non-
essential genes. According to the disruption model for TE
distribution, it is thus expected that TEs should accumulate
more in the vicinity of non-essential genes because TE inser-
tions in or near genes may modify their expression or regula-
tion (Medstrand et al. 2002; Hollister and Gaut 2009;
Makarevitch et al. 2015). TE insertions would then be more
likely to be removed by selection from functionally important
portions of the genome than from other parts of the genome.
A possible explanation of the opposite relationship could be
that essential genes are older than non-essential genes, as
known in yeast, mouse, and Drosophila (Chen, Trachana,
et al. 2012). Indeed TEs would have had time to accumulate
in the neighborhood of essential genes. However, this is not
consistent with the observation that among genes with con-
served extremes of high or low TE density in the genomes of
human, mouse, and cow, higher proportions of ancient genes
have extremely low TE density (Zhang and Mager 2012).
Moreover, the same relationship with essentiality was not ob-
served when TE classes were considered separately; SINEs and
DNA transposons accumulate around essential genes,
whereas LINEs and LTR retrotransposons do not. If TEs accu-
mulate in essential genes because they are mostly ancient
genes, the TEs in question should also be relatively ancient.
It is difficult to assess whether SINEs are more ancient than
LINEs and LTR retrotransposons as they are very mobile; there
are examples of recent mobilization in the human genome for
several TEs from these three classes (Kazazian et al. 1988;
Batzer et al. 1991; Medstrand and Mager 1998; Brouha
et al. 2003; Wang et al. 2005; Fuchs et al. 2013). Our
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observations are in agreement with the disruption model for
the LINEs and several previous studies are in favor of this ar-
gument (Medstrand et al. 2002; Han et al. 2004; Lerat
and Sémon 2007). To better understand whether the age
of TEs could explain the relationship between TE density
and the essentiality status of the genes, we analyzed TE den-
sities according to TE superfamilies, provided the TE copy
number was sufficient for statistical analyses. Among SINE
superfamilies, Alus are relatively young compared with
MIRs. Both Alus and MIRs are denser around highly essential
genes compared with less-essential genes. TE densities for the
Tc1Mar-Tigger, one of the younger TE superfamilies among
DNA transposons, are also significantly higher in highly essen-
tial genes compared with less-essential genes.

LINEs and LTR retrotransposons carry regulatory sequences
that are likely to have an impact on fitness in or near genes.
The observed depletion of these elements in essential genes
compared with non-essential genes is in agreement with the
disruption model (Medstrand et al. 2002). SINEs and DNA
transposons are often small elements and lack the strong pro-
moter sequences carried by LTR retrotransposons and auton-
omous LINEs. They could thus have a less negative impact
near or in genes. This would explain their different pattern
of distribution compared with LINEs and LTR retrotranspo-
sons. However, it is not in agreement with their accumulation
in essential genes compared with non-essential genes which
are under a lower selective pressure than essential genes.

The accumulation of SINEs and DNA transposons around
essential genes relative to non-essential genes, could be
explained at least partly by a relationship between their pres-
ence in the vicinity of the genes and gene expression. It has
been shown that the fraction of SINEs in genes is positively
correlated with the maximum expression level observed for a
gene over various tissues. The fraction of human Alus was also
positively correlated with the breadth of gene expression, that
is the number of tissues in which the gene is expressed (Jjingo
etal. 2011). Essential genes have been shown to be expressed
at higher levels than dispensable genes (Wang et al. 2015),
and they might be expected to be more broadly expressed. In
their recent study of enrichment of TEs in regions of the hu-
man genome bearing epigenetic hallmarks of active or re-
pressed chromatin, Trizzino et al. (2018) found that SINEs
and DNA transposons are the most frequent TE classes
enriched in active regions whereas LTR retrotransposons are
often enriched in a tissue-specific manner. They proposed
that active regions might be more frequently accessible pro-
viding more opportunities for TEs to insert in addition to a
reduced likelihood of being silenced. Although this could ac-
count for a positive relationship between the number of TEs
and the active genes that are essential genes, it does not
account for our observation of the different distributions of
some TE classes in the vicinity of essential genes.

Another possibility could be that TEs are retained in the
vicinity of essential genes through their involvement in the

regulation of the genes. LTR retrotransposons that escape re-
pression can have a significant impact on the host gene reg-
ulation (Jacques et al. 2013; Chuong et al. 2016; Simonti et al.
2017), apparently in a mostly context-dependent manner
(Simonti et al. 2017). Interestingly Trizzino et al. (2018) also
highlighted a potential tissue-specific regulatory activity for the
DNA transposon Charlie15a, that relies on binding regions
that its TE copies can provide. Moreover, expression from
genes having SINEs or to a less extent, DNA transposons in
their vicinity has been shown to be more deregulated in
tumors than from genes having no SINE or DNA transposon
in their vicinity (Lerat and Sémon 2007). It should be noted
that in this study we retrieved human gene essentiality data
from OGEE (Chen et al. 2017) which is based on 18 datasets,
all but one corresponding to experiments in cancer cell lines.
We can hypothesize that an essential gene for a tumor cell line
may be non-essential in a healthy cell. If the presence of SINEs
and DNA transposons deregulates these genes in tumor con-
ditions, it is possible that this deregulation confers an essenti-
ality status on the genes in the cell line. It would be thus
interesting to further study the deregulation of essential genes
according to their TE environment.

Cases of exonization have been observed for the Alu sequen-
ces in humans (Amit et al. 2007; Sela et al. 2007). Such events
seem to happen more often for the Alus than for the other TEs
probably because of their structure (Sela et al. 2007; Lev-Maor
et al. 2008). Although the TE density in gene introns is corre-
lated with the number of TEs in the exons as shown in several
studies (Lander et al. 2001; Jjingo et al. 2011; Jin et al. 2012),
genes that are rich in SINEs probably also have relatively more
SINEs at the exon level. Constitutive exonization cases are more
frequently found in the UTRs or the last exon, which do not
change the CDS, than with alternative splicing (Sela et al. 2007).
The UTRs contain motifs that can regulate many aspects of
MRNA function (lacono et al. 2005). Considering that TE density
in the vicinity of genes is correlated with TE density in gene
bodies (Mortada et al. 2010), a possibility is that SINE insertions
have been more conserved in the essential genes through their
recruitment to regulatory functions of the gene, with a con-
comitant release of selection pressure for SINEs in the whole
neighborhood of the gene. It remains to be demonstrated that
the exonization events are correlated with the number of TEs in
the neighborhood of the gene.

Interestingly, in Caenorhabditis elegans, it has been shown
that the dynamic of non-essential and essential genes varies
among duplicated genes. Non-essential genes are both more
often duplicated and more often fixed or lost, whereas essen-
tial genes are less often duplicated but when the duplication is
maintained in the genome, it is for longer periods (Woods
et al. 2013). In our study, we have estimated that duplicated
genes could account for around 39-58% of essential genes
depending on the stringency of the definition used for dupli-
cated genes. A more detailed analysis and comparison of the
TE environment of human homologous duplicated genes in
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terms of their essentiality could help to chart the evolutionary
dynamics of TEs and duplicated genes.

SINEs and DNA Transposons Accumulate in Singleton
Genes

The relationship between TE density and duplication status of
genes is significant for all TEs together and the different TE
classes in most cases when considering the essentiality status
of the genes, with an accumulation of DNA transposons and
SINEs but lower densities of LINEs and LTR retrotransposons in
singleton genes compared with duplicated genes. Are DNA
transposons and SINEs involved in the process of maintaining
duplicated genes? Due to their intrinsic repetitive characteris-
tic, TEs can be anchors for ectopic recombination and partic-
ipate in the generation of tandemly arrayed genes (Reams and
Roth 2015; Lallemand et al. 2020). Evidence is accumulating
on how the fate of duplicated genes differs according to the
mode of duplication. For example, duplicated yeast genes
which have arisen from WGD are not associated with the
same sets of functions as duplicated genes generated by
small-scale duplications (SSDs) (Hakes et al. 2007; Wapinski
et al. 2007). This has also been shown in plants (Blanc and
Wolfe 2004; Maere et al. 2005; Hanada et al. 2008; Rodgers-
Melnick et al. 2012). For example, in Arabidopsis and rice,
tandemly arrayed genes (TAGs) are enriched for genes that
encode membrane proteins and function “in abiotic and bi-
otic stress” relative to other duplicated genes. Transcription
and DNA- or RNA-binding functions are also underrepre-
sented among TAGs compared with non-TAG duplicated
genes (Rizzon et al. 2006). In a recent study in
Angiosperms, WGD-duplicated genes have been shown to
be under stronger constraints to diverge at the sequence
and expression level relative to SSDs (Defoort et al. 2019).
Arsovski et al. (2015) examined the density of Arabidopsis
DNasel footprints, which reveal protein-binding sites, in dupli-
cated genes and their vicinity. They found that WGD-
duplicated genes have more footprints than TAGs.
Moreover, WGD-duplicated genes form denser and more
complex regulatory networks than TAGs when genome-
wide regulatory networks are analyzed. It would thus be in-
teresting to verify if the density of each TE class, varies both
within and between duplicated gene pairs according to the
underlying mechanism of duplication. Considering the possi-
ble role of TEs in the evolution of gene regulation in mammals
(Lowe et al. 2007; Jacques et al. 2013; Sundaram et al. 2014;
Trizzino et al. 2018) differing TE patterns between duplicated
genes resulting from the same mode of duplication could help
us to decipher whether TEs are involved in the retention of
genes after duplication.

In conclusion, this study strongly supports the idea that the
maintenance and evolution of duplicated genes in the ge-
nome are impacted by selection pressure, gene function,
and the essentiality of that function. Our results also show

that TE distribution in the vicinity of genes is associated to the
duplication status of genes. With analyses integrating in par-
ticular the GC content of genes our results point to differ-
ences in the TE environment of duplicated genes relative to
singleton genes according to the TE class. These results are
strongly associated with how essential genes are. This sug-
gests that TEs could be influencing the fate of duplicated
genes in a way that is closely associated with the function
of genes. A detailed analysis of the TE environment around
duplicated pairs of genes considering both the mode of du-
plication and the level of functional conservation between
paralogs should help us decipher the specific role of TEs in
the fate of duplicated genes. Future work will also require
further study of the deregulation of essential genes according
to their TE environment.

Materials and Methods

Determination of Gene Families in the Human Genome

Human protein sequences and the positions of corresponding
genes, exons, and introns were downloaded from Ensembl
(http:/Amvww.ensembl.org) according to the latest version of
the human genome (GRCh38.p7 =hg38). Only sequences
from genes localized on main chromosomes were considered
which corresponded to 95,061 protein sequences and
20,213 genes. An all-against-all BlastP search (BlastALL re-
lease 2.2.26; Altschul et al. 1997) was performed on protein
sequences, using default parameters and an E-value cutoff of
1. For each pair of protein sequences, BLAST hits were
merged to compute the total length and global similarity of
aligned regions. Merging was an iterative process consisting
of several steps: 1) BLAST hits were sorted according to their
E-value; 2) the best hit between two proteins was selected
and merged with the next best hit between those two pro-
teins if the overlap between hits was <12 amino acids; 3) the
process moved to the next best hit, which was merged if it did
not overlap with previously selected hits by more than 12
amino acids; and 4) the process was repeated until all
BLAST hits between two proteins were merged. When the
merging was complete, we computed the percentage of the
protein length aligned and the average percentage of identity
over the aligned regions. After merging BLAST results, we
constructed three gene family datasets according to the level
of identity between putative gene family members. For this,
protein pairs with 30% identity covering respectively 70%,
80%, and 50% of the protein length were retained as po-
tential paralogous gene pairs forming, respectively, datasets
1-3. For each candidate gene pair, the highest bit score
among all hits between their isoforms was included in the
dataset.

We used the Walktrap method developed by Pons and
Latapy (2005) to gather gene pairs into families for each data-
set. To do so, a density parameter of a gene in a family was
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defined as the proportion of the other genes of the family it is
linked to. Starting from the set of all genes, families were then
recursively split by the Walktrap algorithm until each gene
was either isolated or had a density parameter greater than
a given threshold. Single-linked nodes were notably avoided
by such a procedure. We constructed datasets of families
according to density thresholds of 50%, 70%, and 30% re-
spectively for the datasets 1-3. The chosen values for identity
coverage and density levels are arbitrary, allowing us to verify
that the analyses are relevant for more or less stringent def-
initions of homologous gene sets. According to our proce-
dure, dataset 2 corresponds to the most stringent
definitions of duplicated genes and dataset 3 the least strin-
gent, whereas dataset 1 can be considered as a trade-off
between the two. Results for dataset 1 alone are presented
except when results are notably different for the other two
datasets. For the purposes of our analyses, the term
“duplicated genes” corresponds to members of gene families
as defined by the datasets. “Singleton genes” are genes for
which no homologous gene was detected inside the human
genome so are not included in the corresponding gene family
datasets.

Computation of the Density and Coverage of TEs in the
Vicinity of Genes

Positions of TE sequences were determined using
RepeatMasker annotations (reference of the human genome
UCSC hg38) and parsed with the perl tool “One code to find
them all” (Bailly-Bechet et al. 2014) using the —strict option.
We first estimated the number of TEs within and around
genes using each TE position to allocate it to a gene vicinity.
To define the vicinity of a gene, we considered either the 2-
and 10-kb flanking regions located upstream and down-
stream of the gene as described by Mortada et al. (2010).
Indeed, it has been demonstrated that the promoter regions
of human genes can be located as much as 10 kb upstream of
the gene start, although the majority of promoters are within
a 2-kb region upstream (Kim et al. 2005). We considered the
intron—exon structure of genes to compute the density and
coverage of TEs. As each gene can have several isoforms, we
used localizations of introns and exons obtained from
Ensembl to determine the different exonic regions of each
gene as the regions overlapping at least one exon in the dif-
ferent isoforms. Regions that did not overlap any exons in the
different isoforms were defined as intronic regions. The TE
density in the vicinity of each gene, within the 2- and 10-kb
flanking regions, was defined as the number of insertions per
base pair (E1). TE coverage was defined as the percentage of
the gene with flanking regions covered by TE sequences (E2).
Both estimations were computed without considering exonic
regions or the TE sequences therein.

N
Der = x 10°
a Lg + (2 X Lf) — Lexonic — Lteintronic — LTEﬂanking
M
Cer LEintronic + LTEflanking « 102 Q)

T Lyt 2 X Lt) — Lowonic

where Nis the number of TEs, Ly the length of the gene, L¢the
length of the flanking region (2 or 10 kb), Lexonic the total
length of exonic regions of the gene, Ltinonic the length of
the TEs overlapping intronic regions, and Lresianking the length
of TEs overlapping upstream and downstream flanking
regions. For each TE type (DNA transposons, LTR retrotrans-
posons, LINEs, and SINEs), and where possible each TE super-
family (see supplementary tables of number of copies S2-55),
we computed the TE density and the TE coverage in the same
way (see also Grégoire et al. [2016]). As a proxy for estimating
the age of TE copies, we calculated the average divergence of
TE copies present in the 2- and 10-kb flanking regions up-
stream and downstream of the genes and in the genes, still
without considering exons.

Estimation of the Selection Pressure

Chimpanzee protein sequences were downloaded from
Ensembl (https:/Avww.ensembl.org/ release 88, March
2017). For each human and chimpanzee gene, the longest
encoded protein was considered. To retrieve orthologous
gene pairs between human and chimpanzee the Best
Reciprocal Hits (BRH) method was performed as follows.
Two all-against-all BlastP comparisons were run on human
versus chimpanzee proteins and then on chimpanzee versus
human proteins with a maximum E-value threshold of
1 x 1072 BLAST-hits were merged as described above (see
the paragraph on the detection of duplicated and singleton
genes) with an overlap between hits of less than ten amino
acids. Merged hits were filtered according to scores >25, E
value <1 x 107>, and coverage length such that at least 40%
of the human and chimpanzee proteins were included in the
alignment for each merged hit. Between the two BLAST pro-
cesses, only the BRH was retained. We obtained 16,645 pu-
tative human—chimpanzee orthologous gene pairs in this way.
Multiple sequence alignments of coding sequence (CDS) and
corresponding proteins (in FASTA format) were performed
using CLUSTALW (Thompson et al. 1994) using default
options. Protein sequence alignments were subsequently im-
posed on the coding region of nucleotide sequences using
a PERL script based on Bioperl functions. For all pairwise
alignments, the number of nonsynonymous substitutions
per nonsynonymous site (Kj), the number of synonymous
substitutions per synonymous site (Ks), and the Ky/K; ratio
were calculated using the PAML package (Yang 1997,
2007) according to the Yang and Nielsen (2000) model.
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Estimation of the Recombination Rate

Both physical and genetic distances were used to estimate
recombination rates (Recomb, measured in cM/Mb) along hu-
man chromosomes. The average genetic and physical position
of 5,076 deCODE markers (Kong et al. 2002) were down-
loaded from UCSC (https:/genome.ucsc.edu/cgi-bin/
hgTables) in June 2020. For each chromosome, we calculated
the best-fitting LOESS curve between physical and genetic
distance data using the MareyMap Online tool (http:/Ibbe-
shiny.univ-lyon1.fr/MareyMapOnline/)  (Siberchicot et al.
2017). The recombination rate (Recomb) was estimated as
the derivative of the LOESS curve using the MareyMap
Online tool. Negative Recomb estimates were removed
from the analysis.

Calculation of GC Content

We calculated the GC content for each gene plus its 2- and
10-kb flanking regions excluding any TEs. The human chro-
mosome sequences were downloaded from Ensembl (https://
www.ensembl.org/ release 88, March 2017) and masked us-
ing a Python program if the presence of TE sequences was
detected with the program “One code to find them all” (see
above) with the result that each base of a TE sequence was
replaced with an X. For each gene localized on the masked
chromosomes, we extracted the sequences plus its 2- and 10-
kb flanking regions. GC content in the vicinity of genes was
defined as:

Ng + Nc
L+ 2xL) N,

%GC = x 100

where Ng is the number of G bases, Nc the number of C
bases, Lq the length of the gene, L the length of the chosen
flanking region (2 or 10 kb), and Ny the number of Xs. Fifteen
genes were removed from the analysis because their 2-kb
flanking regions contained only Xs.

Analysis of Protein Function Distribution

We obtained human phenotypic data from the database of
Online GEne Essentiality (OGEE) (Chen et al. 2017). We re-
trieved 21,556 different genes whose essentiality have been
tested under 18 conditions by Chen et al. (2017). Among
these genes (Chen et al. 2017), 6,985 are conditional essential
genes (CEGs) (37% of tested genes) as defined by Chen et al.
(2017) as they are only essential in certain conditions, whereas
183 were defined as essential genes because they are essen-
tial in all conditions tested, making a total of 7,168 genes with
some degree of essentiality. In OGEE, each of the 21,556
genes tested was considered as essential if found to be so
in a minimum of 1 and a maximum of 11 datasets among the
18. To redefine different levels of essentiality and conditional
essentiality, we first selected only genes that had been tested
for their essentiality in at least five datasets, a total of 17,322

genes. We then defined five categories of essentiality
for these genes: “Essential” (E) genes were essential in all
the test datasets in which they appeared: “Conditional
Restricted Essential” (CRE) genes were essential in fewer
than 25% of the test datasets, “Conditional Medium
Essential” (CME) genes were essential in between 25% and
75% of the test datasets and “Conditional Largely Essential”
(CLE) genes were essential in more than 75% of the test
datasets. Other genes were defined as “Non essential”
(NoE). We thus retrieved 118 E genes, 3,808 CRE genes,
1,983 CME genes, 984 CLE genes, and 10,423 NoE genes.
GO term enrichments for groups of genes were calculated
with the web-based application PANTHER version 14.1 (Mi
et al. 2019). We defined gene categories according to their
TE density. We did not categorize according to TE coverage
for two reasons: 1) TE density is a better estimator of the
evolutionary dynamics of TEs than coverage because TE den-
sity takes insertion events into account as TE copy numbers
are used in the calculation, which is not the case for TE
coverage; 2) for simplicity knowing that TE density and TE
coverage are highly correlated (Grégoire et al. 2016). The TE-
poor gene category was defined as the 25% of genes with
the lowest TE densities (for the 2-kb flanking region this
corresponds to a TE density <0.51 and for the 10-kb flank-
ing region TE density <0.6009). The TE-rich gene category
encompasses the 25% of genes with the highest TE densities
(for the 2-kb flanking region this corresponds to a TE density
>1.63 and for the 10-kb flanking region TE density >1.703).
The remaining genes were assigned to the TE-medium gene
category. For each TE density category, genes were also de-
fined as duplicated genes or singleton genes according to
dataset 1. PANTHER was used to extract Gene Ontology
(GO) slim terms defined according to the PANTHER classifi-
cation system (Mi et al. 2019) that were significantly over- or
underrepresented in each comparison. PANTHER GO-slim
annotations are structured in three ontologies according to
GO functions related to Biological Process, Molecular
Function section, and Cellular Component. We compared
the functions of duplicated genes and singleton genes for
each TE density category and flanking region size. Genes of
the same gene family are likely to share the same or similar
function which is also an assumption of the PANTHER clas-
sification system (Mi et al. 2016), so we built random gene
sets to ensure that any over- and underrepresentation of
GO-slim terms could not be mainly due to gene family sizes.
For each set of duplicated genes in TE-poor, TE-medium, and
TE-rich categories, one gene was randomly chosen from a
gene family. The functions of duplicated genes from these
random sets and singleton genes were compared as well as
the complete sets. We then compared the functions of sets
of genes according to their TE environment (TE-poor vs. TE-
rich, TE-poor vs. TE-medium, TE-medium vs. TE-rich) for the
two sizes of flanking regions. The statistical tests used were
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Fisher's exact tests with false discovery rate (FDR) correction
according to the Benjamini-Hochberg procedure.

Statistical Analysis

All statistical calculations were performed using R software
(Version 3.4.3). We considered for each dataset, each TE cat-
egory, and each TE superfamily the following linear model for
TE density and TE coverage. In each case, the full linear model
can be written TE = f,+ fStatus+ BGL + pKa/Ks
+B4GC + B,Recomb + ByStatus x GL+ gy Status x K, /K
4+ gkGL x K5 /K 4 BggStatus x GC+ fgGLlx GC+ B Ka/
Ks x GC+ B Recombx  Status + B,Recomb x GL+ By
Recomb x K, /Ks + BgRecomb x GC + ¢ where TE corre-
sponds either to TE density or to TE coverage, Status corre-
sponds to a binary variable (one for singleton genes and zero
for duplicated genes), GL is the gene length, GC the GC con-
tent, Ka/Ks the K, /Ks ratio, and Recomb the recombination
rate. We also considered for each dataset, each TE category,
and each TE superfamily a similar linear model adding essen-
tiality as a covariable for TE density and TE coverage. In each
case, the full linear model can be written TE = 3, + f, Status
+PeEss+ BGL+ B kKi/Ks+ ByGC + B Recomb + f
Status x Ess + g Status x GL+ fy Statusx  Ka/Ks + B
Status x GC  +fStatus x Recomb+  betagEss x GL+
betaeEssx Ka/Ks + beta egEss x GC + betag Essx Recomb
+PiKGL x Ka/ Ks + BigGL x GC + B IrGL x Recomb + f kg
Ka/Ks x GC+ P Ka/Ksx Recomb + i, GC x Recomb + e
where Ess corresponds to essentiality. We verified the absence
of significant colinearity between the explicative variables of
the linear models. TE density, K5/Ks, GC, and GL values were
log-transformed to obtain more symmetrical distributions.
Analyses of linear models were performed with model selec-
tion by Akaike Information Criterion (AIC) in a stepwise algo-
rithm, using the R stepAIC function. When considering TE
superfamilies, genes with no copy of the considered super-
family were removed from the analysis.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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