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Abstract

The notion that topologically associating domains (TADs) are highly conserved across species is
prevalent in the field of 3D genomics. But what exactly is meant by ‘highly conserved’, and what
are the actual comparative data that support this notion? To address these questions, we performed
a historical review of the relevant literature, and retraced numerous citation chains to reveal the
primary data that were used as the basis for the widely accepted conclusion that TADs are highly
conserved across evolution. A thorough review of the available evidence suggests the answer may
be more complex than what is commonly presented.
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What are TADs?

Some of the most fascinating features to have emerged from research into 3D genome
conformation are topologically associating domains (TADs). Originally discovered through
the analysis of Hi-C (see Glossary) and 5C data [1-4], TADs appear on a chromatin contact
map as large squares of enhanced contact frequency rising off the diagonal. Early studies
reported that TADs are non-overlapping, self-interacting megabase-scale structures. More
recent studies, using higher-resolution contact maps, as well as different inference
algorithms, have revealed TAD structures at much smaller scales, and often nested within
each other [5,6]. The precise nature of these features is still a matter of debate, with various
definitions of TADs shifting as new algorithms arise and fresh discoveries are made about
the mechanisms behind TAD formation (e.g. loop extrusion and compartmentalization)
[6-13]. Previous studies have found relatively low concordance of TADs, defined by
different algorithms and across various resolutions and parameters, further impeding a
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robust definition of these structures [14-16]. While efforts have been made to functionally
distinguish various TADs at different scales [8,17-19], most studies, especially those that
rely solely on Hi-C data, do not typically make these distinctions.

Regardless of the challenge of defining TADs, accumulating evidence suggests that TADs
and other 3D structures may play a role in genome organization and function [5,17,20-23].
Studies assessing the direct transcriptional effects of TADs have found mixed results, with
some locus-specific work suggesting a strong impact of TAD disruption on gene expression
[24-27], while other genome-wide results imply only mild effects on expression [28-31].
Despite some uncertainty about the magnitude of regulatory changes induced by TAD
disruptions, multiple independent lines of evidence suggest TADs may be functionally
relevant. Genes located within the same TAD can have strongly correlated expression
patterns and are often coregulated during cell differentiation [2,10,32]. TAD boundaries are
strongly correlated with replication-timing domain boundaries [33], and are enriched for
insulator elements such as CCCTC-binding factor (CTCF) [1,6]. Disruptions in normative
TAD structures have also been implicated in a number of human pathologies [34-36]. Many
believe that TADs putatively represent insulated neighborhoods, constraining the possible set
of interactions between cis regulatory elements (CREs) and target genes [20,23,37].

The notion that TADs are highly conserved across species and cell types is prevalent.
Determining TAD variability across cell types is important for understanding the extent to
which the 3D genome structure affects differential gene regulation during development,
enabling the regulatory and functional novelty observed across different cell lineages. In
turn, assessing TAD conservation across evolution could help reveal the regulatory loci and
mechanisms responsible for speciation and adaptation.

In this Opinion article, we focus on conservation of TADs across species. We do not discuss
further the issues related to similarities and differences in TADs across cell types and tissues,
which have been previously discussed [20,38-43]. Many studies state that TADs are
conserved across species, but it is difficult to trace the origin of this claim. We set out to
thoroughly review the evidence for evolutionary TAD conservation and found that, in fact,
only a few studies have collected relevant data that provide direct evidence to support this
notion.

Conservation in Context

In order to evaluate the evidence for conservation of TADs, it is important to consider what
is implied by conservation of genetic and epigenetic features. At the level of a single feature
—asingle locus for example — conservation is easily defined when the state of the feature is
identical across species. However, when studies refer to genome-wide conservation, they
typically do not use a specific standard. When studies refer to a general property (for
example, chromatin accessibility) as conserved, it implies that this property evolved under
natural selection to maintain similarity across species. However, few studies formally test
this hypothesis. In fact, for most functional genomic traits that are comparatively studied, a
null model of ‘no selection’ is yet to be formulated.
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Without a formal test, what is typically meant when one concludes that a molecular trait is
conserved? In most studies, conservation simply means ‘highly similar’ across species.
While this is typically not a formal process, the degree of similarity, or variance, is evaluated
and benchmarked based on other relevant comparisons. For example, if the level of observed
variation in a trait is similar within and between species, the trait is typically deemed highly
similar across species and therefore conserved. If variation between species is consistently
low, regardless of the time, to the most recent common ancestors of the species, the trait is
likely to be conserved. If different molecular features show a range of inter-species
variability, the features with the lowest variance across species are assumed to be conserved.
All of these examples point to ad-hoc definitions of conservation, but this does not mean that
they are wrong.

Let us consider specific examples. Comparative studies have reported that genome-wide, the
overlap of histone modification H3K4me3 locations in humans and chimpanzees is around
70% [44]. Remarkably, the genome-wide overlap of H3K4me3 locations in humans and
mouse is also around 70% [45]. With these figures, not much can be said about the
conservation of H3K4me3 locations in primates, but one can probably conclude with
confidence that H3K4me3 locations are quite conserved between human and mouse. That
said, the best genomic context for evaluating the degree of conservation in these
comparisons may be other histone modifications, but even the minimal context provided
here illustrates the importance of benchmarking similarity values in order to understand
what they imply about conservation across species.

To date, comparative studies of chromatin conformation assessed TAD conservation based
on overall similarity between species and the ad-hoc rationales discussed above, not a formal
model of TAD evolution. With this in mind, we now turn to critically examine the existing
evidence for evolutionary conservation of TADs.

Indirect evidence for conservation

The notion that TADs are highly conserved appears to be supported by a number of studies.
One class of studies claiming TAD conservation, however, does not perform direct
comparative assessment of TADs and boundaries across species. Instead, the indirect
inference of TAD conservation is based on comparative functional genomic data that are
independently associated with TADs.

One such example, which also happens to be one of the most commonly cited studies
supporting TAD conservation, is Rudan et al. 2015 [46]. In this study, the authors collected
comparative Hi-C data from liver cells of mouse, macaque, rabbit, and dog. They identified
TADs in mouse and dog, but not in the other species. The authors’ conclusion of extensive
conservation of chromosome structure was based on comparisons of placement and
orientation of CTCF binding sites across species, as well as on inter-species comparison of
inferred insulator activity at different distances from orthologous loci. Rudan et al. found
that correlations of inferred insulator activity between mouse and every other species ranged
from 0.34 to 0.61 (the authors did not report species pairwise comparisons that did not
involve mouse). These correlation values may indicate some degree of conservation of 3D
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genome structure, but it is difficult to conclude from these analyses that TADs are indeed
highly conserved across species. Moreover, Rudan et al.’s data collection was uneven across
species, with ~275 million reads sequenced from mouse, ~150 million from rabbit, ~100
million from macaque, and ~550 million for dog. The large differences in read counts result
in a difference in the power to infer insulator activity across species and hence complicate
the interpretation of the reported results.

There are other widely cited studies which conclude that TADs are highly conserved based
on indirect evidence. Harmston et al. 2017 [47], for instance, identified genomic regulatory
blocks (GRBs, regions with a high density of conserved noncoding elements) in human,
opossum, chicken, and spotted gar. They reported that GRBs are often quite conserved
across species. Using previously collected Hi-C data from human and Drosophila, Harmston
et al. have shown that GRBs often fall within TADs and/or have edges proximal to TAD
boundaries in these two species. Based on these data, the authors concluded that TADs are
generally conserved ancient features of the genome and that TAD boundaries are largely
invariant between all the species in their study. However, the data reported by Harmston et
al. shows that only about a third of the TADs were associated with GRBs; thus, even if one
accepts the indirect inference based on GRBs as correct, up to two thirds of TADs may still
not be conserved in these species, as no direct evidence for TAD conservation was presented
in this study. Indeed, in their concluding statement, Harmston et al. are careful to note that
only a subset of GRB-associated TADs appear to be ancient conserved structures. However,
this paper is often cited as providing strong evidence for general TAD conservation across
species.

Additional studies that are cited in support of TAD conservation, which did not perform
direct comparisons of TADs across species, include Krefting et al. 2018 [48] and Lazar et al.
2018 [49]. Krefting et al. 2018 [48] considered TADs previously identified in humans [1,6]
in the context of genomic rearrangement breakpoints identified in 13 species. They found
enrichment for breakpoints at TAD boundaries and depletion within TAD bodies. Based on
these observations, the authors made relatively strong claims about TAD stability across
evolutionary timescales. Similarly, Lazar et al. 2018 [49] observed an enrichment for
multiple species’ TAD boundaries at 67 genomic rearrangement breakpoints, identified
between the human and gibbon genomes, ultimately concluding that TADs remain intact as
functional units during evolution. Given that neither of these studies performed a direct
comparison of TADs across species, it is difficult to conclude with confidence, based on
their results, that TADs are highly conserved.

Direct but anecdotal evidence for conservation

The second class of studies that are widely cited as providing evidence for general TAD
conservation considered only anecdotal evidence. These are studies that provide direct and
strong evidence for conservation of TADs, but only in a small number of well-studied cases.
It, thus, may be difficult to generalize from these studies and conclude with confidence that
TADs are generally highly conserved across species.
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Woltering et al. 2014 [50], for example, found that Hox loci across zebrafish and mouse tend
to have similar TAD structure, and Gomez-Marin et al. 2015 found comparable TAD
structures across a number of species at the Six loci [51]. Both of these studies, as well as a
number of others [22,24,52], focus on loci that are highly conserved and/or thought to be
critical for normal organismal development. Though these findings may underscore the
functional importance of TADs, they do not provide strong enough evidence for broad and
general TAD conservation. In particular, the focus on a subset of candidate loci that are more
likely to contain conserved features may make it difficult to generalize these observations to
a genome-wide scale.

Direct evidence for the conservation of TADs

A relatively small body of research studied TAD conservation by directly identifying TADs
and boundaries in multiple species. Dixon et al. 2012 [1] collected Hi-C data and inferred
TADs in human and mouse. This study was groundbreaking as it was one of the first to
discover TADs and propose an algorithm to infer them from Hi-C contact maps
(directionality index). This study is often cited as providing the first evidence that TADs are
highly conserved between humans and mice. The authors collected 475 million sequencing
reads from mouse Hi-C libraries but only 330 million reads from human. TAD boundaries
were thought to be conserved if they had any overlap in the other species, with 76% of
mouse boundaries found in humans but only 54% of human boundaries found in mice. If one
considers the entire dataset of TAD boundaries, identified in both human and mouse (rather
than the reported unilateral overlaps), ~31% of boundaries are shared between the two
species.

These results were, and still are, interpreted as evidence for strong TAD conservation. To
provide some context, we considered other functional annotations in human and mouse.
There is about 60-75% overlap of loci marked by histone modification in humans and
mouse [45], and between half to two-thirds of candidate regulatory regions are conserved in
the two species [53]. Considering the observed proportion of overlapping TAD boundaries in
human and mouse in this context, we believe that there is evidence for some level of
conservation, but arguably, this cannot be considered strong enough evidence to support high
conservation of TADs across species.

Another study that performed a direct comparative assessment of TADs is Rao et al. 2014
[6]. The authors collected ~6.5 billion Hi-C sequencing reads from human but only ~1.4
billion reads from mouse. The difference in read depth resulted in a striking difference in the
power to infer TADs in the two species, with more than 9000 domains identified in human
but only ~3000 domains found in mouse. The authors considered entire domains conserved
if the center of a domain in one species was within 50 kb of an annotated domain in the
other species (or within half the domain size, for domains smaller than 100 kb). Ultimately,
Rao et al. 2014 reported that 45% of mouse domains (where they had considerably less
power to identify TADs) were also present in human. Again, this points to some degree of
conservation, but it is difficult to strongly conclude based on these data that TADs are highly
conserved.
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On the other hand...

There are a few studies which suggest that TADs may not be particularly conserved across
species. Berthelot et al. 2015 [54] identified genomic rearrangement breakpoints in the
genomes of human, mouse, dog, cow, horse, and a genomic reconstruction of the
Boreoeutherian last common ancestor. The authors considered the overlap of rearrangement
breakpoints with TADs that were previously identified in human [1]. Across several
comparisons, the authors did not find evidence for a strong overlap of TAD boundaries and
breakpoints, suggesting that TADs do not generally contribute to the locations of genomic
rearrangements. Conversely, another similar study by Lazar et al. [49] observed strong
overlap between TAD boundaries and genomic rearrangement breakpoints between the
human and gibbon genomes. Both studies, however, used breakpoints rather than TADs as
the basal set for comparisons, and hence represent indirect inferences addressing TAD
conservation, making it difficult to generalize from their conclusions. Berthelot et al. [54] is
nonetheless notable for interpreting the results of Dixon et al.’s [1] study as providing
evidence for some TAD divergence between humans and mice. That the results of Dixon et
al. 2012 can be interpreted by different groups, both as supporting conservation of TADs or
lack thereof, highlights our notion that the foundation for the claim that TADs are highly
conserved is not that strong.

The notion that TADs may not be particularly conserved is also supported by another study,
which directly inferred TADs in humans and chimpanzees [55]. An initial analysis found
only ~43% of TADs conserved between these species, but across many different parameters
(e.g. resolution, window size, genome assembly), and different downstream analysis
decisions, no more than 78% of domains and 83% of TAD boundaries were found to be
shared between humans and chimpanzees—a much lower percentage than what has been
seen across these species for a number of other functional regulatory phenotypes (Figure 1).
As the study noted, visual inspection of contact maps at algorithmically inferred divergent
TADs sometimes suggested conservation, further highlighting the broader issue of
inaccurate TAD inference.

Other findings, particularly in plants, also suggest that TAD positions may not be conserved
across species. Dong et al 2017 [56], for instance, collected Hi-C data from maize, tomato,
sorghum, foxtail millet, and rice, and found relatively little conservation of TADs across
these species. Xie et al. 2019 [21] assessed TAD conservation in two different mustard
plants, Brassica rapaand Brassica oleracea, and reported that about 25% of all TADs are
found in both species.

It should be noted that the existence of TADs in plants, worms, yeast, and other non-
mammalian species is a matter of active debate [42]. While chromatin conformation capture
experiments have revealed self-interacting TAD-like structures in many of these species,
their characteristics and mechanisms of formation often differ substantially from those of
mammalian TADs [19,57]. In many cases, these species lack homologs for insulator proteins
thought to be essential for the formation of mammalian TADs (e.g. CTCF) [19]. Such
differences may make it difficult to view inferences from these other species as compelling
evidence against strong TAD conservation. More samples and deeply sequenced Hi-C
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libraries from these species, as well as a greater understanding of possible mechanisms of
TAD-like feature formation, will be necessary to thoroughly assess conservation of TAD
structures across all of evolution.

Concluding remarks

It is important to note that we are not taking a strong position “for’ or ‘against’ the notion of
TAD conservation. Based on available evidence, we argue that there is currently no
satisfying answer to the question of the degree of TAD conservation. While the results from
certain studies suggest some degree of conservation, others often lead to much lower
estimates. This, combined with ineffective study designs and variable analytical choices,
further obscure the issue. Although many studies state that TADs are conserved across
species, there are only sparse data supporting or refuting this claim. In our mind, there is no
strong basis for the common and often unchallenged notion that TADs are highly conserved.

One of the largest factors affecting our ability to assess evolutionary TAD conservation is the
lack of a gold standard for inferring TADs or for comparing them across species. As others
have noted, TADs are variously and poorly defined, and it seems likely that stable TADs
observed in Hi-C data represent statistical features that emerge from averaging more
dynamic interactions across millions of cells [58] (see Outstanding Questions). The few
studies that did directly compare TADs across species made somewhat arbitrary choices
about how to call these features conserved. Until we arrive at a more precise definition of
TADs that converges on robust metrics to infer them and assess their conservation, future
studies hoping to assess 3D genome conservation across species should attempt to use a
wide variety of TAD algorithms and parameters, as well as new interspecies Hi-C analytical
methods to robustly assess 3D genome conservation [59,60]. TADs represent one intriguing
feature of 3D genome architecture, with evolutionary conservation of other features (e.g.
regulatory loops) being even less clear. In order to understand the overall regulatory
dynamics, we must refine our understanding of TADs, and agree on how to infer and
compare them across species and cell types.
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5C

Chromosome conformation capture carbon copy, an experimental technique to assay contact
probability between pairs of loci within a given genomic region (typically a megabase or
less)

Cis regulatory elements (CRES)
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DNA sequences, typically non-coding, whose role is to affect the level of gene expression.
CREs include enhancers, promoters, silencers, and insulators. CRES often contain
transcription factor binding sites

Compartmentalization

Segmentation of chromatin into megabase-scale compartments with different transcriptional
and epigenetic properties: “A” compartments with actively transcribed genes and active
histone marks, and “B” compartments with inactive genes and repressive histone marks.
Sometimes further sub-divided into smaller compartments with various combinations of
active and repressive epigenetic properties

CCCTC-Binding Factor (CTCF)

Transcription factor involved in 3D genome architecture, thought to act as an insulator
reducing physical interactions between sequences on either side of it. CTCF binding sites
are frequently found in a convergent orientation at the boundaries of a TAD, and putatively
halt the action of loop extrusion

Genomic rearrangement breakpoints
Genomic locations representing a break in synteny blocks across genomes of different
species; orthologous locations not consecutive or not oriented similarly across species

Hi-C
High-throughput chromosome conformation capture, an experimental technique to assay
contact probabilities between pairs of loci genome-wide

Loop extrusion

Putative mechanism driving chromatin loop formation, whereby factors such as cohesin
extrude a DNA loop until stalling at a TAD boundary, often due to interactions with proteins
such as CTCF

Regulatory loops
Specific chromatin loops that enable interactions between cis regulatory elements and
promoters, often thought to impact regulation of gene expression
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. In the absence of a new unifying definition and inference method for TADs,

Outstanding Questions

What is the “ground truth” when it comes to TAD inference? Numerous
inference algorithms have been proposed and applied, but which should be
used widely, and why?

Are TADs identified at different scales (megabase, sub-megabase, etc.)
representative of similar structures formed by similar processes, or should
they be considered different features entirely? Can the field arrive at a
consensus definition for TADs, mathematical and/or biological?

Are TADs defined based on bulk Hi-C data biologically meaningful to begin
with? How might inferences made from millions of cells, be deconvoluted
and reconciled with emerging evidence from single cells that TADs are
dynamic structures?

What is the order of events with respect to 3D genome structure and
transcription? Does the formation of TADs dictate possible sets of gene
regulatory interactions, or do independent regulatory interactions themselves
give rise to TAD structures? If both are the case, can any predictive distinction
be drawn between TADs that dictate transcriptional activity vs. TADs that
emerge as a result of transcriptional activity?

Are TADs largely shared across cell types within an organism, and does the
extent of tissue sharing stratify by any particular facet of TADs? To what
extent are differences in TADs across cell types also conserved across
species?

What is the nature of TAD-like structures observed in non-mammalian
species? How do these structures arise and what is their functional
significance, particularly for species that lack homologs for insulator proteins
implicated in TAD formation in mammals?

what is the best method to compare them across development and evolution?
For interspecies comparisons, how might we best model the process of TAD
evolution in order to obtain a null model for neutrality against which to test
conservation?
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Highlights

Topologically associating domains (TADSs) are highly self-interacting regions
in the genome, identified through analysis of chromosome conformation
capture data.

TAD:s are often thought of as stable neighborhoods of gene regulation,
constraining possible interactions between cis-regulatory elements and their
target genes.

TAD:s are poorly defined from a biological perspective and have low
concordance across different inference algorithms.

To date, comparative studies of TAD structures did not properly account for
study design, technical, and analytical issues, but often concluded TADs are
highly conserved across species.

A careful examination of the interspecies comparative data, available, to
assess TAD conservation suggests that, while they certainly have some
functional conservation, specific TAD structures and locations may not be
especially conserved across evolutionary lineages.
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Conservation of molecular phenotypes between humans and chimpanzees

Protein-coding sequences Gene expression Enhancer activity RNA Polll binding
DNA sequence DNA methylation H3K4me3 TAD boundaries
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Figure 1.
Conservation and divergence of different molecular phenotypes between human and

chimpanzee. The proportion of features classified as conserved or divergent for quantitative
traits such as gene expression and chromatin modification will depend on the power of the
study (mostly based on the number of individuals sampled from each species). The data
presented in this figure is based on studies that sampled similar number of individuals
regardless of the phenotype studied (between 4-10 individuals from each species).
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