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Abstract
Comparative genomics and chromosome evolution
by
Austin Beck Mudd
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Daniel Rokhsar, Chair

Viewed through the lens of comparative genomics, how have chromosomes and karyotypes
evolved, particularly under extreme scenarios of rapid or torpid evolution? To examine this
question, I produced and analyzed new high-quality, chromosome-scale genome assemblies,
representing cases of extreme chromosome evolution. The interplay between convergent and
divergent genomic architectures can further our understanding into the maintenance of
chromosome structure and organization as well as the underlying biological mechanisms.

Despite their recent divergence, muntjac deer show striking karyotype differences. In Chapter 2,
I produced new chromosome-scale genome assemblies for the Chinese and Indian muntjacs,
Muntiacus reevesi (2n=46) and Muntiacus muntjak (2n=6/7), and analyzed their evolution and
architecture. I identified six fusion events shared by both species relative to the cervid ancestor
and, therefore, present in the muntjac common ancestor, six fusion events unique to the M.
reevesi lineage, and 26 fusion events unique to the M. muntjak lineage. One of these M. muntjak
fusions reversed an earlier fission in the cervid lineage. Although comparative Hi-C analysis
uncovered differences in long-range genome contacts and A/B compartment structures, I
discovered widespread conservation of local chromatin contacts between the muntjacs, even near
the fusion sites. Analysis of the muntjac genomes revealed new insights into this unique case of
rapid karyotype evolution and the resulting biological variation.

In contrast to muntjacs, frogs are a more phylogenetically ancient order, with two prominent
species, Xenopus laevis and Xenopus tropicalis, being utilized as vertebrate cell and
developmental model systems. In Chapter 3, I reported new chromosome-scale genome
assemblies for three distantly related frogs: the common coqui (Eleutherodactylus coqui), the
tingara frog (Engystomops pustulosus), and the Zaire dwarf clawed frog (Hymenochirus
boettgeri). Through comparative sequence analysis of these and other frog genomes, I identified
long-range and even chromosome-scale synteny, denoting the stability and pervasiveness of this
type of genomic conservation across the frog phylogeny. These chromosome-scale comparisons
also revealed the 13 ancestral chromosomes, with limited Robertsonian translocations and end-
to-end fusions explaining the observed chromosome variations. These assemblies, encompassing
over a billion years of evolutionary divergence, unmasked insights into torpid karyotype
evolution in frogs.
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1 Introduction

History. The field of genomics emerged with the pivotal papers from James Watson and Francis
Crick in 1953 about the structure and function of DNA [1,2] along with the first sequencing
publications — the amino acid sequence of insulin in the 1950s [3], the nucleic acid sequence of
yeast alanine transfer RNA in 1965 [4], and the genome of bacteriophage X174 in 1977 [5].
However, the field’s foundations stretch back to seminal discoveries in the 19" century including
the laws of Mendelian inheritance [6] and Darwin’s theory of evolution by natural selection [7],
which were released 154 and 160 years ago, respectively. Similarly, chromosomes, or
“chromatic nuclear figures”, were first described in 1873, with the term chromosome coined in
1888 [8]. The fields of comparative genomics and chromosome evolution originated in the early
and mid-1900s, with the findings by Alfred Sturtevant, Theodosius Dobzhansky, H. J. Muller,
and other Drosophila geneticists about conserved genic content between chromosomes of
different Drosophila spp. and the standardization of chromosome arm nomenclature (see Figure
1 from [9] and Figure 3 from [10]) [11,12].

In the following decades, technological developments improved the ability to explore
chromosome evolution, from advancements in chromosome preparation in the 1950s to the
development of chromosome banding in the 1960s to the introduction of fluorescent in situ
hybridization in the 1970s. As a result, researchers were able to evaluate chromosome
abnormalities in leukemia and Down’s syndrome, accurately identify the 46 human
chromosomes, and explore genomic changes across evolutionary history [12—14]. The newest
iteration of technological development is the proliferation of genome sequencing and the ability
to undertake chromosome-scale scaffolding of genome assemblies using technologies ranging
from optical mapping [15] to chromosome conformation capture [16], an advancement that, in
fact, has enabled this dissertation work. These improvements have greatly increased our
understanding of chromosome biology, from broadscale chromosome territories to A/B
compartments to sub-megabase topologically associating domains (see Figure 1 from [17])
[17,18], with hypotheses like the correlation between chromatin organization and banding
patterns tying together the history of the field [19].

Comparative genomics. With the aforementioned rapid development of novel sequencing
technologies [20], there has also been an expansion in the use of comparative genomics to better
understand genome content, evolution, and variation. In particular, advances in sequencing and
informatics have enabled the prediction and identification of various genomic features — coding
elements like protein-coding genes; non-coding elements including non-coding RNAs, repeats,
and regulatory elements; and structural variations such as copy number variations and
translocations — through comparison with related or otherwise well-annotated reference genome
assemblies and databases [21-23]. With these annotations, studies have examined genome
variation through the lens of ecological and evolutionary forces, gene duplication, and
polyploidization events [24-26]. For example, an influx of mammalian genome assemblies in
2011 enabled investigation into mammalian processes including hibernation, domestication,
marine adaptation, dietary specialization, and disease [27-34]. Taxa-specific analyses have since
expanded into other clades, such as birds [35], reptiles [36], and fish [37], with more assemblies
and analyses underway [38,39]. New reference genome assemblies can enable further

1



investigation into genomic regions under evolutionary selection, ancestral genome content and
thus ancestral biology, regulatory elements, and various other facets [40].

Chromosome evolution. Even with these technological innovations and new sources of data,
however, the core question at the intersection of comparative genomics and chromosome
evolution has remained the same: based on analysis of different species, populations, and
individuals, what chromosome changes have occurred across evolutionary history? To this end,
the observed variations fall into three categories: microstructural rearrangements with insertions,
deletions, and duplications of segments or whole chromosomes; macrostructural rearrangements
within and between chromosomes resulting in changes to chromosome morphology or number;
and polyploidization events involving the entire genome [13,41]. As a few examples of these
types of variations, studies have documented a variety of duplication, insertion, and deletion
events leading to genetic disorders in humans and explored the potential detrimental effects
caused by these types of chromosome abnormalities [42]. Case analyses in humans have also
identified a variety of chromosome structural variations including Robertsonian translocations,
reciprocal translocations, and chromosome inversions, enumerating any resulting phenotypic
effects [43]. On a larger evolutionary scale (see Figure 5 from [44]), studies have described the
end-to-end fusion of chromosome 2 in the human ancestor [45]; a whole genome duplication in
the teleost ancestor [46]; whole genome duplication, fission, and fusion events in the vertebrate
lineage [47,48]; and deep units of synteny across animals [49,50].

Rearrangements of chromosomes, however, must be evaluated in light of mitotic, meiotic, and
related chromosome constraints [51] as well as the health and fecundity of individuals and
populations. Chromosome rearrangement events can be deleterious or unable to be propagated,
can result in a balanced polymorphism that is maintained in a population, or under select
situations, can become fixed and potentially enable speciation [52]. Advantageous
rearrangements are likely to become fixed in a population, although small population size,
meiotic drive, epistatic interactions, and other factors can enable fixation of neutral or
underdominant rearrangements [41,53]. Regarding constraints, chromosomes resulting from
rearrangements must, in most eukaryotes, each retain a centromere and telomeres, fit within the
nucleus and cell, and allow for proper mitotic recombination and segregation as well as other
required cellular functions [52]. These mechanisms and constraints limit the means of viable
chromosome evolution, with particular types of rearrangements therefore more probable than
others [54].

Evolutionary rate. Over the past 160 years since Darwin’s theory of evolution by natural
selection [7], there has been continued disagreement about the rate of evolutionary change, with
some arguing that evolution is fast, others slow, and still others both fast and slow [55]. An
analysis of 10,000 generations of Escherichia coli found rapid evolution during the initial 2,000
generations, slower evolution during the following 3,000 generations, and limited evolution
during the remaining 5,000 generations [56], demonstrating that evolutionary rate can be
dynamic. Given that any finite partially ordered set has a maximal element and a minimal
element [57], evolutionary rates must similarly have a maximum and a minimum, with two
models describing this phenomenon. The first model, proposed by George Simpson, suggests
different rates for particular taxonomic groups and classifies the organisms into one of three
categories depending on rate: (1) bradytely for slow evolution, (2) horotely for normal evolution,



or (3) tachytely for fast evolution [58]. The second model, put forward by Thomas Schopf,
proposes a singular set of rates that allows for variation, similar to a Gaussian distribution [59].
In either scenario, extreme rates of evolution exist, whether classified as bradytely and tachytely
or present at the tails of the evolutionary rate distribution. When applied to karyotype evolution,
terms such as karyotypic conservatism and karyotypic megaevolution [60] or chromosomal
bradytely and chromosomal tachytely [61] have been coined.

Outline. Throughout this dissertation, I analyzed the evolution and architecture of inter-
chromosome rearrangements between new and improved chromosome-scale genome assemblies
under extreme scenarios of rapid or torpid evolution, with the results of each examination
formatted as a manuscript. The second chapter is an analysis of rapid karyotype evolution in the
Indian and Chinese muntjacs, Muntiacus muntjak and Muntiacus reevesi, characterizing shared
and lineage-specific fusion events as well as documenting underlying changes in the chromatin
architecture. The third chapter is an analysis of torpid karyotype evolution between seven frog
assemblies, characterizing the ancestral chromosome state, the mechanisms of karyotype change,
and the vast synteny across the frog phylogeny. These chapters are bounded by an introduction
and a conclusion, providing the necessary context for the work as well as future directions.



2 Rapid chromosome evolution in muntjacs

This chapter is an update of the bioRxiv preprint [62], of which I am the first author. This work is
included with permission from the authors below.

Authors' contributions. Austin B. Mudd assembled and annotated the genomes, completed the
bioinformatic analyses, and wrote the manuscript. Jessen V. Bredeson assisted with the
bioinformatic analyses and script development. Rachel Baum prepared the Hi-C libraries. Dirk
Hockemeyer coordinated the cell line acquisitions, extracted the DNA, and prepared the Hi-C
libraries. Dirk Hockemeyer and Daniel S. Rokhsar provided scientific leadership of the project
and wrote the manuscript.

2.1 Background

Rapid karyotype evolution, also known as karyotypic megaevolution [60] or chromosomal
tachytely [61], has been found in various species, such as rodents [63], bears [64], and gibbons
[65], and as a byproduct of chromosome instability in cancer [66]. Perhaps the most spectacular
example of rapid karyotype evolution is found in muntjacs, a genus of small deer with
karyotypes ranging from 2n=46 for Muntiacus reevesi to 2n=6/7 for female/male Muntiacus
muntjak, respectively, with M. muntjak having the smallest chromosome number of any mammal
[67]. Cytogenetic analysis showed that muntjac karyotype diversity arose primarily through
centromere-telomere (head-tail) tandem fusions and, to a lesser extent, centromere-centromere
(head-head) tandem fusions [68,69], i.e., Robertsonian translocations [70]. Importantly,
independent fusions occurred in each lineage after divergence from their common ancestor, such
that the 2n=46 M. reevesi karyotype does not represent an intermediate stage between the
ancestral 2n=70 cervid karyotype and the highly reduced M. muntjak karyotype [71,72].

Understanding the variation of genomic architectures in muntjacs has the potential to reveal new
insights into chromosome evolution [48]. We therefore set out to explore karyotype changes in
muntjacs by determining the number, distribution, and timing of shared and lineage-specific
fusion events. To this end, we described the first chromosome-scale assemblies of M. muntjak
and M. reevesi, with contiguity metrics that surpass those of earlier draft assemblies [73,74]. To
infer the series of karyotype changes in muntjac, we leveraged existing assemblies of Bos taurus
(cow) [75], Cervus elaphus (red deer) [76], and Rangifer tarandus (reindeer) [77]. In total, we
characterized 38 muntjac fusion events, six of which are shared by M. muntjak and M. reevesi.
The rate of 26 unique fusion events in the M. muntjak lineage over 4.9 million years represents
more than an order of magnitude increase relative to the mammalian average [78]. Although the
molecular mechanism driving these karyotype changes is unknown, we found that one fusion
event in the M. muntjak lineage reversed a chromosome fission that occurred earlier in the cervid
lineage. In another case, we found that a pair of ancestral cervid chromosomes likely fused
independently in the M. muntjac and M. reevesi lineages. As such, some chromosomes may be
more prone to karyotype changes than others, and care should be taken when applying the
parsimony principle due to the possibility of convergent change.



We also took advantage of the extensive collinearity of the muntjac genomes to study changes in
three-dimensional genome architecture that accompany chromosome fusions. While karyotype
changes disrupted long-range three-dimensional genome structure, including A/B compartments,
we found few changes at the local level. These analyses explored features of chromosome
structure derived from the unique evolutionary history of these two karyotypically divergent
species.

2.2 Results and discussion

Assembly and annotation. To investigate the tempo and mode of muntjac chromosome
evolution, we generated high-quality, chromosome-scale genome assemblies for M. muntjak and
M. reevesi (Table 2.1) using a combination of linked reads (10X Genomics Chromium Genome)
and chromatin conformation capture (Dovetail Genomics Hi-C; Table 2.2, Methods). The
resulting assemblies each contained 2.5 gigabases (Gb) of contig sequence with contig N50
lengths over 200 kilobases (kb). In both assemblies, over 92% of contig sequence was anchored
to chromosomes. Compared with the publicly available assemblies [73,74], the assemblies
described here represented a hundredfold improvement in scaffold N50 length and severalfold
improvement in contig N50 length. As typical for short-read assemblies, our muntjac assemblies
were largely complete with respect to genic sequences (see below) but were likely to
underrepresent repetitive sequences such as pericentromeric heterochromatin and repetitive
subtelomeric regions.

The assembled chromosome numbers recapitulated the karyotypes reported in the literature
(2n=6 for female M. muntjak [79] and 2n=46 for M. reevesi [80]). M. reevesi chromosomes were
validated against previously published chromosome painting data [81]. For M. muntjak, we
aligned 377 previously sequenced bacterial artificial chromosomes (BACs) [82—84] and, based
on corresponding fluorescent in situ hybridization (FISH) location data, found that 360 (95%) of
BACs aligned to the expected chromosomes. Of the 17 BACs that aligned to a different
chromosome than expected by FISH, 16 were well aligned to our assembly in regions of
conserved collinearity among cow, red deer, and muntjac chromosomes, which suggested that
the FISH-based chromosome assignments of these BACs were likely incorrect. Only one of these
17 BACs aligned to two of our assembled M. muntjak chromosomes, indicating a possible local
misassembly or BAC construction error.

For each muntjac genome, we annotated ~26,000 protein-coding genes based on homology with
B. taurus [75], Ovis aries (sheep) [85], and Homo sapiens (human) [86]. Over 98% of the
resulting genes were functionally annotated by InterProScan (v5.34-73.0) [87]. We identified
19,649 one-to-one gene orthologs between the two muntjac species as well as 7,953 one-to-one
gene orthologs present in the two muntjacs, B. taurus [75], C. elaphus [76], and R. tarandus [77].
These ortholog sets were used in the evolutionary and phylogenomic analyses below (Figure
2.1A and 2.1C, Table 2.3, Methods). Gene set comparisons (Figure 2.2) showed that the muntjac
annotations included several thousand more conserved cervid genes than were found in the C.
elaphus and R. tarandus annotations and demonstrated comparable completeness to B. taurus,
supporting the accuracy of the muntjac assemblies in genic regions.



Comparative analysis. In order to study sequence and karyotype evolution, we aligned the two
muntjac assemblies to each other and to B. taurus [75] as well as B. taurus to C. elaphus [76] and
R. tarandus [77]. The pairwise alignment of the muntjac genomes contained 2.45 Gb of contig
sequence, or over 97% of the assembled contig sequence lengths, with an average identity of
98.5% excluding indels. This reflected the degree of sequence conservation between the two
species and their recent divergence. In comparison, alignments of red deer, reindeer, and
muntjacs to B. taurus contained 1.80 to 2.21 Gb of contig sequences with 92.7% to 93.2%
average identity. Sequence alignments were merged into runs of collinearity, and analysis of

these runs revealed the timing of fission and fusion events in each lineage (Figures 2.1A-B and
2.3).

Chromosome evolution. We assessed chromosome evolution in muntjacs using B. faurus (BTA)
and C. elaphus (CEL) as outgroups. For convenience, we referred to chromosome regions

primarily by their BTA chromosome identifiers. We corroborated prior reports in literature [81]

that:

1. In the last common ancestor of cow and deer, segments corresponding to the two cow
chromosomes BTA26 and BTA28 were present as a single chromosome in the last
common ancestor of cervids and B. faurus. This ancestral state, corresponding to
BTA26 28, was retained in C. elaphus and the muntjacs.

2. Twelve chromosomes of the cervid ancestor arose by fission of chromosomes represented
by six cow chromosomes (BTA1 => CEL19 and CEL31; BTA2 => CELS8 and CEL33;
BTAS => CEL3 and CEL22; BTA6 => CEL6 and CEL17; BTA8 => CEL16 and CEL29;
and BTA9 => CEL26 and CEL28).

3. Although chromosomes homologous to BTA17 and BTA19 were fused in the C. elaphus
lineage as CELS, this fusion was unique to the C. elaphus lineage, and these cow
chromosomes corresponded to distinct ancestral cervid chromosomes.

In the muntjacs, we found six fusions shared by M. muntjak and M. reevesi (BTA7/BTA3,
BTAS5Sprox/BTA22, BTA2dist/BTA11, BTA18/BTA25/BTA26 28 (the fusion of three ancestral
chromosomes were counted as two fusion events), and BTA27/BTA8dist; Figure 2.4). All six of
these fusions shared by M. muntjak and M. reevesi were also corroborated in previous BAC-
FISH analyses of Muntiacus crinifrons, Muntiacus feae, and Muntiacus gongshanensis [88,89].
After the divergence of M. muntjak and M. reevesi, each lineage experienced additional fusions.
In the M. reevesi lineage, there were six fusions (BTA7 3/BTASdist, BTA18 25 26 28/BTA13,
BTA2prox/BTA9dist/BTA2dist 11, BTASprox 22/BTA24, and BTA29/BTA16). In the M.
muntjak lineage, the three chromosomes arose via 26 lineage-specific fusions:
o M. muntjak chromosome 1: BTA7 3/BTASprox 22/BTA17/BTA2prox/BTAldist/
BTA29/BTA8prox/BTA9dist/BTA19/ BTA24/BTA23/BTA14/BTA2dist 11,
e M. muntjak chromosome 2: BTAI5/BTA13/BTA18 25 26 28/BTA9prox/BTA20/
BTA21/BTA27 8dist/BTAS5dist, and

e M. muntjak chromosome 3: BTAX/BTAlprox/BTA4/BTA16/BTA12/BTA6prox/
BTAG6dist/BTA10.

While both M. muntjak and M. reevesi karyotypes included chromosomes that arose by fusion of
BTAI13 and BTA18 25 26 28, these events likely occurred independently. Consistent with our
analysis, published BAC FISH mapping of M. reevesi against M. crinifrons, M. feae, and M.



gongshanensis found different locations of B. taurus chromosomes 13 and 18 25 26 28 in the
muntjac species [88,89], which supported our finding that these were independent, lineage-
specific fusion events.

In total, we found 38 fusion events and no fissions in the muntjac lineage (Figure 2.1A). All 12
of the M. reevesi fusions identified by our comparative analysis were substantiated by BAC-
FISH [81], and 17 of the M. muntjak fusions were corroborated [90]. Our results were also
consistent with the BAC-FISH findings of Chi et al. [69]. The rates of karyotype changes based
on fission and fusion events in muntjacs were higher than the mammalian average of 0.4 changes
per million years [78]. The M. muntjak lineage, with six fission events and 32 fusion events over
the past 22.8 million years since the cervid ancestor, averaged 1.7 events per million years. In the
4.9 million years since the divergence from M. reevesi, this rate increased to 5.3 fusion events
per million years, an order of magnitude greater than the mammalian average. The M. reevesi
lineage, on the other hand, averaged 0.8 events per million years over the past 22.8 million years,
with an accelerated rate of 1.2 events per million years over the past 4.9 million years. Although
the calculated nucleotide divergence and time between the two muntjac species (Figure 2.1A and
2.1C, Table 2.3) mirrored the evolutionary distance between humans and chimpanzees [91,92],
this number of fusion events since the muntjac last common ancestor far exceeded the rate in the
chimpanzee and human lineages since their respective last common ancestor, i.e., a single fusion
on the human lineage [45].

Reversal of a cervid-specific fission in M. muntjak. While analyzing the fission and fusion
events, we discovered a fusion in M. muntjak that reversed, to the resolution of our assembly, the
cervid-specific fission of the ancestral chromosome corresponding to BTA6 (Figure 2.5). To
estimate the probability of such a reversion occurring by chance given the high rate of fusion in
M. muntjak, we simulated a simplified model for karyotype change with four rules: (1) only one
fission was allowed per chromosome; (2) all fissions occurred first, followed by all fusions; (3)
for each fission, a chromosome was chosen at random; and (4) for each fusion, chromosomes
and orientations were chosen at random. From a starting karyotype of n=29, representing the last
common ancestor of cervids and B. taurus [81], we simulated the model of fissions and fusions
to 1 million iterations per fission-fusion combination (Figure 2.6). The M. muntjak lineage, with
six fissions and 32 fusions, had a 4.1% probability of at least one fusion reversing a prior fission.
In comparison, the C. elaphus lineage, with six fissions and one fusion, had only a 0.13%
probability of reversal by chance, and the M. reevesi lineage, with six fissions and 12 fusions,
had a 1.5% chance of reversal. Even with the large number of fusions in muntjacs, the
probability of a chance reversal of a previous fission was small. However, the reversal could
have been aided by unmodeled effects of differential chromosome fusion probability arising, for
example, by chromosome proximity in the nucleus. This analysis pointed to the importance of
having multiple outgroups, here both B. taurus and C. elaphus, in phylogenetic analyses of
karyotypes.

Changes in three-dimensional genome structure after karyotype change. Despite the
extensive fusions documented above for M. muntjak and M. reevesi, the genomes were locally
very similar with 98.5% identity in aligned regions and a nucleotide divergence based on
fourfold degeneracy of 0.0130 substitutions per site. Our Hi-C chromatin conformation capture
data allowed us to examine the impact of these chromosome rearrangements on megabase (Mb)



and longer length scales. Focusing first on the M. muntjak and M. reevesi lineage-specific fusion
sites (Tables 2.4-2.7), we noted the maintenance of distinct Hi-C boundaries in several examples,
such as the junction between M. muntjak chromosome segments X and 3 at 133 Mb on
chromosome 3 _X. Other fusion sites, however, showed no notable difference compared with the
rest of the genome in M. muntjak. As expected, M. reevesi showed a clear distinction between
intra- and inter-chromosome contacts, including across fusion sites in M. muntjak (Figure 2.7).
To quantify the chromatin changes at these fusion sites, we divided the genomes into one Mb
bins and compared normalized inter-bin Hi-C contacts between bins five Mb apart in the two
species, using the M. muntjak assembly as the backbone for comparison (Figure 2.8). Supporting
the initial visual analysis, we found that most bins containing a fusion site had fewer long-range
chromatin contacts in M. reevesi, averaging 0.16 £+ 0.09 normalized contacts per bin, compared
with M. muntjak, averaging 0.62 = 0.35 normalized contacts per bin, although we identified bins
with few contacts in both species (Figure 2.8).

In order to test whether differences were present at a more local level, we next compared
normalized one Mb intra-bin Hi-C contacts between the two species, again using the M. muntjak
assembly as the backbone for comparison. We found that most of the chromatin contacts were
consistent between the two muntjacs, including all but three of the bins containing fusion sites
(Figures 2.9A and 2.10). Several regions, however, showed distinctive variation in chromatin
contacts between the two species: the X chromosome and two regions on M. muntjak
chromosome 1 (186355 and 615-630 Mb). Since our sequenced M. reevesi sample was male
[71] while the sequenced M. muntjak sample was female [93], we expected a difference in
chromatin contacts on the X chromosome, a finding that was further supported by analysis of
copy number across the genome using the 10X Genomics linked reads (Figure 2.9B). From this
copy number analysis, we also hypothesized that the two regions on M. muntjak chromosome 1
(186-355 and 615-630 Mb) were a haplotype-specific duplication and a haplotype-specific
deletion, respectively, explaining the difference in chromatin signal between the two muntjacs
(Figure 2.9C-D). Although the inter-bin analysis identified long-range chromatin changes
between sites five Mb apart, our quantitative comparison of one Mb intra-bin chromatin contacts
found substantial chromatin conservation between the genome assemblies, including nearly all of
the fusion sites. This conclusion was further supported by intra-bin analysis with 100 kb bins
(Figure 2.11).

On a multi-megabase length scale, mammalian chromosomes can be subdivided into alternating
A/B compartments based on intra-chromosome contacts. These compartments correspond to
open and closed chromatin, respectively, and differ in gene density and GC content [94]. To test
whether these compartments were conserved or disrupted by fusions, we computed the A/B
chromatin compartment structures for M. muntjak and M. reevesi from the Hi-C data, again using
the M. muntjak assembly as the backbone for comparison. We found that, in general,
compartment boundaries were not well conserved between the muntjacs (Figure 2.12).
Specifically, for A/B compartments larger than three Mb, only 17 compartments were
completely conserved between the two species, out of 221 A/B compartments analyzed in M.
muntjak and 161 in M. reevesi. We found that many of the compartments in M. reevesi were
subdivided into multiple compartments in M. muntjak. Combining our analysis of A/B
compartments and chromatin contacts, we found that the extensive set of fusions in the M.
muntjac lineage altered the three-dimensional genome structure at the multi-megabase scale



while still maintaining conservation at the local level. These large-scale chromatin changes must
have only limited effects on the underlying gene expression, since the two muntjac species can
produce sterile hybrid offspring [95]. Similar uncoupling between genome topology and gene
expression has been observed in Drosophila melanogaster [96].

Conclusions. We presented here new chromosome-scale assemblies of two muntjac deer that
differ dramatically in karyotype, despite only limited sequence change, after ~4.9 million years
of divergence. Analysis of these new assemblies revealed multiple changes in the underlying
chromosome structure, including variation in the A/B compartments, despite maintenance of
sub-megabase, three-dimensional genome contacts. One of the chromosome fusions reversed an
earlier chromosome fission to the resolution of our assemblies, with the two events being
separated by more than eight million years. Future studies will use these assemblies to resolve
the nature of the fusion sites and to better understand the biological mechanisms related to
chromosome fissions and fusions in muntjac.
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Figure 2.1. [A] The phylogenetic tree of the five analyzed species, calculated from fourfold
degenerate sites and divergence time confidence intervals, was visualized with FigTree (commit
901211e; https://github.com/rambaut/figtree). The ancestral karyotype at each node and the six
branches with fission and fusion events relative to the ancestral karyotype were labeled on the
tree. The lack of fissions or fusions on the R. tarandus-specific branch as well as the timings of
the cervid-specific and B. taurus-specific fissions were derived from literature [81]. [B] The
alignment plot was generated with jevi.graphics.karyotype (v0.8.12;
https://github.com/tanghaibao/jcvi) using runs of collinearity containing at least 25 kb of aligned
sequence between B. taurus, C. elaphus, M. reevesi, and M. muntjak, extracted from the
ROAST-merged MAF file. R. tarandus was excluded, as it was not a chromosome-scale
assembly. [C] Pairwise distances in substitutions per fourfold degenerate site extracted from the
RAxML (v8.2.11) [97] phylogenetic tree using Newick utilities (v1.6) [98] were shown relative
to the reference genome M. muntjak.
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Figure 2.2. [A] Venn diagram of gene homology between the two muntjac annotations, B. taurus
(Ensembl release 94 September 2011 genebuild of GCA 000003055.3) [75,99], C. elaphus
(publication genebuild of GCA 002197005.1) [76], and R. tarandus [77,100] annotations
analyzed with OrthoVenn [101] and [B] the occurrence table of gene homology clusters between
these species reanalyzed with OrthoVenn2 [102] for visualization purposes. In the occurrence
table, the green and grey ovals represent the presence or absence, respectively, of that species in
the OrthoVenn2 clustering. The number of clusters and proteins were provided for all species
combinations.
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Figure 2.3. Circos (v0.69-6) [103] plots with runs of collinearity containing at least 25 kb of
aligned sequence between [A] B. taurus (left, Bt) and C. elaphus (right, Ce), [B] B. taurus (left,
Bt) and M. muntjak (right, Mm), [C] B. taurus (left, Bt) and M. reevesi (right, Mr), and [D] M.
reevesi (left, Mr) and M. muntjak (right, Mm).
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Figure 2.4. Circos (v0.69-6) [103] plots using runs of collinearity containing at least 25 kb of
aligned sequence between [A] B. taurus (left, Bt) and M. muntjak (right, Mm) and [B] B. taurus
(left, Bt) and M. reevesi (right, Mr) specifying the six shared muntjac fusions: BTA7/BTA3
(purple), BTASprox/BTA22 (red), BTA2dist/BTA11 (green), BTA18/BTA25/BTA26 28 (blue),

and BTA27/BTAS8dist (orange).
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Figure 2.5. Circos (v0.69-6) [103] plots using runs of collinearity containing at least 25 kb of
aligned sequence between [A] B. taurus (left, Bt) and C. elaphus (right, Ce) with the fission of
BTAG6 in purple; [B] B. taurus (left, Bt) and M. muntjak (right, Mm) with the fission-fusion
reversal of BTAG6 in orange; and [C] B. taurus (left, Bt) and M. reevesi (right, Mr) with the

fission of BTAG6 in green.
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Figure 2.6. Heatmap of probabilities where at least one fusion reversed a prior fission modeled
to 1 million iterations for each possible scenario from a starting karyotype of n=29, using custom
script run_fission_fusion.sh (v1.0).
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Figure 2.7. Visualization of the M. muntjak chromosomes’ Hi-C contact map (bottom left) and
the M. reevesi chromosomes’ Hi-C contact map (top right) using the M. muntjak assembly as the
reference in Juicebox (v1.11.08) [104]. The golden lines demarcate the boundaries of the three M.
muntjak chromosomes.
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Figure 2.8. Normalized one Mb inter-bin Hi-C contacts between bins five Mb apart for M.
muntjak (y axis) vs. M. reevesi (x axis) with the inter-bin contacts that span across but do not
include the M. muntjak lineage-specific fusion sites (Table S6) colored black. The expected
result of conserved Hi-C contacts was represented with a dashed red line.
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Figure 2.9. [A] Normalized one Mb intra-bin Hi-C contacts for M. muntjak (y axis) vs. M.
reevesi (x axis) with the bins containing the M. muntjak lineage-specific fusion sites (Table S6),
chromosome ends, the X chromosome, the potential M. muntjak haplotype-specific duplication,
and the potential M. muntjak haplotype-specific deletion colored. The expected result of
conserved Hi-C contacts was represented with a dashed red line. For fusion site ranges spanning
two bins, the bin containing the majority of the fusion site range was deemed to be the fusion site
bin. [B-D] Copy number was calculated from normalized coverage of adapter-trimmed 10X
Genomics linked reads for three regions with variation in the chromatin contacts: [B] the X.
chromosome, [C] the potential M. muntjak haplotype-specific duplication, and [D] the potential
M. muntjak haplotype-specific deletion, with the copy number of M. muntjak in blue and M.
reevesi in orange.
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Figure 2.10. Using a bin size of one Mb and the M. muntjak assembly as the reference,
normalized intra-bin Hi-C contacts for M. muntjak (blue) and M. reevesi (orange) at each
position on [A] chromosome 1, [B] chromosome 2, and [C] chromosome 3 X. The difference of
M. muntjak contacts minus M. reevesi contacts was displayed in yellow.
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Figure 2.11. Normalized 100 kb intra-bin Hi-C contacts for M. muntjak (y axis) vs. M. reevesi (x
axis) with the bins containing the M. muntjak lineage-specific fusion sites (Table S6) colored
black. The expected result of conserved Hi-C contacts was represented with a dashed red line.
For fusion site ranges spanning two bins, the bin containing the majority of the fusion site range
was deemed to be the fusion site bin. For fusion site ranges spanning three or more bins, the
middle 100 kb bin(s) was deemed to be the fusion site bin(s).
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Figure 2.12. Using the M. muntjak assembly as the reference, identification of A/B compartment
boundaries for M. muntjak (blue) and M. reevesi (orange) based on principle component analysis
(PCA) eigenvalues from call-compartments.R (https://bitbucket.org/bredeson/artisanal).

Table 2.1. Summary of genome assemblies. Statistics were calculated using
assemblathon_stats.pl (commit d1f044b) [105] and GenomeTools (v1.5.9) [106].
Genomic feature M. muntjak M. reevesi
Total scaffold length, bp 2,573,529,099 2,579,575,442
Number of scaffolds 25,651 29,705
Scaffold N50 length, bp 682,452,208 94,101,870
Total contig length, bp 2,518,738,577 2,514,747,046
Number of contigs 49,270 53,090

Contig N50 length, bp 215,534 225,142
Contigs sequence in chromosomes, % | 95.06 92.93

Contig GC content, % 41.59 41.59

Masked contig repeat sequence, % 40.33 40.06
Number of genes 25,753 26,054

Genes with functional annotation, % | 98.11 98.15
Average number of exons per gene 7.83 7.77
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Median gene size, aa 328 326
Median exon size, bp 124 124
Median intron size, bp 921 911

Table 2.2. DNA sequencing generated for the genome assemblies, excluding index reads.

Species Library type Total number of reads | Total bases sequenced
M. muntjak (NCBI | 10X Genomics 768,921,264 115,338,189,600
BioProject Chromium Genome

PRINAS542135) Dovetail Genomics Hi-C | 521,749,568 78,784,184,768

M. reevesi (NCBI | 10X Genomics 696,864,964 104,529,744,600
BioProject Chromium Genome

PRINAS542137) Dovetail Genomics Hi-C | 530,002,086 80,030,314,986

Table 2.3. Pairwise nucleotide divergence in substitutions per site based on fourfold degeneracy
between the examined species extracted from the RAXML (v8.2.11) [97] phylogenetic tree using
Newick utilities (v1.6) [98].

Species B. taurus C. elaphus M. muntjak M. reevesi
C. elaphus 0.0550 — — —

M. muntjak 0.0606 0.0267 — —

M. reevesi 0.0599 0.0259 0.0130 —

R. tarandus 0.0592 0.0298 0.0355 0.0347

Table 2.4. Locations of six cervid-specific fissions relative to the B. taurus genome assembly.

B. taurus Using runs of collinearity | Using runs of collinearity | Using runs of collinearity
chromosome | from C. elaphus from M. muntjak from M. reevesi

BTALI 58,941,477 — 58,978,602 | 57,645,593 — 57,778,258 | 57,645,547 — 57,746,127

BTA2 93,282,776 — 93,424,724 | 79,668,309 — 79,719,766 | 79,668,935 — 79,719,765

BTAS 70,623,938 — 70,699,763 | 57,880,818 — 58,822,584 | 57,880,818 — 60,196,482

BTA6 63,301,740 — 63,370,450 | Fusion reversal 68,435,554 — 68,455,313

BTAS8 64,071,291 — 64,114,095 | 67,266,180 — 67,499,444 | 67,369,805 — 67,497,566

BTA9 63,670,677 — 64,013,115 | 64,824,832 — 65,087,945 | 64,824,832 — 65,087,945

Table 2.5. Locations of shared fusion events in the M. muntjak and M. reevesi genome
assemblies using runs of collinearity from B. faurus.

B. taurus fused M. muntjak M. reevesi

chromosomes

BTA7/BTA3 Chrl: 103,142,901 — 103,201,151 Chrl: 103,650,999 — 103,852,521

BTASprox/BTA22 | Chrl: 267,859,762 — 267,926,350 Chr4: 52,627,734 — 52,781,577

BTA2dist/BTA11 | Chrl: 1,006,153,244 — Chr3: 100,711,306 — 101,302,993
1,006,638,886

BTA18/BTA25 Chr2: 216,351,804 — 216,390,051 Chr2: 210,159,178 — 210,200,937

BTA25/BTA26 Chr2: 256,956,082 — 257,281,016 Chr2: 169,793,458 — 170,063,149

BTA26 28 (B. Chr2: 305,072,202 — 305,072,202 Chr2: 121,918,267 — 122,082,397

taurus fission)

BTA27/BTA8dist | Chr2: 580,274,743 — 582,942,905 Chr9: 40,769,993 — 43,560,918
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Table 2.6. Locations of 26 unique fusion events in the M. muntjak genome assembly derived
from one-to-one orthologs between M. muntjak and M. reevesi and then refined using runs of
collinearity from B. taurus and M. reevesi against M. muntjak.

M. muntjak chromosome M. muntjak start M. muntjak end
Chromosome 1 215,667,096 215,740,550
Chromosome 1 326,596,489 326,664,606
Chromosome 1 394,376,597 394,423,120
Chromosome 1 468,279,958 468,421,169
Chromosome 1 562,054,424 562,154,407
Chromosome 1 609,147,303 609,442,186
Chromosome 1 669,798,392 669,917,570
Chromosome 1 707,332,274 707,411,696
Chromosome 1 767,481,614 767,858,594
Chromosome 1 825,563,679 825,664,460
Chromosome 1 875,352,976 875,473,556
Chromosome 1 952,277,739 952,439,995
Chromosome 2 76,554,689 76,587,068
Chromosome 2 155,096,035 155,468,627
Chromosome 2 348,208,540 348,522,144
Chromosome 2 407,305,863 407,476,405
Chromosome 2 474,891,789 475,146,554
Chromosome 2 540,052,390 540,055,842
Chromosome 2 624,503,504 624,522,918
Chromosome 3 X 133,000,163 133,001,250
Chromosome 3 X 184,069,851 184,122,591
Chromosome 3 X 295,103,485 295,251,858
Chromosome 3 X 370,301,578 370,307,164
Chromosome 3 X 454,989,747 454,992,643
Chromosome 3 X 516,012,504 516,138,154
Chromosome 3 X 562,995,659 563,046,092

Table 2.7. Locations of six unique fusion events in the M. reevesi genome assembly derived
from one-to-one orthologs between M. muntjak and M. reevesi and then refined using runs of
collinearity from B. taurus and M. muntjak against M. reevesi.

M. reevesi chromosome M. reevesi start M. reevesi end
Chromosome 1 216,558,007 216,594,231
Chromosome 2 78,441,940 78,562,328
Chromosome 3 154,290,838 154,298,872
Chromosome 3 191,988,183 192,099,419
Chromosome 4 111,704,918 111,709,617
Chromosome 5 47,104,391 47,224,935
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2.4 Methods

DNA extraction and sequencing. High molecular weight DNA was extracted, as previously
described [107], from fibroblast cell lines obtained from the University of Texas Southwestern
Medical Center for M. muntjak (female) [93] and the University of Cambridge for M. reevesi
(male) [71]. A 10X Genomics Chromium Genome library [108] was prepared for each species
by the DNA Technologies and Expression Analysis Cores at the University of California Davis
Genome Center and sequenced on the Illumina HiSeq X by Novogene Corporation. A Hi-C
chromatin conformation capture library was also prepared for each species using the Dovetail
Genomics Hi-C library preparation kit and sequenced on the Illumina HiSeq 4000 by the Vincent
J. Coates Genomics Sequencing Laboratory at the University of California Berkeley.

Shotgun assembly. 10X Genomics linked reads were assembled with Supernova (v2.0.1) [108].
Putative archaeal, bacterial, viral, and vector contamination was identified and removed by
querying the assemblies using BLAST+ (v2.6.0) [109] against the respective RefSeq and UniVec
databases and removing sequences with at least 95% identity, E-value less than 1E-10, and hits
aligning to more than half the scaffold size or 200 bases, using custom script general decon.sh
(v1.0). Putative mitochondrial sequence was also identified and removed by querying the
assemblies using BLAST+ (v2.6.0) [109] against their respective mitochondrial assemblies
(NCBI NC_004563.1 [110] and NC _004069.1 [111]) and removing sequences with at least 99%
identity and E-value less than 1E-10, using custom script mt decon.sh (v1.0). The
decontamination removed 71 scaffolds totaling 836 kb from the M. muntjak assembly and 36
scaffolds totaling nine kb from the M. reevesi assembly.

Chromosome assembly. Hi-C reads were aligned to each assembly with Juicer (commit
d3eellb) [112]. A preliminary round of Hi-C-based scaffolding was performed with 3D-DNA
(commit 745779b) [113], and residual redundancy due to split haplotypes was manually filtered
through visualization of the Hi-C contact map in Juicebox (v1.9.0) [104], removing the smaller
of any pair of duplicate scaffolds. This process removed 1.04 Gb of sequence from the M.
muntjak assembly and 25 Mb of sequence from the M. reevesi assembly. The remaining
scaffolds were organized into chromosomes by realigning the Hi-C reads to the deduplicated
assembly with Juicer (commit d3eellb) [112], ordering and orienting scaffolds into
chromosomes with 3D-DNA (commit 745779b) [113], and then manually correcting using
Juicebox (v1.9.0) [104]. After correction, gaps in the assembly were filled with adapter-trimmed
10X Genomics data using custom script trim_10X.py (v1.0) and Platanus (v1.2.1) [114].

Final assembly release and validation. Scaffolds smaller than one kb in the gap-filled assembly
were removed with seqtk seq (v1.3-r106; https://github.com/lh3/seqtk), and chromosomes and
scaffolds were numbered in order of size using SeqKit (v0.7.2-dev) [115]. X chromosomes were
later renamed based on alignment with B. taurus [75]. Chromosomes in both species were
oriented arbitrarily. For M. reevesi, the chromosome numbering in the assembly may differ from
prior BAC-based studies. As B. taurus chromosome numbering is universally recognized, the
extensive genomic collinearity of cervids, including both muntjacs, with cow provides a standard
method for referencing homologous segments.
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To validate the M. muntjak assembly, sequenced BACs [82—-84] were aligned with BWA
(v0.7.17-r1188) [116], and primary alignments were checked against the corresponding FISH
locations, excluding unaligned BACs or those aligned to unplaced scaffolds.

Annotation and homology analysis. Repetitive elements were identified and classified with
RepeatModeler (v1.0.11) [117] and combined for each species with ancestral Cetartiodactyla
repeats from RepBase (downloaded November 8, 2018) [118]. The assemblies were then soft
masked with RepeatMasker (v4.0.7) [119]. The assemblies were annotated using Gene Model
Mapper (v1.5.3) [120] and BLAST+ (v2.6.0) [109] with the following assemblies and
annotations from Ensembl release 94 [99] as input evidence: B. ftaurus (September 2011
genebuild of GCA 000003055.3) [75], H. sapiens (July 2018 genebuild of GCA_000001405.27)
[86], and O. aries (May 2015 genebuild of GCA 000298735.1) [85]. Coding nucleotide and
peptide sequences were extracted using gff3ToGenePred and genePredToProt from the UCSC
Genomics Institute (binaries downloaded March 5, 2019) [121] with custom script
postGeMoMa.py (v1.0), and functional annotation was run with InterProScan (v5.34-73.0) [87].

Pairwise gene homology of the two muntjac annotations as well as total gene homology of the
two muntjac, B. taurus (Ensembl release 94 September 2011 genebuild of GCA _000003055.3)
[75,99], C. elaphus (publication genebuild of GCA_002197005.1) [76], and R. tarandus [77,100]
annotations were analyzed with OrthoVenn [101] using an E-value of 1E-5 and an inflation value
of 1.5.

Comparative analysis. The two muntjac assemblies were aligned to each other with cactus
(commit e4d0859) [122]. After removing any ambiguous sequence with seqtk randbase (v1.3-
r106; https://github.com/lh3/seqtk), the muntjac assemblies, C. elaphus (GCA_002197005.1)
[76], and R. tarandus [77,100] were each aligned pairwise against B. taurus (GCA_000003055.3)
[75] with cactus (commit e4d0859) [122]. Using custom script cactus_filter.py (v1.0), all
pairwise output HAL alignment files were converted into PSL format with halLiftover (commit
£7287c8) [123]. Using tools from the UCSC Genomics Institute (binaries downloaded March 5,
2019) [121] unless noted otherwise, the PSL files were filtered and converted with psiMap,
axtChain, chainPreNet, chainCleaner (commit aacca59) [124], chainNet, netSyntenic, netToAxt,
axtSort, and axtToMaf. Runs of collinearity were extracted from each pairwise MAF file by
linking together local alignment blocks where the locations of species one and species two,
correspondingly, were in the same orientation and were neighboring in their respective genomes
without intervening aligned sequence from elsewhere in the genomes. The pairwise MAF files
from the alignments against B. faurus were also merged with ROAST/MULTIZ (v012109) [125],
using the phylogenetic topology extracted with Newick utilities (v1.6) [98] from a consensus tree
of the species from 10kTrees [126], and sorted with last (v912) [127].

Phylogeny. From the one-to-one orthologous genes of all five species identified by OrthoVenn,
codons with potential fourfold degeneracy were extracted from the B. faurus Ensembl release 94
September 2011 genebuild, excluding codons spanning introns, using custom script 4Dextract.py
(v1.0). Using the ROAST-merged MAF file with B. faurus as reference, the corresponding
codons were identified in the other four species, checking for amino acid conservation and
excluding any codons that span two alignment blocks in the MAF file. The output FASTA file
containing fourfold degenerate bases was converted into PHYLIP format with BeforePhylo
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(commit 0885849; https://github.com/qiyunzhu/BeforePhylo) and then analyzed with RAXxML
(v8.2.11) [97] using the GTR+Gamma model of substitution with outgroup B. faurus. As
previously described [128], the divergence time confidence intervals from TimeTree [129] for all
nodes except the outgroup B. taurus node were input into MEGA7 (v7.0.26) [130], using the
Reltime method [131] and the GTR+Gamma model to create a time tree.

Chromatin conformation analysis. Hi-C reads from both species were aligned to the M.
muntjak assembly with Juicer (commit d3eel1b) [112], and KR normalized intra-chromosome
Hi-C contact matrices were extracted with Juicer Tools (commit d3eellb) [112] at one Mb
resolution. A sliding window-based localized PCA was used to call A/B compartment structure
with custom script call-compartments.R (https://bitbucket.org/bredeson/artisanal). Localization
of PCA 1 along the diagonal of the Pearson correlation matrix (40 windows of one Mb each with
a step size of 20) amplifies compartment signal and mitigates confounding signal from large-
scale, intra-chromosome and inter-arm contacts.

Hi-C contacts from the Juicer (commit d3eellb) [112] merged nodups.txt output file were split
into one Mb and 100 kb bins using custom scripts HiCbins 1Mb.py and HiCbins_ 100kb.py,
respectively. Intra-bin and inter-bin Hi-C contacts were extracted and normalized based on the
average number of contacts per bin for each species.

Copy number analysis. To explore the three regions with variation in chromatin contacts,
adapter-trimmed 10X Genomics data for each species was aligned to the M. muntjak assembly
with BWA (v0.7.17-r1188) [116]. Alignment depth was extracted with SAMtools (v1.6) [132],
and copy number was calculated from the average alignment depth per one Mb bin for each
species.

2.5 Notes

Availability of data and materials. The assemblies, annotations, and raw data for M. muntjak
and M. reevesi were deposited at NCBI under BioProjects PRINA542135 and PRINA542137,
respectively. Supporting files for the repeat and gene annotations are available at
https://doi.org/10.6078/D1KT16. Unless stated otherwise, custom code used in this study is
available at https://github.com/abmudd/Assembly.
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3 Torpid chromosome evolution in frogs

This chapter is an update of an unpublished manuscript, of which I am a co-first author. This
work is included with permission from the authors below.

Authors' contributions. Austin B. Mudd extracted DNA and RNA, prepared RNA libraries for
E. pustulosus, assembled and annotated the genomes, completed the bioinformatic analyses, and
wrote the manuscript. Jessen V. Bredeson provided the X. tropicalis genome assembly, identified
the pericentromeric regions based on Hi-C, and supported the bioinformatic analyses. Sofia
Medina Ruiz provided the X. tropicalis genome annotation, curated the repeat library, and
completed the repeat analysis. Kelly E. Miller completed the metaphase chromosome spreads in
H. boettgeri and extracted H. boettgeri RNA for sequencing. Dirk Hockemeyer prepared Hi-C
libraries. Richard M. Harland and Daniel S. Rokhsar provided scientific leadership of the project
and wrote the manuscript.

3.1 Background

For the past century, Drosophila geneticists have explored the content and organization of fruit
fly genomes [133]. The identification of Muller elements, or means of classifying chromosome
arms in Drosophila melanogaster, gave rise to the study of synteny [11]. The categorization of
Muller elements and the corresponding concept of syntenic block conservation has been
analyzed in other fruit flies [10,134,135] and extended across the order Diptera and beyond
[136,137]. In fact, Sved et al. [135] hypothesized that this conserved syntenic relationship and
karyotype stability found in Diptera was unique and may be derived from facets of chromosome
organization and structure, with particular emphasis on D. melanogaster’s lack of telomerase and
inclusion of telomeric retrotransposons [138]. Although this hypothesis [135] was driven by
comparison against taxa with large chromosome variation, such as mammals [139,140], estrildid
finches [141], and cichlid fish [142], some vertebrate taxa with torpid karyotype evolution, also
known as karyotypic conservatism [60] or chromosomal bradytely [61], have been described,
such as cetaceans [143] and frogs [144]. This, therefore, questions whether the presence of long-
range or even chromosome-scale conserved syntenic blocks, similar to Muller elements, can be
found in species with decreased inter-chromosome variation.

Given the evolutionary significance of finding conserved synteny across disparate branches of
the tree of life, we set out to explore karyotype relationships within the frog lineage, classify
inter-chromosome variations, and discern syntenic blocks as well as the ancestral chromosome
state. To this end, we leveraged new chromosome-scale assemblies of Eleutherodactylus coqui,
Engystomops pustulosus, and Hymenochirus boettgeri; improved assemblies of Leptobrachium
(Vibrissaphora) ailaonicum [145], Pyxicephalus adspersus [146], and Xenopus tropicalis; and
published assemblies of Ambystoma mexicanum [147,148] and Xenopus laevis [149]. In total, we
identified 17 fission, fusion, inter-chromosome translocation, and duplication events, which,
based on the total analyzed branch length of 1.05 billion years, resulted in a rate of a single
karyotype change every 62 million years. Given the limited chromosome variation, we also
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characterized 13 ancestral chromosomes and found 95% of chromosome one-to-one gene
orthologs maintained in the same syntenic block.

3.2 Results and discussion

Assembly. To address the nature of karyotype evolution in frogs, we generated high-quality,
chromosome-scale genome assemblies for three new frogs: the Zaire dwarf clawed frog H.
boettgeri, a member of the family Pipidae along with Xenopus spp., as well as the common coqui
E. coqui and the tungara frog FE. pustulosus, two neobatrachians from the families
Eleutherodactylidae and Leptodactylidae, respectively (Table 3.1). These chromosome-scale
assemblies were produced with chromatin conformation capture (Dovetail Genomics Hi-C)
along with combinations of short reads (short-insert paired-ends and mate pairs), linked reads
(10X Genomics Chromium Genome), and long reads (Pacific Biosciences SMRT; Figure 3.1,
Table 3.2, Methods).

The assembled chromosome numbers recapitulated the karyotypes described in the literature
(2n=26 for E. coqui [150] and 2n=22 for E. pustulosus [151]). Although the literature for H.
boettgeri reported a karyotype of 2n=20-24 [152,153], our assembly contained fewer
chromosomes, resulting in a karyotype of 2n=18. We confirmed the accuracy of our assembly’s
karyotype by performing chromosome spreads (n=75) from H. boettgeri samples, which
exhibited both a mode and an average of 2n=18 (Figure 3.2). This karyotype discrepancy with
the published literature may have resulted from cryptic sub-populations within H. boettgeri.

To augment our newly sequenced frog genomes and expand the phylogenetic scope of our study,
we also included revised assemblies of two recently published frogs genomes in our analyses: the
African bullfrog P. adspersus, a neobatrachian from the family Pyxicephalidae [146], and the
Yunnan moustache toad L. ailaonicum from the family Megophryidae [145]. The assemblies
were revised based on manual curation of Hi-C data using Juicebox (v1.9.0) [104], resulting in
local and global rearrangements of the published assemblies (Methods). Notably, these curated
revisions were carried out independently for each genome, without presuming conserved synteny
with the other frogs.

Annotation and homology. For each species except L. ailaonicum, we annotated protein-coding
genes based on RNA sequencing (Tables 3.2 and 3.3) and peptide homology with X. tropicalis
(Methods), with the majority of resulting genes annotated by homology and/or domain content
(Table 3.4). Gene set comparisons (Figure 3.3A-B) showed that the vast majority of protein-
coding genes were conserved among all five frogs, supporting the completeness and accuracy of
these assemblies in genic regions, although individual species differed in their completeness with
regard to this metric. As expected from the inclusion of deep long-read sequencing and more
manual review, X. tropicalis had the fewest missing gene clusters of the five species. Only 72
OrthoVenn2 [102] clusters were present in all of the other annotations but missing in X.
tropicalis, supporting the completeness of the X. tropicalis assembly and annotation.

Comparing these gene sets, we identified 9,624 one-to-one gene orthologs (Figure 3.3C) between
X. tropicalis, our three new frog assemblies, and a reannotation of P. adspersus (Methods), with
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the additional requirement that an ortholog be either present in a single copy or absent in L.
ailaonicum [145,154] and the L and S subgenomes of allotetraploid X. laevis (v9) [149]. The
special treatment of these three (sub)genomes was due to the lower quality of the L. ailaonicum
annotation and the known propensity for evolutionary gene loss in paleotetraploids. For analyses
of synteny, we further restricted our attention to the 7,292 one-to-one gene orthologs that were
only present on chromosomes, as opposed to unlinked scaffolds, in the core genomes E. coqui, E.
pustulosus, H. boettgeri, P. adspersus, and X. tropicalis (Figure 3.4).

Synteny and ancestral state. Despite divergence times of up to 200 million years, the six frog
genomes were readily aligned to X. tropicalis. We also aligned the greatly expanded and more
deeply diverged axolotl 4. mexicanum assembly (GCA _002915635.2) [147,148] to X. tropicalis.
These sequence alignments were merged into runs of collinearity (Figures 3.5 and 3.6).

Analysis of these alignments revealed the timing of fission and fusion events in each lineage as
well as the ancestral karyotype states (Figure 3.4B). From this, we identified the presence of 13
syntenic blocks, which we classified as elements A to M, in the examined frog species. Over 95%
(6,952 of 7,292) of chromosome one-to-one gene orthologs were maintained in the same element
among the five main frog species, similar to the 95% ortholog localization to Muller elements in
Drosophila spp. (Figure 3.4B) [10], despite a total nucleotide divergence based on fourfold
degeneracy between all examined frog species of 2.58 substitutions per site (Table 3.5). We
noted no significant size variation between these elements or deviation in gene or repeat count
across these five species (Figure 3.7; Table 3.6). We found that element A had the largest gene
count in all examined species and that element H had the smallest gene count (Figure 3.7B).
Although the number and boundaries of these elements may change as more chromosome-scale
frog assemblies are analyzed in the future [155], this finding suggested a principle of long-range,
and even chromosome-scale, synteny across multiple branches of the tree of life and could
enable future chromosome naming in frogs based on these elements, similar to Muller elements
in Drosophila spp. [10].

We also found that these 13 elements reflected the 13 chromosomes in the pipanuran ancestor,
defined in the sense of Cannatella and Ford [156], which agreed with the prior assertion of 26
basal chromosomes in frogs [157]. This ancestral karyotype, however, may not apply to species
phylogenetically basal to the analyzed species, such as those in superfamilies Leiopelmatoidea
and Discoglossoidea. This delineation of ancestral karyotype may have phylogenetic relevance,
given the historical use of karyotype to differentiate suborders Neobatrachia and
Archaeobatrachia [157]. In order to identify the ancestral karyotype of all frogs, more data,
particularly from superfamilies Leiopelmatoidea and Discoglossoidea, is needed.

Chromosome evolution. Using the runs of collinearity (Figures 3.5 and 3.6), chromosome one-
to-one gene orthologs (Figure 3.4B), and Hi-C-based estimates of the pericentromeric locations
(Methods), we assessed chromosome evolution and conservation between the aforementioned
frog assemblies. For convenience, we referred to chromosome regions by their ancestral
chromosome identifiers. Overall, we found broad pericentromeric conservation between the
identified species (Figures 3.4B and 3.8), with some movement of the pericentromeric region
across the frog lineage. Using the repeat landscape as a proxy for the state of the historic
sequence, we identified several examples of centromere inactivation resulting from likely
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ancestral end-to-end fusions (Figures 3.4B and 3.8B). Further exploring these fission and fusion
events, in addition to the previously reported end-to-end fusion of L/M and the whole-genome
duplication in X. laevis [149], we identified a potential reciprocal chromosome arm translocation
of A/M in P. adspersus, a potential Robertsonian fusion of I/M and an end-to-end fusion of D/K
in E. pustulosus, and an end-to-end fusion of ] K/M in H. boettgeri. In E. coqui, we found two
Robertsonian fissions of A and G, a potentially Robertsonian fusion of I/K, and a significant
series of Robertsonian rearrangements involving B, E, F, and H that resulted in Bprox/H,
Bdist/Fdist, and E/Fprox.

In the pipid lineage, we also found three ancestral fusions: two end-to-end fusions of D/E and
J/K as well as a potentially Robertsonian fusion of H/I. We corroborated the separation of
ancestral chromosomes D/E, H/I, and J/K in Ascaphus truei (unpublished). We additionally
analyzed the state of these three ancestral chromosomes in 4. mexicanum (Figure 3.5A), which
supported the separation of J/K but did not support the separation of D/E and H/I. Our hypothesis
that the three fusions occurred in the pipid common ancestor instead of fissions in the
acosmanuran ancestor will be further tested with future chromosome-scale genome assemblies of
frogs phylogenetically basal to the analyzed species [155]. Nonetheless, maintenance of the
described collinearity must have biological significance, such as the role of recombination,
chromosome territories, and aspects of three-dimensional chromosome structures like Rabl.
Divergence from collinearity in frogs, much like in Drosophila spp. [11], may be nonrandom.

The long-range and, in most cases, chromosome-scale collinearity among the examined frog
species, despite a total branch length of 1.05 billion years (Table 3.7), paralleled the synteny
observed in birds [158] and reptiles [159] and differed from the significant chromosome
variation found in mammals [139,140]. Assuming the rearrangement in E. coqui resulted from
two Robertsonian fissions of B and F, followed by three Robertsonian fusions, we calculated a
total of 17 fission, fusion, translocation, and duplication events, excluding intra-chromosome
variations, resulting in a karyotype change every 62 million years (Figure 3.4B). This rate was
slightly faster than the chromosome number change every 70 to 90 million years reported in
literature [144,160] but still slower than karyotype change rates for mammals [78] and many
reptiles [161]. Of course, the present rate calculation was limited, based on only seven species,
and the rate may vary depending on the analyzed species. Some frog taxa will have a higher rate
of karyotype change, such as Eleutherodactylus spp. (2n=16-32) or Pristimantis spp. (2n=22-38)
[150]. On the other hand, some species may have had no significant inter-chromosome changes
over the past 205 million years, such as Rana temporaria [162] or L. ailaonicum (Figure 3.4B).
Nonetheless, this analysis of chromosome variation across the frog lineage suggested a slow rate
of karyotype evolution.

Conclusions. Analysis of these new chromosome-scale assemblies identified the presence of
syntenic blocks in frogs, denoting the existence of chromosome stability in multiple branches of
the tree of life and the broader pervasiveness of this mechanism of conservation. Furthermore,
this study examined inter-chromosome variation between the assemblies, calculating a rate of
0.016 karyotype changes per million years across the assessed frog lineage, despite a total
nucleotide divergence based on fourfold degeneracy of 2.58 substitutions per site. Future studies
will explore the presence of syntenic elements in frogs and other species with torpid karyotype
evolution and use these assemblies in targeted, species-specific analyses.
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3.3 Figures and tables
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Figure 3.1. Visualization of chromosomes’ Hi-C contact maps for [A] E. coqui, [B] E.

pustulosus, [C] H. boettgeri, [D] L. ailaonicum, and [E] P. adspersus in Juicebox (v1.11.08) [104]
with a minimum MAPping Quality (MAPQ) of zero or greater below the diagonal and MAPQ >

30 above the diagonal. The golden lines demarcate the boundaries of the chromosomes.

4

=%

Figure 3.2. Example H. boettgeri metaphase chromosome spread with 18 chromosomes (scale
bar = 10 pm).
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Figure 3.3. Analyzed with OrthoVenn2 [102], [A] the occurrence table of gene homology
clusters containing three or more species between the five frog annotations completed in this
analysis, [B] Venn diagram of gene homology between these five species and [C] the occurrence
table of gene homology clusters containing six or more species between all seven chromosome-
scale frog species. In the occurrence tables, the green and grey ovals represent the presence or
absence, respectively, of that species in the OrthoVenn2 clustering.
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Figure 3.4. [A] Pairwise distances in substitutions per fourfold degenerate site extracted from
the RAXML (v8.2.11) [97] phylogenetic tree using Newick utilities (v1.6) [98] were shown
relative to the reference genome X. tropicalis. [B] Phylogenetic tree and gene ortholog alignment.
The phylogenetic tree of the seven analyzed species, calculated from fourfold degenerate sites
and divergence time confidence intervals, was visualized with FigTree (commit 901211e;
https://github.com/rambaut/figtree). The ancestral karyotype at each node was labeled on the tree.
The  alignment plot was  generated  with  jcvi.graphics.karyotype  (v0.8.12;
https://github.com/tanghaibao/jcvi) using the 7,292 described chromosome one-to-one gene
orthologs from OrthoVenn2 [102], followed by visual filtering of single stray orthologs. The
pericentromeric region based on Hi-C inference was represented with a black circle on each
chromosome. The ancestral chromosomes (A to M) were labeled at the top of the alignment
based on the corresponding region in P. adspersus. The alignments for each ancestral
chromosome were colored uniquely, with those upstream and downstream of the X. tropicalis
centromeric satellite repeat shaded with a light versus dark shade of the ancestral chromosome
color. Chromosomes labeled with an asterisk were reverse complemented in this image relative
to the orientation in the assembly.

33



23

Amzg

Xezg

&S

a3

34



Figure 3.5. Circos (v0.69-6) [103] plots with runs of collinearity containing at least five
kilobases (kb) of aligned sequence between [A] X. tropicalis (left, Xt) and 4. mexicanum (right,
Am), [B] X. tropicalis (left, Xt) and E. coqui (right, Ec), [C] X. tropicalis (left, Xt) and E.
pustulosus (right, Ep), [D] X. tropicalis (left, Xt) and H. boettgeri (right, Hb), [E] X. tropicalis
(left, Xt) and L. ailaonicum (right, La), [F] X. tropicalis (left, Xt) and P. adspersus (right, Pa), [G]
X. tropicalis (left, Xt) and X. laevis L subgenome (right, X1), and [H] X. tropicalis (left, Xt) and
X. laevis S subgenome (right, Xl1). For the plot of X. tropicalis and A. mexicanum [A], all
chromosomes were scaled evenly. Runs of collinearity were colored with respect to the 13
ancestral chromosomes (A to M).
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Figure 3.6. The alignment plot was generated with jcvi.graphics.karyotype (v0.8.12;
https://github.com/tanghaibao/jcvi) using runs of collinearity containing at least one kb of
aligned sequence between the species, extracted from the ROAST-merged MAF file. The
ancestral chromosomes (A to M) were labeled at the top of the alignment based on the
corresponding region in P. adspersus. Chromosomes labeled with an asterisk were reverse
complemented in this image relative to the orientation in the assembly.
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Figure 3.7. [A] Percent of sequence size for each ancestral chromosome, [B] percent of gene
count for each ancestral chromosome, and [C] percent of repeat count for each ancestral
chromosome. Boundaries of the ancestral chromosomes in each examined species were extracted
from runs of collinearity containing at least one kb of aligned sequence against L. ailaonicum.
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Figure 3.8. Examples of [A] a Robertsonian translocation, [B] an end-to-end fusion, and [C]

pericentromeric  conservation

in the analyzed

species

visualized with custom script

alignment_plots.py (v1.0). For each plot, the pericentromeric regions based on Hi-C inference
were depicted with black stars, the centromeric satellite repeat in X. fropicalis from tandem
repeat analysis with a red star, the density of L1 repeats per chromosome with light brown
histograms, and the runs of collinearity containing at least one kb of aligned sequence between
the species with connecting black lines.

Table 3.1. Summary of genome assemblies. Statistics were calculated using assembly-stats

(commit 506a640; https://github.com/sanger-pathogens/assembly-stats).

Genomic feature E. coqui E. pustulosus H. boettgeri
Total scaffold length, bp | 2,789,403,129 2,592,984,374 3,214,299,233
Number of scaffolds 105,233 120,236 26,522
Scaffold N50 length, bp | 109,468,876 172,109,237 293,320,900
Total contig length, bp | 2,367,745,368 2,583,262,543 3,210,201,336
Number of contigs 480,045 137,711 42,879

Contig N50 length, bp 10,801 295,193 783,846
Contigs sequence in 65.52 74.22 82.47
chromosomes, %

Contig GC content, % 43.46 42.53 39.51

Masked contig repeat 56.1 47.92 48.6
sequence, %

Table 3.2. DNA and RNA sequencing generated, excluding index reads.

Species

Library type

Total number of
reads

Total bases
sequenced

E. coqui (NCBI

Illumina Short-Insert

1,705,673,540

283,472,133,530

BioProject Illumina Mate Pair 597,450,992 149,960,198,992
PRINAS578591) 10X Genomics Chromium | 854,980,766 129,102,095,666
Genome
Dovetail Genomics Hi-C 381,578,566 57,355,218,936
E. pustulosus 10X Genomics Chromium | 852,054,914 128,660,292,014
(NCBI BioProject | Genome
PRINAS578590) Pacific Biosciences SMRT | 2,954,172 24,381,987,728
Dovetail Genomics Hi-C 903,180,410 136,096,277,522
Illumina mRNA 764,813,040 115,486,769,040
H. boettgeri I1lumina Short-Insert 248,883,258 62,469,697,758
(NCBI BioProject | 10X Genomics Chromium | 924,540,580 139,605,627,580
PRINAS578589) Genome
Pacific Biosciences SMRT | 5,939,116 70,318,923,913
Dovetail Genomics Hi-C 536,656,294 81,035,100,394
I1lumina mRNA 120,922,616 18,259,315,016
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Table 3.3. Individuals and tissues used in RNA sequencing of E. pustulosus.

Individual Sex Tissue
237g6f1 Female Brain
237g6f1 Female Eggs
237g6f1 Female Heart
237g6f1 Female Larynx
237g6f1 Female Skin, dorsal
237g6f1 Female Skin, ventral
237g612 Female Brain
237g612 Female Eye

237g612 Female Intestine
237g612 Female Liver
237g612 Female Lung
237g612 Female Skin, dorsal
A10F2 Female Brain
A10F2 Female Eggs

A10F2 Female Eye

A10F2 Female Heart
A10F2 Female Intestine
A10F2 Female Larynx
A10F2 Female Liver
A10F2 Female Lung

A10F2 Female Skin, ventral
A10M1 Male Larynx
Brood 726 tadpole (stage ~56) | Unknown Whole body minus gut
Brood 747 tadpole (stage ~45) | Unknown Whole body minus gut

Table 3.4. Summary of genome annotations. Statistics were calculated by the Integrated Gene
Call (IGC) pipeline [163].

Annotation feature E. coqui E. pustulosus | H. boettgeri | P. adspersus
Number of genes / primary 23,346 30,613 20,684 18,673
transcripts

Number of alternate transcripts | 11,220 34,629 7,374 2,574
Total number of transcripts 34,566 65,242 28,058 21,247
Average number of exons per 7.3 6.5 8.5 8.8
gene

Median exon length 137 141 133 133
Median intron length 1,752 1,002 1,483 1,089
Number of complete genes 19,899 25,989 18,244 16,861
Number of incomplete genes 1,149 1,417 872 637
with start codon
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Number of incomplete genes 1,662 2,125 1,164 941
with stop codon

Number of genes with Pfam 17,101 20,393 16,677 15,711
annotation

Number of genes with Panther 19,243 23,598 18,610 17,098
annotation

Number of genes with KOG 9,633 10,365 10,162 10,347
annotation

Number of genes with KEGG 9,799 10,528 9,973 9,779
Orthology annotation

Number of genes with E.C. 4,795 6,199 4,684 4211
number annotation

Table 3.5. Pairwise nucleotide divergence in substitutions per site based on fourfold degeneracy
between the examined species extracted from the RAXML (v8.2.11) [97] phylogenetic tree using
Newick utilities (v1.6) [98].

Species A. mex- | P. ads- | E. pust- | E. L. aila- | H. boe- | X. trop- | X.
icanum | ersus ulosus | coqui onicum | ttgeri icalis laevis L

P. adspersus 1.1438

E. pustulosus | 1.1697 | 0.7525

E. coqui 1.7050 | 0.7276 | 0.3560

L. ailaonicum | 1.6863 | 1.0391 | 1.0650 | 1.0401 |- - — —

H. boettgeri 1.6215 | 1.0846 | 1.1106 | 1.0856 | 1.0669

X. tropicalis 1.5165 |0.9795 | 1.0055 | 0.9806 |0.9618 | 0.5621

X laevis L 1.5367 |0.9998 | 1.0258 | 1.0008 | 0.9821 | 0.5824 | 0.2056

X. laevis S 1.5496 | 1.0127 | 1.0386 | 1.0137 |0.9949 | 0.5952 | 0.2185 | 0.1656

Table 3.6. Locations of ancestral chromosome fusions in the examined species using runs of
collinearity from L. ailaonicum.

Species and chromosome Fusion region Fused ancestral chromosomes
E. coqui Chrl 167,326,341-167,391,435 B+F
E. coqui Chr4 64,368,134-64,506,892 H+B
E. coqui Chr5 90,030,948-90,111,922 E+F
E. coqui Chr6 51,920,009-52,085,381 K+
E. pustulosus Chr6 78,294,430-79,251,447 M-+
E. pustulosus Chr7 67,080,716-67,193,535 K+D
H. boettgeri Chr4 132,010,981-132,334,876 D+E
H. boettgeri Chr7 112,455,236-114,827,918 H+
H. boettgeri Chr§ 10 103,984,075-104,182,343 M+J
H. boettgeri Chr8 10 227,189,815-227,531,594 J+K
P. adspersus Chr3 27,789,267-27,840,023 M+A
P. adspersus Chr6 25,252,335-25,589,174 M+A
X. tropicalis Chr4 76,607,359-76,630,690 D+E
X. tropicalis Chr7 63,487,360-63,537,129 H+I
X. tropicalis Chr§ 81,812,475-81,878,653 J+K
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Table 3.7. Divergence time input intervals from TimeTree [129] and estimated output times

from MEGA7 (v7.0.26) [130] in million years ago.

Node TimeTree minimum | TimeTree maximum | MEGAT7 output
E. coqui — E. pustulosus | 71 108 74

E. coqui — P. adspersus 147 162 149

E. coqui — L. ailaonicum | 167 205 202

X laevis L — X laevis S | — — 38

X laevis L — X tropicalis | 34 79 52

X. laevis L — H. boettgeri | 104 158 126

X laevis L — E. coqui 187 220 205

3.4 Methods

H. boettgeri metaphase chromosome spread. Stage 26 tadpoles (n=10) were incubated in 0.01%
colchicine and 1X MMR for four to six hours at room temperature. After removing the yolky
ventral portion of the tadpoles, the remaining dorsal portions were pooled together in deionized
water and allowed to stand for 20 minutes. The dorsal portions were transferred to 0.2 mL of 60%
acetic acid in deionized water and allowed to stand for five minutes. The tissue was then pipetted
onto a positively charged microscope slide, and excess acetic acid was blotted away. To flatten
the tissue and promote chromosome spreading, the slide was covered with a coverslip, and a lead
brick was placed on top of it for five minutes. The slide and coverslip were then placed on dry
ice for five minutes. The coverslip was removed from the frozen slide, and the slide was stained
with 0.1 mg/mL Hoechst Stain solution for five minutes. A fresh coverslip was then mounted on
the slide using VectaShield, and the edges were sealed with nail polish. Chromosomes in
metaphase spreads were imaged on an Olympus BXS51 Fluorescence Microscope run with
Metamorph software using a 60x oil objective. Chromosome number was counted in 75 separate
metaphase spreads.

Sequencing and assembly. The sequencing and assembly of E. coqui, E. pustulosus, and H.
boettgeri, detailed below, followed a hierarchical assembly strategy, starting with short-read data
and progressing to longer reads and linkages.

DNA extraction and sequencing of E. pustulosus. High molecular weight DNA was extracted,
as previously described [149], from whole blood from two sisters [237g6f4 and 237g6f5]
maintained at the University of the Pacific. Using DNA from one sister [237g6f4], a 10X
Genomics Chromium Genome library [108] was prepared and sequenced on the Illumina HiSeq
X by the HudsonAlpha Institute for Biotechnology. Using DNA from the other sister [237g6f5],
Pacific Biosciences SMRT libraries were prepared and sequenced on the Pacific Biosciences
Sequel by the DNA Technologies and Expression Analysis Cores at the University of California
Davis Genome Center. Using liver dissected from a niece of the sisters [291g2f 3603], also
maintained at the University of the Pacific, a Hi-C library was prepared using the Dovetail
Genomics Hi-C library preparation kit and sequenced on the Illumina HiSeq 4000 by the Vincent
J. Coates Genomics Sequencing Laboratory at the University of California, Berkeley. Two
additional Hi-C libraries were prepared from the dissected liver and sequenced on the Illumina
NextSeq by Dovetail Genomics.
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Shotgun assembly of E. pustulosus. 10X Genomics linked reads were assembled with
Supernova (v2.0.1) [108]. As previously described [62], putative archaeal, bacterial, viral, and
vector contaminants were identified and removed by querying the assembly using BLAST+
(v2.6.0) [109] against the respective RefSeq and UniVec databases, using custom script
general decon.sh (v1.0). Putative mitochondrial sequence was also identified and removed by
querying the assembly using BLAST+ (v2.6.0) [109] against the closest available mitochondrial
assembly (NCBI JX564888.1) [164], using custom script mt_decon.sh (v1.0). Finally, putative
nonvertebrate contamination was identified and removed through two rounds of filtering, using
custom script nt_decon.sh (v1.0): (1) the assembly was queried using BLAST+ (v2.6.0) [109]
against the NCBI NT database, flagging sequences with an E-value less than 1E-10 best hit to a
nonvertebrate sequence, as identified by the corresponding taxonomic information; (2) flagged
sequences were queried using BLAST+ (v2.6.0) [109] against previously published frog
genomes (Hyla arborea v1 [165], Nanorana parkeri v2 [166], P. adspersus v29Jun2017 [146],
Rana catesbeiana v3-20170621 [167], R. temporaria v3 [162], X. laevis v9 [149], and X
tropicalis v9 [168]) as well as frog sequences from NCBI EST, GSS, and Nucleotide databases,
removing sequences without any hits based on a cutoff of 75% identity and an E-value less than
1E-10. The decontamination removed 8,581 scaffolds totaling 2.11 megabases (Mb) from the
Supernova assembly.

Initial PacBio scaffolding of E. pustulosus. To improve the contiguity of the E. pustulosus
assembly, decontaminated Supernova contigs were scaffolded with PacBio long-read data. This
was achieved by performing a hybrid assembly of the filtered Supernova contigs and PacBio
long reads using DBG2OLC (commit 1f7e¢752) [169]. PacBio reads were then mapped to the
DBG2OLC output assembly with BLASR (commit 4323a52) [170] and polished with
PBDAGCon (commit 1a2fle7) [171] two times using the map4cns pipeline (commit dd§9f52;
https://bitbucket.org/rokhsar-lab/map4cns). Decontaminated Supernova contigs were mapped
back to the polished DBG2OLC assembly using MUMmer (v3.23) [172] with a cutoff of 90%
identity and then ordered and oriented into scaffolds using tsvtk get and maptk join from the
GBS analysis pipeline (commit 80613d5) [173].

Initial chromosome assembly of E. pustulosus. After PacBio-based long-read scaffolding, the
assembly was organized into chromosomes with Hi-C data using the Dovetail Genomics HiRise
[174] pipeline. Hi-C reads were then aligned to the assembly with Juicer (commit d3eel1b)
[112], and the assembly was manually corrected in Juicebox (v1.9.0) [104]. PacBio reads were
aligned to the assembly with BWA (v0.7.17-r1188) [116], and gaps were resized using scripts
pbGapLen and expand-gaps.py (https://bitbucket.org/bredeson/artisanal). Gaps in the assembly
were then filled with PacBio data using PBJelly (PBSuite v15.8.24) [175].

Revised PacBio and 10X Genomics scaffolding of E. pustulosus. Given the limited resolution
of the E. pustulosus Hi-C data for determining the proper order and orientation of scaffolds as
well as the large number of gaps listed as overfilled by PBJelly, suggesting incorrect scaffolding,
rearrangements, or other assembly errors, the gap-filled assembly was broken into contigs and
then scaffolded with PacBio and 10X Genomics data. First, the contigs were scaffolded against
the error corrected DBG2OLC assembly using MUMmer (v3.23) [172] as well as tsvtk and
maptk in the GBS analysis pipeline (commit 80613d5) [173]. Next, the assembly was scaffolded
with the 10X Genomics linked reads using Scaff10X (v2.1;
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https://sourceforge.net/projects/phusion2/files/scaff10x/). Gaps were resized with PacBio data, as
previously described, and filled with PBJelly (PBSuite v15.8.24) [175].

Revised chromosome assembly of E. pustulosus. The resulting assembly was organized back
into chromosomes based on alignment against the initial chromosome assembly using MUMmer
(v3.23) [172] as well as tsvtk and maptk in the GBS analysis pipeline (commit 80613d5) [173].
Gaps were again resized with PacBio data using pbGapLen and expand-gaps.py
(https://bitbucket.org/bredeson/artisanal), and gaps were filled with PBJelly (PBSuite v15.8.24)
[175].

Final assembly correction of E. pustulosus. The assembly was polished with two rounds of
[lumina error correction. In this, 10X Genomics data was adapter trimmed using custom script
trim_10X.py (v1.0) and aligned to the assembly with BWA (v0.7.17-r1188) [116]. Variants
called by FreeBayes (commit 49413aa) [176] with a read depth within two standard deviations of
the Gaussian fit (mean of 26.4 and standard deviation of 10.4) were corrected using the script
ILEC in the map4cns pipeline (commit dd89f52; https://bitbucket.org/rokhsar-lab/map4cns).

After error correction, the Hi-C data was realigned to the assembly with Juicer (commit d3eel 1b)
[112]. Misjoins were identified and broken with the Hi-C data using Juicebox (v1.9.0) [104].

Remaining gaps were resized with the PacBio data, and closure was attempted with the adapter-

trimmed 10X Genomics data using Platanus (v1.2.1) [114].

Final assembly release of E. pustulosus. Scaffolds smaller than one kb were removed from the
final assembly with seqtk seq (v1.3-r106; https://github.com/lh3/seqtk), and chromosomes and
scaffolds were numbered in order of size using SeqKit (v0.7.2-dev) [115]. Chromosomes were
oriented arbitrarily.

RNA extraction and sequencing of E. pustulosus. In addition to the two whole tadpoles
excluding gut at approximated stages 45 and 56, the following tissues were dissected from adult
frogs maintained at the University of the Pacific: brain (n=3), dorsal skin (n=2), eggs (n=2), eye
(n=2), heart (n=2), intestine (n=2), larynx (n=3), liver (n=2), lung (n=2), and ventral skin (n=2).
All samples were washed twice with PBS, homogenized in TRIzol Reagent, and centrifuged,
followed by flash freezing of the supernatant. RNA was isolated following the TRIzol Reagent
User Guide (Pub. No. MAN0001271 Rev. A.0) protocol. Illumina TruSeq stranded mRNA
libraries were prepared and sequenced on the Illumina HiSeq 4000 by the Vincent J. Coates
Genomics Sequencing Laboratory at the University of California Berkeley.

DNA extraction, sequencing, and assembly of H. boettgeri. High molecular weight DNA was
extracted, as previously described [149], from whole blood from one female [F2] purchased at
the Albany Aquarium. A 10X Genomics Chromium Genome library [108] was prepared and
sequenced on the Illumina HiSeq X by the HudsonAlpha Institute for Biotechnology. Pacific
Biosciences SMRT libraries were prepared and sequenced on the Pacific Biosciences Sequel by
the HudsonAlpha Institute for Biotechnology. Using liver dissected from a second, unrelated
female [F3] purchased at the Albany Aquarium, a Hi-C library was prepared using the Dovetail
Genomics Hi-C library preparation kit and sequenced on the Illumina HiSeq 4000 by the Vincent
J. Coates Genomics Sequencing Laboratory at the University of California Berkeley. The
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assembly process followed the same procedure as outlined for E. pustulosus with four
differences: the closest available mitochondrial assembly used in decontamination was NCBI
NC 015615.1 [177]; the decontamination removed 108 scaffolds totaling 39.9 kb from the
Supernova assembly; variants with a read depth within only one standard deviation of the
Gaussian fit (mean of 18.4 and standard deviation of 12.3) were corrected; and chromosomes
were numbered and oriented based on alignment with MUMmer (v3.23) [172] to the X
tropicalis chromosomes.

RNA extraction and sequencing of H. boettgeri. Eggs were homogenized in TRIzol Reagent
and processed according to manufacturer's instructions. RNA was then isolated using the RNeasy
Kit (cat 74104). An mRNA library was prepared using the PrepX RNA-Seq for Illumina Library
Kit (cat 640096/640097) by the Functional Genomics Laboratory at the University of California
Berkeley and sequenced on the Illumina HiSeq 4000 by the Vincent J. Coates Genomics
Sequencing Laboratory at the University of California Berkeley.

DNA extraction and sequencing of E. coqui. Kidney and liver tissue were dissected from one
male collected in Hawaii [HN-11 male], and DNA was extracted from these tissues using the
Zymo Research Quick gDNA MiniPrep Kit (cat D3007). Two Illumina short-insert libraries
were prepared using kidney DNA by the Functional Genomics Laboratory at the University of
California Berkeley and sequenced on the Illumina HiSeq 2500 and 4000 by the Vincent J.
Coates Genomics Sequencing Laboratory at the University of California Berkeley. Two Illumina
mate pair libraries were prepared using liver DNA and sequenced on the Illumina HiSeq 2500 by
the HudsonAlpha Institute for Biotechnology. Using the liver tissue sample, a Hi-C library was
prepared and sequenced on the [llumina NextSeq by Dovetail Genomics. High molecular weight
DNA was extracted, as previously described [149], from whole blood from a second, unrelated
male maintained at Harvard University [C4M]. Using DNA from this second male, a 10X
Genomics Chromium Genome library [108] was prepared and sequenced on the Illumina HiSeq
X by the HudsonAlpha Institute for Biotechnology.

Shotgun assembly of E. coqui. The short-insert libraries were adapter trimmed with ea-utils
fastqg-mcf (commit bd148d4) [178]. The mate pair libraries were adapter trimmed and split with
NxTrim (commit 53¢2193) [179]. Using custom script nxtrim_pipeline.sh (v1.0), the output from
NxTrim was divided into two files: (1) reads flagged as mate pair or unknown were merged into
a final mate pair file; (2) reads flagged as short-insert paired-end or single-end were merged into
a final short-insert library, with the single-end reads given a corresponding blank second end. All
trimmed data was then assembled with meraculous (v2.2.4) [180]. Mitochondrial sequence was
assembled from adapter-trimmed short-insert data using custom script organelle pipeline.py
(v1.0) and NOVOPlasty (v2.6.3) [181], with other Hyloidea mitochondrial assemblies available
on NCBI as input seeds.

Mirroring the E. pustulosus shotgun assembly process and as previously described [62], putative
archaeal, bacterial, viral, and vector contamination was identified and removed by querying the
assembly with BLAST+ (v2.3.0) [109] against the respective RefSeq and UniVec databases,
using custom script general decon.sh (v1.0). Putative mitochondrial sequence was also identified
and removed by querying the assembly with BLAST+ (v2.3.0) [109] against the assembled
mitochondrial sequence, using custom script mt_decon.sh (v1.0). In addition, the assembly was
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queried with BLAST+ (v2.3.0) [109] against the NT database, previously published frog
genomes (H. arborea v1 [165], N. parkeri v2 [166], P. adspersus v29Jun2017 [146], R.
catesbeiana v3-20170621 [167], R. temporaria v3 [162], X. laevis v9 [149], and X. tropicalis v9
[168]), and frog sequences from NCBI EST, GSS, and Nucleotide databases to identify and
remove non-vertebrate sequences, using script custom nt_decon.sh (v1.0). The decontamination
removed 7,272 scaffolds totaling 2.06 Mb from the meraculous assembly.

Residual redundancy due to split haplotypes was identified and removed using custom script
align pipeline.sh (v1.0). To summarize, the adapter-trimmed libraries were aligned to the
assembly with BWA (v0.7.15-r1140) [116]. Read depth was extracted from the alignments and
used as a cutoff to separate half-depth and full-depth scaffolds. Half-depth scaffolds were then
queried against each other with BLAST+ (v2.3.0) [109], and the smaller of each best-hit scaffold
pair was extracted. Half-depth scaffolds were also kmer counted with Jellyfish (v2.1.4) [182],
and the smaller of each scaffold pair with a unique, shared 31mer was extracted. Scaffolds
identified in both BLAST+ and Jellyfish analyses were removed from the assembly. The
redundancy pipeline removed 192,996 scaffolds totaling 31.1 Mb from the decontaminated
assembly. The assembly was then scaffolded with SSPACE (v3.0) [183].

Chromosome assembly of E. coqui. The assembly was next scaffolded with 10X Genomics
linked reads using Scaffl0X (v2.1; https://sourceforge.net/projects/phusion2/files/scaff10x/).
Attempts to further scaffold the assembly into chromosomes with the Hi-C data using Dovetail
Genomics HiRise [174] and 3D-DNA (commit 745779b) [113] were unsuccessful. Therefore,
the Scaffl0X output was mapped to the E. pustulosus assembly using MUMmer (v3.23) [172]
and then scaffolded based on synteny using tsvtk get and maptk join from the GBS analysis
pipeline (commit 80613d5) [173]. Hi-C reads were aligned to the assembly with Juicer (commit
d3eellb) [112], and the synteny-based scaffolding was manually corrected with the Hi-C data
using Juicebox (v1.9.0) [104]. Closure of the remaining gaps was attempted with the adapter-
trimmed short-insert data using Platanus (v1.2.1) [114].

Final assembly release of E. coqui. Scaffolds smaller than one kb were removed from the final
assembly with seqtk seq (v1.3-r106; https://github.com/lh3/seqtk), and chromosomes and
scaffolds were numbered in order of size using SeqKit (v0.7.2-dev) [115]. Chromosomes were
oriented arbitrarily.

Reassembly of L. ailaonicum. As previously described for E. pustulosus, putative archaeal,
bacterial, viral, and vector contamination was checked by querying the published assembly
[145,154] using BLAST+ (v2.9.0) [109] against the respective RefSeq and UniVec databases.
Putative mitochondrial sequence was also checked by querying the assembly using BLAST+
(v2.9.0) [109] against the closest available mitochondrial assembly (NCBI NC 024427.1) [184].
No contaminant scaffolds were identified or removed from the assembly.

Hi-C reads (NCBI BioProject PRINA523649) [145] were aligned to the assembly with Juicer
(commit d3eellb) [112], and existing scaffolding was manually error corrected using Juicebox
(v1.11.08) [104]. All gaps were then resized to 100 bases. Chromosomes and scaffolds were
numbered in order of size using SeqKit (v0.7.2-dev) [115]. Chromosomes were oriented
arbitrarily.
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Reassembly of P. adspersus. As previously described for E. pustulosus, putative archaeal,
bacterial, viral, and vector contamination was identified and removed by querying a precursor
(v29Jun2017) of the released assembly (GCA 004786255.1) [146] using BLAST+ (v2.6.0) [109]
against the respective RefSeq and UniVec databases. Putative mitochondrial sequence was also
identified and removed by querying the assembly using BLAST+ (v2.6.0) [109] against the
closest available mitochondrial assembly (NCBI JX564898.1) [164]. The decontamination
removed one scaffold totaling 1.45 kb from the assembly.

Chicago and Hi-C reads (NCBI BioProject PRINA439445) [146] were aligned to the assembly
with Juicer (commit d3eellb) [112], and existing scaffolding was manually error corrected using
Juicebox (v1.9.0) [104]. PacBio reads (NCBI BioProject PRINA439445) [146] were aligned to
the assembly with BWA (v0.7.17-r1188) [116], and gaps were resized using scripts pbGapLen
and expand-gaps.py (https://bitbucket.org/bredeson/artisanal). Closure of the remaining gaps was
attempted with ea-utils fastqg-mcf (commit bd148d4) [178] adapter-trimmed TruSeq data (NCBI
BioProject PRINA439445) [146] using Platanus (v1.2.1) [114].

Scaffolds smaller than one kb were removed from the final assembly with seqtk seq (v1.3-r106;
https://github.com/lh3/seqtk), and chromosomes and scaffolds were numbered in order of size
using SeqKit (v0.7.2-dev) [115]. Chromosomes were later renamed and reoriented based on
alignment with MUMmer (v3.23) [172] to the released assembly (GCA _004786255.1) [146].

Repeat library. RepeatModeler (v1.0.11) [117] was run for each chromosome-scale assembly,
except L. ailaonicum, and the output was manually curated. Repeats from the following frog
assemblies were combined for a pan-frog repeat library: A. truei [n=1,769], E. coqui [n=1,441],
E. pustulosus [n=1,146], H. boettgeri [n=1,160], P. adspersus [n=908], Xenopus borealis
[n=1,026], X. laevis v10 [n=913], and X. tropicalis v10 [n=973]. Ancestral frog repeats [n=934]
from RepBase (v23.12) [118] were added to the curated repeats to create a final repeat library
[n=10,270].

Annotation and homology analysis. Using the final repeat library, the chromosome-scale
assemblies of E. coqui, E. pustulosus, H. boettgeri, L. ailaonicum, and P. adspersus were soft
masked with RepeatMasker (v4.0.7 and v4.0.9) [119]. In addition to the aforementioned RNA
sequencing, additional RNA data for H. boettgeri (NCBI BioProject PRINA306175) [149] and P.
adspersus (NCBI BioProject PRINA439445) [146] was downloaded from NCBI SRA.
Unpublished E. coqui RNA sequencing of stages 7, 10, and 13 hindlimb and stage 9-10 tail fin
skin was obtained from Harvard University and the French National Center for Scientific
Research, respectively. All RNA sequencing data was adapter trimmed with ea-utils fastq-mcf
(commit bd148d4) [178] and aligned to the respective assemblies with STAR (v2.5.3a and
v2.7.0f) [185], using the custom script STARalign.sh (v1.0).

Genome-guided transcriptomes were assembled with Trinity (v2.5.1) [186] for each individual
RNA library: E. coqui [n=7], E. pustulosus [n=24], H. boettgeri [n=9], and P. adspersus [n=2].
The assembled transcriptomes for these four species were aligned to the respective assemblies
with STARlong (v2.7.1a) [185] and then split into single-exon and multi-exon transcripts based
on their alignments, using custom script filter trinity.py (v1.0). Multi-exon transcripts were
discarded if the first exon and/or last exon was less than 60 bp in length, if an intron was less
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than 60 bp or greater than 300,000 bp in length, or if the total transcript alignment length was
less than 250 bp. Single-exon transcripts larger than 80 amino acids and containing start and stop
codons were extracted with TransDecoder (v3.0.1) [187].

Filtered single-exon and multi-exon transcripts were merged and used as mRNA evidence in the
IGC pipeline [163] for genome annotation of the four species. Peptides from the v10 X
tropicalis annotation as well as SwissProt eukaryotes (downloaded November 2018) [188] were
used as protein homology evidence in this pipeline. From the resulting annotations, gene
homology between E. coqui, E. pustulosus, H. boettgeri, L. ailaonicum [145,154], P. adspersus,
X laevis (v9) [149], and X. tropicalis (v10) was analyzed with OrthoVenn2 [102] using an E-
value of 1E-5 and an inflation value of 1.5. One-to-one gene orthologs between E. coqui, E.
pustulosus, H. boettgeri, P. adspersus, and X. tropicalis were extracted from the OrthoVenn2
output, after requiring the ortholog sets to be either present in a single copy or absent in L.
ailaonicum [145,154] and the L and S subgenomes of X. laevis (v9) [149]. Regarding the
exceptions for L. ailaonicum and X. laevis, an initial analysis of the OrthoVenn2 output found
that the L. ailaonicum annotation [145,154] was missing 37% (3,670) of the one-to-one gene
orthologs found in the five main frog species, whereas the X. /aevis annotation (v9) [149] has
confounding factors associated with the allopolyploidization and resulting gene evolution. In
constructing this set, we also excluded genes on the P. adspersus W chromosome.

Pericentromeric inference from Hi-C. Centurion (commit 985439c) [189] was run using
MAPQ of zero or greater contact maps at one Mb matrix resolution with a coef parameter of 10.
An initial set of pericentromeric positions determined by visualization in Juicebox (v1.11.08)
[104] were supplied to the Centurion run. The Centurion results were reverted back to the initial
visual estimates if the two values differed by more than 10%.

Comparative genomics. The assemblies for A. mexicanum (GCA _002915635.2) [147,148], E.
coqui, E. pustulosus, H. boettgeri, L. ailaonicum, and P. adspersus were each aligned pairwise
against X. tropicalis (v10) with cactus (commit e4d0859) [122]. X. laevis (v9) [149] was broken
into subgenomes, and the chromosomes of each subgenome were aligned against X. tropicalis
with cactus (commit e4d0859) [122]. As previously described [62], all pairwise output HAL
alignment files were filtered and converted into MAF, using custom script cactus_filter.py (v1.0),
and runs of collinearity were extracted from each pairwise MAF file. The pairwise MAF files
were also merged with ROAST/MULTIZ (v012109) [125], using the phylogenetic topology
from TimeTree [129], and sorted with last (v979) [127].

Phylogeny. Using the 9,624 identified one-to-one orthologous genes and the ROAST-merged
MAF file, as previously described [62], fourfold degenerate bases were extracted with script
4Dextract.py (v1.0) and converted into PHYLIP format with BeforePhylo (commit 0885849;
https://github.com/qiyunzhu/BeforePhylo). The maximum likelihood tree was estimated with
RAXML (v8.2.11) [97] using the GTR+Gamma model of substitution with outgroup A.
mexicanum. As previously described [128], the divergence time confidence intervals from
TimeTree [129] for all nodes except the outgroup A. mexicanum node and the divergence
between the L and S subgenomes in X. /aevis were input into MEGA7 (v7.0.26) [130], using the
Reltime method [131] and the GTR+Gamma model to create a time tree. The time calculated for
the split between L and S subgenomes in X. laevis was substantiated in the literature [149,190].

48



Additional sequencing of H. boettgeri. DNA was extracted, as previously described [149], from
whole blood from a female [F1] purchased at the Albany Aquarium. An Illumina short-insert
library was prepared by the Functional Genomics Laboratory at the University of California
Berkeley and sequenced on the Illumina HiSeq 2500 by the Vincent J. Coates Genomics
Sequencing Laboratory at the University of California Berkeley.

Additional sequencing of E. coqui. Liver tissue was dissected from one female collected in
Hawaii [HN-13 male], and DNA was extracted from the tissue using the Zymo Research Quick
gDNA MiniPrep kit (cat D3007). Two Illumina short-insert libraries were prepared by the
Functional Genomics Laboratory at the University of California Berkeley and sequenced on the
Illumina HiSeq 2500 and 4000 by the Vincent J. Coates Genomics Sequencing Laboratory at the
University of California Berkeley.

3.5 Notes

Availability of data and materials. The assemblies, annotations, and raw data were deposited at
NCBI for E. coqui (BioProject PRINA578591), E. pustulosus (BioProject PRINAS578590), H.
boettgeri (BioProject PRINAS578589), L. ailaonicum (BioProject PRINAS578588), and P.
adspersus (BioProject PRINA578592). Unless stated otherwise, custom code used in this study
is available at https://github.com/abmudd/Assembly.
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4 Conclusion

Summary. Evolutionary conservation, or lack thereof, is a theme throughout this work, as I
explored cases where nature strongly favored consistency and cases where variation occurred
rapidly. Extreme variation at the chromosome scale was explored in Chapter 2 by comparing the
genome assemblies of Muntiacus muntjak and Muntiacus reevesi, which diverged ~4.9 million
years ago. With a recent rate of 5.3 fusion events per million years, M. muntjak has undergone
rapid chromosome evolution. However, the underlying sequence of the two muntjacs has
changed very little, and I found that the local chromatin contacts were conserved. I also explored
the interesting cases of the fission-fusion reversal of chromosome BTA6 in M. muntjak and the
uniquely independent fusions of chromosomes BTA13 and BTAI18 25 26 28 in the two
muntjac species. On the other hand, in Chapter 3, I identified an extreme case of torpid
chromosome evolution by evaluating seven frog genomes (Eleutherodactylus coqui,
Engystomops pustulosus, Hymenochirus boettgeri, Leptobrachium ailaonicum, Pyxicephalus
adspersus, Xenopus laevis, and Xenopus tropicalis), finding that the frog chromosomes were
highly conserved, despite diverging ~205 million years ago. In contrast to this limited karyotype
variation, I calculated a total nucleotide divergence based on fourfold degeneracy between the
examined frog species of 2.58 substitutions per site, revealing that the underlying sequence
comparatively changed despite the vast chromosome conservation. Given these curious
evolutionary incongruities, this work provides fodder for future inquiry into topics such as the
evolutionary role and physiological constraint for karyotype change as well as the biological
mechanisms related to chromosome conservation and variation.

Ongoing and future work. The superclass Tetrapoda encompasses an enormous range of
species and ecological niches, from the 7.7 mm frog Paedophryne amauensis in the forest leaf
litter [191] to the 32.6 m blue whale Balaenoptera musculus roaming the oceans [192]. Similarly,
chromosome number has widely varied across tetrapods, ranging in count from six (M. muntjak
[67]), 10 (Macropus bicolor [140]), and 14 (Arthroleptis spp. [193]) to 102 (Tympanoctomys
barrerae), 108 (Xenopus longipes), and 138 (Alcedo atthis) [194], in addition to chromosome
diversity resulting from supernumerary chromosomes [195] and microchromosomes [196].
Cytogenetic and comparative genomic analyses, such as the comparison of a basal relative of
tetrapods, Latimeria chalumnae, against the frog Ascaphus truei [197], hypothesized that the
tetrapod ancestor possessed a mixture of macrochromosomes and microchromosomes [198,199].
From examination of extant tetrapods, although microchromosomes are not present in mammals
[200], they are found in reptiles [201] and amphibians [202], such as the aforementioned frog 4.
truei [197].

To evaluate this hypothesis of mixed macrochromosomes and microchromosomes throughout
much of tetrapod and vertebrate evolutionary history [198,199] as well as more general
karyotype conservation between tetrapods, I have been exploring the syntenic relationships
between two pairs of karyotypically diverse tetrapods — the coastal tailed frog (4. truei; 2n=44)
versus the western clawed frog (X. tropicalis; 2n=20 [168]) and the red jungle fowl (Gallus
gallus; 2n=78 [203]) versus the American alligator (Alligator mississippiensis; 2n=30). With
spotted gar (Lepisosteus oculatus; 2n=58 [199]) as an outgroup, I identified 44 tetrapod-specific
synteny units (Table 4.1). Comparison of these synteny units against the Florida lancelet
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(Branchiostoma floridae) enabled analysis of their origins relative to the ancestral chordate
linkage groups [48,49]. From these synteny units, it has become possible to determine the
mechanisms of chromosome rearrangements, both in ancestral and extant species, as well as
other features including pericentromere conservation and gene evolution. This line of inquiry
will further our understanding of the evolutionary and functional significance of chromosome
synteny across the history of life.

Table 4.1. Chromosome locations and origin of the 44 tetrapod-specific synteny units. Non-

primary chromosome locations were noted in parentheses.

Synteny | Ascaphus | Xenopus Gallus Al.l zgqtqr Lepisosteus (;hordate
unit truei tropicalis | gallus PHISSISSIPP™ b culatus llnkage group
1ensis notation
GNAI Chr4 Chr5 Chr3 Chrl LG1 (16) AJK-2-alpha
GNA2 | Chr3 Chr2 Chrl Chrl (L3C/}1147) FKN-1-alpha
GNA3 Chrl Chrl Chr4 Chr2 LG4 (2) FIQ-2-alpha
GNA4 Chr5 Chr3 Chrl Chr4 (1) LGS EO-2-alpha
GNAS Chr2 Chr6 Chr2 Chr3 LG9 (11) DJ-1-alpha
GNAG6 Chrl Chrl ChrzZ Chr3 (1/2) | LG2 (4) CL-2-alpha
GNA7 Chr2 Chr6 Chr2 Chr5 LGI1 (9) B-1-alpha
GNAS Chrl10 Chr4 Chr8 Chr5 (7) LGI10 LM-1-alpha
GNA9 Chr7 Chr7 Chr6 Chr6 (2) LG5 1Q-1-alpha
GNA10 | Chr9 Chr8 Chr5 Chr2 LG7 A-1-alpha
GNAI11l | Chr8 Chr9 Chr7 Chr4 (8) LG12 B-2-alpha
GNAI12 | Chrl2 Chr9 Chrl14 Chrl3 LG13 H-1-alpha
GNAI13 | Chrl4 Chr4 Chrl1 Chr10 (1) | LG23 D-2-alpha
GNA14 | Chrl6 Chr4 Chrl2 Chrl2 LG5 E-1-alpha
GNA15 | Chrl3 Chr4 Chr5 Chr2 LG27 O-1-alpha
GNA16 | Chrl8 Chrl Chrl5 Chr10 LG20 G-1-alpha
GNA17 | Chrl5 Chr5 Chr9 Chr9 LG14 NP-2-alpha
GNAI18 | Chr5 Chr3 Chr13 Chrll LG6 FIQ-2-beta
GNA19 | Chr6 Chr7 Chr21 Chrl3 LG25 P-1-alpha
GNA20 | Chr3 Chr2 Chr19 Chrl4 LG22 G-2-alpha
GNA21 | Chrl9 Chr8 Chrl7 Chrl2 LG21 M-2-alpha
GNA22 | Chrll Chr8 Chr4 Chr7 LG7 (1) FKN-1-beta
GNA23 | Chr7 Chrl Chr28 Chrl5 LG19 CL-2-beta
GNA24 | Chrl7 Chr3 Chrl0 Chr8 LG3 C-1-alpha
GNA25 | Chr6 Chr2 Chr23 Chr6 LG6 JK-2-beta
GNA26 | Chr9 Chr2 Chr26 Chrl14 LG23 EO-2-beta
GNA27 | Chr2l Chrl10 Chr20 Chrll LGI8 DJ-1-beta
GNA28 | Chr22 Chr10 Chrl18 Chr7 LG10 H-2-alpha
GNA29 | Unknown | Chrl0 Chr27 Chr4 LG15 B-2-beta
GNA30 | Chr6 Chr7 Chr31 (22) | Chr5 LGS H-1-beta
GNA31 | Chr6 Chr7 Chr24 Chrl5 LG26 A-2-beta
GNA32 | Chr3 Chr2 Chr33 Chr8 LG4 B-1-beta
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GNA33 | Chr8 Chr8 Chr25 Chr8 LG24 (5) C-1-beta
GNA34 | Chr5 Chr3 Chr22 Chr9 LGI 1Q-1-beta
GNA35 | Chrl6 Chr4 Chrl Chr4 LGI12 H-2-beta
GNA36 | Unknown | Chr3 Chr30 Chr7 LG6 LM-1-beta
GNA37 | Unknown | Chr7 Chr5 Chr2 LG9 G-2-beta
GNA38 | Chrl9 Chr8 Unknown | Chr7 LGI E-1-beta
GNA39 | Chr7 Chr7 Chrl Chr4 (1) LG26 P-1-beta
GNA40 | Chr8 Chr8 Chr32 Chr8 LG2 A-1-beta
GNA41 | Chr8 Chr9 Chr9 Chr9 LG12 Unknown
GNA42 | Unknown Chr8 Chrl6 Chr8 Unknown M-2-beta
GNA43 | Chr6 Chr7 Unknown Chr8 LG24 Unknown
GNA44 | Unknown Chr3 Unknown Chr8 LG2 NP-2-beta
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