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GENETICS

Deeply conserved synteny and the evolution

of metazoan chromosomes
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Animal genomes show networks of deeply conserved gene linkages whose phylogenetic scope and chromosomal
context remain unclear. Here, we report chromosome-scale conservation of synteny among bilaterians, cnidarians,
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and sponges and use comparative analysis to reconstruct ancestral chromosomes across major animal groups.
Comparisons among diverse metazoans reveal the processes of chromosome evolution that produced contemporary
karyotypes from their Precambrian progenitors. On the basis of these findings, we introduce a simple algebraic
representation of chromosomal change and use it to establish a unified systematic framework for metazoan
chromosome evolution. We find that fusion-with-mixing, a previously unappreciated mode of chromosome change,
has played a central role. We find that relicts of several metazoan chromosomal units are preserved in unicellular
eukaryotes. These conserved pre-metazoan linkages include the chromosomal unit that encodes the most diverse
set of metazoan homeobox genes, suggesting a candidate genomic context for the early diversification of this

key gene family.

INTRODUCTION

The great variability of chromosome number across animals naively
suggests that interchromosomal rearrangements have occurred fre-
quently over the course of metazoan evolution (1). Unexpectedly,
comparative analysis of subchromosomal draft genome sequences
of diverse bilaterians, cnidarians, sponges, and placozoans (2-5)
reveals gene linkages that are conserved across more than half a
billion years of evolution. These linkages are conserved without
regard to gene order, a property referred to as conserved synteny
[“synteny” meaning “same ribbon” as introduced by Renwick (6)].
Since chromosomal breaks disrupt synteny, the discovery of anciently
conserved syntenies between diverse animals suggests that such breaks
may be rare, at least in some animal lineages. If this is the case, then
it may be possible to use conservation of synteny to infer ancestral
metazoan linkage groups.

Chromosome-scale genome sequences, which have only recently
become practical for nonmodel systems, are required for testing the
hypothesis of conserved chromosome-scale synteny and for exploring
the possibility of inferring ancestral metazoan linkage groups. With
respect to bilaterians, the chromosomes of sea scallop (7) and
amphioxus (8) were shown to be simply related to each other,
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confirming predictions based on subchromosomal sequences (3).
Relicts of these ancient bilaterian syntenies can also be detected in
vertebrate chromosomes after accounting for the effects of ancient
vertebrate whole-genome duplications and vertebrate-specific
rearrangements (2, 5, 8, 9).

The phylogenetic extent of chromosome-scale conserved synteny,
however, remains poorly understood. Even among bilaterians, con-
servation of chromosome-scale synteny appears to be robust in some
lineages but subject to disruption by interchromosomal rearrange-
ment in others. For example, while patterns of chromosome-scale con-
served synteny are easily detectable between scallop and amphioxus,
they are absent or only weakly evident between these bilaterians and
fruit flies (10) or the nematode Caenorhabditis elegans (7); never-
theless, flies (11-13) and rhabditid nematodes (14, 15) exhibit exten-
sive within-group conserved synteny. A comprehensive framework
for metazoan chromosome evolution is needed.

Here, we compare the genomes of diverse animals to (i) docu-
ment patterns of chromosome-scale conservation; (ii) reconstruct
the ancestral chromosomes of bilaterians, cnidarians, and sponges;
and (iii) analyze subsequent genome evolution across these groups.
To aid this effort, we report the first chromosome-scale assembly of
hydra, a venerable cnidarian model for cell and developmental biology,
and an improved assembly of the cephalochordate amphioxus. We
find that the syntenies (i.e., chromosomal linkages without regard
to gene order) of many diverse animals are remarkably similar even
after half a billion years of independent evolution, often differing by
a handful of discrete events superimposed on a background rate of
small-scale gene transfers between chromosomes. The nature of these
genome rearrangements sheds light on the mechanisms of “genome
tectonics,” that is, the processes by which contemporary chromo-
somes were built up from ancestral elements. We identify three basic
kinds of chromosomal change that have occurred repeatedly during
metazoan evolution and explore chromosome evolution within
spiralians, cnidarians, and deuterostomes in the context of this
picture, leading to predictions that will be tested by future genome
sequencing. Several metazoan syntenic units are also conserved in
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the unicellular relatives of animals, implying their existence before
the emergence of animals.

RESULTS
Finding ancestral metazoan linkage groups
By analyzing a small but diverse set of chromosome-scale genome
sequences, we find 29 groups of genes whose chromosomal linkages
(without regard to gene order) are conserved across bilaterians,
cnidarians, and sponges (Figs. 1 to 3 and Materials and Methods).
For simplicity, we refer to the crown group that includes these three
lineages as the “BCS” clade (for bilaterians, cnidarians, and sponges),
which is either synonymous with metazoans (i.e., comprises all
animals) or represents the sister clade to ctenophores (16, 17). To
expand the diversity of chromosome-scale animal genome sequences,
we report a high-quality chromosome-scale genome sequence for the
model hydrozoan cnidarian Hydra vulgaris (three-letter acronym
HVU) and an improved chromosomal assembly of the Florida lancelet
Branchiostoma floridae (BFL) (Materials and Methods, Supplementary
Materials, and fig. S1). Our analysis takes advantage of published
chromosome-scale genomes of the sea scallop Patinopecten yessoensis
(PYE) (7), the fire jellyfish Rhopilema esculentum (RES) (18), and the
freshwater sponge Ephydatia muelleri (EMU) (19). For simplicity,
we generally refer to these five focal species by their common names
and use three-letter acronyms to refer to their chromosomes (Fig. 1
and Materials and Methods). Extensive conservation among this
limited sampling of the BCS clade allows us to infer chromosome-
scale linkages at multiple ancestral nodes. The validity and usefulness
of these inferred ancestral linkage groups (ALGs) can be demon-
strated and tested using other metazoan draft and chromosome-
scale genomes (table S1).

Chromosome-scale conserved synteny among bilaterians, cnidarians,
and sponges can be demonstrated in complementary ways using
pairwise dot plots and significance grids (Fig. 2; see also figs. S2 and S3).

Scallop
(PYE)

Amphioxus
(BFL)

Sponge
(EMU)

Jellyfish
(RES)

Hydra
(HVU)

In pairwise dot plots, each dot represents the ordinal positions of a
pair of orthologous genes in the two genomes so that a rectangular
cluster of dots represents a group of genes that are consistently
linked in both species (Materials and Methods). In most cases, these
clusters span either entire chromosomes or discrete subchromosomal
segments (see below). In pairwise comparisons, each chromosome
typically has a significant conserved linkage to only a few chromo-
somes in the other species (Bonferroni-corrected P < 0.01; see
Materials and Methods, Fig. 2, and fig. S4), often just one.

The mutual consistency of these pairwise chromosome associations
across bilaterians, cnidarians, and sponge is shown in Figs. 1 and 3,
which organizes the network of significant chromosomal associations
among amphioxus, sea scallop, sponge, jellyfish, and hydra according
to 29 “ancestral (BCS) linkage groups.” By “ALG,” we mean a col-
lection of genes whose synteny (that is, chromosomal linkages with-
out regard to gene order) has persisted in multiple lineages since
their most recent common (BCS) ancestor (Fig. 3). These findings
(i) extend to chromosome scale the subchromosomal networks of
conserved synteny that were originally found in the draft genome
sequences of various invertebrates (2-4, 9, 20, 21), (ii) expand the
phylogenetic scope of chromosomal relationships beyond bilate-
rians to include cnidarians (18) and sponges (19), and (iii) orga-
nize these observations in a phylogenetic framework that reveals
the nature of transitions between chromosomal units in the dis-
tant past.

Although chromosome-scale syntenies (sometimes “macrosyntenies”)
are highly conserved among these deeply divergent genomes, we
emphasize that gene order within each ALG is largely scrambled
among the deeply divergent BCS lineages (2, 8, 9, 21). This is
evident from the uniform distribution of dots between homologous
pairs of chromosomes seen in Fig. 2 (see also figs. S2 and S3). Quan-
titative comparisons between our five focal species show that
conserved runs of consecutive orthologs (colinearity or sometimes
“microsynteny”) are rare in comparisons between phyla (table S2 and

7 1817 14 2
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Fig. 1. Anciently conserved synteny across bilaterians, sponge, and cnidarians. (Right) Numbered horizontal bars represent the chromosomes of five species. (Left)
Phylogenetic tree is shown with the root marked by a black circle. Sponge is shown in a central location to display conserved syntenies with both bilaterians (top) and
cnidarians (bottom). Common names and three-letter acronyms for each species are shown (see text for details). On the right, colored vertical lines connect orthologous
genes across the five species. Only connections between chromosome pairs with significantly enriched conservation of synteny are shown. Each color represents a
distinct ALG, as listed in Fig. 3. Two or more colors converging on a chromosome (e.g., amphioxus BFL5 and hydra HVU6) indicate fusion-with-mixing of ancestral units.
See also Fig. 4.
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Fig. 2. Pairwise dot plots and chromosome-chromosome significance. (Top) Dot plots showing the ordinal location of orthologous genes between jellyfish and
amphioxus (left) and sponge (right). Genes with orthologs are numbered consecutively without regard to distance. (Bottom) Sponge versus amphioxus dot plot (left)
and chromosome-chromosome significance by Fisher’s exact test (right). In dot plots, colored dots represent genes with consistent statistically significant conserved
chromosomal synteny as shown in Figs. 1 and 3; genes of variable synteny are shown in gray. n.s., not significant.

Materials and Methods), consistent with near-complete loss of gene
adjacency, although specific residual short-range conserved linkages
with possible function have been described (3, 4, 22, 23).
Scrambling of gene order within chromosomes (i.e., loss of
colinearity) over long time spans is the cumulative effect of numerous
overlapping inversions and other intrachromosomal rearrangements,

Simakov et al., Sci. Adv. 8, eabi5884 (2022) 2 February 2022

as notably documented for the Muller elements of Drosophila (12),
which represent stable chromosome arms across drosophilids (11, 13).
Since, even among Drosophila genomes, only short blocks of colinearity
are found (24), it is not surprising to find near-complete loss of
colinearity among deeply divergent clades of bilaterians (8), cnidarians
(2), and sponges (21).
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Bilaterian Cnidarian No. of
ancestor ancestor shared
ALG |Amphioxus| Scallop (24) Sponge (21) Jellyfish Hydra |orthologs
G BFL11 PYE10 G EMU15 G RES1 HVU10 137
Bl BFL10 PYE13 Bl EMU04 100
B1®B2 RES4 HVU7
B2 BFL16 PYE1 B2 EMUO07/24 88
M BFL8 PYE1 M EMU16 M RES3 HVU6 102
C2 BFL3L PYE17 C2 EMU10 C2 RES21 HVUS 20
Ala EMU19 Ala RES2 HVU5 209
BFL1 PYES5 Ala®Alb
Alb EMU14R 52
A1b®B3 RES13 HVU8
B3 BFL18 PYE19 B3 EMU12 47
P BFL14 PYE15 P EMUO08 P RES16 HVU8 76
L HVU14R 72
BFL15 PYE4 L EMU11 L RES9
L HVU13R 31
Ea HVU13L 87
EMUO1 Ea RES17
Ea_ BFLS PYE6 Ea®Eb HVU14L 26
Eb EMU14L 45
F BFL7 PYE7 F EMU22 Eb®F®Qb RES6 HVU2 142
Qb EMU10 12
BFL3R PYE2 Qb®Qa
Qa EMUO02 31
Qa®J1 RES10 HvVU12
J1 BFL17 PYE18 J1 EMUO5 55
R - PYE12 R 32
EMU17 R®Qc RES19 HVU15L 13
Qc BFL3R PYE2 aceqd
Qd EMU10 21
= Qd®02 RES18 HVU2
02 BFL19 PYE3 02 EMU21mid 46
N BFL12 PYE14 N EMU21end 106
A2®N RES8 HVU4
A2 BFL1 PYE16 A2 EMUO06 41
H BFL13 PYE2 H EMU20 H RES12 HvVU11 136
J2 BFL2eve PYE4 J2 EMU23L J2 RES11 HVU2 64
Cl BFL2odd PYE9 C1 EMUO09 Cc1 RES5 HVU9 142
D HVU1 158
BFL6 PYE8 D EMU18 D RES7
D_ HVU9t 14
K BFL9 PYE3 K EMU23R K RES15 HVU3 100
K_ HVU1_5R 17
1 HVU3 79
BFL4R PYE11 | EMU13 | RES14
I_ HVU15R 14
01 BFL4L PYE12 o1 EMUO03 o1 RES20 HVU6 54

Fig. 3. Correspondence between ALGs and chromosomes of contemporary organisms. Bold indicates direct association with ALG. Note that BFL3R (shaded gray)

represents a single unit split to better indicate relationships with other species.

The dot plots make clear that while most genes participate in
deeply conserved syntenies, some genes have moved between chromo-
somes (indicated in gray in Fig. 2 and figs. S2 and S3; see Materials
and Methods). These genes of variable synteny, which account for
between 29% (scallop-jellyfish) and 43% (amphioxus-sponge) of rec-
ognized orthologs (table S$3), are distributed across the remaining
chromosomes and are omitted for clarity in Fig. 1. Genes of variable
synteny are enriched for specific functional categories including
transmembrane receptors, transporters, and peptidases, although the
biological significance of this is unclear. The dispersal of genes of
variable synteny is the cumulative effect of numerous small-scale
interchromosomal translocations over time (25). We estimate the rate of
gene translocation to be ~1% per ~40 million years, which corre-
sponds to a handful of genes translocated per million years. This is
approximately 10-fold slower than the typical rate of gene dupli-
cation (26).

Simakov et al., Sci. Adv. 8, eabi5884 (2022) 2 February 2022

Syntenic equivalence

We observe numerous 1:1 chromosome-to-chromosome relationships
across our five focal species, which enables powerful evolutionary
inferences. We refer to pairwise 1:1 associations between chromo-
somes (without regard to gene order) as “syntenic equivalence” and
represent it by the symbol “=,” using parentheses as needed to
convey phylogenetic relationships (Fig. 4A). For example, at the far
right of Fig. 1 (and at the top of Fig. 3), we observe a chain of equiva-
lences (PYE10 = BFL11) = EMU15 = (RES1 = HVU10) among
chromosomes of two bilaterians, one sponge, and two cnidarians.
These equivalences imply that these five chromosomes are all di-
rectly descended (with only internal rearrangement) from an ALG
that must have been present in the most recent BCS common ances-
tor. We refer to this linkage group as ALG_G. The alternative to
direct descent would be convergent gathering of these same genes
onto the same chromosome in multiple lineages. The same logic
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Fig. 4. Elementary algebraic operations underlying metazoan chromosome
dynamics. Left: Cartoon of chromosomal translocations. Right: The resulting dot
plot. (A) Syntenic equivalence, i.e., conserved synteny without regard to colinearity,
denoted symbolically by =. (B) Robertsonian translocation in which two chromo-
somes “fuse” without mixing, with stable boundary denoted symbolically by e.
Robertsonian fusions are reversible if no mixing has occurred. This diagram may
also describe end-to-end fusions. (C) Centric insertion in which one chromosome is
inserted into another, denoted symbolically by \. (D) Fusion-with-mixing in which
the genes of two chromosomes are brought together (by either Robertsonian or
end-to-end translocation or centric insertion) and, through a series of intrachromo-
somal rearrangements, become interspersed, denoted symbolically by ®. Both (C)
and (D) are irreversible changes. Dotted gray arrows in (B) and (C) show the result
of large-scale inversions that cross fusion boundaries. Note that in (B), the distal
segments have different ancestry, while in (C), they have the same ancestry.
(E) Phylogenetic inference using chromosomal characters. When chromosomes of
two lineages are in 1:1 correspondence (e.g., the top two lineages in this rooted
three-taxon tree), their shared syntenic configuration must be ancestral to the
entire clade. Internal branches (bottom lineage) that show genes of these ALGs
interspersed on the same chromosome are said to be fused-and-mixed.

implies that ALG_G existed as a syntenic unit in the most recent
common ancestors of bilaterians, cnidarians, and sponges.

To infer the existence of ALGs using this logic, it is sufficient to
find syntenically equivalent chromosomes in just one pair of species
that span the phylogenetic node of interest (e.g., Fig. 4E). For exam-
ple, the chain of equivalences BFL8 = RES3 = EMU16 between
chromosomes of one bilaterian, one cnidarian, and one sponge is
sufficient to infer the conservation of ALG_M in the most recent
BCS ancestor (as well as the most recent ancestors of bilaterians,
cnidarians, and medusozoans) and implies independent rearrange-
ment in scallop and hydra. Similarly, the chromosomal relationship
(BFL14 = PYE15) = RES16 = EMUO08 between two bilaterians,
jellyfish, and sponge implies that these chromosomes represent an
ancestral BCS unit (ALG_P), with rearrangement on the hydra
lineage after its divergence from jellyfish (Fig. 1; see below).

Simakov et al., Sci. Adv. 8, eabi5884 (2022) 2 February 2022

The broad patterns of chromosome-scale conservation of an-
cient linkage groups across our five focal species (two bilaterians,
two cnidarians, and one sponge) are sufficient to (i) robustly infer
the ALGs at deep phylogenetic nodes including bilaterians, cnidarians,
and BCS; (ii) characterize three types of evolutionary change that
combine pairs of ALGs to produce new linkages; and (iii) map these
changes onto metazoan phylogeny, which allows gene linkages of as
yet unsequenced genomes to be predicted. We use additional
chromosome-scale and subchromosomal genome sequences to test
these inferences below (notes S2 to S7). Although it may seem
surprising that comparisons among such a small number of animal
genomes (including only a single sponge) can lead to unambiguous
reconstructions of ancestral chromosomes, this is a consequence
of the widespread chromosome-scale conservation across diverse
invertebrate lineages and the logic of cladistics, which allows ances-
tral characters to be inferred on the basis of patterns of conservation
across phylogeny.

Nomenclature

We find that the 29 BCS ALGs reported in Fig. 3 are nearly all
subsets of the 17 previously described “chordate” linkage groups
labeled CLGA-Q (8). For consistency, we therefore denote each
ALG by the same A-Q code and add suffixes as needed to designate
consistently found subgroupings. Numerical suffixes are used to
represent subdivisions in bilaterians, and alphabetical suffixes are
used to represent subdivisions in cnidarians. The sole exception is a
new linkage group (ALG_R) that was not recognized previously
because it is dispersed across multiple chromosomes in chordates
(i.e., amphioxus, ascidians, and vertebrates) but is recognizable in
comparisons among mollusks, cnidarians, and sponge and is found
as an intact chromosome in the sea urchin Lytechinus variegatus
(LVA; fig. S12) (27). The combinatorial dynamics of these ancient
units are explored below.

Tectonic process that built metazoan chromosomes

With the ancestral BCS units in hand, we can consider how the
chromosomes of contemporary species are built from them. We
observe three elementary processes of chromosomal change: (i)
Robertsonian or end-end fusion/translocation, (ii) centric inser-
tion, and (iii) fusion-with-mixing [diagrammed in Fig. 4 (B to D)].
These three processes are visible in Fig. 1 and in dot plots and are
described further below. The three processes are conveniently
expressed using a concise algebraic notation that describes the ALG
ancestry of a chromosome (Fig. 4). We refer to these basic mecha-
nisms and the systematic construction of contemporary chromo-
somes from ancestral units as genome tectonics (from “tectonic”
meaning “related to building or construction”).

Centric and end-end translocations

The first type of combination is revealed by cases in which ALGs
occur as discrete subchromosomal segments rather than entire
chromosomes. For example, the left arm of BFL4 (denoted BFL4L)
is syntenically equivalent to the ancestral BCS linkage group
ALG_O1 (i.e,, PYE12 = RES20 = EMUO03) (Fig. 3). It follows from
the transitivity of syntenic equivalence that BFL4L = ALG_Ol,
which remains intact on the amphioxus lineage as a chromosome
arm. Similarly, the right arm of BFL4 is BFL4R = ALG_I (i.e,
PYE1l = RES14 = EMU13). We symbolically represent the
juxtaposition of two ALGs in this amphioxus chromosome by
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BFL4 = ALG_O1eALG_I, where “®” indicates a fusion boundary
without mixing of the left and right arms (Fig. 4B). Similarly,
BFL3 = ALG_C2eALG_Q. Such fusions are also found in
EMU23 = ALG_J20ALG_K and EMU14 = ALG_EbeALG_A1b.
Side-by-side juxtapositions of ALGs are the expected outcome of
Robertsonian translocations [with the boundaries between ALGs
corresponding to ancient centromeres (28)] or end-to-end fusions
[as seen, for example, in human chromosome 2 (29)].

Such exchanges of entire chromosome arms with stable bound-
aries at centromeres are famously observed in drosophilids, leading
to the identification of six Muller elements (11, 13). Muller elements
represent ancestral drosophilid linkage groups that correspond to
ancestral acrocentric chromosomes. While these elements can join
by centric (Robertsonian) translocation to form a biarmed chro-
mosome, subsequent mixing of the two arms is blocked by the
centromere. This process is reversible, and a biarmed chromosome
can dissociate into two acrocentric chromosomes (28). Since centric
fusion/fission is reversible, we cannot determine whether our ALGs
were chromosomes or chromosome arms in the BCS ancestor. Last,
we note that BFL4 also exhibits what appears to be a large inversion
across a fusion boundary. This is analogous to the pericentric inver-
sion after fusion of Muller elements B and C in the common
Drosophila yakuba-Drosophila erecta ancestor (12, 24).

Centric insertion

A second type of combining pattern is found in EMU21, which
comprises an internal segment (EMU21mid in Fig. 3) corresponding
to ALG_O2 sandwiched between two distal segments (EMU21end)
that together correspond to ALG_N. This is the signature of a
centric insertion (Fig. 4C), in which one chromosome is inserted
into the centromeric region of another, a type of chromosomal
translocation that has been described in several plant genomes
(28, 30-32) but that, to our knowledge, has not been previously
described in animals. We represent this centric insertion symbolically
as EMU21 = ALG_0O2 \, ALG_N. An alternative scenario, in which
ALG_O2 and ALG_N are first juxtaposed side by side and the
ALG_N segment is then split by an inversion containing the entire
ALG_O2 segment, is possible but is less likely because the presence
of ALG_N genes at both ends of EMU21 would require that the
inversion breakpoint be very close to a telomere.

Similarly, BFL2 in amphioxus shows an alternating pattern of
ancient synteny, with odd-numbered segments (BFL2o0dd in Fig. 3)
having ALG_C1 ancestry and the even-numbered elements (BFL2eve)
having ALG_J2 ancestry. Notably, the odd segments include both
telomere-adjacent regions. The most parsimonious explanation of
this pattern is that BFL2 arose by a centric insertion of ALG_]J2
= RES11 = EMU23L into ALG_C1 = PYE9 = (RES5 = HVU9)
= EMUO09, followed by an inversion that spanned the boundary of
the insertion (Fig. 4B). The alternative hypothesis of Robertsonian
fusion followed by two inversions (with one breakpoint required to
be precisely positioned close to the telomere) invokes more tectonic
events and is therefore less parsimonious.

Fusion-with-mixing

Last, our analysis reveals a third previously undescribed process in
karyotype evolution in which chromosomes corresponding to two
different ALGs fuse into a single chromosome and the genes from
these ALGs become interspersed along the fusion chromosome by
subsequent intrachromosomal rearrangement. We refer to this process

Simakov et al., Sci. Adv. 8, eabi5884 (2022) 2 February 2022

as “fusion-with-mixing” and represent it symbolically by “®” (Fig. 4D).
For example, HVUS is a fusion-with-mixing of two jellyfish-like
chromosomes RES13®RES16, and BFL1 is a fusion-with-mixing of
two scallop-like chromosomes PYE5®PYE16 (the direction or po-
larity of these changes in time is determined by our knowledge of
the ancestral state, as shown in Fig. 4E). Fusion-with-mixing is (a)
“commutative” in the sense that the ancestral units that become
combined can be written in either order and (b) irreversible, in the
sense that, once two ALGs have fused and mixed, they will not
spontaneously unmix. This is in contrast to Robertsonian fusion
(which occurs without mixing), which can be reversed by pericen-
tromeric double-strand breaks (28).

Mixing may occur over an extended period of time, presumably
by the same intrachromosomal processes that scramble gene order
within Muller elements as documented in drosophilids (12) and as
described above for syntenically equivalent chromosomes between
deeply divergent groups. Since proper segregation of a chromosome
requires exactly one functional centromere, the initial “fusion” may
occur by an end-to-end process (29) with centromeric loss/
nonfunctionalization (33). Since centromeres typically serve as
barriers to mixing due to the meiotic deficits that accompany
pericentric inversion (11), mixing after Robertsonian fusion probably
requires the relocation of a centromere or the emergence of a
neocentromere.

To estimate the degree of mixing after fusion, we computed the
length of uninterrupted runs of genes from the ALG that contribute
to fused-and-mixed chromosomes (Materials and Methods). With
complete mixing, these runs are expected to be short and geometri-
cally distributed. Simulations show that random inversions effec-
tively intersperse genes from initially separate ALGs and rapidly
generate complete mixing (Materials and Methods and fig. S5).
Scallop and jellyfish chromosomes derived by fusion-with-mixing
show the expected geometric distributions of run lengths. In
contrast, chromosomes that arise from end-to-end fusion or centric
insertion (such as BFL2, BFL3, and BFL4) have long uninterrupted
runs of adjacent genes from the same ALG, indicating that exten-
sive mixing has not occurred (BFL1, which is a fusion-with-mixing
of ALG_A1 and ALG_A2, shows longer-than-expected residual
adjacent blocks of ancestry, consistent with a more recent fusion-
with-mixing in the amphioxus lineage). Similar to the mixing of ink
and water, the irreversibility of fusion-with-mixing can be quanti-
fied by entropy [in this case, Shannon entropy (34)], and spontaneous
unmixing as a consequence of intrachromosomal rearrangement
cannot occur over any practical time frame (Materials and Methods).
The rarity of fusion-with-mixing coupled with its irreversibility
means that fusion-with-mixing can be used as a strong character for
phylogenetic inference as discussed below.

Early evolution of bilaterian, cnidarian,

and sponge karyotypes

With the ALGs in hand, we can use cladistic logic (e.g., Fig. 4E) and
the three elementary combining processes to establish the ancestral
chromosome organization of bilaterians, cnidarians, and sponges
and to describe the early chromosome evolution leading to these
three ancient metazoan lineages (Fig. 5A, fig. S6, and note S2). Four
ALGs (B1, B2, A2, and N) are each represented in both sponges and
bilaterians by syntenically equivalent chromosomes (or discrete
segments) and must therefore correspond to the ancestral BCS state.
In medusozoans, these ALGs participate in fusion-and-mixing
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rearrangements (RES4 = HVU7 = ALG_B1®ALG_B2 and RES8 =
HVU4 = ALG_A2®ALG_N), which represent derived states. We
show below that these same mixing events are found in anthozoan
cnidarians, which implies that they occurred on the cnidarian stem.
A somewhat more complicated situation involves the three ALGs
Ala, Alb, and B3, which are (i) distinct in sponge, (ii) fused as
ALG_A1a®ALG_A1b = PYES5 in bilaterians, with ALG_B3 =
BFL18 = PYE19 remaining distinct, and (iii) fused as ALG_
A1b®ALG_B3 = RES13 in medusozoans, with ALG_Ala = RES2
remaining distinct (the fusions-with-mixing shared by jellyfish and
hydra are also found in anthozoans and are therefore pan-cnidarian;
see below). Here, again, we can infer that the sponge E. muelleri
retains the primitive state, and bilaterian and cnidarian chromo-
somes arose by distinct fusion-with-mixing processes. In this manner,
we can polarize most early karyotype changes even without an
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outgroup and define 24 ancestral bilaterian linkage groups (BLGs)
and 21 ancestral cnidarian synteny groups (note S2). The most
complex cases involve the ancestral state of the chromosomes de-
rived from the four ALGs Qa to Qd and R, which are the smallest
and apparently most labile units (fig. S6). The only ambiguity of the
ancestral BCS state involves Qc and R (note S2).

Fusion-with-mixing and the evolution of spiralian
karyotypes

The importance of fusion-with-mixing in karyotype evolution and
the utility of our chromosomal algebra for describing and timing
specific tectonic events are demonstrated by comparative analysis
of spiralian karyotypes (Fig. 5B and note S3). As evident from
Figs. 1 and 3, fusion-with-mixing occurred five times in the scallop
lineage: PYE]l = ALG_M®ALG_B2, PYE2 = ALG_H®ALG_Q,
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Fig. 5. Chromosome evolution in metazoan lineages. Phylogenetic distribution of chromosome changes in (A) early bilaterian-cnidarian-sponge divergence, (B) spiralians,
(€) cnidarians, and (D) chordates. All ancestral states and changes are inferred from genome comparisons and reconstructions as described in the text. ALGs not shown
on branches retain ancestral state. Algebraic symbols are defined in Fig.4 and in the text. Blue starbursts represent whole-genome duplications. Note that prior rearrangements
in the indicated ancestor are denoted in shorthand, e.g., A1bB3 represents the cnidarian ancestral state ATb®B3 and B1B2 represents B1®B2.
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PYE3 = ALG_K®ALG_02, PYE4 = ALG_J2®ALG_L, and
PYE12 = ALG_R®ALG_O1. By comparing the chromosomes of
scallop to the chromosomes of two other mollusks [the blood clam
Anadara broughtonii (ABR) (35) and giant snail Achatina fulica
(AFU) (36)], and using amphioxus and the sea urchin L. variegatus
(LVA) (27) as outgroups, we see that four of these five fusions-
with-mixing (ALG_H®ALG_Q, ALG_K®ALG_02, ALG_J2QALG_L,
and ALG_R®ALG_O1) are shared by all three mollusks, which
implies that they occurred before the bivalve-gastropod split (fig. S7
and note S3). The alternative is that these fusions-with-mixing
occurred convergently in bivalves and gastropods. It follows from
the irreversibility of fusion-with-mixing that all descendants of the
most recent bivalve-gastropod ancestor must share these four
fusions-with-mixing. This is a prediction of our approach that can
be tested by future genome sequencing efforts. For example, analy-
sis of the recently published subchromosomal Nautilus pompilius
scaffolds (37) shows that, as anticipated, these four fusions-with-
mixing are likely present in a cephalopod (fig. S7).

Comparisons among mollusks also show that equal chromosome
numbers do not necessarily imply 1:1 chromosomal homology. In
particular, although the blood clam and sea scallop both have
haploid chromosome number N = 19, they derive from their common
N = 20 ancestor by different lineage-specific fusion-with-mixing
events. Last, although the giant snail is a paleotetraploid (38), its
karyotype evolution can also be described by our algebra, further
demonstrating its utility (note S3). In the paleotetraploid giant snail
lineage, the ancestral N = 20 bivalve-gastropod number is first (i)
reduced to 17 by three fusion-with-mixing events, then (ii) doubled
to 34 by a genome duplication (38), and lastly (iii) reduced to 31
by three Robertsonian fusions that occurred after the genome
doubling (Fig. 5B).

Although no chromosome-scale annelid genomes are available
to date, we can nevertheless use the draft genome of the marine
annelid Capitella teleta (CTE) (3) and our framework for metazoan
chromosome evolution to make predictions about annelid and other
spiralian genomes. Analysis of the subchromosomal sequences of
C. teleta suggests that multiple bilaterian ALGs [bilaterian linkage
groups (BLGs)] are present in unmixed form in this genome, which
implies that these syntenic groups will be found as chromosomes or
chromosomal arms/blocks (fig. S8 and note S3). Multiple scaffolds are
enriched for genes from pairs of ALGs, indicating fusion-with-mixing.
Since the same ALG pairs are fused-and-mixed in bivalve and gas-
tropod mollusks and since fusions-with-mixings are irreversible, we
can make another testable prediction: These fusions-with-mixings
must be shared by all spiralians (which descend from the most recent
annelid-molluscan common ancestor). Additional possibly lineage-
specific fusions-with-mixing are also detected in C. teleta (Fig. 5B
and note S3).

Evolution of cnidarian karyotypes

We find that the fire jellyfish preserves the N = 21 ancestral cnidarian
chromosome number (Fig. 5C). While N ~ 14 to 15 karyotypes are
common among cnidarians (e.g., Nematostella vectensis, Acropora
millepora, and H. vulgaris), we find that this chromosome number
has been independently derived in multiple lineages (Fig. 5C). Sat-
isfyingly, the chromosomes of the coral A. millepora (the only available
chromosome-scale anthozoan genome to date) (39) can be straight-
forwardly represented in terms of the ancestral RES-like cnidarian
units using our chromosome algebra, although they were not included
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in the analysis that defined the ALGs (fig. S9 and note S4). We also
updated the analyses of Putnam et al. (2) and Srivastava et al. (21)
by grouping their subchromosomal scaffolds of the starlet sea
anemone N. vectensis (NVE) into 15 clusters based on conserved
syntenies with jellyfish and coral (fig. S9 and note S4). These 15
clusters are presumed to be in one-to-one correspondence with the
N =15 N. vectensis chromosomes, consistent with (40) and validating
along series of predictions based on conserved synteny (2, 3, 8, 21).
Comparing the 14 A. millepora chromosomes with the 15 N. vectensis
clusters, however, we infer that the two anthozoans reached similar
chromosome numbers by parallel reductions from their N = 20
anthozoan ancestor. Both coral and sea anemone have a chromo-
some that combines ALG_G and ALG_J2, as a likely Robertsonian
fusion in A. millepora and as a fusion-with-mixing in N. vectensis.
This suggests that a Robertsonian fusion on the anthozoan stem
broke down by mixing in the N. vectensis lineage, although we cannot
rule out convergent fusions.

The N = 15 chromosomes of H. vulgaris are derived from those
of the N =21 cnidarian ancestor by a different set of six fusion-with-
mixing rearrangements from that found in anthozoans (Fig. 3 and
fig. S3). These fusions-with-mixing are shared with the distantly
related green hydra Hydra viridissima based on an analysis of the
subchromosomal scaffolds of this species (fig. S9) (41), consistent
with the stability of the N = 15 karyotype across the genus Hydra
despite variation in genome size (42). In contrast with other focal
species in our analysis, however, H. vulgaris chromosomes also
display balanced translocations that break ALGs (Fig. 3). For exam-
ple, HVU9 comprises ALG_C1 = RES5 joined to a small portion of
ALG_D = RES7. Since ALG_D genes are only found at the tip of
HVUSY, it is likely that HVU9 was formed by the translocation of a
short (presumably distal) portion of an ALG_D-like chromosome
onto an ALG_Cl-like ancestor. HVU13 and HVU14 arose by reciprocal
translocation of a pair of ancestral chromosomes resembling
ALG_L = RES9 and ALG_Ea = RES17, possibly through arm ex-
change. Sharp breakpoint boundaries suggest recent rearrangements.
Somewhat similarly, hydra chromosomes HVU3 and HVU15R
display the signature of a reciprocal translocation of ALG_I = RES14
and ALG_K = RES15. Unlike the ALG_L/ALG_Ea case, however, the
reciprocal translocation of ALG_I/ALG_K was followed by mixing.
We note that the sequenced 105 strain of H. vulgaris has been main-
tained asexually in the laboratory for nearly 50 years, and these (and other
smaller translocations) may be the result of relaxed constraint on or,
possibly, selection for chromosome rearrangements under these conditions.

Nematodes, flies, and ecdysozoans

Although the small chromosome numbers of rhabditid nematodes
and drosophilids are evidently highly reduced relative to the 24
ancestral BLGs, we can nevertheless detect relicts of these ancient
linkages. The N = 6 chromosomes of C. elegans (CEL) can be simply
expressed in terms of the ancestral BLGs. In particular, CEL_V
corresponds directly with BLG_A1 (= ALG_A1a®ALG_A1b), and
the other five C. elegans chromosomes are fusions-with-mixing of
between two and six BLGs (fig. S10 and note S5). These correspon-
dences expand upon and mechanistically explain the conserved
synteny observed by Wang et al. (7) between C. elegans and the com-
putationally inferred 17 ALGs of chordates (5). Within nematodes,
Tandonnet et al. (15) recently showed that chromosomes of diverse
rhabditid species can be described in terms of seven “Nigon elements,”
the rhabditid analogs of the six Muller elements in drosophilids.
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This is wholly consistent with our phylogenetically broader scheme
since the rhabditid Nigon elements correspond to fusions-with-mixing
of the ancient bilaterian linkage units (note S5). Although our focus
is on conserved macrosynteny, we note that chromosome fusions in
the rhabditid lineage were also accompanied by a higher rate of
small-scale interchromosome translocations than seen in other
bilaterians, producing a higher number of genes of variable synteny
(table S3).

Searches for large-scale conserved synteny between Drosophila
and other phyla have been unsuccessful (7, 10). Within insects,
however, macrosynteny is conserved, as previously noted between
fruit flies and mosquitos (43) and shown in fig. S10 between fruit fly
and the flour beetle Tribolium castaneum (TCA) (44). We find
several weak but significant macrosyntenic associations between
the drosophilid Muller elements and BLGs (fig. S11 and note S5). In
contrast, scaffolds of the centipede Strigamia maritima (SMA) (45)
are consistent with the preservation of intact BLGs in the chilopod
lineage. These findings (and the formation of rhabditid nematode
genomes by fusion-with-mixing of BLGs) imply a scenario in which
early ecdysozoans preserved many ancestral bilaterian syntenies,
with large-scale rearrangements occurring on the insect/fly lineage.
These predictions will be tested by future ecdysozoan genome
sequencing.

Deuterostomes

With the reconstructed ancestral bilaterian chromosomes in hand,
we can refine the reconstruction of the protovertebrate genome
before early genome-wide duplications (8) and, by comparison with
the chromosome-scale sea urchin genome (LVA) (27), explore early
deuterostome chromosome evolution. We find that (i) fusions-
with-mixing produced 18 syntenic units (chromosomes and/or
chromosome arms) on the protovertebrate lineage and (ii) the
syntenies of the most recent chordate ancestor resembled those of
the bilaterian ancestor (Fig. 5D and note S6). The discrepancy
between the 18 syntenic units reported here and the 17 “chordate
linkage groups” (CLGs) of (8) is accounted for by our new finding
that the amphioxus chromosome BFLI1 is a fused-and-mixed
combination of two ancestral bilaterian units, BLG_A1 and BLG_A2.
These BLGs are separate in sea urchin (fig. S12), scallop, sponge,
and cnidarians as well as in lamprey (46) and tunicate (47) chromo-
somes. The BLG_A1®BLG_A?2 fusion-with-mixing must therefore
have occurred on the amphioxus lineage, not the ancestral chordate
lineage, as assumed in (8). Residual short blocks of BLG_A1 and
BLG_A2 ancestry are consistent with relatively recent fusion-with-
mixing on the amphioxus lineage.

Several other fusions-with-mixing are shared by vertebrates but
not amphioxus and other bilaterians and therefore occurred on the
vertebrate stem. For example, ALG_BI1, B2, and B3 are each pre-
served as separate linkage units in sponge and amphioxus (and,
therefore, the most recent chordate ancestor) but were combined
on the vertebrate lineage (since they are found in fused-and-mixed
form in jawed vertebrate genomes as CLG_B). Similarly, the ALG
pairs ALG_C1/C2,]J1/]2, and O1/02 are distinct units in bilaterians
but always occur in fused-and-mixed form in jawed vertebrates (8).
From the broader phylogenetic perspective described here, we note
that the “CLGs” defined by Simakov et al. (8) should properly be re-
ferred to as “protovertebrate linkage groups” since they include
ALG fusions on the preduplication vertebrate stem that are not found
in other chordates. While the chromosomes of Ciona intestinalis
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(type A) (47) retain some ancestral bilaterian syntenies, these are
highly disrupted, with several ALGs split across two chromosomes
(fig. S12), indicating the occurrence of fissions and/or partial trans-
locations in the more divergent tunicates (48), similar to the dis-
ruptions seen in H. vulgaris. Last, ALG_R, which we identified as an
ancestral unit that is (i) fused-and-mixed with ALG_O1 in scallop
and (ii) fused-and-mixed with ALG_Qc in sponge and cnidarians,
is present as an intact chromosome in sea urchin (LVAG®; see fig. S12),
confirming ALG_R as an ancestral bilaterian and deuterostome chro-
mosome (or arm). The genes of ALG_R are dispersed across several
chromosomes in chordates (amphioxus, C. intestinalis, and verte-
brates), suggesting a possible fourth mode of chromosome evolution.

Placozoans, ctenophores, and sponges

Although the genome of the placozoan Trichoplax adhaerens (TAD)
is not yet assembled to chromosome scale, we find that its subchro-
mosomal scaffolds (9, 49) generally preserve BCS ALGs, supporting
earlier findings of conserved synteny between Trichoplax and human
(3,9). We can also use the patterns of ALG mixture as phylogenetic
characters to test hypotheses about the nature of placozoans (9, 49-51).
These arguments critically rely on (i) the irreversibility of fusion-
with-mixing, which implies that all descendants of an ancestrally
fused-and-mixed chromosome must also show that same intermixing
of genes from two ALGs, and (ii) the rarity of these events, which
suggests that convergent fusions-with-mixing in unrelated lineages
are unlikely. These principles imply that the placozoans cannot be
crown group cnidarians or bilaterians since Trichoplax lacks both
the ALG_A2®ALG_N and ALG_A1b®ALG_B3 mixings shared by
all cnidarians and the ALG_A1a®ALG_A1b mixing shared by
all bilaterians (fig. S13). However, Trichoplax does exhibit the
ALG_Eb®ALG_F fusion-with-mixing shared by all cnidarians
(note S7). Thus, ALG_Eb®ALG_F is a synapomorphy (shared
derived character) that unites placozoans and cnidarians as sister
groups, consistent with some gene-based phylogenies (51I).

Among sponges, we find that the Great Barrier Reef demosponge
Amphimedon queenslandica (AQU) (21) shows extensive conserved
synteny with BCS ALGs and the freshwater demosponge E. muelleri
(19), consistent with prior findings of deeply conserved synteny
between subchromosomal assemblies of A. queenslandica and bila-
terians (21), now extended to chromosome scale. We note in passing
that although the sponge E. muelleri has n = 23 chromosomes, the
assembly of (19) has 24 major scaffolds. Conservation of synteny
shows that the 24th largest scaffold has the same pattern of synteny
as EMUO7, corresponding to ALG_B2 (Fig. 3). This fact suggests
that the two scaffolds are linked in the sponge genome. The Hi-C
contact map reported in (19) supports this linkage, affirming the
power of our approach. Unfortunately, the currently available sub-
chromosomal assemblies of ctenophores (17, 52) are too fragmented
to apply this logic to infer the relationships among ctenophores,
sponges, and other animals; such analysis awaits chromosome-scale
genome assemblies.

Conserved synteny between animals and their

unicellular relatives

We also find relicts of ancient linkages shared between animals and
their unicellular relatives. While the available draft genomes of
choanoflagellates Monosiga brevicollis (53) and Salpingoeca rosetta
(54) and the ichthyosporean Capsaspora owczarzaki (55) are not
yet assembled into chromosomes, we tested their longest genomic
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scaffolds for significant conserved synteny with ALGs (Materials
and Methods). We find that 16 ALGs show conserved synteny with
one or more choanoflagellate and/or ichthyosporean genome
scaffolds, revealing gene linkages that have persisted across more
than 800 million years of independent evolution (Fig. 6). These
extraordinarily ancient conserved linkages include one ALG
(ALG_A1a) thatis at least partially preserved in all three unicellular
genomes and seven whose preservation is detected in two of the
three genomes.

We emphasize that the ancient conserved syntenies between
animals and their unicellular relatives shown in Fig. 6 are under-
estimates since the fragmentation of the current genome assemblies
of unicellular relatives of animals reduces the statistical power to detect
conserved synteny by (i) reducing the number of genes involved in
each scaffold-ALG test and (ii) increasing the multiple testing
burden due to the large number of scaffolds. Furthermore, these

scaffold-based tests can only confirm partial preservation of ALGs
in unicellular genomes; it remains possible that some ALGs are
(possibly ancestrally) “split” in these lineages. Chromosome-scale
assemblies for these unicellular organisms will be necessary for
more complete tests.

DISCUSSION

As the physical carriers of genetic information, chromosomes are
heritable and mutable entities that evolve over time. Here, we show
that the chromosomes of diverse bilaterians, cnidarians, and sponges
are often in simple correspondence, implying preservation of groups
of anciently linked genes in diverse lineages (Fig. 1). This finding
validates and extends earlier predictions based on subchromosomal
draft genomes (2-5, 9, 20, 21, 45). Notably, we find that chromosome-
scale gene linkages are generally conserved without conservation of
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Fig. 6. Significant associations between BCS ALG and scaffolds of three unicellular holozoans imply deep ancestry of BCS linkage groups. (Top) Filasterean
amoeba C. owczarzaki. (Middle) Colony-forming choanoflagellate S. rosetta. (Bottom) Solitary choanoflagellate M. brevicollis. For each species, P values are
Bonferroni-corrected for the number of scaffolds tested against the BCS ALGs for conserved synteny (Materials and Methods). Circle size corresponds to the number of

shared genes.

Simakov et al., Sci. Adv. 8, eabi5884 (2022) 2 February 2022

100f 17

2202 ‘9T /(Jemqej uo 5J0'93LIS!$'MMM//:SCIHL| wioJj papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

gene order, that is, conserved synteny in its general sense as introduced
by Renwick (6). As described for drosophilids (12, 13, 24), scrambling
of gene order is due to the cumulative effect of intrachromosomal
rearrangements. The loss of gene order among divergent lineages
suggests that any selection favoring the preservation of gene order
must be weak over long time scales.

The observed patterns of conserved synteny imply that the
chromosome sets of diverse species can be interpreted as simple
combinations of 29 ALGs. These ALGs can be inferred by cladistic
principles and the known phylogeny of bilaterians, cnidarians, and
sponges (Fig. 3). As an extreme example of deep conservation of
synteny, we find that the n = 21 chromosomes of fire jellyfish repre-
sent the ancestral state of cnidarians, although the ordering of genes
along these ancestral chromosomes cannot be determined. On top
of the general patterns of chromosome-scale conserved linkage, we
find that a handful of genes change chromosomes every million years,
presumably through small-scale translocations (25).

Across animal phyla, we find that, typically, only a handful of
chromosome-scale fusions have occurred on each lineage since the
Cambrian era. It is this slow rate of change that allows us to infer the
ALGs from only a small number of diverse genomes. We find that
there are three types of fusions: Robertsonian or end-to-end trans-
locations, insertional centric fusion, and the newly described pro-
cess of fusion-with-mixing (Fig. 4). Fusion-with-mixing presumably
occurs by fusion [or, more properly, whole-chromosome transloca-
tion (28)] followed by numerous subsequent intrachromosomal
rearrangements that eventually obscure fusion boundaries. Fusion-
with-mixing is a rare and irreversible process, which makes it a useful
phylogenetic character (56). Fusion-with-mixing events therefore
(i) generate testable predictions of our model of chromosome
evolution (since shared fusion-with-mixing between two genomes
requires this character to be shared across an entire clade) and (ii)
provide shared-derived genomic characters that may be useful in
phylogenetic analysis.

Why have chromosome-scale syntenic units been stable over
such long periods of time? There are two broad, nonexclusive types
of selective constraints on chromosome evolution. First, chromo-
some rearrangements may be constrained by gene regulation since
structural variations that disrupt cis-regulatory interactions will
generally be selected against. For example, gene regulation in verte-
brates has been shown to involve long-range chromatin interac-
tions (22, 57), and overlapping networks of such intrachromosomal
interactions could, in theory, stabilize arrays of syntenic linkages
while still allowing for local changes in gene order. A recent study in
fruit flies with highly rearranged chromosomes, however, suggests
lack of coupling between genome topology and gene expression
(58). The widespread lack of gene order conservation described
above among bilaterians, cnidarians, and sponges suggests that
long-range cis-regulatory constraints on chromosome-scale evolu-
tion, if they exist, must be subtle. This is consistent with our inability
to detect shared molecular function of genes in each ALG.

A second general constraint on chromosome evolution arises
from the requirement that new chromosome-scale mutations must
successfully navigate meiosis as heterozygotes on their way to
fixation in a sexual population (59). In general, even balanced chro-
mosomal rearrangements can be deleterious to the fertility of
heterozygotes because of the disruption of meiotic pairing (11) and
the production of unbalanced gametes with altered gene dosage
(25, 59). While these effects are expected to reduce the fertility of
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fusion heterozygotes, reversible centric (Robertsonian) fusions and
fissions can evidently evade these constraints, and the balance
between them may be controlled by meiotic drive (60, 61).

The effects of both regulatory and meiotic constraints are en-
hanced in large panmictic populations, which are generally resistant
to the spread of “underdominant” mutations (i.e., mutations that
are deleterious as heterozygotes) and deleterious mutations in
general (59). The spread of such variants is thought to require
special conditions such as subdivision of a population into small
demes, which allows such variations to become established by
genetic drift and dispersal through colonization (59, 62), or varia-
tion in nonrandom segregation of centromeres in female meiosis
(61). These conditions may account for the prevalence of chromo-
somal rearrangements in mammals (63). Broadcast spawning
invertebrates, however, typically form large panmictic populations.
Their large population sizes may also stabilize their genomes against
chromosomal change, contributing to the remarkable persistence of
ancient metazoan linkage groups through evolution.

Although slow chromosome evolution is widespread among
invertebrates (Fig. 5 and notes S2 to S7), it is not absolute. Excep-
tions to the general metazoan rule that ALGs are combined but not
broken include disruptive change on the lineages leading from the
chordate ancestor to ascidians [known for their rapid genome evo-
lution (48)], from the protostome ancestor to insects, and possibly
from the molluscan ancestor to coleoid cephalopods [which show
stable but much larger chromosome numbers than other inverte-
brates (64)]. While, in these cases, disruptive chromosome re-
arrangements that break ALGs have occurred, they appear to be
restricted to a specific time interval followed by a return to slow
evolution (as seen, for example, in flies). These intervals of rapid
chromosomal change could correspond to bottlenecks when popu-
lation size drops, and unusual chromosome rearrangements that
break ALGs can more readily become fixed. Substantial morpho-
logical evolution can occur (e.g., between bilaterians, cnidarians,
and sponges and within these groups) with only relatively conserva-
tive chromosomal change following the mechanisms of Fig. 4.

Unexpectedly, we also find evidence for at least partial conserva-
tion of the ancestral metazoan syntenic units in unicellular relatives
of animals, testifying to their deep antiquity. These ancient linkage
units provide a framework for understanding gene and genome
evolution in animals. For example, in metazoans, ALG_A1 carries
the most diverse collection of homeobox genes, with members of
ANTP, PRD, PROS, and HNF homeobox gene classes as well as the
more ancient TALE class that is also found in fungi and plants (65).
Although these homeobox genes (except TALE) are not found in
unicellular eukaryotes, ALG_A1 is conserved with unicellular rela-
tives of animals and may represent the chromosomal context within
which metazoan homeoboxes arose and diversified. Our observation
is consistent with the proposal of a homeobox-rich protovertebrate
linkage group (66) and discussions of ancient homeobox giga-
clusters (67, 68).

MATERIALS AND METHODS

Chromosomal assemblies of H. vulgaris and amphioxus

We generated a de novo chromosomal assembly for H. vulgaris
(HVU) by combining 29-fold coverage in PacBio circular consensus
(“HiFi”) shotgun sequencing with in vivo (69) chromatin confor-
mational capture datasets (note S1). To avoid challenges arising
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from heterozygosity, PacBio sequencing was performed on genomic
DNA from an F; hybrid of the Japanese H. vulgaris (HVU) strain
105 [the substrate for previous subchromosomal assemblies of
Hydra (20)] crossed with the North American AEP strain. These
two H. vulgaris strains differ by approximately 1% sequence differ-
ences so that a haplotype-resolved assembly could be generated
with Flye (70). Contigs derived from the strain 105 parent were
identified by mapping in vitro chromatin conformation capture
(“Hi-C”) Ilumina data (Dovetail Genomics, Scotts Valley, CA)
from strain 105 to the haplotype-resolved assembly. Hi-C scaffold-
ing was performed using Juicebox (71) with manual curation as
described in note S1. Centromeric tandem repeat loci were identi-
fied, and chromosomes were reoriented p-to-q. The final Hi-C contact
map is shown in fig. S1. Chromatin contact data suggest that the
genome of this asexual strain of H. vulgaris, which has been propa-
gated asexually by budding for almost 50 years, is heterozygous for
a reciprocal translocation. Since one of the two alternative confor-
mations shows chromosome-scale conserved synteny with jellyfish,
amphioxus, and sea scallop, we report this most parsimonious
structure. Our overall results are not sensitive to this choice since
the alternative form would simply represent a recent rearrangement
in the Hydra lineage (note S1). For amphioxus, we updated the
existing chromosome-scale assembly (8) by manual curation with
Juicebox (71). This process incorporated 6 million base pairs of a
previously unplaced sequence into chromosomes and corrected
11 inversion errors. BFL chromosomes were numbered according to
Simakov et al. 2020 (8). Annotations for both hydra and amphioxus
were mapped forward from previous assemblies by nucleotide
BLAST of transcripts (72).

Other genomic datasets

To define the ancestral BCS linkage groups, we also used several
published genome datasets, including the yesso sea scallop P. yessoensis
(PYE) (7), fire jellyfish R. esculentum (RES) (18), and freshwater
sponge E. muelleri (EMU) (19). Table S1 lists the source of all
genome data used in this study. For uniformity, we labeled each
chromosome by the species’ three-letter species acronym and the
scaffold or chromosome number assigned by the original authors.
For E. muelleri, as noted by the original authors, the assembly
recovers 22 of the n = 23 chromosomes as single sequences, with the
remaining chromosome “represented by two sequences likely split
at the centromere.” On the basis of our synteny analyses, the
scaffold pair EMUO7 and EMU24 together corresponds to ALG_B2
(Fig. 3). The Hi-C data of (19) support the physical association
(although this is not noted there). We conclude that these scaffolds
together represent the split chromosome.

Identification of ALGs

We identified 29 ancient conserved linkage groups (ALGs) across BCSs
by two complementary methods for assessing chromosome homology.
Both approaches produced the same results as shown in Fig. 3.

In the first approach, we inferred the anchor genes on the basis
of multiway mutual best hit (MBH) clusters of orthologs. To identify
homology between chromosomes, we used orthology information
from “three-way” MBH (synonymous with reciprocal blast hit)
relationships between scallop, amphioxus, and jellyfish, requiring
consistent MBH pairs across all three species. To define the best
hits, we used the hit with the highest score using BLASTP version
2.11.0+ (73). This resulted in 6766 MBH gene families. To add more
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species to this core set, MBHs were first inferred in pairwise com-
parisons between each species and the three focal species and then
merged into “multiway” MBHs by requiring consistent 1-1 matches
in MBH gene pairs among scallop, amphioxus, and jellyfish from
the same MBH core family to ensure stringent orthology assign-
ment. ALGs were then defined by chromosomal combinations
(chromosomal location of the orthologous genes from a given
MBH family) that had the highest number of supporting MBH fam-
ilies. Using this approach, 2361 MBH families could be assigned to
one of the ALGs (data S1), with the remaining MBHs comprising
very rare chromosomal combinations. Groupings of chromosomes
into ALGs were insensitive to the method of grouping genes into
orthologous clusters. The 2361 MBH families comprise the anchor
gene families. The number of such gene families contributing to each
group is shown in the last column of Fig. 3.

In the second complementary approach, we considered pairwise
ortholog dot plots (Fig. 2 and figs. S2 and S3) among the five core
species in Fig. 3. The significance of chromosome-chromosome
associations (Fig. 2 and fig. S4) between species was assessed with
Fisher’s exact test against a null model of random gene permutation;
for each species pair, we applied a Bonferroni correction for the
number of chromosome-chromosome tests. Pairwise associations
between the five focal species (amphioxus, scallop, jellyfish, hydra,
and sponge) were nearly all commutative: If chromosome A from
species 1 and chromosome B from species 2 were associated and
chromosome B from species 2 and chromosome C from species 3
were associated, then, generally, chromosome A from species 1 and
chromosome C from species 3 were also associated. The resulting
network of chromosome-chromosome associations between pairs
of species recapitulates Fig. 3, obtained using orthologous gene sets
across all five species. ALG_R is an exception, as it was not found as
a significant association with any amphioxus chromosomes. We
note that ALG_R and ALG_O1 occur in fused-and-mixed form in
scallop, and in developing Fig. 5, we note the uncertain phylogenetic
position of this fusion-with-mixing due to its uncertainty in amphi-
oxus. Although it was defined without reference to sea urchin,
ALG_R is in 1:1 correspondence with chromosome LVA6 of the
green sea urchin L. variegatus (fig. S12 and note S6).

Conserved syntenic relationships are shown in Fig. 3 as well as in
the ribbon diagram of Fig. 1. In Fig. 1, vertical lines connect ortholo-
gous genes between chromosomes of adjacent species (74) if their
chromosomes show significant conserved synteny, i.e., those that
appear in the same row of Fig. 3. Note that genes of variable synteny
are not shown in Fig. 1. The 29 ALGs were 10-color-labeled using
R’s RColorBrewer “Dark2” palette.

We note that in some cases, an ALG corresponds uniquely to
single chromosomes in each species (e.g., ALG_G; top row of
Fig. 3). In other cases, two or more ALGs correspond to distinct
chromosomes in some species but the same chromosome in others,
which we indicate in Fig. 3 by partially merged rows. For example,
ALG_BI and ALG_B2 (of Fig. 3) are distinct in amphioxus, scallop,
and sponge but are both associated with RES4 and HVU?. Since ALG_B1
and ALG_B2 genes are found throughout RES4 and HVU?7, this
configuration implies that ALG_B1 and ALG_B2 have become
fused and mixed as described here.

Loss of colinearity between phyla
To measure the degree of colinearity between chromosomes of
different species, we identified colinear runs of consecutive orthologs
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(as defined by pairwise MBHs between those two species). Orthologs
were considered colinear if they occurred in the same order in both
genomes, in forward or reverse orientation, without intervening
genes from the ortholog set (that is, genes without MBHs were not
considered). Comparisons between phyla showed that the typical
gene does not participate in a colinear run (i.e., its adjacent genes in
one species are not adjacent in another). No colinear runs of more
than four genes were observed (table S2).

ALG and BLG nomenclature and correspondence

with chordate notation

ALGs were named to ensure consistency with the previously defined
CLGs derived from scallop-amphioxus-jawed vertebrate comparisons
(see note S2) (8). Since amphioxus chromosomes have been parti-
tioned into segments labeled as CLG_A through CLG_Q, we adopted
these 17 letter codes and subdivided them as needed by suffixes.

To represent subdivisions of previously defined CLGs that are
split in bilaterians, we use numerical suffixes. For example, several
amphioxus chromosomes (BFL10, BFL16, and BFL18) were grouped
together into CLG_B since homologs of these chromosomal units
are combined (fused and mixed) in the vertebrate lineage. These
three amphioxus chromosomes, however, are orthologous to dis-
tinct chromosomes in scallop and sponge and must therefore repre-
sent separate ALGs, and we designate them as ALG_B1, B2, and B3.
Similarly, we split CLG_C, ], and O into ALG_C1/C2, J1/J2, and
01/02, respectively. These represent discrete segments of amphioxus
that were previously grouped together based on their fusion in
vertebrates.

We found that amphioxus chromosome BFL1, which previously
defined CLG_A, is a fusion-with-mixing relative to scallop and
lamprey. Thus, we conclude that CLG_A should be split into two
(bilaterian) BLGs and use this and other information (e.g., corrob-
oration by jellyfish and sponge) to define BLG_A1 and BLG_A2. As
predicted, we find that these are each represented by distinct chromo-
somes in the sea urchin L. variegatus (LVA7 and LVAS, respectively).

To represent subdivisions of previously defined chordate/bilaterian
units that are split in sponge and/or cnidarians, we added a lower-
case letter suffix. For example, ALG_E is split into two parts, ALG_Ea
and ALG_Eb. ALG_Ea comprises those BLG E genes whose ortho-
logs are found on EMUO1 and RES17, while ALG_Eb comprises
those genes whose orthologs are found on EMU14L and RES6.
Similar considerations apply to ALG_Ala/b and ALG_Qa/b/c/d.
When there is no confusion in a bilaterian context we refer to ALGs
as BLGs and omit the lowercase letter suffix.

Last, ALG_R is a unit of conserved synteny between scallop,
sponge, jellyfish, and hydra that was not detected in amphioxus and
so was assigned a new letter code. It is defined by conserved ortho-
log locations in PYE12, RES19, and HVU15, without regard to its
chromosome position in other species. Although the genes of
ALG_R are present in amphioxus and vertebrates, they do not show
conserved linkage in these genomes, which explains why it was not
found previously in (8). ALG_R is found intact as chromosome
LVAG6 of the green sea urchin L. variegatus, indicating (based on its
conservation in PYE12) that it was present in the bilaterian and
deuterostome common ancestor.

Analysis of subchromosomal segments
As previously noted by Simakov et al. (8), amphioxus chromosomes
BFL2, 3, and 4 are divided into discrete units with distinct syntenic
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relationships. For example, BFL3 and BFL4 are divided into left and
right halves denoted by the suffixes L and R in Fig. 3 (see also Fig. 1,
but note that, for clarity, some of these chromosomes have been
reverse-complemented, exchanging right and left on the image;
L and R are defined relative to the FASTA sequence). BFL3 and
BFL4 therefore represent fusion chromosomes relative to the ALGs
but, in contrast to RES4 and HVU7, without subsequent mixing.
We find several cases where chromosomes are split into odd num-
bers of segments.

For example, BFL2 is divided into five segments. Since even- and
odd-numbered segments have different patterns of conserved
synteny across other species, we denote them as BFL2eve and 20dd,
respectively, in Fig. 3. Notably, BFL20dd includes both distal (i.e.,
subtelomeric) regions. Similarly, EMU?21 is split into three distinct
patterns of conserved synteny, with EMU21end labeling the distal
segments and EMU21mid labeling the internal segment. These are
the signal of centric insertions as described here.

In some cases, H. vulgaris showed unique rearrangements
relative to the other four species. For example, ALG_D, K, L, Ea,
and I are split in hydra (with minor component indicated by an
underscore in Fig. 3) but not in the other species. The uniqueness of
these hydra configurations relative to jellyfish and the other species
indicates that these splits are due to rearrangement in the hydra
lineage and do not affect the definition of the ALGs.

Genes of variable synteny

We define genes of variable synteny as MBH gene pairs that lie on
chromosomes that do not belong to ALG groupings, i.e., gene pairs
inconsistent with Fig. 3 and its extension to other species. For
maximum resolution, we defined these in pairwise comparisons.
These are shown in gray in Fig. 2 and other pairwise dot plots. Table
S3 shows the number of mutual hit gene pairs between species and
the number of such pairs lying on significantly syntenically con-
served chromosomes. Note that these counts only include genes
assigned to chromosomes in both species, accounting for the low
rate of MBHs for P. yessoensis, which has a substantial unassigned
gene complement (identified as PYEQ “chromosome”). For the
purposes of assessing potential functional enrichments of genes of
variable synteny, we used InterProScan version 5.47-82.0 (75),
which provided gene ontology (GO) terms (76). We tested GO term
enrichment using clusterProfiler R package (77).

Simulation of fusion-with-mixing
In fusion-with-mixing, the genes of two distinct ALGs become
interspersed along the same fused-and-mixed chromosome. As a
simple model for this process, we simulated a chromosome of
100 genes beginning from an initial configuration of two juxtaposed
ALGs of 50 genes each. We then randomly selected a block of 10
consecutive genes and inverted its order. Snapshots of the simula-
tion are shown in fig. S5, along with the lengths of runs of consecu-
tive genes from the same original ALG. After 1000 inversions, the
runs of consecutive genes from the same ALG become geometrically
distributed, as expected for a random sequence of ALG identities.
Such rapid mixing is expected, independent of the details of intra-
chromosomal rearrangement, similar to findings for random card
shuffling (56, 78). Figure S5 also shows several examples of ALG
fusion-with-mixing in scallop and jellyfish chromosomes.

The irreversibility of fusion-with-mixing unmixing can be
quantified by the Shannon entropy (34). The pattern of ALG identity
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along a fused-and-mixed chromosome (Materials and Methods) is
consistent with complete mixing among bilaterians, cnidarians, and
sponge since ALG identity decays geometrically in these cases, as
expected for uncorrelated sequences. For a fully mixed sequence, the
Shannon entropy in bits is § = Naloga(Na/N) + (N/N)log,(Ng/N),
where N and Np are the number of genes from the two participating
ALGs and N = Ny + Nj is the total number of genes. Roughly speak-
ing, 2° is the relative ratio of the number of mixed to unmixed
configurations. If rearrangements occur randomly (i.e., without
regard to ALG identity of the genes involved), then the waiting time for
unmixing is therefore 2° 7, where  is the typical time between rear-
rangements. For N ~ 100, and even allowing for a very rapid T ~ 10° years,
the waiting time for spontaneous unmixing is ~10°* years, more
than 10 orders of magnitude longer than the age of the universe.

Conserved synteny in draft genomes

To integrate subchromosomal genome datasets into our evolutionary
scheme, we adapted the approach pioneered by Putnam and col-
leagues (2, 3, 5, 21). Briefly, for draft genomes, we (i) found MBHs
of protein-coding genes with one or more related chromosome-scale
genomes; (ii) made an ortholog grid between the scaffolds of the
draft genome and the related chromosome-scale sequences and/or
versus the 2361 ALG-defining anchor genes, considering only
scaffolds with more than 10 orthologs; and (iii) grouped scaffolds
by hierarchical clustering based on their vector of conserved synte-
nies, using neighbor joining with ward.D distance metric as imple-
mented in R hclust function. Dot plot code is available under
https://bitbucket.org/viemet/public/src/master/CLG/.

Scaffolds grouped by similar patterns of conserved synteny are
hypothesized to belong to the same chromosome. To infer fusion-
with-mixing, we require multiple scaffolds with the same pattern
of conserved synteny to two different ALGs or chromosomes of
another species. By insisting that two or more scaffolds share the
same pattern of conserved synteny, this method is insensitive to
individual misassembled scaffolds.

The prediction that scaffolds showing similar patterns of con-
served synteny are indeed linked on the same chromosome has
been confirmed in amphioxus by comparing the synteny-based
groupings found by Putnam et al. (5) to the chromosome-scale
assembly of amphioxus (8). Note that we cannot exclude the exis-
tence of recent translocations that separate scaffolds with closely
related patterns of synteny onto different chromosomes. Similarly,
the synteny-based grouping method cannot confidently recognize
Robertsonian, end-end, or centric fusions since these produce sharp
boundaries in ALG ancestry that cannot be easily differentiated
from misassembly.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi5884

View/request a protocol for this paper from Bio-protocol.
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