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Abstract

Topologically associating domains (TADs) are thought to play an important role in preventing gene misexpression by
spatially constraining enhancer—-promoter contacts. The deleterious nature of gene misexpression implies that TADs
should, therefore, be conserved among related species. Several early studies comparing chromosome conformation
between species reported high levels of TAD conservation; however, more recent studies have questioned these re-
sults. Furthermore, recent work suggests that TAD reorganization is not associated with extensive changes in gene
expression. Here, we investigate the evolutionary conservation of TADs among 11 species of Drosophila. We use Hi-C
data to identify TADs in each species and employ a comparative phylogenetic approach to derive empirical estimates
of the rate of TAD evolution. Surprisingly, we find that TADs evolve rapidly. However, we also find that the rate of
evolution depends on the chromatin state of the TAD, with TADs enriched for developmentally regulated chromatin
evolving significantly slower than TADs enriched for broadly expressed, active chromatin. We also find that, after
controlling for differences in chromatin state, highly conserved TADs do not exhibit higher levels of gene expression
constraint. These results suggest that, in general, most TADs evolve rapidly and their divergence is not associated
with widespread changes in gene expression. However, higher levels of evolutionary conservation and gene expres-
sion constraints in TADs enriched for developmentally regulated chromatin suggest that these TAD subtypes may be
more important for regulating gene expression, likely due to the larger number of long-distance enhancer-promoter

contacts associated with developmental genes.
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Introduction

Within the nucleus, chromosomes are arranged in a nested
hierarchy of 3D organization, from chromosome territories
down to nucleosomes. Individual chromosomes are arranged
into topologically associating domains (TADs) of interacting
chromatin with many 3D contacts occurring within domains
and few contacts between domains. TADs have been de-
tected in a variety of metazoan species, and TAD-like struc-
tures have also been observed in plants and bacteria
(Szabo et al. 2019). Architectural proteins with insulating
properties bind to specific motifs at TAD boundaries, which
specify the location of these domains. In vertebrates, TADs
form via extrusion of a chromatin loop through a cohesin
ring. Convergently oriented CTCF sites specify TAD boundar-
ies by blocking this loop extrusion (Sanborn et al. 2015;
Fudenberg et al. 2016; Rao et al. 2017). Although there is a
Drosophila ortholog of CTCF, recent work suggests that
this protein does not play a major role in TAD formation
in Drosophila (Kaushal et al. 2021). Instead, the insulator pro-
teins M1BP and BEAF-32, in conjunction with CP190 or
Chromator, seem to play a more important role in TAD
boundary formation in flies (Szabo et al. 2019; Bag et al. 2021).

The prevailing view regarding the role of TADs in genome
function is that they act to partition the genome into regu-
latory units. Such partitioning constrains chromatin looping
so that intra-TAD enhancer/promoter contacts are more
common than inter-TADs contacts, thereby reducing aber-
rant contacts that could lead to gene misexpression
(Robson et al. 2019). A role for TADs in preventing gene
misexpression implies that they should be evolutionarily
conserved. Indeed, studies in both vertebrates and flies
have reported strong conservation of TAD organization
across millions of years of evolution (Dixon et al. 2012;
Phillips-Cremins et al. 2013; Krefting et al. 2018; Lazar
et al. 2018; Renschler et al. 2019). Recent work, however,
has questioned these results as well as the role of TADs in
controlling gene expression. In particular, between humans
and chimps, TADs and TAD boundaries have been shown to
be less conserved than any other regulatory phenotype
(Eres et al. 2019). Furthermore, less than 10% of differentially
expressed genes between these two species were associated
with differences in Hi-C contacts (Eres et al. 2019).

In this study, we address whether TADs are evolutionar-
ily conserved using a comparative genomics and phylogen-
etic approach to estimate the rate of TAD evolution across
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11 species of Drosophila. Surprisingly, we find that TAD
substitutions occur relatively rapidly, suggesting that, over-
all, there is little selection to preserve TAD organization.
However, we also find that TADs enriched for develop-
mentally regulated chromatin evolve significantly slower
than TADs enriched for active chromatin, consistent
with increased evolutionary constraint on these TAD sub-
types. We find no evidence of increased constraint on gene
expression levels for the TADs that exhibit higher conser-
vation among species, consistent with recent studies ques-
tioning the importance of TADs with respect to gene
regulation. Overall, these results suggest that TADs may
be more evolutionarily labile than previously suggested
and raise the possibility that most TADs may only play a
minor role in the regulation of gene expression.

Results

Genome Scaffolding

We generated Hi-C datasets from the embryos of 11 spe-
cies from the melanogaster species group (Bock 1980)
with divergence times between 4 and 26 Ma (Suvorov
et al. 2021), whose genomes range from nearly colinear
(e.g., Drosophila melanogaster vs. D. simulans) to highly re-
arranged (e.g, D. melanogaster vs. D. ananassae) (Bhutkar
et al. 2008). The reference genome assemblies for these
species vary in their level of fragmentation. We therefore
used our Hi-C data to arrange the genome contigs of
each species (except for D. melanogaster) into scaffolds
that represent each of the six chromosome arms con-
served across Drosophila (Muller elements A-F) (see
Methods) (fig. 1). The resulting assemblies ranged in size
from 120 to 1779 Mb (mean of 136 Mb) (supplementary
table S1, Supplementary Material online).

TAD Boundary and Domain Annotation

For each species, we generated two replicate Hi-C datasets
with combined sequencing depths ranging from ~184 to
~346 million read pairs (supplementary table S2,
Supplementary Material online). We used HiCExplorer
(Ramirez et al. 2018) to identify TADs and TAD boundaries
at 5kb resolution for each replicate dataset and found
strong correlations (Spearman’s rho >0.93 in all cases)
(supplementary table S3, Supplementary Material online)
in the TAD separation scores between replicates. To fur-
ther assess reproducibility among replicate datasets, we
used HiCRep (Yang et al. 2017) to calculate the
stratum-adjusted correlation coefficient (SCC) between
replicate datasets for each chromosome of each species.
The median SCC values for each species ranged from
0.86 to 0.997 (supplementary table S4, Supplementary
Material online).

We next compared TAD and TAD boundary locations
between the two replicates from each species and defined
high-confidence TADs and TAD boundaries as those that
were found independently in each replicate. Similarly, we
defined low-confidence TADs and TAD boundaries as
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those that were found in only one of the two replicates.
Across the 11 species, we identified between 307 and
830 high-confidence TADs (mean = 546) and 553 and
1,016 high-confidence TAD boundaries (mean = 763)
(supplementary table S5, Supplementary Material online).

Drosophila melanogaster TAD boundaries are highly en-
riched for binding motifs for the insulator proteins
BEAF-32 and M1BP (Ramirez et al. 2018). Binding motifs
of other insulator proteins such as ZIPIC, Su(Hw), and
CTCF have also been identified at D. melanogaster TAD
boundaries; however, their importance in boundary speci-
fication is less clear. In particular, although CTCF plays a
crucial role in TAD boundary formation in vertebrates, it
seems to be less important in Drosophila (Szabo et al.
2019; Kaushal et al. 2021). To determine whether the
TAD boundaries in other Drosophila species show enrich-
ment of insulator protein binding motifs similar to those
described in D. melanogaster, we examined enrichment
for the following motifs across the 11 species studied
here: BEAF-32, M1BP, CTCF, ZIPIC, and Su(Hw). All 11 spe-
cies show consistent enrichment of BEAF-32 and M1BP
motifs at TAD boundaries. Su(Hw) showed the least en-
richment across all species, whereas CTCF and ZIPIC
showed variable levels of enrichment (fig. 2 and
supplementary table S6, Supplementary Material online).
Overall, these results suggest that M1BP and BEAF-32
play a role in TAD boundary specification across the mel-
anogaster species group while also validating our boundary
predictions in these species; however, we note that other
processes, such as transcription, may also contribute to
boundary formation.

TAD Orthology

We used a whole-genome alignment liftover approach to
assess TAD orthology between all pairwise interspecies
comparisons (see Methods; supplementary table S7,
Supplementary Material online). We then used Louvain
clustering to create TAD orthogroups based on the
pairwise  orthology assignments (see  Methods)
(supplementary tables S8 and S9, Supplementary
Material online). After assigning TADs to orthogroups,
we examined Hi-C contact matrices to visualize specific ex-
amples of TAD gain/loss between species to confirm the
accuracy of our approach (fig. 3).

We first used our TAD orthogroups to assess the effect of
increasing the stringency of TAD calling on both the num-
ber of orthogroups identified and the conservation of
orthologous TADs across species. We called TADs in D. mel-
anogaster using increasing levels of stringency and inter-
sected each set of TAD calls with our set of TAD
orthogroups (see Methods). We found that both the total
number of TADs identified and the number of TADs match-
ing those previously assigned to an orthogroup decreased
with increasing levels of stringency (supplementary fig.
S1A, Supplementary Material online). This result is likely
due to the fact that real TADs are lost with higher strin-
gency since the two highest stringency sets of TAD calls
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Fic. 1. Hi-C contact maps. Chromosome-length assemblies were generated via Hi-C scaffolding for 9 of 11 Drosophila species shown here. The
version 6 D. melanogaster assembly already contains chromosome-length scaffolds and the D. triauraria assembly was scaffolded in a prior study
(Torosin et al. 2020). Scaffolding was performed using 3D-DNA (Dudchenko et al. 2017) and contact frequencies were visualized using Juicebox
(Durand, Robinson, et al. 2016). Contact maps are colored according to contact frequencies between bins with darker red representing more
contacts. For each contact map, the numerical values following the species name indicate the lowest, average, and highest number of contacts,
respectively.
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Fic. 2. Boundary motif enrichment. We used AME (v. 5.3.3) from
MEME suite (Bailey et al. 2009) to measure the enrichment of se-
quence motifs for five insulator proteins whose binding sites have
previously been shown to be associated with TAD boundaries in
D. melanogaster. Shown here are the percentage of boundaries con-
taining at least one sequence motif (a value reported as %TP by
AME). The heatmap shows %TP for the BEAF-32, M1BP, CTCF,
ZIPIC, and Su(HW) insulator protein binding motifs at the boundar-
ies of all 11 species used in this study. We found consistent enrich-
ment of M1BP and BEAF-32 at TAD boundaries across all species,
both of which are known to be important for TAD boundary forma-
tion in D. melanogaster (Ramirez et al. 2018). CTCF, ZIPIC, and
Su(HW) motifs are found at a relatively small number of TAD
boundaries in D. melanogaster (Ramirez et al. 2018). CTCF and
ZIPIC show variable enrichment across species, whereas Su(HW)
shows consistently weak enrichment.

each contained fewer than 200 total TADs (supplementary
fig. S1A, Supplementary Material online). However, we also
found that the TADs that are identified using higher levels
of stringency show higher levels of evolutionary conserva-
tion (supplementary fig. S1B, Supplementary Material on-
line). This result is consistent with highly conserved TADs
having boundaries that show stronger insulation.

We next assessed variation in size among TADs from the
same orthogroup. Overall, orthologous TADs tend to be
similar in size: on average, the largest TAD within an
orthogroup is ~25% larger than the smallest TAD. To
examine size variation in more detail, we selected a TAD
from Muller A that is among the top 10% of TADs that
are both conserved among the majority of species and
also show the largest variation in size (supplementary fig.
S2, Supplementary Material online). This TAD is conserved
across all species except for D. ficusphila and ranges in size
from 135 Kb in D. melanogaster to 217.5 Kb in D. ananassae.

To examine gene content among orthologous TADs, we
identified 4,560 single-copy gene orthologs conserved
across all 11 species (supplementary table S10,
Supplementary Material online). The same three single-
copy gene orthologs (SCOs) are found within this TAD
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in all species with the exception of D. triauraria, where
one of the SCOs is now present on Muller B. It is likely
that the size variation among species for this TAD, and
TADs in general, is due to differences in the amount of
noncoding sequence present within the TAD, particularly
repetitive elements. To test this prediction, we compared
the abundance of simple repeats and transposable ele-
ments within the TAD versus the overall size of the
TAD, across the ten species. We found a strong positive
correlation between simple repeat abundance and TAD
size (Spearman’s rho = 0.85, P = 0.002), whereas TE abun-
dance was not correlated with TAD size (Spearman’s
rho = —0.22, P = 0.54), suggesting that simple repeat ex-
pansion/contraction may be responsible for the variation
in size of this TAD among species.

We next examined the relationship between repeat
abundance and TAD size across all TAD orthogroups and
found that both simple repeat and TE abundances are sig-
nificantly positively correlated with TAD size (Spearman’s
rho = 0.30 and 0.31, respectively, p < 2.2 X 107'° in both
cases) (supplementary fig. S3, Supplementary Material on-
line). These results suggest that repetitive, noncoding se-
quences are important contributors to variation in size
among orthologous TADs.

Rate of TAD Evolution

We next sought to use the pattern of TAD gain and loss
among these 11 species to infer the rate of TAD evolution
in Drosophila. We created a binary character matrix to
track the presence/absence of orthologous TADs within
each species and used a maximum-likelihood approach
to estimate substitution rates for both TADs and TAD
boundaries. Summing branches across the 11-species
tree, we infer 0.0257 substitutions per TAD per My (95%
C.l. 0.0256-0.0258) (fig. 4A) and 0.0210 substitutions per
boundary per My (95% C.I. 0.0208-0.0211) (fig. 4B and
supplementary table S11, Supplementary Material online).

We next compared the rate of TAD evolution to the
rate of boundary evolution on a branch-by-branch basis
and found that TADs evolve significantly faster than
boundaries (paired Wilcoxon rank sum test P =0.01).
This result is further supported by the fact that 68% of
branches (13 of 19) are longer in the TAD tree, whereas
only 32% (6 of 19) are longer in the boundary tree. The
evolutionary rates of TAD and boundary substitution are
relatively rapid which suggests that overall, there may
not be strong selection to preserve TAD organization
over evolutionary time.

Given the relatively rapid rate of TAD evolution, we
sought to compare the number of TAD gains versus losses
across the phylogeny. We used the GLOOME software
package (Cohen et al. 2010) to estimate the total number
of gains and losses across the tree given our TAD presence/
absence matrix. GLOOME infers 4,325 gains and 4,256
losses across the tree for the entire set of TADs
(supplementary table S12, Supplementary Material on-
line). The similar number of gains and losses suggests an
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Fic. 3. TAD reorganization in Drosophila. Each panel shows Hi-C contact maps for orthologous genomic regions between two species pairs that
differ in their TAD organization. For each panel, the top matrix shows the ancestral TAD configuration, whereas the bottom matrix shows the
derived state. The black triangles highlight the TAD locations and the colored rectangles show TADs that are orthologous between the two
species pairs. The colored circles show the locations of orthologous boundaries, whereas yellow stars show the location of novel TAD boundaries
and X's show the loss of a boundary. (A) A chromosomal rearrangement in D. ficusphila has created a novel TAD fusion compared with the
ancestral state (represented here by D. simulans). The shaded portion of the leftmost TAD shows the location of the fusion. (B) The formation
of a novel TAD boundary in D. triauraria has subdivided a single ancestral TAD (represented here by D. eugracilis) into two novel TADs. (C) The
formation of a novel TAD boundary in D. elegans has subdivided a single ancestral TAD (represented here by D. melanogaster) into two novel
TADs. (D) Loss of two TAD boundaries in D. eugracilis has produced two neighboring TAD fusions while a chromosomal rearrangement has led
to an additional fusion event. The ancestral state is represented here by D. yakuba.

equilibrium where TADs are turning over relatively fre-
quently but gains are offset by losses.

TAD Evolution and Chromatin States

Genes within TADs tend to have similar expression pat-
terns and epigenetic states (Dixon et al. 2012; Sexton
et al. 2012; Schauer et al. 2017), and previous work has sug-
gested that TADs enriched for different chromatin states
evolve at different rates (Bredesen and Rehmsmeier
2019; Torosin et al. 2020). To test this prediction, we as-
signed each D. melanogaster high-confidence TAD to
one of the five chromatin states defined by Filion et al.
(2010). BLUE and BLACK chromatin states are associated
with repressive, developmentally regulated chromatin,
with BLUE corresponding to polycomb-repressed genes.
The YELLOW chromatin state is associated with broadly
expressed, transcriptionally active genes, whereas the
RED chromatin state is associated with genes that are
less broadly expressed compared with the YELLOW state

but lack the repressive chromatin found in the BLUE and
BLACK states. The GREEN chromatin state marks classic
constitutive heterochromatin. Note that this analysis as-
sumes that chromatin states are conserved between
D. melanogaster and the other species studied here, how-
ever, this assumption is not unrealistic given that strong
conservation of chromatin states among related species
has been previously described both in Drosophila (Brown
and Bachtrog 2014) and among primates (Cain et al. 2011).

We used our orthologous TAD presence/absence ma-
trix to rank each D. melanogaster TAD based on its level
of conservation among the 11 species in our matrix, where
a ranking of 1 represents a TAD that is only present in D.
melanogaster and a ranking of 11 represents a TAD that
has been conserved since the common ancestor of
the melanogaster group (supplementary fig. S4,
Supplementary Material online). We find that TADs en-
riched for the BLUE and BLACK chromatin states have sig-
nificantly higher levels of conservation compared with
TADs enriched for the YELLOW and RED chromatin states
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Fic. 4. Rate of TAD evolution. We used a maximum-likelihood approach to estimate per-branch substitution rates across the 11-species phyl-
ogeny shown here for TAD domains (A) and TAD boundaries (B). There is rate variation among branches, especially within the D. melanogaster
subgroup and branches are colored according to evolutionary rate. Across the entire tree, we estimate the rate of evolution for TADs (A) as
0.0257 substitutions per TAD per My (95% C.l. 0.0256-0.0258) with per-branch rates varying from 1.5 X 107% to 0.15. The rate of evolution
for TAD boundaries (B) is 0.0210 substitutions per TAD per My (95% C.I. 0.0208-0.0211) with per-branch rates varying from 1.4 x 107% to 0.07.
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Fic. 5. Evolutionary conservation of TADs by chromatin state. To assess whether TADs enriched for different chromatin states also vary in terms
of evolutionary conservation, we compared conservation ranks between TADs enriched for different chromatin states. A rank of 11 was assigned
to TADs with orthologs present in all 11 species, whereas a rank of 1 represents a D. melanogaster-specific TAD. TADs enriched for BLUE and
BLACK chromatin have significantly higher levels of conservation than TADs enriched for the YELLOW and RED chromatin states (the Wilcoxon
ranked sum test P < 0.045). Compact letter display: the Wilcoxon rank sum tests were performed for all pairwise comparisons between chro-
matin states. Chromatin states whose distributions of conservation rank were not significantly different from each other are those that share the
same letter above the top whisker of the box.

(the Wilcoxon rank sum test P < 0.05 in all comparisons, To further confirm the difference in evolutionary con-
fig. 5), whereas TADs enriched for the GREEN chromatin servation between BLUE/BLACK and YELLOW chromatin
state are the least conserved (the Wilcoxon ranked sum states, we subdivided our TAD presence/absence matrix
test P < 0.003 in all comparisons, fig. 5). into two different submatrices: one containing only TADs
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Fic. 6. Evolutionary rate comparison for active versus developmentally regulated TADs. We divided our TAD presence/absence matrix into two
submatrices: one containing developmentally regulated TAD:s (i.e., those enriched for BLUE or BLACK chromatin states) and another containing
active TADs (i.e,, those enriched for the YELLOW chromatin state). We used a maximum-likelihood approach to estimate the rate of TAD sub-
stitutions separately for these two categories using 100 bootstrap replicates. Developmentally regulated TADs have a significantly reduced rate
of evolution compared with active TADs (the Wilcoxon rank sum test P < 3.878 X 10~°3). We also included the complete matrix of all TAD
orthogroups for comparison. The substitution rates for this matrix are significantly higher than those from the BLUE/BLACK submatrix and
significantly lower than those from the YELLOW submatrix (the Wilcoxon rank sum test P < 6.534 X 107 and P < 2.126 x 107°", respectively).

that are enriched for the BLUE or BLACK state in D. mela-
nogaster, and the other containing only TADs enriched for
the YELLOW state. We re-estimated the rate of TAD evolu-
tion for each submatrix using 100 bootstrap replicates.
Consistent with our previous analysis, we find that the
BLUE and BLACK TADs have a significantly reduced
rate of evolution compared with the YELLOW TADs (the
Wilcoxon rank sum test P = 3.878 X 107°3), whereas the
rates inferred from the full matrix lie in between
those from BLACK/BLUE and YELLOW (fig. 6).

We next investigated whether genes from highly con-
served TADs are enriched for specific functional categories.
We found that D. melanogaster genes associated with Gene
Ontology (GO) categories related to a wide variety of
developmental processes were more likely to be found
in TADs with higher evolutionary conservation, for example
regionalization, cellular developmental process, and anatomical
structure morphogenesis were among the top most enriched
terms in the Biological Process ontology (FDR g- values=
8.89 X 107%, 2.35 x 10, and 5.17 X 107%, respectively;
supplementary tables S13 and S14, Supplementary Material
online). The enrichment of these gene categories in highly con-
served TADs is likely due to their association with
developmentally regulated chromatin. Indeed, we find that
TADs conserved across at least 9 species contain significantly
more polycomb-repressed genes (Bredesen and Rehmsmeier
2019) than TADs present in three or fewer species (one-sided
Fisher’s exact test P = 0.009).

TAD Evolution and Gene Expression
We next sought to determine whether TADs that show
higher levels of evolutionary conservation also show less

interspecies variation in gene expression levels. We per-
formed mRNA-seq from embryos collected in an identical
fashion to those wused for Hi-C data generation
(supplementary table S15, Supplementary Material on-
line). For each single-copy gene orthogroup, we calculated
the standard deviation (SD) of the expression level across
the 11 species. We then compared gene expression SD be-
tween highly conserved (i.e, ranks 9-11) and lowly con-
served (i.e, ranks 1-3) TADs (see supplementary table
S16, Supplementary Material online for gene ortholog to
TAD assignments). We found that genes from highly con-
served TADs show significantly less interspecies variation
in expression compared with genes from less conserved
TADs (the Wilcoxon rank sum test [high vs. low:
P =0.016, high vs. medium P = 0.026]), suggesting that
TAD conservation is associated with gene expression con-
straint (fig. 7). Next, we compared expression variation
among TADs enriched for different chromatin states. We
found that BLUE and BLACK TADs show higher levels of
gene expression constraint compared with YELLOW
TADs (the Wilcoxon rank sum test P < 4.671 X 107%)
(fig. 8).

It is possible that our observed relationship between
TAD conservation and gene expression variation is driven,
at least in part, by the tendency of BLUE and BLACK TADs
(which show higher gene expression constraint) to be
more evolutionarily conserved. To address this possibility,
we used partial least squares regression (PLS). PLS can be
used to identify the relative importance (RI) of multiple
factors in a linear model in the presence of multicollinear-
ity or nonindependent categorical predictor variables
(Chong and Jun 2005). Because of the nonindependence
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of chromatin state and conservation rank, we applied PLS
to identify the RI of chromatin states and conservation
rank as predictors of expression constraint (see
Methods) (supplemental table S17, Supplementary
Material online). We find that annotation as a BLUE or
BLACK chromatin domain is the most robust predictor
of increased expression constraint relative to annotation
as a YELLOW domain, which we used as the base case in
this analysis (fig. 9). In contrast, annotation as a low-con-
servation domain or a high conservation domain was the
least robust predictor of expression constraint (fig. 9).
These results suggest that TAD conservation is a relatively
weak predictor of gene expression constraint compared
with chromatin state. Within chromatin states, we find
no difference in gene expression constraint between highly
and lowly conserved TADs (fig. 10).

Our analysis of gene expression constraint relied on
single-copy orthologs (SCOs), which, in theory, could be
enriched for housekeeping genes with high levels of ex-
pression constraint. To assess the likelihood of this possi-
bility, we performed a GO enrichment test using the
SCOs as the target set and all D. melanogaster genes as
the background set. Surprisingly, rather than housekeep-
ing genes, we found that the SCOs are enriched for
developmental-related functions, for example, cellular de-
velopmental process and regulation of multicellular organis-
mal development (FDR g-values=8.2x 107" and
3.3 1072, respectively; see supplementary table S18,
Supplementary Material online for full table of results).

We also intersected our set of single-copy orthologs
with a set of genes identified by Nourmohammad et al.
(2017) whose pattern of expression across seven
Drosophila species is consistent with adaptive changes in
gene expression. Almost half of these genes (47%, 1,633/
3,450) are present within our set of single-copy orthologs,
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Medium_Conservation

Low_Conservation (the Wilcoxon rank sum test

[high vs. low: P = 0.016, high vs.
medium P = 0.026)).

which represents a highly significant enrichment (Fisher’s
exact test P <2.2 X 107'®). We therefore conclude that
our set of single-copy orthologs is not enriched for genes
whose expression is highly constrained.

Discussion

In this study, we have combined comparative genomics
and phylogenetics to empirically estimate the rate of
TAD evolution. Surprisingly, we find that TADs evolve rap-
idly, consistent with a lack of strong selection for conserva-
tion of TAD structures. To put the numbers in perspective,
our estimates of the TAD and TAD boundary substitution
rates (0.0257 and 0.0210 substitutions per feature per My,
respectively) are nearly an order of magnitude larger than
the rate of gene duplication, which in Drosophila has been
estimated to range from 0.0010 (Hahn et al. 2007) to
0.0023 (Lynch and Conery 2000) per gene per My.

We also find that the architectural proteins M1BP and
BEAF-32, which are associated with TAD boundary forma-
tion in D. melanogaster, have binding motifs that are
strongly enriched in the TAD boundaries of all 11 species
examined here (fig. 2), suggesting that they contribute to
TAD boundary formation across all species in the melano-
gaster species group. Interestingly, we find that TAD
boundaries evolve more slowly than TADs themselves
(fig. 4A and B), which could be because they represent a
smaller mutational target. The slower rate of TAD bound-
ary evolution suggests that one major route by which new
TADs form is via chromosomal rearrangements that re-
organize TAD structures by shuffling the locations of pre-
existing TAD boundaries.

Our results are consistent with our previous pairwise
comparison of TAD conservation between D. melanogaster
and D. triauraria where we found that the majority of
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Fic. 8. Gene expression constraint varies with TAD chromatin state. To investigate whether TADs enriched for different chromatin states show
differences in interspecies variation in gene expression, we compared the standard deviation (SD) of gene expression between TADs enriched for
each of five different chromatin states. We found that TADs enriched for BLUE and BLACK developmentally regulated chromatin show higher
levels of gene expression constraint compared with YELLOW enriched TADs, which contain active, broadly expressed genes (the Wilcoxon rank
sum test P < 4.671 X 107%). Compact letter display: the Wilcoxon rank sum tests were performed for all pairwise comparisons between chro-
matin states. Chromatin states whose distributions of conservation rank were not significantly different from each other are those that share the

same letter above the top whisker of the box.
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Relative Importance

Fic. 9. Importance analysis of chromatin states and TAD conserva-
tion as predictors of gene expression constraint. We estimated the
RI of chromatin state or TAD conservation rank (X axis) for predict-
ing expression constraint. Gray bars show Rl (see Methods) calcu-
lated from partial least squares regression coefficients (shown
above each bar). Coefficients represent expected difference in log2
of the standard deviation in gene expression associated with each
variable on the X axis relative to the reference case (YELLOW state
and low-conservation). These results suggest that TAD conservation
is a relatively weak predictor of gene expression constraint com-
pared with chromatin state.

TADs have been reorganized since the common ancestor
of these two species ~15 Ma. More broadly, our findings
support other recent work that questions the long-held as-
sumption that TADs are highly conserved. For example, a

rigorous assessment of TAD conservation between hu-
mans and chimpanzees found that only 43% of TADs are
conserved between the two species (Eres et al. 2019).
Eres et al. (2019) and Eres and Gilad (2021) provide several
explanations for why other interspecies comparisons of
TAD organization may have erroneously concluded that
TADs are highly conserved. For example, some studies
do not directly call TADs but rather base their conclusion
of strong conservation on a significant correlation of Hi-C
contacts between species. Other studies use unidirectional
comparisons of TAD conservation between species that
differ markedly in the depth of Hi-C sequencing. In these
studies, bidirectional comparisons using the same data
produce much lower estimates of TAD conservation.

We have sequenced the Hi-C datasets used here at simi-
lar depths across all species and use bidirectional compar-
isons of TAD conservation. Furthermore, to the extent
that our approach is biased, it is likely biased towards iden-
tifying higher levels of TAD conservation: we focus on
TADs and TAD boundaries that are identified independ-
ently in replicate Hi-C datasets which are likely to be the
most highly insulated TADs in the genome, yet we still
find evidence of rapid TAD evolution. Finally, computa-
tional algorithms for TAD prediction are still being actively
developed and improved (Belokopytova and Fishman
2020). There is some evidence that current approaches suf-
fer from low accuracy (Dali and Blanchette 2017; Zufferey
et al. 2018). For this reason, we used replicate Hi-C datasets
and focused on TADs and TAD boundaries that were inde-
pendently identified in both replicates.
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ure. Green TADs were exclusively low-conservation and were excluded.

Another issue that may contribute to conflicting results
regarding TAD conservation is related to the approach
used to measure conservation. Several previous studies
have compared the percentage of TADs that were ob-
served to be conserved between species to the percentage
expected if TADs were randomly distributed across the
genome. Directly estimating the rate of TAD evolution,
as we have done here, or comparing TAD conservation le-
vels to those of other genomic features, as done by Eres
et al. (2019), are both approaches that allow for a more ac-
curate determination of whether TAD organization is evo-
lutionarily conserved.

Another line of evidence used to support the evolution-
ary conservation of TADs is an enrichment of rearrange-
ment breakpoints at TAD boundaries, which has been
observed in both vertebrates and flies (Lazar et al. 2018;
Fishman et al. 2019; Liao et al. 2021). Our results may
seem to be in contradiction to this observation; however,
in Drosophila, only ~24% of observed breakpoints overlap
TAD boundaries (Liao et al. 2021). The majority of break-
points (76%) do not overlap a TAD boundary and thus
likely result in TAD reorganization (Liao et al. 2021).
Polycomb-regulated chromatin has previously been shown
to exhibit a strong conservation of gene order and a lack of
rearrangement breakpoints (Harmston et al. 2017). It is
possible that the enrichment of rearrangement break-
points at TAD boundaries is due to selection specifically
against rearrangement of polycomb-regulated TADs,
which we previously observed in a pairwise comparison
of 3D genome organization between D. melanogaster
and D. triauraria (Torosin et al. 2020) and which evolve sig-
nificantly slower than TADs enriched for YELLOW chro-
matin, as reported here.

Our observation that, in general, TADs tend to evolve
rapidly calls into question the role of TADs in regulating
gene expression. The prevailing view regarding the func-
tion of TADs is that they act to constrain enhancer/
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promoter contacts and prevent gene misexpression due
to aberrant enhancer/promoter interactions (Robson
et al. 2019). If TAD reorganization leads to gene misexpres-
sion, one would expect TADs to show high levels of evolu-
tionary stability. Ours and other results supporting rapid
evolution of TADs only make sense if TAD reorganization
rarely causes gene misexpression. Recent work does indeed
suggest that the relationship between changes in TAD
structures and changes in gene expression levels are not
as strong as previously thought (Ibrahim and Mundlos
2020). For example, TAD reorganization caused by the
highly rearranged balancer chromosome in Drosophila is
not associated with widespread changes in gene expres-
sion levels (Ghavi-Helm et al. 2019).

On the other hand, experimental manipulation of spe-
cific TADs, as well as naturally occurring mutations in
TAD boundaries, have both been shown to lead to deleteri-
ous changes in gene expression levels (Arzate-Mejia et al.
2020). We previously proposed that there may be different
functional subtypes of TADs that evolve under different se-
lective constraints with TADs enriched for developmental-
ly regulated genes evolving more slowly than TADs
enriched for broadly expressed genes (Torosin et al.
2020). These results make sense given that many develop-
mental genes are known to be regulated by long-distance
enhancer/promoter contacts (Ghavi-Helm et al. 2014). In
this study, we find additional support for slower evolution
of TADs enriched for developmentally regulated genes
(fig. 5). However, within these TADs, gene expression con-
straint is similar between those that show high conserva-
tion and those that show low conservation across all 11
species (fig. 10), suggesting that TAD reorganization is
not associated with widespread changes in gene expression.

Our results are consistent with a model where TADs are
an emergent property resulting from selection for the es-
tablishment and maintenance of insulating boundaries be-
tween active and inactive chromatin states. It is possible
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that the specific organization of TADs is less important as
long as these boundaries between chromatin states are
maintained. In this sense, it is notable that our results sug-
gest that TAD boundaries evolve significantly slower than
TADs themselves. Under this model, fusion and fission of
TADs over evolutionary time may be tolerated as long as
they occur between similar chromatin states. However,
at the same time, it is likely that a distinct subset of
TADs containing developmental genes regulated by long-
distance enhancer/promoter contacts are evolving under
purifying selection because their disruption could lead to
aberrant gene expression (Ibrahim and Mundlos 2020).
Such TADs would be expected to show higher levels of
evolutionary conservation among species. Future work in-
volving comparative epigenomics of chromatin states be-
tween the species studied here would help to test this
model.

Methods

Genome Scaffolding and Annotation

DNase Hi-C chromosome conformation capture was per-
formed for two biological replicates of each species using
8-16 h embryos as described in Torosin et al. (2020). The
D. triauraria genome was sequenced, assembled, and an-
notated as described in Torosin et al. (2020). For the re-
maining species, reads from both biological replicates
were concatenated and the Juicer software package
(Durand, Shamim, et al. 2016) was used to build the
Hi-C contact matrix followed by scaffolding of the refer-
ence genome contigs by 3D-DNA (Dudchenko et al.
2017) (see GitHub repository for reference assembly ver-
sions). The Juicebox software package (Durand, Robinson,
et al. 2016) was used to visualize the contact matrices, as-
sign chromosome boundaries, and export the scaffolded
assembly. Strain information for each species is listed in
supplementary table S19, Supplementary Material online.

To assign chromosome-length scaffolds to their corre-
sponding Muller elements (i.e., Muller A-F) for each species,
we performed a translated BLAST search of the scaffolds
using FlyBase r6.21 D. melanogaster peptides as queries. We
then used a custom python script to extract the
chromosome-length scaffolds and rename them to the corre-
sponding Muller Element (available in the GitHub reposi-
tory). The final fasta file contained six scaffolds representing
each Muller element. These fasta files were then softmasked
using Repeatmasker software (Smit et al. 2013).

To annotate the scaffolded genomes, we used the UCSC
liftover pipeline http://genomewiki.ucsc.edu/index.php/
LiftOver 'Howto to transfer NCBI RefSeq annotations to
the new assembly coordinates for the following species:
D. ananassae, D. erecta, D. elegans, D. biarmipes, D. ficusphila,
and D. takahashii. We annotated D. triauraria as described
in Torosin et al. (2020). For D. melanogaster, D. simulans,
D. eugracilis, and D. yakuba RefSeq annotations were trans-
ferred using GenomeThreader (v. 1.7.1) (Gremme et al.
2005).

Identifying TAD Boundaries and Domains

We removed adapter sequences from the Hi-C reads for
each species using Trimmomatic software (Bolger et al.
2014) and split reads that contain a ligation junction.
We used the BWA software package (Li and Durbin
2009) to align all Hi-C reads to each species’ repeatmasked
and Hi-C scaffolded assembly. We then used HiCExplorer
(v.2.2) (Ramirez et al. 2018) to create a normalized contact
frequency matrix. To examine reproducibility among repli-
cates, we used HiCExplorer to convert the contact matrices
from h5 format to cool format. We then used HiCRep (v.
1.12.2) (Yang et al. 2017) to calculate the stratum-adjusted
correlation coefficient between replicate matrices, with
the following parameters: resol = 5,000, h = 30, lbr = 0,
ubr = 1,000,000.

To correct the matrices and find TAD boundaries and
domains, we used the HiCExplorer (v. 3.6) (Ramirez et al.
2018) hicFindTads utility for each species and biological
replicate. High-confidence boundaries were identified
using Bedtools (Quinlan 2014) by requiring that the
boundary overlap by at least 1bp in both replicates. The
midpoint of the boundary between the two replicates
was used in downstream analyses. High-confidence do-
mains were identified using Bedtools (Quinlan 2014) by re-
quiring that the start and end coordinates lie within 5,000
bp of each other in both replicates. Boundaries and do-
mains that overlapped in both replicates according to
these criteria were considered high-confidence, whereas
those identified in only one replicate were considered
low confidence.

Orthology Pipeline Overview

We used the Cactus software package (Armstrong et al.
2019) to create a whole-genome alignment that includes
the genome assemblies of all 11 species studied here.
The Cactus package includes the halLiftover utility which
allows genome coordinates from one species to be lifted-
over to the coordinates of any of the other species, based
on the genome alignment. We lifted-over the coordinates
of each of the high-confidence TADs from each species to
find their corresponding coordinates in each of the other
species.

Large insertions/deletions or chromosomal rearrange-
ments between species will cause a single set of coordi-
nates to liftover into multiple fragments. We merged
such fragments as long as their lifted-over locations were
within 20 kb of each other. The purpose of the merging
is so that a pair of TADs will still be considered orthologous
even if there are intra-TAD chromosomal rearrangements
and/or large insertions such as those from transposable
elements. We then compared the coordinates of the
merged fragments with the coordinates of the TADs
that were identified in the target species. TADs were con-
sidered to be orthologous if the lifted-over coordinates
overlapped either a high- or low-confidence TAD in the
target species, and they overlapped reciprocally by at least
90%. We performed the liftovers in a pairwise fashion
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between all species pairs and in both directions (i.e,, lift-
over from species A to B and from species B to A), which
resulted in a large set of ortholog pairs. We then used
Louvain clustering (see below) to create orthogroups
based on the pairwise orthology assignments.

The clustering approach to identify orthogroups has
two important properties: (1) a TAD can be assigned to
an orthogroup as long as it was found to be orthologous
to at least one other member of the orthogroup—it
does not need to have been found to be orthologous to
all other members of the group in the pairwise compari-
sons. (2) Because the liftovers were done in both direc-
tions, a low confidence TAD (i.e., one that was identified
in only one replicate) can be assigned to an orthogroup
if it was found to be orthologous to a high-confidence
TAD in another species. The inclusion of low-confidence
TADs in orthogroups means that occasionally, two differ-
ent sets of TAD coordinates from the same species will be
present in the same TAD orthogroup. This will happen
when a low-confidence TAD from each replicate is found
to be orthologous to a high-confidence TAD in another
species but the two low-confidence TAD:s failed to overlap
in a way that would meet the high-confidence criterion. In
these cases, the coordinates of the two low-confidence
TADs were merged for downstream analysis.

Identifying and Defining Orthologous Boundaries
Repeatmasked genomes were aligned using Cactus
(Armstrong et al. 2019) to generate a hal file. We used
halLiftover (Hickey et al. 2013) to liftover the coordinates
of the high-confidence boundaries from the query to the
target species. To filter the halLiftover (Hickey et al.
2013) output, we merged “lifted-over” boundary locations
in the target species that were within 5,000 bp of each
other into a single feature and removed any remaining seg-
ments less than 500 bp in size. Lifted-over high-confidence
boundaries from the query species that were located with-
in 5 kb of either a high- or low-confidence boundary in the
target species were considered to be orthologous. The
boundary orthology pipeline was completed in both direc-
tions for all 11 species resulting in 110 orthology analyses.
To identify boundary orthogroups among all 11 species, all
pairwise boundary orthologs were concatenated and input
to the software Cytoscape (Shannon et al. 2003) for
network analysis using the Louvain clustering method
and default settings. The output represents boundary
orthogroups containing sets of orthologous boundaries
that were found in two or more species.

Identifying and Defining Orthologous Domains

To evaluate TAD conservation, we used halLiftover to lift-
over the genomic coordinates of high-confidence TADs
from the query to the target species. To filter the
hallLiftover output, we merged “lifted-over” features sepa-
rated by less than 20 kb and removed all “lifted-over” seg-
ments less than 5kb in size. Lifted-over high-confidence
domains from the query species that reciprocally
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overlapped either a high- or low-confidence domain in
the target species by at least 90% were considered to be
orthologous. Those that did not meet this criteria were
considered nonorthologous. Domain orthogroups were
identified using Louvain clustering, as described above
for the TAD boundaries.

TAD Stringency

We assessed the effect of TAD calling stringency using a
single replicate of our D. melanogaster Hi-C data. We called
TADs with these data using the HiCExplorer (v. 3.6)
hicFindTads utility and the following values for the delta
parameter: 0.01 (default value), 0.03, 0.05, 0.07, 0.09, 0.11,
0.13, and 0.15. We intersected each set of TAD calls with
the set of D. melanogaster TADs we had previously as-
signed to TAD orthogroups. We retained TADs whose
start and end coordinates were within 5 kb of each other
and found the conservation rank for each of these. We
then visualized the distribution of conservation ranks for
each set of TAD calls.

TAD Size Variation

We calculated simple repeat and transposon abundance
using the RepBase library for the Drosophila genus. For
each TAD orthogroup we determined the mean and
standard deviation for the following values: size, simple re-
peat abundance, and transposon abundance. We calcu-
lated Z-scores for each species by subtracting the mean
value from the observed value and dividing by the stand-
ard deviation.

Rate of Evolution

To estimate boundary and domain evolutionary rates, we
used the orthogroup assignments to create a binary char-
acter state matrix based on the presence/absence of each
orthologous boundary or domain across all 11 species. For
both the boundary and domain binary matrices, we in-
ferred maximum-likelihood estimates of branch lengths
using IQ-TREE (Minh et al. 2020) with topology constraints
based on the species tree in Suvorov et al. (2021) and al-
lowing for automatic model selection. We implemented
a custom R script (see GitHub repository) to calculate
the substitution rate of boundaries and domains per My,
respectively, using branch lengths from the boundary
and domain trees and divergence time estimates from
Suvorov et al. (2021). We generated confidence intervals
for our rate estimates by recalculating boundary and do-
main evolutionary rates for each of 100 bootstrap
replicates.

To compare evolutionary rates among TADs enriched
for different chromatin states, we followed the same meth-
odology as described above using 100 bootstrap replicates.
Drosophila melanogaster TADs were assigned chromatin
states using annotations from Filion et al. (2010) based
on the state that covered the largest proportion of the
TAD.
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To compare the number of TAD gains versus losses
across the phylogeny, we used the GLOOME web server
(Cohen et al. 2010) with default parameters except for
the following modifications: we set Gain and Loss rates
to variable and instructed GLOOME to estimate para-
meters with multiple random starting points.

Boundary Motif Enrichment

For each of the 11 species, we assessed high-confidence
TAD boundaries for enrichment of motifs for the following
insulator proteins: BEAF-32, M1BP, CTCF, ZIPIC, and
Su(Hw). We used motifs identified from D. melanogaster,
which we obtained from JASPAR (Fornes et al. 2020)
(accession numbers in  supplementary table S5,
Supplementary Material online). We quantified motif en-
richment at high-confidence boundaries using AME
(v. 5.3.3) from the MEME suite (Bailey et al. 2009). The
background dataset consisted of the genome assembly
split into 5 kb sequences.

Gene Expression

Stranded mRNA-seq libraries were prepared from 8 to 16 h
embryos as described in Torosin et al. (2020). RNA-seq
data were aligned to their respective genomes using
HISAT2 (v.2.2.1) (Kim et al. 2019). Per gene expression va-
lues were calculated using TPMcalculator (v. 0.0.3) (Vera
Alvarez et al. 2019).

Gene Expression and Chromatin Analyses

We used Orthofinder (v. 2.5.2) (Emms and Kelly 2019) to
identify single-copy gene orthologs across all 11 species
(see GitHub repository for peptide FASTA files). TADs
were assigned to chromatin states as described previously.
When comparing gene expression variation among TADs
enriched for different chromatin states, genes were as-
signed the chromatin state of their parent TAD.

To compare gene expression variation among TADs
that differ in their level of evolutionary conservation,
TAD orthogroups were assigned a rank based on the num-
ber of species that shared the orthologous TAD (i.e., con-
served across five species = rank 5). Lineage specific TADs
were assigned rank 1. Gene orthologs were assigned the
rank of their parent TAD. In theory, it is possible for genes
to move between TADs via translocations or retrotranspo-
sition events. In order to make our pipeline robust to such
occurrences, we included a filter so that gene orthologs
whose parent TADs belonged to different orthogroups
were omitted from further analysis. To evaluate expression
differences based on evolutionary conservation, we di-
vided genes into three categories: low-conservation—
ranks 1-3, medium-conservation—ranks 4-8, and high-
conservation—ranks 9-11.

GO Enrichment

We evaluated whether genes from highly conserved TADs
are enriched for specific functional categories using the
GOrilla tool (Eden et al. 2009). We input a single ranked

list of genes (supplementary table S14, Supplementary
Material online) using the gene symbol ordered from high-
est to lowest by the conservation ranks assigned as de-
scribed in the previous section. We wused all D.
melanogaster genes found in each D. melanogaster TAD
orthogroup, rather than only single-copy orthologs be-
cause we found that the set of single-copy orthologs was
itself enriched for development-related functions
supplementary table S18, Supplementary Material online.
We ran GOrilla for all three GO Ontologies: Biological
Process, Molecular Function, and Cellular Component.
The results for all three are reported in supplementary
tables S13 and S18, Supplementary Material online.

Partial Least Squares Regression

We performed partial least squares regression (PLS) using
the plsr function from the plsR package (v. 2.8-1) (Mevik
and Wehrens 2007) under R 4.2.1 on Ubuntu 20.04.4. We
regressed the previously described expression constraint
against chromatin state and conservation group (Low or
High). Cross-validation runs on one through five compo-
nents revealed that three components minimized the
root mean squared error of prediction. Three components
were used for subsequent analysis. To rank Rl of individual
chromatin states or conservation rank, we calculated a
relative importance metric by summing the absolute va-
lues of the PLS coefficients and recalculated each coeffi-
cient as a proportion of that total.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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and all custom scripts described in this project can be
found on GitHub at https://github.com/Ellison-Lab/TADs.
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