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Microsatellite landscape evolutionary dynamics across
450 million years of vertebrate genome evolution

Richard H. Adams, Heath Blackmon, Jacobo Reyes-Velasco, Drew R. Schield, Daren C. Card,
Audra L. Andrew, Nyimah Waynewood, and Todd A. Castoe

Abstract: The evolutionary dynamics of simple sequence repeats (SSRs or microsatellites) across the vertebrate
tree of life remain largely undocumented and poorly understood. In this study, we analyzed patterns of genomic
microsatellite abundance and evolution across 71 vertebrate genomes. The highest abundances of microsatellites
exist in the genomes of ray-finned fishes, squamate reptiles, and mammals, while crocodilian, turtle, and avian
genomes exhibit reduced microsatellite landscapes. We used comparative methods to infer evolutionary rates of
change in microsatellite abundance across vertebrates and to highlight particular lineages that have experienced
unusually high or low rates of change in genomic microsatellite abundance. Overall, most variation in microsat-
ellite content, abundance, and evolutionary rate is observed among major lineages of reptiles, yet we found that
several deeply divergent clades (i.e., squamate reptiles and mammals) contained relatively similar genomic mic-
rosatellite compositions. Archosauromorph reptiles (turtles, crocodilians, and birds) exhibit reduced genomic
microsatellite content and the slowest rates of microsatellite evolution, in contrast to squamate reptile genomes
that have among the highest rates of microsatellite evolution. Substantial branch-specific shifts in SSR content in
primates, monotremes, rodents, snakes, and fish are also evident. Collectively, our results support multiple major
shifts in microsatellite genomic landscapes among vertebrates.

Key words: comparative genomics, microsatellite seeding, repeat elements, tandem repeats, simple sequence
repeats.

Résumé : La dynamique évolutive des séquences simples répétées (SSR ou microsatellites) au sein des vertébrés
demeure largement non-documentée et mal connue. Dans ce travail, les auteurs ont analysé ’abondance et
I’évolution des microsatellites chez 71 génomes de vertébrés. Les abondances de microsatellites les plus grandes
ont été rencontrées au sein des génomes des poissons dotés de nageoires a rayons, des reptiles a écailles et des
mammiferes, tandis que les génomes des crocodiliens, des tortues et des oiseaux présentaient le moins de
microsatellites. Les auteurs ont employé des méthodes comparatives pour inférer les taux de changements
évolutifs en matiere d’abondance des microsatellites parmi les vertébrés et pour mettre en évidence des lignages
qui ont connu des taux exceptionnellement élevés ou faibles. Globalement, la majeure partie de la variation en
matiere de contenu, d’abondance et de taux d’évolution des microsatellites a été observée au sein des grands
groupes de reptiles, et pourtant, les auteurs ont noté que certains clades tres distants (p. ex. les reptiles a écailles
et les mammiferes) présentaient des compositions génomiques semblables en matiére de microsatellites. Les
reptiles archosauromorphes (tortues, crocodiliens et oiseaux) affichaient une teneur réduite en microsatellites et
les plus faibles taux évolutifs au sein des microsatellites, tandis que les génomes des reptiles a écailles avaient des
taux parmi les plus élevés. Des variations substantielles limitées a certaines branches spécifiques ont également
été observées chez les primates, les monotremes, les rongeurs, les serpents et les poissons. Ensemble, ces résultats
appuient I'hypotheése de multiples changements importants dans le paysage des microsatellites chez les vertébrés.
[Traduit par la Rédaction]

Mots-clés : génomique comparée, ensemencement de microsatellites, éléments répétés, répétitions en tandem,
séquences simples répétées.
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Introduction

Microsatellites, also known as simple sequence re-
peats (SSRs), are 2—-6 base pair (bp) nucleotide motifs that
are tandemly repeated to form larger DNA stretches usu-
ally between 20 and 100 bp in length (Beckmann and
Weber 1992). These non-coding elements are abundant
in most eukaryotic genomes and may be found in both
coding and non-coding regions (T6th et al. 2000), al-
though they appear to be comparatively rare in coding
regions (Hancock 1995). Due to their high mutation
rates and genome-wide distribution, microsatellites
may significantly impact genome evolution through a
number of mechanisms (Charlesworth et al. 1994), in-
cluding potential effects on recombination (Pardue
et al. 1987; Richard and Paques 2000), regulation of
gene expression (Martin et al. 2005; Moxon et al. 1994),
gene conversion (Balaresque et al. 2014), and chromo-
somal organization (Pardue et al. 1987; reviewed in Li
et al. 2002).

Since their discovery in the 1970s, the rapid mutation
rates of microsatellites have made them an important
workhorse for population genetic inferences and fine-
scale estimation of relatedness among individuals, and
in population biology in general (Bruford and Wayne
1993; Goldstein et al. 1999; Jarne and Lagoda 1996; Slatkin
1995). They are used as standard markers for human DNA
profiling and are applied extensively in forensic sciences
(Butler 2006). As molecular markers, microsatellites
have increased our understanding of quantitative trait
evolution (McCouch et al. 1997) and have been used in
numerous association studies to map the genomic
location of linked functional mutations in various dis-
eases, including Alzheimer’s and Parkinson’s diseases
(Kimpara et al. 1997). Additionally, microsatellites have
received considerable attention for their causative asso-
ciations with several cancers (Arzimanoglou et al. 1998;
Wooster et al. 1994) and a number of human neurode-
generative disorders (La Spada et al. 1994; Ranum and
Day 2002).

Microsatellites are inherently unstable and highly
polymorphic at both species and population scales. This
high rate of polymorphism is due to their high mutation
rates, between 10-2 and 10-® mutations per site per gen-
eration, which are several orders of magnitude higher
than background nucleotide mutation rates (Schldtterer
2000). DNA polymerase strand slippage, which involves
strand dissociation followed by misaligned re-association
of the strands during DNA replication, has been pro-
posed as the primary mechanism that generates muta-
tion and variability in microsatellite loci (Richards and
Sutherland 1994; Schlotterer 2000). The resulting mis-
aligned sequences can produce volatile intrastrand struc-
tures that impact sequence stability and may even result
in genetic diseases (Usdin 1998). Ectopic recombination
can also impact microsatellite variability, leading to ex-
pansion or contraction of microsatellite length (Payseur
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and Nachman 2000; Schug et al. 1998). Additionally, mi-
crosatellites can be associated with transposable ele-
ments (TEs), often appearing as flanking sequences or
tandem-arrays that are endogenous to the TE itself
(Ramsay et al. 1999). Active TEs with associated microsat-
ellites may facilitate microsatellite proliferation to new
sites across the genome through a process known as mi-
crosatellite seeding (Arcot et al. 1995; Castoe et al. 2011b).

Current evidence suggests microsatellite content and
abundance tends to be relatively consistent within major
lineages of vertebrates, with most differences in micro-
satellite content arising between major lineages (Neff
and Gross 2001; Téth et al. 2000). Mammalian, fish, and
squamate reptile genomes appear to be relatively micro-
satellite rich (Alf6ldi et al. 2011; Castoe et al. 2011a, 2011b;
Chistiakov et al. 2006; Edwards et al. 1998), while bird,
crocodilian, and turtle genomes are comparatively de-
pauperate in microsatellites (Card et al. 2014; Primmer
et al. 1997; Shedlock et al. 2007). Several studies have
demonstrated microsatellite locus conservation across
considerable scales of evolutionary time in specific lin-
eages (FitzSimmons et al. 1995; Pepin et al. 1995; Rico
et al. 1996; Schlotterder et al. 1991), while other studies
have noted substantial divergence in microsatellite con-
tent even between closely related species (Clisson et al.
2000). Previous analysis of microsatellite content in ver-
tebrate genomes suggests that dinucleotide (2mer) repeats
are the most abundant motif in vertebrate genomes,
with nearly 1.5-fold greater abundance than that of lon-
ger microsatellite motifs (Benson et al. 2012). Nearly all
previous studies of genomic microsatellite content in
vertebrates, however, have been based on reduced or
biased representation of vertebrate lineages, and have
therefore lacked meaningful comparisons within and
among major vertebrate lineages.

Here we used 71 complete vertebrate genomes to iden-
tify and characterize major compositional and evolu-
tionary trends in the genomic microsatellite landscape of
vertebrates. In our analysis of vertebrate microsatellite
landscapes, we addressed the following questions: (i) How
does variation in genomic microsatellite abundance
among major vertebrate lineages compare to within-
lineage variation? (ii) Do particular branches of the ver-
tebrate tree appear to have experienced exceptionally
high (or low) rates of change in microsatellite abun-
dance? And (iii) do particular microsatellite classes or
motifs, or characteristics of microsatellite loci (e.g., locus
lengths), exhibit notable fluctuations across the verte-
brate tree of life?

Materials and methods
Seventy-one vertebrate genome dataset

We downloaded all currently available assembled ver-
tebrate genomes from the Ensembl database (release 75;
Hubbard et al. 2002) representing a total of 61 vertebrate
species. An additional 10 vertebrate genomes that were
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not available via Ensembl were obtained to supplement
sampling from several major vertebrate lineages. These
included four snake species: Burmese python (Python
molurus bivittatus; Castoe et al. 2013), king cobra (Ophiophagus
hannah; Vonk et al. 2013), speckled rattlesnake (Crotalus
mitchellii; Gilbert et al. 2014), and boa constrictor (Boa
constrictor; Bradnam et al. 2013), two turtle species: green
sea turtle (Chelonia mydas; Wang et al. 2013) and painted
turtle (Chrysemys picta; Shaffer et al. 2013), and four
crocodilians: American alligator (Alligator mississippiensis),
saltwater crocodile (Crocodylus porosus), gharial (Gavialis
gangeticus, St John et al. 2012), and Chinese alligator
(Alligator sinensis, Wan et al. 2013). Our complete dataset
consisted of assembled genomes from 41 mammals,
4 crocodilians, 5 birds, 3 turtles, 5 squamate reptiles,
1 amphibian (African clawed frog; Xenopus tropicalis),
1lobe-finned fish (coelacanth; Latimeria chalumnae), 10 ray-
finned fishes, and 1 jawless fish (lamprey; Petromyzon
marinus; see Table S1' for taxon information and acces-
sion details). Hereafter, for the sake of brevity, we refer
to species by their generic name only, unless the specific
epithet is important for differentiation of two species in
the same genus.

Microsatellite identification and quantification

We used Pal_finder v.0.02.03 (Castoe et al. 2010, 2012;
Palfinder hereafter) to identify microsatellites across
vertebrate genomes. Microsatellites were defined in
Palfinder as perfect dinucleotide (2mer), trinucleotide
(3mer), tetranucleotide (4mer), pentanucleotide (5mer),
and hexanucleotide (6mer) tandem repeats. Default
Palfinder parameters were used to identify microsatel-
lite loci if they were tandemly repeated for a total length
of at least 12 bp for 2-4mers, (i.e., 6 tandemly repeated
2mers, 4 repeated 3mers, and 3 repeated 4mers) or were
repeated at least 3 times in the case of 5Smers and 6mers
(>15 bp in length). Microsatellite locus identification
thresholds were based on previous estimates of genomic
microsatellite content (Castoe et al. 2010, 2012). A custom
Python script was used to summarize Palfinder output
files and to calculate two measures of observed genomic
microsatellite frequencies (loci/Mbp and bp/Mbp) for
each species. We quantified frequencies of microsatellite
loci and microsatellite base pair occupancy by dividing
all observed counts of loci and all observed counts of
base pair abundances by the total number of unambigu-
ous (ie., non-N’ base calls) megabases analyzed per
genome. Loci/Mbp and bp/Mbp frequencies were calcu-
lated for all motifs and all microsatellite length classes
(2-6mers, and total microsatellite content) and summa-
rized per genome. Additionally, average bp/locus lengths
were computed for each motif within each species using
these Palfinder output files.
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Time-calibrated phylogeny for 71 vertebrate species

To provide an evolutionary context to our genomic
sampling, we used the species tree for the 61 Ensembl
species as a backbone topology, and used mitochondrial
genome sequences to add the remaining 10 species and
to estimates divergence times. We used custom Python
scripts to download and parse 12 mitochondrial-encoded
protein-coding genes (excluding ND6, which is tran-
scribed in the opposite direction of all other mitochon-
drial genes) from the mitochondrial genome of each
vertebrate species with an available mitochondrial
genome on GenBank (Benson et al. 2012). For species
without available mitochondrial genomes, we used the
mitochondrial genome for the most closely related spe-
cies with a complete mitochondrial genome sequence,
obtained from either GenBank or Ensembl (see Table S2!
for GenBank and Ensembl accessions). Each of the
12 protein coding genes were then aligned individually
using MUSCLE v3.8.31 (Edgar 2004) and were concate-
nated using the SuperMatrix function provided in the R
package EvobiR v.1.1 (Blackmon and Adams 2015).

The final concatenated mitochondrial alignment was
divided into three partitions (codon positions 1, 2, and 3)
for each of the 12 protein coding genes for a total of
36 partitions. We used PartitionFinder v1.1.1 (Lanfear et al.
2012) to estimate the best-fit nucleotide substitution
models for each partition. In all cases the best-fit model
was a GTR model with gamma-distributed among-site
variation. We estimated divergence times using BEAST
v.2.01 (Drummond and Rambaut 2007) with a Yule model
of speciation and a log-normal relaxed clock model for
among-lineage variation. The tree topology was almost
constrained to the Ensembl tree topology, therefore only
leaving the 10 non-Ensembl species free to vary in phylo-
genetic position. To infer an ultrametic tree with branch
lengths relative to time, we constrained divergence
times at eight nodes (seven constraints obtained from
the date-a-clade database Benton and Donoghue 2007
and an additional node constraint for alethinophidian
snakes based on Pyron et al. 2013). A list of all calibration
time points used in the analysis and priors used in the
BEAST 2 analyses are given in the supporting materials
(Table S3%). Two independent BEAST 2 analyses were run
for 60 million generations each, and MCMC chains were
sampled every 1000 generations. We used the program
Tracer v.1.6 (Rambaut and Drummond 2014) to confirm
that the MCMC chains had reached convergence based
on likelihood and parameter value stationarity. We con-
servatively discarded 25% of the generations as burn-in,
based on evidence that the likelihood and parameter
values were stationary by around 10% of sampling. To
account for uncertainty in divergence time estimates in
our analyses of evolutionary rates, we randomly sampled

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-

2015-0124.
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100 trees from the posterior distribution of our BEAST 2
analysis (these trees are referred to as the 100 sampled
trees). These 100 trees were used to conduct censored
rate tests for testing different rates of microsatellite evo-
lution. Additionally, we used the program TreeAnnota-
tor 1.7.4 (Rambaut and Drummond 2013) to estimate a
consensus tree with branch lengths equal to the median
length across the posterior distribution for visualizing
relative evolutionary rates (see Fig. 2 for consensus tree).

Testing for multiple rates evolution in microsatellite
abundance across lineages
We were interested in testing how overall evolution-

ary rates of change in microsatellite abundance (broken
down by length class) differed across major clades in the
vertebrate tree. To test this hypothesis and infer shifts in
the rates of evolutionary change in microsatellite abun-
dance, we conducted censored rate tests based on a
Brownian motion model for continuous trait evolution
of genomic microsatellite class content expressed as loci/
Mbp (O’Meara et al. 2006). Our hypothesis testing was
based on a null model in which microsatellites length
class (2-6mers) abundance evolve at a single rate on all
branches compared to an alternative model in which
each of the six major vertebrate lineages represented by
more than a single species (i.e., ray-finned fishes, turtles,
crocodilians, squamate reptiles, birds, and mammals)
have an independent rate of change in microsatellite
abundance (for all motif sizes from 2 to 6mers, and for
total microsatellite content). For all tests, we used the
topology and branch lengths derived from the 100 ran-
domly sampled trees obtained from the posterior distri-
bution inferred from our BEAST 2 divergence dating
analysis. Censored rates tests were performed using the
R v.3.1.3 (R Development Core Team 2012) package phy-
tools v.0.4-60 (Revell 2012) with 1000 simulations on each
of the 100 sampled trees using the restricted maximum
likelihood approach (REML), which yields unbiased esti-
mates of the evolutionary rate parameter (o2). For each
clade and test, rate parameter (02) estimates were com-
puted for each motif size (2-6mers and for the total mi-
crosatellite loci/Mbp). P values for each of the censored
rate tests were calculated based on the 1000 simulations
and were considered statistically significant if P < 0.05.

Ancestral state reconstruction of genomic microsatellite
frequencies

To further identify specific branches of the vertebrate
tree with evidence of particularly high or low rates of
change in microsatellite abundance, absolute changes in
observed frequencies of microsatellite content (expressed
as loci/Mbp) between parental (ancestral nodes) and
daughter nodes (|ASSR| hereafter) were modeled as a lin-
ear function of branch length. For each microsatellite
class (2-6mer and total microsatellite content), ancestral
state frequencies were reconstructed using the tree and
branch lengths derived from the median consensus tree
from our divergence-dating analyses in BEAST 2. Using
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the R package APE v.3.3 (Paradis et al. 2004), ancestral
states for each interior node were estimated using the
restricted maximum likelihood method (REML) under a
Brownian motion model of evolution. These estimated
ancestral values were used to calculate the absolute dif-
ference between each daughter and respective parental
node across the tree. We fit simple linear regression
models between |ASSR| estimates and branch length for
each microsatellite class. Predicted values were obtained
for each regression model using the predict function pro-
vided in the base statistics package in R. Deviations from
predicted |ASSR| values based on the linear regression
models were used to highlight branches with exception-
ally high or low estimated rates of change in |[ASSR| loci/
Mbp frequencies (values outside both predicted and
confidence intervals).

Identification of patterns of microsatellite landcape
differentiation among species

We conducted a phylogenetically informed PCA using
the phylo.pca function in phytools on the motifloci/Mbp
frequencies of each species; this approach accounts for
phylogenetic relationships when calculating eigenval-
ues, eigenvectors, and component loadings. The first two
principle components (PC1 and PC2) were plotted to re-
flect the main factors effecting variation within micro-
satellite length types across the dataset. Phylogenetic
PCAs were conducted for all microsatellite length classes
using the observed loci/Mbp frequency of each micro-
satellite sequence motif. To further identify patterns
of differentiation at the level of sequence-specific micro-
satellite motifs across species, we produced heat maps of
the loci/Mbp frequencies and average bp/locus for each
sequence-specific motif (for 2-4mers) or for the 25 most
frequent sequence motifs per length class (4-6mers;
based on average frequencies across species).

Results

Trends in genomic microsatellite content across 71
verbrate taxa
We identified considerable variation in genomic

microsatellite content across the vertebrate tree of life
(Figs. 1-4). On average, 4mer repeats are found at the
highest loci/Mbp densities across the 71 taxa, followed by
2mers, 3mers, 5Smers, and 6mers. When comparing mic-
rosatellite bp/Mbp densities, 2mers are the most abun-
dant microsatellite, followed by 4mers, 3mers, Smers,
and 6mers. Below we focus on the average abundances of
each microsatellite class and each of the six vertebrate
clades that currently have more than a single represen-
tative genome (ray-finned fishes, squamates, crocodil-
ians, turtles, birds, and mammals).

Total genomic microsatellite frequencies

Ray-finned fish genomes contain the highest observed
average microsatellite loci/Mbp frequencies (mean =
716.86 loci/Mbp) of all vertebrate clades, followed closely
by squamate reptiles (mean = 628.26 loci/Mbp) and
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Fig. 1. Observed distributions of genomic microsatellite
content for nine major vertebrate clades. Raw
microsatellite frequency distributions for nine major
vertebrate lineages (71 genomes), including lampreys

(1 species), ray-finned fishes (10 sp.), lobe-finned fishes

(1 sp.), amphibians (1 sp.), turtles (3 sp.), crocodilians

(4 sp.), birds (5 sp.), squamate reptiles (5 sp.), and
mammals (41 sp.). Abundances in loci/Mbp for total, 2mer,
3mer, 4mer, 5mer, and 6mer repeats are shown in panels
A-F, respectively. And frequencies in bp/Mbp for total,
2mer, 3mer, 4mer, 5Smer, and 6mer microsatellites are
shown in panels G-L, respectively. Horizontal lines
represent the average frequency for each taxon, and the
25th and 75th percentiles are indicated by the box edges.
Whiskers extend to the most extreme value within

1.5 times the inter-quartile (distance between 1st and 3rd
quartile) range. Any values outside these whiskers are
considered as an outlier and are display as black points.

mammals (mean = 491.23 loci/Mbp; Fig. 1A). The high
average abundance of microsatellite loci in ray-finned
fishes is largely due to the extremely high frequency of
microsatellites in the Atlantic cod (Gadus) genome
(1890.86 loci/Mbp; Fig. 2A and Table S4!). On average, the
genomes of turtles, crocodilians, and birds contain sim-
ilarly low total abundances of microsatellites (mean =
159.78, 242.42, and 268.94 loci/Mbp, respectively) with
little variance in abundance within each clade (SD =
95.57, 11.91, 60.90 loci/Mbp, respectively; Fig. 1A). Similar
to trends observed in loci/Mbp frequencies, ray-finned
fish also have the highest average total bp/Mbp frequen-
cies (mean = 17 045.93 bp/Mbp), followed by squamate
reptiles (mean = 11675.68 bp/Mbp) and mammals
(mean = 8610.06 bp/Mbp; Fig. 1G). Ray-finned fishes again
exhibit the highest variation in total microsatellite
bp/Mbp frequencies (SD = 17 223.56 bp/Mbp), due largely
to the SSR-rich genome of Atlantic cod (Gadus; total =
62 912.41 bp/Mbp; Fig. 2A and Table S41).

Dinucleotide repeat abundances
Ray-finned fish genomes have the highest average den-

sity of 2mer loci (343.14 loci/Mbp), followed by mammals
(146.06 loci/Mbp) and squamates (114.76 loci/Mbp; Fig. 1B).
Turtles, crocodilians, and birds have similar and lower
average loci/Mbp densities (means = 49.53, 67.02, and
39.43 loci/Mbp, respectively; Figs. 1B and 2B). The average
2mer bp/Mbp frequency for ray-finned fish genomes is
over three-fold that of every other lineage average
(10 492.61 bp/Mbp), followed by dinucleotide densities
of mammals (average = 3048.60 bp/Mbp) and squamates
(average = 2123.13 bp/Mbp; Figs. 1B and 2B). As with total
microsatellite abundance, extreme patterns associated with
ray-finned fish 2mers stems from the Atlantic cod (Gadus;
total dinucleotides = 52 103.99 bp/Mbp), although the clade
also exhibits the largest variance in 2mer frequencies even
when excluding the Atlantic cod genome (Fig. 2B).
Phylogenetic PCA across 2mer sequence motif fre-
quencies indicate that that PC1 is driven predominantly
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by variation in the frequency of the AC motif (Fig. 3A),
consistent with the overall high abundance and length
of the motif AC in most vertebrate genomes, with several
notable exceptions (Fig. 3B). For example, AT is the most
abundant 2mer motifin the frog (Xenopus) and most bird
genomes, while TC is the most abundant 2mer found in
several mammalian genomes, including that of the dog,
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Fig. 2. Observed microsatellite loci/Mbp frequencies and their lineage-specific evolutionary rates across 71 vertebrate taxa.
Horizontal bar plots represent the observed microsatellite loci/Mbp frequencies for each vertebrate genome. Branches on the
time-calibrated consensus phylogeny are colored according to the estimate rate of microsatellite evolution, with dark blue
indicating slower evolution and red indicating more rapid evolution. Taxa and coinciding bars are consistently colored and
ordered based on major vertebrate clades. Results are shown for (A) total genomic microsatellite content, (B) 2mer, (C) 3mer,
(D) 4mer, (E) 5mer, and (F) 6mer loci/Mbp frequencies.
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Fig. 3. Phylogenetic PCA, loci/Mbp heatmaps and bp/locus heatmaps for 2mer (A-B), 3mer (C-D), and 4mer (E-F) microsatellite
motifs. Phylogenetic PCA was conducted using loci/Mbp frequencies for all motif types (2-3mers) and the top 25 most abundant
motifs in 4mer microsatellites. Labeled points represent samples that deviated substantially from the major clusters. Loci/Mbp
(blue) and bp/locus (red) heatmaps depict frequencies for all 2 and 3mer motifs and the top 25 most abundant loci for 4mers, sorted
from the highest average abundance (left) to least highest average abundance (right).
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cat, panda, rabbit, and others. Another interesting differ-
ence in 2mer motif properties among lineages is that
increases in densities of the AT motif in several fish
(Danio, Astyanax, Latimeria) and the frog (Xenopus) genome
appear to have been driven by the greater lengths of AT
loci in these lineages (Fig. 3B).

Trinucleotide repeat abundances

Genomic trinucleotide (3mers) repeat densities are
on average the most frequent and variable in squa-
mate reptile genomes (means = 140.53 loci/Mbp and
2753.61 bp/Mbp), followed by ray-finned fishes and mam-
mals (Figs. 1C and 1I). In contrast, non-squamate reptiles
(including birds) are comparatively low and consistent in
average 3mer loci/Mbp and length (Figs. 1C and 1I). Phy-
logenetic PCA of sequence-specific 3mer motif frequen-
cies indicated that PC1 was most strongly driven by
variation in ATT motif frequencies, and the genomes of
the zebra fish (Danio), anole lizard (Anolis), and platypus
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(Ornithorhynchus) were separated from other vertebrates
due to their unusually high ATT loci/Mbp frequency
(Fig. 3C). In contrast to these ATT-rich genomes, the TGC
motif was the most abundant 3mer in all crocodilians
and two mammalian genomes (Ovis and Bos; Fig. 3D).
Other outlying patterns include the frequent AAC motif
in two mammalian genomes (Provacia and Loxodontia),
and the motif TTC being most frequent in the kangaroo
rat (Dipodemys) genome (Fig. 3D). Interestingly, despite
these divergent patterns of microsatellite motif density
across species, the motif TTC has the highest average
length per locus of all 3mer microsatellites in most ge-
nomes, with particularly high average locus lengths of
this motif in rodent species (Fig. 3D).

Tetranucleotide repeat abundances

Squamate reptile genomes harbor the highest average
densities of tetranucleotides (4mers; means = 278.75 lociMbp
and 4813.90 bp/Mbp; Figs. 1D and 1J). Conversely, tetra-
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Fig. 4. Phylogenetic PCA, loci/Mbp heatmaps, and bp/locus heatmaps for 5mer and 6mer motifs. Phylogenetic PCA was
conducted using loci/Mbp frequencies of the top 25 most abundant motif types for both 5Smer (A-B) and 6mer (C-D)
microsatellites. Labeled points represent samples that deviated substantially from the major clusters. Loci/Mbp (blue)
and bp/locus (red) heatmaps depict frequencies of the top 25 most abundant 5 and 6mer microsatellite motifs found
across the 71 vertebrate genomes.
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nucleotides are relatively low and consistent in abun-
dance within the birds and the other reptile clades
(turtles, crocodilians). However, ray-finned fishes exhibit
the second highest average bp/Mbp content (mean =
3306.05 bp/Mbp), which is slightly higher than the
average mammalian tetranucleotide bp/Mbp frequency
(mean = 3189.50 bp/Mbp; Fig. 1]). Phylogenetic PCA of
4mer motifs revealed that overall 4mer variation is
largely explained by AAAT loci/Mbp variation, which cor-
responds with the high yet variable abundance of AAAT
repeats in most vertebrate genomes (Fig. 3E), although
both AAAC and AAAG 4mers are also abundant in many
vertebrate genomes (Fig. 3F). Among the top 25 most
abundant 4mers, the motif ATCT has a particularly high
average bp/locus length across most species compared to
other motifs (Fig. 3F).

satellite density (mean = 71.33 loci/Mb), followed by
mammals and ray-finned fishes (Fig. 1E). The average
abundance of 5mer bp/Mbp in birds is the second high-
est of all vertebrate clades after squamates (mean =
1400.60 bp/Mbp), despite birds having among the lowest
observed loci/Mbp densities (38.97 loci/Mbp); these find-
ings indicate an expansion in the length of 5mer repeats,
rather than the generation of new loci, which has led to
high 5Smer abundances within avian lineages (Fig. 1K). In
particular, the genome of the collard flycatcher (Ficedula)
has undergone what appears to be extreme expansion of
long pentanucleotide repeats (total 5Smer frequency =
3146.65 bp/Mbp) that is higher than the 5mer content
observed in any other vertebrate genomes present in this
study (Fig. 2E and Table S4?1).

In the PCA of variation in 5mer motif frequencies,

Pentanucleotide repeat abundances PCl iS lal‘gely dI‘iven by VaI‘iatiOI‘l il‘l the ATTCC motif,

As with 3-4mer motifs, squamate reptiles have the
highest average pentanucleotide (5Smer) loci/Mbp micro-

which is particularly frequent in the Great Apes (mi-
nus humans) yet otherwise quite rare across vertebrates
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(Figs. 4A-4B). In most sampled vertebrate genomes, the
AAAAC motifis the most abundant 5mer based on loci/Mbp
frequencies (Fig. 4B). Other motifs of interest include the
highly abundant AATAG motif in the king cobra (Ophio-
phagus) and TCTCC in the Atlantic cod (Gadus) and Japa-
nese puffer fish (Takifugu; Fig. 4B). Additionally, the
AACTG is the most abundant 5Smer microsatellite in the
domestic cow (Bos) and sheep (Ovis) genomes, which un-
derlies their differentiation from other species in PC2 of
the PCA (Fig. 4A).

Hexanucleotide repeat abundances
Observed hexanucleotide (6mer) loci/Mbp averages

are highest in squamate reptile genomes (average =
22.89 loci/Mbp), followed by ray-finned fishes and mam-
mals (average = 17.52 loci/Mbp and 16.56 loci/Mbp, respec-
tively; Fig. 1F). Bird genomes, which have among the
lowest observed loci/Mbp frequencies, have the highest
average base pair density (556.73 bp/Mbp) and are the
most variable (SD = 637. 17 bp/Mbp; Figs. 1F and 1L). This
result is due primarily to the extreme nature of 6mer
repeats found in the collared flycatcher (Ficedula) ge-
nome, which contains the highest observed 6mer base
pair frequencies of all species surveyed (6mer content =
1688.67 bp/Mbp; Fig. 2F). Phylogenetic PCA of 6mer mo-
tifs indicates that PC1 corresponds largely to the varia-
tion in TTCTGC and AAGGAG frequencies, which when
phylogenetically corrected are particularly high in the
kangaroo rat (Dipodemys) genome (Fig. 4C). PC2 separates
most other vertebrates based largely on the motifs
AAAAAC and TCTCTG, which are both common and vari-
able across species (Figs. 4C-4D). Unlike other verte-
brates, the motif TCTCCC is the most abundant 6mer
in the sheep (Ovis) genome, and the motif TGGGGG is
the most abundant 6mer in the lesser hedgehog tenrec
(Echinops) genome. In the four crocodilian genomes
(A. mississippiensis, A. sinensis, Gavialis, and Crocodylus),
AGGGGC is the most abundant 6mer (Fig. 4D), while
the most abundant 6mer motifs overall (AAAAAC,
AAAAAT, AAAAAG) have among the lowest average
bp/locus lengths in these genomes (Fig. 4D).

Clade-specific rates of evolution in microsatellite
genomic density
All censored rate tests (100 tests for each 2-6mer and

total microsatellite loci/Mbp frequencies) reject the null
model (a single rate of evolution in all lineages), indi-
cating significantly different, lineage-specific rates of
change in microsatellite abundance among the six major
multi-genome vertebrate clades (P < 0.01 for all 600 tests).
Total microsatellite loci/Mbp abundances evolved most
rapidly in ray-finned fishes (mean = 792.5002) and slow-
est in turtles, crocodilians, and birds (means = 120.20,
0.93, and 35.3202, respectively), while squamate reptiles
and mammals both exhibit similar high rates of change
(means = 199.1002 and 224.4002, respectively; Fig. 5A).
Dinucleotide rates of evolution are also highest in ray-
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finned fishes (mean o2 = 486.59) and lowest in reptiles
(mean turtles = 9.6802, crocodilians = 0.4902, birds =
0.4902, and squamates = 3.9202; Fig. 5B). For 3-6mers,
rates of change in abundance of microsatellites were
highest in squamate reptiles, and second highest in
mammals (Figs. 5C-5F).

Branch-specific rates of change in microsatellite
abundance

For all microsatellite length classes (2-6mer and com-
plete microsatellite content), changes in microsatellite
loci/Mbp frequencies between parental and daughter lin-
eages (|ASSR|) are only very weakly to moderately corre-
lated with branch lengths (scaled to time; MAX R? = 0.353,
P < 0.01 across all comparisons), suggesting that rates of
microsatellite evolution vary widely across the verte-
brate tree (Figs. 6A-6F). Changes in total genomic micro-
satellite loci/Mbp (total |[ASSR|) are greatest along the
branches leading to the Atlantic cod (Gadus), European
hedgehog (Erinaceus europaeus), and Northern treeshrew
(Tupaia; Fig. 6A). The |ASSR| estimate on the branch lead-
ing to the single lamprey genome (Petromyzon) is the low-
est rate of evolution predicted (Fig. 6A). For dinucleotide
repeats (2mer), only the |ASSR| value for the terminal
branch leading to the Atlantic cod (Gadus) fell far outside
the predicted intervals (Fig. 6B), further illustrating the
extreme rate of dinucleotide expansion within this ge-
nome. For 3mers, the platypus (Ornithorhynchus), anole
lizard (Anolis), European hedgehog (Erinaceus), kangaroo
rat (Dipodomys), and Atlantic cod (Gadus) represent |[ASSR|
estimates above predicted |ASSR| intervals, while the
spotted gar (Lepisosteus) is below the predicted |ASSR|
intervals for its branch length (Fig. 6C). For 4mers,
branches exhibiting |ASSR| values above predicted ranges
include the European hedgehog (Erinaceus), Northern
treeshrew (Tupaia), zebra fish (Danio), tammar wallaby
(Macropus), domestic dog (Canis), and horse (Equus), while
the lamprey (Petromyzon) |ASSR| estimate is below the
predicted intervals (Fig. 6D). 5Smer microsatellites appear
to change rapidly across several primate branches (Homo,
Pongo, Gorilla, Pan, and Nomascus) reflecting high rates of
S5mer repeat change within this clade. Again, this trend
of increased 5mer rates of change appears to result from
the dynamic evolution of the motif ATTCC in primates
(Fig. 5B). Additionally, the king cobra (Ophiophagus), al-
paca (Vicugna), and both an ancestral squamate and
mammalian branch exhibit 5Smer |[ASSR| estimates above
predicted intervals (Fig. 6E). This high rate of change for
5mer microsatellites in the king cobra genome appears
to result from the expansion of AATAG when compared
to its sister reptile lineages (Fig. 4B). For 6mer repeats,
the kangaroo rat (Dipodomys), Atlantic cod (Gadus), and
king cobra (Ophiophagus) terminal branches exhibit
|ASSR| values outside predicted intervals (Fig. 6F).
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Fig. 5. Censored rate test results for lineage-specific rates of microsatellite evolution across the six major vertebrate clades
with two or more genomes represented on Ensembl. Box pots represent the rate parameter (0?2) estimates obtained across

100 trees sampled from the inferred posterior distribution for the six major clades represented by more than a single genome
(n = 68), including ray-finned fishes (10 sp.), turtles (3 sp.), crocodilians (4 sp.), birds (5 sp.), squamate reptiles (5 sp.), and
mammals (41 sp.). Results are shown for (A) total microsatellite content, (B) 2mer, (C) 3mer, (D) 4mer, (E) 5Smer, and (F) 6mer

loci/Mbp frequencies.
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Discussion

Our results provide the first perspective obtained from
analysis of complete genomes representing multiple
members of most major vertebrate clades. Most appar-
ent from analyses of these data are extreme shifts in
genomic microsatellite content among species and
among lineages, as well as evidence for multiple major
shifts in the evolutionary tempo of change of microsat-
ellite landscapes across the vertebrate tree. We also find
a number of interesting contrasts and convergences, in
which closely related lineages (e.g., reptiles) contain spe-
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cies with drastically different microsatellite landscapes,
yet distantly related lineages (e.g., squamate reptiles and
mammals) are found to share many characteristics of
microsatellite landscapes and evolution. Factors driving
these shifts in the clade-specific patterns and tempos of
microsatellite evolution are likely numerous and di-
verse, and our analyses highlight previously unappreci-
ated similarities between such disparate lineages that
require further investigation to address what common
features may underlie these similarities and differences
in microsatellite landscape composition and evolution.
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Fig. 6. Estimated change in microsatellite content as a function of branch length general linear models describing the change
in microsatellite loci/Mbp (|ASSR|) frequencies between parent taxa (ancestral node) and each respective daughter taxon using
the time-calibrated consensus tree. Prediction intervals (light gray) and confidence intervals (dark gray) were constructed
using the predict function using the base statistics package in R for each regression model. For (A) total microsatellite content,
(B) 2mers, (D) 4mers, (E) 5mers, and (F) 6mers, simple linear regression analyses indicate weak relationships between |ASSR|
and branch lengths (R? = 0.163, 0.098, 0.187, 0.120, and 0.130, respectively; P < 0.01 for all models). For (C) 3mer microsatellites,
simple linear regression supports a weak to moderate relationship between |ASSR| and branch lengths (R? = 0.353; P < 0.0001).
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Dinucleotide repeat proliferation in fishes

Limited taxon sampling of jawless and lobe-finned
fishes prevented meaningful inferences about these two
clades, which is unfortunate given their position at the
root of vertebrates and tetrapods. In some microsatellite
measurements, these two clades have microsatellite
landscapes that are similar to ray-finned fishes, while in
other situations they appear to have microsatellite con-
tent more similar to that of other vertebrate clades. The
massive expansion of dinucleotide repeats in several ray-
finned fish genomes collectively constitute the highest
abundances of any microsatellite class in any of the sam-
pled vertebrate taxa. For example, observed frequencies
(loci/Mbp and bp/Mbp) of AC dinucleotide repeats in the
Atlantic cod (Gadus) genome rival total genomic micro-
satellite content of most other vertebrate species. The
expansions of shorter microsatellite motifs (2-3mers) in
ray-finned fishes are further illustrated by their excep-
tionally high estimated rates of evolution. Indeed, in-

Branch Length (Millions of Years)

ferred rates of 2mer evolution are twice that of any other
lineage, and 3mer rates are greater than 10-fold that of
any other lineage. Further, the Atlantic cod (Gadus) and
zebrafish (Danio) branches both contain |ASSR| values
above predicted values for total microsatellite content,
2mers (Atlantic cod), 3mers (Atlantic cod), 4mers
(zebrafish), 5mers (zebrafish), and 6mers (Atlantic cod).
Divergence times between lineages of ray-finned fishes
are quite ancient, providing an extensive timeframe over
which such massive shifts in microsatellite composition
may have occurred.

Amphibians represent a large gap in our understanding
of vertebrate microsatellite landscapes
Like the jawless and lobe-finned fishes, our under-

standing of microsatellite landscapes, and the evolution
of these landscapes, in amphibians is currently limited
by the paucity of complete genomes for the group. In
general, our results suggest that the genome of Xenopus
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contains relatively low abundances of microsatellites
when compared to other vertebrate genomes. As we
completed data analysis for this study, a second amphib-
ian genome, that of the Tibetan frog (Nanorana parkeri;
Sun et al. 2015), was released. The microsatellite charac-
teristics of this second frog genome appear to be com-
parable to that of Xenopus. It is notable that, among am-
phibians, frog genomes tend to be relatively small, as
salamander genome range in size from ~15 to >100 Gbp
(Gregory 2015). Given this massive variance in genome
size in amphibians, it is reasonable to expect that micro-
satellite landscapes also vary substantially across am-
phibians. Indeed, preliminary studies that have sample
sequenced salamander genomes indicate microsatellites
may contribute relatively little to large genome size in
salamanders (Sun and Mueller 2014). Until a greater di-
versity of amphibians genomes are available, the diver-
sity of amphibian microsatellite landscapes will remain
a major gap in our understanding of microsatellite evo-
lution across the vertebrate tree.

High microsatellite composition and variability in
mammals

Nearly all of our analytical approaches demonstrate
that the genomic microsatellite content of the mamma-
lian lineage ranks among the highest among vertebrates
in abundance and variability among species. This could
be a result of the moderately large average mammalian
genome size (~2.3 Gbp) which may facilitate microsatel-
lite proliferation, although correlations between micro-
satellite abundance and genome size remain relatively
weak and only generally demonstrated (Hancock 1996;
Primmer et al. 1997). Modeling changes in microsatellite
content (JASSR|) over branch lengths highlighted several
interesting trends in mammalian microsatellite evolu-
tion. Most apparent of these trends is the clustering of
primate branches, including the orangutan (Pongo), go-
rilla (Gorilla), and human (Homo), that far exceed pre-
dicted |ASSR| values for 5mer repeats. This highly
dynamic profile of 5Smer repeats in primates appears to
result from exceptionally high frequencies of the motif
ATTCC in all primates excluding humans, which con-
versely exhibit a greatly reduced presence of this motif
compared to their ancestral node and sister lineages (in-
dicating a decrease in this motif within the human lin-
eage). The expansion of particular transposable elements
(such as Alu retrotransposons) in primate lineages is pro-
posed to have facilitated the proliferation of associated
microsatellites through seeding process of either flank-
ing or endogenous AT-rich microsatellites and may ex-
plain these patterns (Arcot et al. 1995). However, if Alu
proliferation was a major contributor to microsatellite
expansion in the human genome, the substantial reduc-
tion of ATTCC microsatellites (and all Smer repeats) is
particularly surprising, given that ~20% of all microsat-
ellite loci shared between the human and chimpanzee
genome lie within Alu elements (Kelkar et al. 2008). Changes
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in 3mer repeats in both the platypus (Ornithorhynchus) and
kangaroo rat (Dipodomys) place these lineages well out-
side predicted |[ASSR| intervals due predominantly to ex-
traordinarily high ATT motif frequencies in the platypus
genome, and TGC in the kangaroo rat genome (Fig. S1BY).
Interestingly, our results support nearly identical 3mer
motif frequencies between the platypus and anole lizard
(Anolis), which is also highlighted outside predicted inter-
vals. The high rate of change in dinucleotide repeats on
the branch leading to the European rabbit (Oryctolagus) is
indicative of their divergent 2mer landscape, which is
dominated entirely by TC motifs rather than AC motifs,
the later of which is often the most common 2mer found
in most other vertebrates. This finding is notable, as re-
gional assemblages of TC repeat arrays are thought to be
linked to increased rates of recombination (Benet et al.
2000), potentially indicating a link between this motif
frequency shift and recombination in rabbits. Addition-
ally, SSRs are thought to be mechanistically involved with
complex recombination dynamics in dogs (Wayne and
Ostrander 2007), and we find that the domestic dog
(Canis) has unexpectedly high total microsatellite and
3mer |ASSR| composition.

Divergent patterns of microsatellite composition in
reptilian lineages

Recent studies indicate bimodal patterns of microsat-
ellite content and evolution in reptile genomes and our
results provide the first formal and comprehensive evi-
dence describing this strong differentiation in reptilian
microsatellite landscape characteristics. Archosauro-
morpha exhibit nearly homogenous genomic composi-
tions of repetitive elements, while the highly variable
microsatellite landscapes of squamate reptiles parallel
the abundant and highly variable landscapes found in
mammalian genomes (Castoe et al. 2011b; Primmer et al.
1997; Shedlock et al. 2007). The consistent dominance of
squamate reptiles in nearly all measures of abundance
and variation in microsatellite landscapes contrasts
starkly with the relatively microsatellite-depauperate ge-
nomes of turtles, crocodilians, and birds. Furthermore,
4-6mer microsatellite in squamate reptiles exhibit al-
most parallel rates of evolution with their respective
mammalian counterparts, while squamate 3mer evolu-
tionary rates are estimated to be twice that of any other
lineage. How microsatellite proliferation has occurred
despite relatively small and constant genome sizes in
squamate reptiles (averaging ~1.9 Gbp; Shaney et al.
2014) remains an open question, although evidence sug-
gests that the expansions of particular microsatellite mo-
tifs in snake lineages may be linked to microsatellite
seeding by certain families of LINEs (Castoe et al. 2013,
2011b). Results of this study further illustrate the extreme
nature of the expansion of AT-rich 5mer and 6mer nucle-
otide repeats (especially AATAG), and the extent of vari-
ation in microsatellite composition in snakes compared
to other expansions observed in other vertebrates.
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The abundant and dynamic microsatellite landscapes
of squamate reptiles contrast strongly with slowly evolv-
ing and reduced microsatellite landscape of the archo-
sauromorph lineages. Since the sequencing of the
chicken genome (Hillier et al. 2004), it has been known
that bird genomes contain low levels of microsatellites
compared to other vertebrates. Our results also support
early (pre-genome) inferences that crocodilian and turtle
genomes contained minimal microsatellite landscapes
(Shedlock et al. 2007). Despite deep divergences among
lineages sampled, we found that all crocodilian species
contain nearly identical microsatellite landscapes, which
further emphasizes the relatively slow rates of molecular
evolution in crocodilians — thought to be among the
slowest of all vertebrate lineages (Green et al. 2014).

Potential mechanisms and implications for vertebrate
evolution

Although we know a fair amount about the processes
that drive microsatellite establishment and evolution at
a locus-specific scale, we know very little about global
genome-wide drivers of microsatellite abundance and
evolution. Lineage-specific rates of polymerase strand
slippage may contribute to lineage-specific differences in
microsatellite landscape evolution among species. In
addition to polymerase stand slippage, a number of
genomic features may direct microsatellite evolution in
a lineage dependent manner. Nucleotide biases (such as
high GC content) are also likely important factors that
may influence rates of microsatellite evolution across
vertebrates and differences in centromeric sequence evo-
lution may also influence the proliferation and exten-
sion of specific microsatellite types (Bachtrog et al. 1999;
Grady et al. 1992; Melters et al. 2013). Interspecific varia-
tion in local recombination rates may contribute to re-
peat instability (Pearson et al. 2005). Characteristics of
DNA repair mechanisms, flanking sequences, and pro-
teins involved in chromatin remodeling may also direct
lineage-specific rates and genome abundance of micro-
satellites (Glenn et al. 1996; Mellon et al. 1996). Due to
their high abundance and homopolymeric tracts, several
types of TEs (such as Alu SINEs and CR1 LINEs) are known
to facilitate the expansion of microsatellites through
microsatellite seeding in which TE activity can result in
duplications of both flanking and endogenous micro-
satellite arrays. Thus, genomes with TE-rich landscapes
often display proportionately high amounts of micro-
satellite and could explain the relatively high abun-
dances of microsatellites exemplified in both mammalian
and squamate genomes (Castoe et al. 2011b; Cordaux and
Batzer 2009; Janes et al. 2010; Primmer et al. 1997).

Results of this study provide a foundational compara-
tive perspective for understanding microsatellite land-
scape characteristics and their evolution in vertebrate
genomes. Our results highlight a tremendous degree of
change across major vertebrate lineages and even among
closely related species in genomic microsatellite land-
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scapes, and further show evidence for rapid shifts in
the tempo and patterns of evolutionary change among
lineages. Because genome assemblies are inherently es-
timates of the true genome, our inferences of microsat-
ellite landscapes based on these genome assemblies are
also estimates, and subject to biases and errors of in-
ferred genome assemblies. In general, we would expect
our inference to be robust as typical microsatellite loci
are often short enough to be readily incorporated into
genome assemblies, but note that it is possible that cen-
tromeric microsatellite regions that were not effectively
assembled may be absent from our analyses. Taxonomic
sampling imbalances for complete genomes across the
vertebrate tree also limit our current resolution to un-
derstand the ranges of variation, and tempos of evolu-
tion in microsatellite landscapes for many lineages
outside mammals. As more non-mammalian vertebrate
genome sequences become available, especially from
squamate reptiles, fish, and amphibians, it is likely that
even greater magnitudes of variation in microsatellite
landscapes will be found than reported here.
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