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The diversity of genome sizes across the tree of life is of key
interest in evolutionary biology. Various correlates of variation in
genome size, such as accumulation of transposable elements (TEs)
or rate of DNA gain and loss, are well known, but the underlying
molecular mechanisms driving or constraining genome size are
poorly understood. Here, we study one of the smallest genomes
among frogs characterized thus far, that of the ornate burrowing
frog (Platyplectrum ornatum) from Australia, and compare it to
other published frog and vertebrate genomes to examine the
forces driving reduction in genome size. At ∼1.06 gigabases
(Gb), the P. ornatum genome is like that of birds, revealing four
major mechanisms underlying TE dynamics: reduced abundance of
all major classes of TEs; increased net deletion bias in TEs; drastic
reduction in intron lengths; and expansion via gene duplication of
the repertoire of TE-suppressing Piwi genes, accompanied by in-
creased expression of Piwi-interacting RNA (piRNA)-based TE-
silencing pathway genes in germline cells. Transcriptomes from
multiple tissues in both sexes corroborate these results and pro-
vide insight into sex-differentiation pathways in Platyplectrum.
Genome skimming of two closely related frog species (Lechriodus
fletcheri and Limnodynastes fletcheri) confirms a reduction in TEs
as a major driver of genome reduction in Platyplectrum and sup-
ports a macroevolutionary scenario of small genome size in frogs
driven by convergence in life history, especially rapid tadpole de-
velopment and tadpole diet. The P. ornatum genome offers a
model for future comparative studies on mechanisms of genome
size reduction in amphibians and vertebrates generally.
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Eukaryotic genome sizes are now known to vary by 200,000-
fold (1), but the lack of correlation between genome size and

organismal complexity (the C-value paradox) has been recog-
nized for more than half a century (2). Larger genomes are as-
sociated with larger nucleus or cell sizes in diverse taxa (2–5),
which in turn have consequences for organismal traits, such as
body and brain size (6). Increases in genome size can be driven
by polyploidization events (7), but our knowledge of the causes
and consequences of genome size variation in diploids can be
improved by investigation of additional species with unusually
large or small genome sizes. Lineages characterized by larger
genomes, such as flowering plants (8), conifers (9), or salaman-
ders (10), invariably exhibit extensive amplification in transpos-
able elements (TEs); the reverse trend is prevalent among
lineages with smaller genomes, such as many fishes (11, 12),
some plants (13), and insects (14). Recently, the tight correlation
between TE abundance and genome size has come into question,
and an alternative “accordion” model, which incorporates co-
variation between gains in genomic DNA by repeat element
expansion and loss through deletion, has been documented in

squamates (15), birds, and mammals (16). In vertebrates, addi-
tional mechanisms such as intron shortening and deletion biases,
have also been linked to reduced genome size (17, 18)
In anurans (frogs) that are diploid, genome size is highly

variable, ranging from up to 12 gigabases (Gb) in Gymnopis and
Alytes to ∼1 Gb or less in Platyplectrum (19), Spea (20), and other
genera (21). As in other tetrapods, there is a significant rela-
tionship between genome size and cell size in frogs, perhaps due
to increased cell cycle time associated with larger genomes (22).
In salamanders and other organisms, genome size tends to be
smaller in lineages under selection for short development times,
enabling faster cell replication (23, 24). In line with this expec-
tation, a recent study identified a direct relationship between
aridity and development time, and in turn between development
time and genome size in frogs (21), proposing aridity as an in-
direct ecological driver of reduced genome size via selection for
reduced development time in regions with intermittent avail-
ability of water. One of the smallest anuran genomes, that of the
Mexican spadefoot toad (Spea multiplicata), was recently se-
quenced (20), and its small genome size is consistent with the
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trend of reduced development time at the tadpole stage associ-
ated with small genome size.
Here we describe the genome of Australia’s ornate burrowing

frog, Platyplectrum ornatum (Limnodynastidae), which has one of
the smallest reported genome sizes among amphibians whose
genome size has been measured (19, 21), as well as genomes of
two related taxa, Lechriodus (Le.) fletcheri and Limnodynastes
(Li.) fletcheri. P. ornatum and Le. fletcheri are closely related (21)
whereas Li. fletcheri is more distantly related but a member of
the same family, Limnodynastidae. These species are reported to
have similarly small (Le. fletcheri) and much larger (Li.) ge-
nomes than Platyplectrum. The genus Platyplectrum comprises
multiple species that are widely distributed across the eastern
mesic biome, tropical northern savannahs, and arid deserts of
Australia (Fig. 1). Its sister genus, Lechriodus, occupies rain
forests of New Guinea and eastern Australia, but Le. fletcheri,
unusually among rain forest species in this region, exclusively

utilizes ephemeral pools for breeding (25). All species within
the clade comprising Platyplectrum and Lechriodus share traits
evolved convergently with the genus Spea, including short and
plastic development times, carnivory as tadpoles, and breeding
in ephemeral water sources (SI Appendix, Table S1) (26, 27).
Related to this report of the genome of Platyplectrum, we ex-
plore diverse aspects of its biology through it. We therefore also
report on patterns of sex-biased gene expression and the sex
differentiation pathway, which can help inform the fundamen-
tal biology of this species and links between ecology and ge-
nomics. Additionally, we generated transcriptome data from
multiple tissues of adult males and females and investigated
expression profiles of genes and transcripts involved in sex and
reproduction. Finally, we prepared metaphase chromosomes
and karyotypes to assess evidence of heteromorphic sex chro-
mosomes in P. ornatum.

Fig. 1. Natural history and distribution of P. ornatum. (A) Adept at burrowing, these frogs are found widely throughout Australia in many different habitats
on sandy soils where they are able to burrow to escape extended dry spells (B) When storms occur, they emerge to congregate and breed around ephemeral
water bodies that form on the surface in clay pans, ditches, and swamps, such as here in the Kimberley region in the wet–dry tropics of Western Australia. (C)
After amplexus occurs, the females deposit their eggs in small, floating clumps which they create by beating the jelly of the spawn into a frothy mass using a
flange (paddle-like structure) on the second finger, a feature unique to the female for this purpose. (D) Upon hatching, the tadpoles progress rapidly through
the developmental stages in order to metamorphose before pond desiccation occurs. Metamorphosis has been recorded in as little as 11 d postfertilization.
(E) Distribution of P. ornatum and two closely related species studied here. Images credit: (A) Michael G. Swan (photographer), (B and C) Jennifer Francis
(photographer), and (D) Marion Anstis (photographer).
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Results
Genome Sequencing, Assembly, and Annotation. The sequence of
the genome of an ornate burrowing frog (P. ornatum) was gen-
erated from DNA isolated from the muscle of an adult female.
Analysis of DNA quality indicated >85% of DNA fragments
were larger than 60 kilobases (kb) (SI Appendix, Fig. S1). Based
on the expected genome size of ∼0.95 Gb (19), the P. ornatum
genome was sequenced to ∼140× coverage using multiple insert-
size libraries (SI Appendix, Table S2) to generate an initial draft
genome (SI Appendix), which, at a scaffold contiguity (N50) of 24
kb, was quite fragmented. We attempted to improve the frag-
mented initial assembly using a chromatin conformation ap-
proach, Hi-C (28), and direct long read sequencing (29), but this

effort only marginally improved the genome contiguity (SI Ap-
pendix, text and Table S3). The genome assembly presented here
spanned a total of 1.05 Gb. We assessed genome contiguity and
gene-space completeness using benchmarking universal single-
copy orthologs (BUSCO) (30) (SI Appendix, Table S3). Among
3,950 gene orthologs highly conserved in tetrapods, 2,793
(70.7%) full-length genes were detected in the P. ornatum ge-
nome, a low number likely reflecting gene fragmentation in the
assembly, but also likely a consequence of the lack of an anuran-
specific BUSCO database. By contrast, 99.12% of the short reads
aligned back to the draft genome assembly, indicating a high
level of genome completeness. An oligonucleotide (kmer)-based
statistical approach (31) estimated the genome size of P. ornatum
at 1.06 Gb, indicating that our de novo genome assembly covered

A B

C D

E

Fig. 2. Comparative analysis of TEs among anurans. (A) Correlation of TE content and genome size. (B) Comparison of various categories of TE across anuran
genomes. (C) Distribution of insertion and deletion rates across TE in P. ornatum, X. tropicalis, and N. parkeri. (D) Distribution of the length of LINEs in P.
ornatum, X. tropicalis, and N. parkeri. (E) Distribution of sequence divergence for different TE families in P. ornatum and X. tropicalis. Sequence divergence
was calculated from alignments of TE families (x-axis) against consensus TE sequences from the Repbase database (50). Asterisks indicate that the divergence
in P. ornatum for a given TE family is significantly different than that in X. tropicalis (P < 2.2 × 10−6).

Lamichhaney et al. PNAS | 3 of 12
A bird-like genome from a frog: Mechanisms of genome size reduction in the ornate
burrowing frog, Platyplectrum ornatum

https://doi.org/10.1073/pnas.2011649118

EV
O
LU

TI
O
N

IN
A
U
G
U
RA

L
A
RT

IC
LE

D
ow

nl
oa

de
d 

at
 H

ar
va

rd
 L

ib
ra

ry
 o

n 
Ju

ly
 1

9,
 2

02
1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://doi.org/10.1073/pnas.2011649118


about 98.3% (1.05 out of 1.06 Gb) of the expected genome size
of P. ornatum (SI Appendix, Fig. S2). The overall assembly sta-
tistics indicated that >98% of expected genome of P. ornatum
was assembled, despite the overall low genomic contiguity of the
assembly (i.e., scaffold N50 of 30 kb).
We also performed RNA sequencing from multiple tissues

(brain, heart, muscle, and gonads) from three adult males and
three adult females to aid in genome annotation (SI Appendix,
Table S4). We identified 21,913 protein-coding genes (SI Ap-
pendix, Table S3) in the annotated P. ornatum genome. To better
interpret genome size evolution in the Limnodynastidae and to
obtain estimates of repeat content in related frogs, we skimmed
the genomes of two species closely related to P. ornatum, Le.
fletcheri (45×), and Li. fletcheri (21×), using a shallow sequencing
approach (32) (SI Appendix, Table S5). The kmer-based ap-
proach (31) estimated the genome sizes of Le. fletcheri and Li.
fletcheri to be 1.38 Gb and 4.93 Gb, respectively (SI Appendix,
Table S6 and Fig. 2A), and, in the case of Li. fletcheri, our esti-
mate was larger than previous estimates (19, 33). Additionally,
kmer distributions were consistent with diploidy in this species
(SI Appendix, Fig. S2).

Reduction of Repeat Abundance in P. ornatum.Amphibians have the
largest reported variation in genome size among vertebrates (17,
21), and patterns of genome size among the sequenced frog
genomes is consistent with that trend (SI Appendix, Table S6).
The variation in genome size has been attributed mostly to sto-
chastic genomic processes such as polyploidization (34), size and
number of introns (35), complexity of regulatory regions (36),
and, most importantly, proportion of repeats and TEs (16). We
characterized the TEs in P. ornatum using homology-based (37)
and de novo approaches (38). We also used similar methods to
detect and annotate the repeat content in three additional
publicly available frog genomes, Xenopus tropicalis (39), Nano-
rana parkeri (40), S. multiplicata (20), and the squamate reptile
Anolis carolinensis (41) as an outgroup (Fig. 2B). The proportion
of repeat content in the P. ornatum genome estimated directly
from short sequence reads was 21.86%, and the estimate from
the de novo genome assembly was 21.93%. The de novo ap-
proach provided improved repeat category annotations com-
pared to homology-based estimation (SI Appendix, Fig. S3) so we
used a similar method to characterize the repeat landscape in
Limnodynastes and Lechriodus. The genome size and repeat
content in P. ornatum is the lowest among published frog ge-
nomes (Fig. 2 A and B). Consistent with results from previous
studies in plants (42) and animals (43), we observed a strong
correlation between genome size and abundance of TEs in frogs
(Fig. 2A). The P. ornatum genome exhibits consistent reduction
in multiple classes of repetitive elements (Fig. 2B), suggesting
that reduction across repetitive elements in general is an im-
portant process for genome size reduction in P. ornatum. These
results also suggest that expansion of DNA transposons is a
common feature in larger frog genomes (Fig. 2B) and is a driving
mechanism in genome size evolution and variability in frogs.
Previous studies have demonstrated that evolutionary changes

in genome size also result from differential rates of DNA gain or
loss, particularly in sequences of TEs (44–46). We explored if
similar processes also occur in frogs. We followed methods
similar to ref. 47 and limited our analysis only to long inter-
spersed nuclear elements (LINEs) (Table 1) because short in-
terspersed nuclear elements (SINEs) only comprised a small
portion of the total TE landscape; DNA transposons, due to
their cut-and-paste mechanism, potentially bias estimates of
rates of insertion and deletion; and long terminal repeats
(LTRs), which are products of unequal intrastrand recombina-
tion (48), may bias estimates of divergence among repeats. We
first aligned each LINE to its consensus sequence in three frog
genomes (P. ornatum, X. tropicalis, and N. parkeri). We further

estimated the rates of insertion and deletion by examining gaps
in consensus and repeat sequence alignments. Rates of insertion
and deletion within TEs were calculated by dividing the length
sum of insertions or deletions by the length sum of TEs within
the window in question. Rates of deletion and insertion were
defined as the total number of base pairs deleted and inserted
per repeat sequence, respectively. The deletion bias was calcu-
lated by dividing the number of deleted nucleotides by the
number of inserted nucleotides within each window. This
method will undercount insertions and deletions if they have
occurred multiple times in a single region, but most of the events
we observed in different TEs appeared dispersed and nonover-
lapping, suggesting that multiple hits of indels are not common.
The rate of deletions outnumbered the rate of insertions in

each species (Fig. 2C), a common pattern observed across all
three domains of life (49). The deletion bias statistic indicated
that deletion bias correlated with genome size among these three
frog species and was the highest in P. ornatum (Table 1). Con-
sistent with a higher deletion bias, the average length of TEs
genome-wide was also shorter in P. ornatum compared to two
other frog species with relatively larger genome size (Fig. 2D).
These results indicate that a higher deletion bias and relatively
shorter TEs have contributed to reduction in genome size in P.
ornatum. Using the alignment of repeat elements to consensus
sequences in the Repbase database (50), we also compared the
sequence divergence of different categories of TEs in P. ornatum
and X. tropicalis. The majority of TEs were more divergent in P.
ornatum than those of X. tropicalis (Fig. 2E), indicating that they
may have proliferated earlier, with subsequent reduction
via deletion.

Diversification and Increased Expression of Piwi Proteins and
Piwi-Interacting RNAs. Piwi proteins and Piwi-interacting RNAs
(piRNAs) play key roles in suppressing TEs (51, 52). A recent
study in fish with miniaturized genomes suggested copy number
expansion of Piwi genes as a potential driver of reduced TE
abundances via transposon silencing (12). We asked if similar
mechanisms might exist in frogs. We identified six copies of Piwi
genes in P. ornatum whereas only three copies are known in the
X. tropicalis, whose genome is ∼43% bigger (SI Appendix, Table
S6). Through visual inspection, we confirmed that the presence
of six full-length copies of Piwi genes was not a consequence of
the fragmented assembly. We also confirmed the presence of six
copies of Piwi genes in P. ornatum by examining their gene ex-
pression profiles in four different tissues from six individuals (SI
Appendix, Table S7). To explore the evolution of Piwi gene
families, we constructed a maximum likelihood phylogeny of all
Piwi genes in P. ornatum and other major vertebrate lineages (X.
tropicalis, A. carolinensis, Gallus gallus, Danio rerio, and Homo
sapiens) (Fig. 3A). Five out of six copies of Piwi-like genes in P.
ornatum clustered together with the Piwi-4 gene in human, in-
dicating that copy-number expansion of the Piwi-4 gene has
occurred on the lineage leading to P. ornatum. We examined
evidence of episodic diversifying selection on the branches
leading to Piwi-like genes in P. ornatum using the adaptive
branch-site random effects likelihood (aBSREL) model in
HyPhy (53). Significance was assessed using likelihood ratio tests
(P < 0.05), which, after correcting for multiple testing, indicated
that four out of six Piwi genes (all but Piwi-3 and -6) are under
diversifying positive selection in P. ornatum (SI Appendix,
Table S8).
Piwi genes have well-known and highly conserved roles in

repressing TEs and are known to be expressed in germline cells
(54). Using our transcriptome dataset, we examined expression
levels of Piwi genes in gonads, brain, heart, and muscle of P.
ornatum. We found a significantly higher expression of Piwi
genes in gonads compared to other tissues (Fig. 3B and SI Ap-
pendix, Table S7). We also examined the expression of additional

4 of 12 | PNAS Lamichhaney et al.
https://doi.org/10.1073/pnas.2011649118 A bird-like genome from a frog: Mechanisms of genome size reduction in the ornate

burrowing frog, Platyplectrum ornatum

D
ow

nl
oa

de
d 

at
 H

ar
va

rd
 L

ib
ra

ry
 o

n 
Ju

ly
 1

9,
 2

02
1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011649118/-/DCSupplemental
https://doi.org/10.1073/pnas.2011649118


piRNA pathway genes in gonads (SI Appendix, Table S9). We
used 19 piRNA pathway genes identified in Drosophila mela-
nogaster (55) to identify orthologs in P. ornatum using a
homology-based search on its genome and genome annotation.
Expression analysis showed that the majority of piRNA pathway
genes showed increased expression in gonads (SI Appendix, Ta-
ble S9). These results indicated that gonad-enriched expression
of Piwi and other piRNA pathway genes possibly contribute to
similar mechanisms of TE repression in germline cells of P.
ornatum. However, piRNA pathway genes can be more active in
the germline than in soma in a genome of any size, and the ideal
comparison would be to compare gene expression in germline
among frog species with different genome sizes, which is outside
the scope of this paper. Our measurement of Piwi and piRNA
pathway gene expression in an amphibian germline will hopefully
spur further research along these lines.

Relative Contributions of Different Genomic Compartments to
Genome Size Variation. Previous studies of vertebrate genomes
have shown that, in addition to lower repetitive content, reduc-
tion of genome size is also characterized by shorter gene lengths,
mostly as a result of reduced intron size (12, 56). As expected,
the P. ornatum and X. tropicalis genomes, the two genomes
whose genomic compartments were readily calculated from an-
notations, both exhibit low percentages of coding regions, as
calculated from 2,210 orthologous single copy genes, and higher
percentages devoted to introns and intergenic regions (SI Ap-
pendix, Table S10). We identified a significant difference in in-
tron sizes between the two species (Fig. 4B), and introns appear
to contribute more to genome size reduction in P. ornatum rel-
ative to X. tropicalis than intergenic regions; whereas intergenic
regions proportionally comprise a greater fraction of the genome
in P. ornatum (81.5%) vs. X. tropicalis (62.9%), introns comprise
proportionally less (16.6% vs. 35.5%, respectively). For example,
the KAZN gene, involved in epidermal differentiation, exhibits
similar intron–exon structure but drastic differences in intron
length between the two species (Fig. 4C). TEs contribute only
partially to the small intronic compartment in P. ornatum,
comprising less than 5% of intronic DNA. These results suggest
that reduction in TEs and introns comprise the major genome
compartments contributing to the miniaturized genome of
P. ornatum.

Nucleotide Composition of the P. ornatum Genome. The genomic
landscape of TEs is shaped by local recombination rates (57).
Because data on genome-wide recombination rates are not
available for P. ornatum, we instead used guanine–cytosine (GC)
content as a proxy for recombination rate as the local rate of
recombination rates is positively correlated with GC content
(58). Our expectation was that, if GC content predicts local re-
combination rate, in turn, it predicts higher local rates of dele-
tion of TEs and intron shortening. However, we found no
correlation of GC content with intron length (SI Appendix, Fig.
S4) or length of individual TEs (SI Appendix, Fig. S5).
We further characterized the nucleotide composition (GC

content) across the genome in P. ornatum, measuring it sepa-
rately for coding and noncoding sequences. As expected, GC
content was higher in coding regions (SI Appendix, Fig. S6), due
in part to codon usage bias (59). In addition, we also examined

the distribution of GC content, TE abundance, and number of
heterozygous sites along 50-kb windows across the P. ornatum
genome (SI Appendix, Fig. S7A). There was a positive correlation
between TE abundance and GC content across the genome (SI
Appendix, Fig. S7B), indicating higher occurrence of TE in GC-
rich regions of the genome. However, our results indicated that
neither TE abundance nor GC content is related to genome-wide
heterozygosity (SI Appendix, Fig. S7B).

Gene Family Evolution. To examine the possible contribution of
multigene families to genome reduction in P. ornatum, we
compared distributions of gene family numbers among various
vertebrates: human (H. sapiens), zebra fish (D. rerio), chicken (G.
gallus), Anolis (A. carolinensis), and western clawed frog (X.
tropicalis), together with the recently published anuran genome
for the Mexican spadefoot toad (S. multiplicata) (20). We iden-
tified 15,083 orthologous gene families; 6,888 were shared
among all seven species, and 9,007 were shared between the
three frog species (X. tropicalis, P. ornatum, and S. multiplicata)
(SI Appendix, Fig. S8 and Table S11). Of these 9,007 gene
families, 117 were unique to the three frog species whereas 66 of
these gene families were present only in P. ornatum.
We used a canonical phylogeny of vertebrates (60) (SI Ap-

pendix, Fig. S10) to analyze changes in gene family size across
lineages leading to each of these six species. The high rate of
gene duplication observed in P. ornatum (SI Appendix, Table
S12) is not a remnant of a whole-genome duplication, given that
kmer analysis strongly suggests a diploid genome (SI Appendix,
Fig. S2), although it could be partly driven by the fragmented
assembly; however, our assembly is of similar quality to the de
novo assembly of S. multipicata (20). Using a Bayesian approach
in which rates of birth and death are assumed to be similar across
gene families but could vary across lineages (61), we analyzed a
subset (9,900) of gene families to estimate global gene family
dynamics and rates of birth and death across lineages (Fig. 3C).
Surprisingly, we found little evidence for reductions in the size of
gene families in P. ornatum. If anything, the probability of an
orthologous gene family expanding in P. ornatum was higher
than in the other lineages compared. We estimated that ∼1,170
gene families were contracting on the lineage leading to Platy-
plectrum whereas ∼5,269 and ∼3,460 gene families were un-
changing or expanding in size, respectively, in P. ornatum (SI
Appendix, Tables S13–S15). These numbers remained relatively
similar between species and among processes (contraction, no
change, expansion) when the birth–death rate was allowed to
vary across lineages (SI Appendix, Table S14). Reductions in
gene family size therefore do not appear to contribute to total
genome size reduction in P. ornatum. Across the tree, the
number of molecular functions that were enriched in the subset
of gene families exhibiting higher-than-expected rates of birth
and death (SI Appendix, Table S16) was greater than in the
subset exhibiting lower-than-expected rates (SI Appendix,
Table S17).

Sex-Biased Gene Expression. We further utilized P. ornatum ge-
nome annotation and RNA-seq data from gonads of three adult
males and three adult females to identify sex-biased gene ex-
pression in P. ornatum. We utilized a reference-free approach
(62) to quantify transcripts expressed in gonads of each

Table 1. Mean rates of insertion, deletion, and deletion bias for LINEs in three frog genomes

Species Genome size, Gb Insertion rate, % Deletion rate, % Deletion bias

P. ornatum 1.06 4.90 1.94 2.52
N. parkeri 2.31 3.67 2.62 1.40
X. tropicalis 1.51 3.90 1.82 2.14
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individual and identified differentially expressed transcripts be-
tween male (testis) and female gonads (ovaries), using a mod-
eling approach that discriminates between biological variance
and variance across the population from which the samples were
derived (63). There were 90 differentially expressed (P < 1e−10)
transcripts (Fig. 5A and SI Appendix, Table S18) from 57 genes,
54 of which are highly expressed in males while only three are

highly expressed in females (Table 2). We performed gene on-
tology analysis to identify significantly enriched gene ontology
terms in this set of differentially expressed genes (false discovery
rate [FDR] P value < 0.05), revealing gene ontology terms re-
lated to reproduction (e.g., sexual reproduction, reproductive
processes, gamete generation, folic acid transportation, triglyc-
eride processes) as enriched (Fig. 5B). We further performed
gene network analysis using these differentially expressed genes
and their respective gene ontology terms. The results demon-
strated how many key genes differentially expressed in males and
females of P. ornatum were interconnected in metabolic path-
ways associated with reproduction (Fig. 5C). The list includes
genes such as anti-Müllerian hormone, fibroblast growth factors,
cytochrome P450 family 17 subfamily A member 1, and serpin
family A member 5 (SI Appendix, Table S18), all of which are
recognized as key genes associated with reproductive processes,
particularly their role in testicular development in a wide range
of vertebrates (64–67). Most of these genes are possible candi-
dates associated with male gonad differentiation in P. ornatum.
We also performed a comparison of gene expression from

adult somatic tissues (brain, heart, and muscle) from three males
and three females to identify any evidence of intersexual dif-
ferences in gene dosage that might offer clues about modes of
sex determination in this species. Our analysis did not reveal evi-
dence of gene dosage bias between male and female adult somatic
tissues although a very small proportion of genes exhibited differ-
ential expression (Table 2 and SI Appendix, Fig. S9). These results
are consistent with the sex chromosomes being homomorphic in P.
ornatum, as in the majority of amphibians. To further corroborate
this hypothesis, we prepared metaphase chromosomes and karyo-
types from two mature adult males and two gravid females. Our
karyotyping analysis revealed that both males and females have 11
pairs of chromosomes (2n = 22) without any obvious sex-specific
heteromorphism in any pair of chromosomes (SI Appendix, Fig.
S11). The karyotype results further strengthen the idea that P.
ornatum has homomorphic sex chromosomes.

Discussion
The genome of P. ornatum is remarkably like that of birds, with
reduced repetitive DNA content, intron length, and intergenic
distances. The wide variation in genome size in eukaryotes, and
the causes and consequences of genome size differences, have
fascinated evolutionary biologists (34, 43, 68). It is well appre-
ciated that genome size correlates weakly, if at all, with the ex-
tent of coding sequence or organismal complexity but much
more consistently with the extent of the noncoding, possibly
regulatory sequence (69–71). The amount of repetitive DNA,
now recognized as a critical evolutionary component of the ge-
nome (72, 73), is closely correlated with genome size in eu-
karyotes (74). Transposon amplification has been a common
feature of genome expansion in larger genomes [e.g., flowering
plants (8), conifers (9), or salamanders (21, 75, 76)]. Similarly,
reduction in repeat content has been associated with smaller
genomes [e.g., fish (12), plants (13), or insects (14)]. Genome
size in birds and mammals shows little within-clade variation
relative to other taxa, but even they demonstrate differential
rates of transposon accumulation (16).
Despite technological advances providing improved sequenc-

ing capabilities, many published genome assemblies from frogs
(77) are unusually fragmentary. The P. ornatum genome repor-
ted here is no exception, despite being highly reduced with a low
incidence of TEs. In addition to building a draft genome using
standard Illumina fragment and a mate pair libraries-based ap-
proach (78), we also attempted to improve the genome contiguity
using chromatin confirmation and long read sequencing ap-
proaches, that have been widely used to generate chromosomal-
scale genomes in other taxa (79). The resulting draft genome of
P. ornatum, even after multiple genome-sequencing approaches,

A

B

C

Fig. 3. Copy number expansion and expression of Piwi genes. (A) Maximum
likelihood phylogenetic tree of the Piwi gene family in P. ornatum and other
major vertebrate lineages. (B) Gene expression score (transcripts per million
reads [TPM]) of the Piwi genes 1 to 6 in gonads and other tissues in P.
ornatum females. Mean and SE are indicated (n = 3 for all gene/tissue
combinations). (C) Distribution of birth-date rate among 9,900 gene families
estimated by a Bayesian method (61).
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was not highly contiguous (SI Appendix, Table S3). Although there
is considerable room for improvement of the current P. ornatum
genome, this draft assembly nonetheless reveals much about
mechanisms of genome size reduction in this burrowing frog.

Platyplectrum Genome Size Evolution in Context. The fact that many
of our comparisons involve few frog taxa calls for further accu-
mulation of frog genomes for comparative analysis. A recent and
comprehensive phylogenetic analysis of genome size evolution in
amphibians helps place the bird-sized genome of P. ornatum in a
larger phylogenetic context (21). We used their analysis to un-
derstand rates of genome size evolution on the lineage leading to
P. ornatum. In their analysis of 464 amphibians, including 272
frogs, Liedtke et al. (21) documented a number of statistically
significant jumps in genome size across the amphibian tree, with
one of the most pronounced occurring on the branch leading to
P. ornatum. We quantified rates of genome size evolution in the
lineage leading to Platyplectrum by estimating from ref. 21 how
much longer each branch would have to be so as to accommo-
date the observed genome size change, given the mean and
variance parameters of the Brownian motion model that served
as the null model in their study (Materials and Methods and SI
Appendix, Fig. S12) (21). We found that the branch leading to
Platyplectrum was among those departing most strongly from an
underlying Brownian motion model (SI Appendix, Fig. S12A).
We also found that the amount of apparent genome size change
per million years on the branch leading to Platyplectrum was
among the highest for those branches that were not unusually
short and likely to produce spuriously high rates per unit time (SI
Appendix, Fig. S12B). This analysis shows that not only is the
genome of Platyplectrum one of the smallest among frogs, but its
reduction was unusually fast compared to background rates
among frogs and other amphibians.

Mechanisms of Genome Size Reduction. One key question of in-
terest is to understand underlying mechanisms of differential
transposon accumulation, which, in turn, strongly influences
genome size. Biases in rates of insertions and deletions are a
potential mechanism of genome size evolution (80), but the
impact of this mechanism has been debated (18). Our results
suggest that the small genome of P. ornatum is characterized by
reduced content of several classes of TEs (Fig. 2 A and B).
Comparative analysis of TEs in P. ornatum with those of two
other published frog genomes [X. tropicalis (39) and N. parkeri
(40)] indicated increased deletion bias in TE in P. ornatum rel-
ative to other frog species with larger genome size (Fig. 2C),
which perhaps also led to the reduction of average TE length in
P. ornatum (Fig. 2D). TEs in P. ornatum also exhibited higher
sequence divergence compared to X. tropicalis (Fig. 2E), sug-
gesting a more ancient proliferation.

Maintenance of genomic integrity over generations is a key
selective process as rapid “cut/copy and paste” mechanisms of
TEs constantly threaten genomic stability (81). To counter this,
specific silencing pathways involving Piwi and piRNA genes are
known to be widely employed across eukaryotic lineages (51, 52).
In animals, these silencing pathways are particularly important in
germline cells as a major line of defense to withstand genomic
instability (54). We found evidence of copy number expansion in
Piwi genes in P. ornatum (Fig. 3A) and their increased expression
in gonads in relation to other tissues (Fig. 3B and SI Appendix,
Table S7). We also found higher expression of piRNA pathway
genes in gonads in relation to other tissues (SI Appendix, Table S9).
These results show similar mechanisms of Piwi and piRNA-based
TE suppression may have occurred in P. ornatum, facilitating its
rapid genome miniaturization. However, this hypothesis needs de-
tailed functional studies of germline cells in P. ornatum to further
test this hypothesis. Previous studies of smaller genomes also
identified the presence of shorter genes, mostly as a result of re-
duced intron size and number (12, 56, 82). The P. ornatum genome
also showed similar features of reduced introns (Fig. 4B). However,
we found no evidence of gene family size change in P. ornatum that
could contribute substantially to changes in its genome size.

Genomic Links with Life History Evolution in Frogs. In vertebrates,
genome size or correlates such as intron size have often been
associated with life history complexity (3), metabolic rate (17,
83), flight (84, 85), body size (86), longevity (87), and many other
factors (88). A recent study, however, found no link between the
number of life stages and genome size in amphibians (21). Our
data indicate the complexity of identifying the drivers of genome
size evolution at macroevolutionary scales (89). Establishing the
order of evolution of traits, such as reduced genome size, de-
velopment time, and carnivory, is difficult without access to in-
termediate forms with some but not all of these traits. However,
we found similarities in tadpole development and tadpole diet
between three frog species: Platyplectrum, Lechriodus, and Spea
(SI Appendix, Table S1). Although these comparisons are based
on relatively few frog taxa, all three of these species have smaller
genome sizes (Fig. 2). Additionally, there are many other frog
species with larger genomes falling phylogenetically between
these taxa, thus indicating a likely case of convergent genome
size evolution, perhaps due to selection for rapid development at
the sensitive tadpole stage under similar arid or ephemeral
habitat conditions (Fig. 1). Our genome skimming in two related
frogs (Le. fletcheri and Li. fletcheri) shows that genome size was
indeed reduced in Platyplectrum, as opposed to being ancestrally
retained deeper in its lineage, further strengthening our sugges-
tion that the small genomes of Platyplectrum, Spea, and Lechriodus
represent independent, convergent events. Genome size has been

A B C

Fig. 4. Intron shortening in P. ornatum. (A) Distribution of exon and (B) intron lengths in P. ornatum and X. tropicalis. Only single copy genes were used for
this analysis. (C) Example showing reduction of intron size in a specific gene (KAZN) in P. ornatum.
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found to be strongly linked to the length of the development period
(21), which is consistent with findings in this study.
Our study also highlights the challenges faced in macroevo-

lutionary studies attempting to ascertain the drivers of genome

size evolution. Reduced genome size was possibly evolved in the
ancestor to the Platyplectrum/Lechriodus clade (Fig. 2B) during
the post-Miocene drying of Australia (90). Since that time, this
clade has diversified into every major habitat in Australia,

B

A

C

Fig. 5. Sex-biased gene expression in P. ornatum. (A) Heat map showing gene expression score (TPM) among differentially expressed genes (P < 1e−10)
among male and female gonads in P. ornatum. (B) Gene ontologies (molecular functions) of differentially expressed genes among male and female gonads in
P. ornatum. (C) Network analysis showing functional interactions of differentially expressed genes among male and female gonads in P. ornatum.
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including the arid zone, tropical savannahs, temperate forests,
and subtropical rain forests. In each of these areas, tadpoles
utilize ephemeral ponds for breeding, including, uniquely for a
rain forest species, Le. fletcheri. This pattern suggests that the
combination of reduced genome size, fast, flexible development
time, and carnivorous tadpoles may facilitate ecological release
of the clade into a wide variety of habitats. The association be-
tween genome size and aridity specifically may erode when a key
innovation, such as rapid development time, facilitates dramatic
ecological diversification into a wide array of nonarid habitats
(21). Further studies investigating the link between genome size,
aridity, and development are needed, but we currently are lim-
ited by the low number of genome size estimates in the Amphibia
and detailed natural history information for many species.

Sex Determination in Platyplectrum. Analyses of sex-biased gene
expression have received attention in the past decade due to the
advancement of genome sequencing technologies and reduction
of sequencing costs although the majority of those studies have
focused on model organisms having heteromorphic sex chro-
mosomes with well-assembled genomes. Those studies have
revealed nonrandom distributions of sex-biased genes within the
genome, rapid sequence divergence, and higher rates of protein
evolution, compared to that of autosomes (e.g., faster Z or X ef-
fect). Sex-biased genes are under intense selection pressure (91–93),
and sex-biased gene expression varies between tissues and stages of
development, with a notably higher level of sex-biased gene ex-
pression differences occurring between gonadal tissues: e.g., testes
and ovaries (91–93). Analysis of sex-biased gene expression in P.
ornatum has provided us with insights on key candidate genes as-
sociated with gonadal development and differentiation.
Sex determination in frogs is primarily genetic, with the majority

of the species displaying varying degrees of sexual dimorphisms.
However, morphologically differentiated sex chromosomes are rare
among frogs, irrespective of their state of heterogamety–whether
they are either female (ZZ/WW) or male (XX/XY) heterogametic
(94, 95). The occurrence of these nascent or evolutionarily young
sex chromosomes in frogs has also facilitated rapid evolution and
frequent turnover of sex chromosomes (94–97). In frogs, very few
studies have addressed possible sex-biased gene expression, partly
due to the scarcity of chromosome-anchored genome assemblies, as
well as a lack of heteromorphic sex chromosomes. Recent studies of
the European common frog Rana temporaria, a species with geno-
typic sex determination but lacking differentiated sex chromosomes
and sex-specific gene dosage compensation, showed that expression
of the sex-biased genes are associated with phenotypes rather than
genotypes (98, 99). While the spatiotemporal patterns of sex-biased
gene expression are evolutionarily conserved, the evolution of
chromosome-specific enrichment of sex-biased genes may have
followed a different evolutionary trajectory in species with homo-
morphic or cryptic sex chromosomes: for example, both autosomes
and putative sex chromosomes displaying sex-biased expression in
the European common frog. The evolutionary mechanisms of such
a phenomenon are unknown. Therefore, investigating sex-biased
gene expression in species with cryptic or evolutionarily young sex
chromosomes, such as in frogs, will enable better understanding of

the evolutionary dynamics and persistence of homomorphic sex
chromosomes, sexual dimorphism, and sexual conflict, as well as the
evolution of genes and genomes in general.

Materials and Methods
Genome Sequencing and De Novo Assembly. Fieldwork and specimen acqui-
sition was approved by the Macquarie University Animal Ethics Committee
(protocol ARA 2019-010), and conducted under New South Wales Office of
Environment and Heritage Scientific Licence SL101269 to S.C. Additional
processing of specimens was approved by the University of Canberra Animal
Ethics Committee (protocol number AEC 18-01 to T.E.). Genomic sequence
data of an ornate burrowing frog (P. ornatum) was generated from DNA
isolated from the muscle of an adult female. Based on the expected genome
size of 0.96 Gb (19), the P. ornatum genome was sequenced to ∼140× coverage
(SI Appendix, Table S2), on an Illumina HiSeq 2500 platform using two different
sequence libraries: 1) a fragment library with average insert size of 220 bp, and
2) a jumping library with average insert size of 6 kb, generating ∼1.2 billion
paired end reads with read length of 125 bp each. An initial draft genome was
generated from these Illumina sequencing reads using ALLPATHS-LG (78). Fur-
thermore, we also used additional sequencing approaches (chromatin confir-
mation and direct long reading sequencing) (see SI Appendix for additional
details) for better assignment of contigs into contiguous scaffolds.

We assessed the genome contiguity using scaffold N50 statistics (SI Ap-
pendix, Table S3). We also examined the gene-space completeness using
BUSCO (100) that utilizes near-universal single-copy orthologs from the
OrthoDB database to estimate the evolutionary-informed expectation of
gene content in a de novo genome assembly. To assess the overall genome
completeness, we also mapped short sequence reads generated from Illu-
mina sequencing libraries back to the de novo genome assembly. In addi-
tion, we also used a kmer-based statistical approach (31) to get an
independent estimation of genome size based on short sequence reads
without relying on final de novo genome assembly.

Transcriptome Sequencing and Genome Annotation. We also collected brain,
heart, muscle, and gonad tissues from one male and one adult female P.
ornatum individual and generated ∼540 million transcriptome reads to use
the data for genome annotations (SI Appendix, Table S4). We first generated
a female transcriptome assembly combining RNA-seq data from brain, go-
nad, heart, and muscle using Trinity (101). In addition, we mapped RNA-seq
data from the male individual to the reference P. ornatum genome assembly
using TopHat (102) and extracted exon/intron junction information for
downstream usage for genome annotations. The annotation of gene con-
tent in the P. ornatum genome assembly was generated using the custom
annotation pipeline using MAKER (103). We combined protein homology
evidence (using publicly available protein sets of human, mouse, chicken,
anole lizard, and western clawed frog, downloaded from the Ensemble v.93
database), RNA-based evidence (using female transcriptome assembly and
exon/intron junction information from male RNA-seq data), and ab initio
gene prediction methods for genome annotations.

Genome Sequencing of Additional Two Closely Related Species. We also col-
lected liver samples from two additional species in the subfamily Limnody-
nastidae: the sister genus to P. ornatum (Le. fletcheri) and the more distantly
related Li. fletcheri as a loan from Australian Museum collections to inter-
pret genome size evolution within the subfamily Limnodynastidae (Austra-
lian ground frogs). We generated fragment libraries with an average insert
size of 220 bp for both these species and sequenced in the Illumina HiSeq
2500 platform, generating ∼1.2 billion paired end reads, each with a read
length of 125 bp each. We utilized the kmer-based statistical approach (31)
as above using these short sequence reads to estimate genome size in Li.
fletcheri and Le. fletcheri.

Table 2. Statistics on differential gene expression among multiple tissues on P. ornatum

Tissues Total transcripts Differentially expressed transcripts Differentially expressed genes

Higher expression
in males

Higher expression
in females

Transcripts Genes Transcripts Genes

Gonads 39,658 90 57 82 54 8 3
Brain 41,269 9 5 9 5 0 0
Heart 32,472 6 5 4 3 2 2
Muscle 25,801 5 2 5 2 0 0
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Characterizing Repeat Landscape in the Genomes. To annotate TEs in P.
ornatum, we combined homology-based and de novo approaches using
Repeatmasker (37). We used the reference repeat library downloaded from
the Repbase database (50) and an additional custom-built species-specific
repeat library generated for P. ornatum using RepeatModeler for in-
creased accuracy of detection and annotation of repeats. We also used a
similar approach to detect and annotate TEs in three additional publicly
available frog genomes—X. tropicalis (39), N. parkeri (40), and S. multiplicata
(20)—and also in the squamate reptile A. carolinensis (41) as an outgroup.

The Repeatmasker-based approach discussed above is the most exten-
sively used method to identify repeats in the genome (104). However, it
requires a good quality reference genome and hence may not be appro-
priate for cases where such genomes are not available. We used dnaPipeTE
(105), which performs de novo assembly of repeats directly from short se-
quence reads followed by characterization of repetitive landscape for
comparative analysis and hence can be used for cases where reference ge-
nomes are not available. We first ran dnaPipeTE using P. ornatum short
sequence data and compared the results to the Repeatmasker-based ap-
proach to evaluate the efficiency of dnaPipeTE. The proportion of repeat
content in P. ornatum estimated directly from short sequence reads was
21.86%, and the one estimated from the de novo genome assembly was
21.93%. In addition, estimation directly from short sequence reads provided
improved repeat category annotations, compared to reference genome-
based estimation. This indicated that repeat content characterization
based on short sequence reads provides similar results to that of “gold
standard” methods based on reference genomes. Hence, we further used
dnaPipeTE to characterize repeat landscapes in Li. fletcheri and Le. fletcheri
where only data on short sequence reads were available.

We also estimated the amount of various repetitive elements (short- and
long-interspersed repeats [SINEs and LINEs], LTRs, DNA transposons, and
other repeats) and compared the repeat landscapes among six frog species:
three species, X. tropicalis, N. parkeri and S. multiplicata, whose genomes
are publicly available, and three Australian species (Limnodynastidae) from
this study (P. ornatum, Li. fletcheri, and Le. fletcheri).

Distribution of Intron and Exon Sizes across the Genomes. We first generated
an unbiased gene set for analyzing the relative lengths of genes, exons, and
introns by selecting only 2,210 genes that had single copy across six species
(human, chicken, zebrafish, anole lizard, western clawed frog, and ornate
burrowing frog). Based on this gene set, we compared the distribution of
exon and intron lengths among two species of frogs (X. tropicalis and P.
ornatum) using the standard t test statistic.

Gene Family Evolution. To yield insights into the divergence of the P. ornatum
genome in relation to major vertebrate lineages, we compared its genome
with those of human (H. sapiens), zebra fish (D. rerio), chicken (G. gallus),
Anole lizard (A. carolinensis), and western clawed frog (X. tropicalis). Clus-
tering of orthologous genes among these six species was done using
OrthoFinder (106), using the canonical tree for vertebrates (60) (see SI Ap-
pendix for details). We analyzed the changes in gene family size across six
lineages by computing the Bayesian estimate of the birth and death pa-
rameter in multigene families across these lineages (61).

Analysis of Rates of Genome Size Change in Frogs. Liedtke et al. (21) estimated
statistically significant jumps in genome size across amphibians using a Lévy
process model (see SI Appendix, Fig. S12 and legend) and identified Platy-
plectrum as one of 10 branches on which deviations from a Brownian mo-
tion model occurred. We obtained estimates of the amount of genome size
change per branch from their analysis. These estimates were then divided by
the branch length in absolute time from their time tree, to yield approxi-
mate rates of genome size change per unit time. We plotted both the
branch lengths in terms of trait change (SI Appendix, Fig. S12A) and in
amount of change per unit time (SI Appendix, Fig. S12B) to place Platy-
plectrum genome size change in a larger context.

Sex-Biased Gene Expression. To enhance our understanding of molecular
mechanisms associated with sex determination in P. ornatum, we charac-
terized the transcriptomes of three adult males and three adult females
(phenotypic sex in these individuals was determined by dissection, and all six
individuals had mature gonads). A total of 87 Gb of RNA-seq data were
generated from four tissues (brain, gonads, heart, and muscle) from these six
individuals. A reference transcriptome assembly was first generated from a
female individual using Trinity (101), and the abundance of each transcript
was quantified using Kallisto (62), which does not require a reference ge-
nome for RNA-seq quantification.

Mitotic Metaphase Chromosome Preparations and Karyotyping. Mitotic
metaphase chromosomes were prepared from bone marrow, kidney, and
liver cells following the protocol described in ref. 107, with slight modifi-
cations. Briefly, tissue fragments were first dissociated in 10 mL of RPMI 1640
cell culture medium. Once dissociated, 400 μL (0.5%) of colchicine (0.0125%
final concentration) was added to the cell suspension and incubated at room
temperature for 30 min. After the incubation, cell suspension was centri-
fuged at 1,500 RPMI for 8 min. After centrifugation, the supernatant was
discarded, and the cell pellet was resuspended in 5 mL of 0.075 M KCl and
incubated for 30 min at 37 °C for hypotonic treatment. After the hypotonic
treatment, cell suspension was centrifuged again as mentioned above, and
the cell pellet was resuspended in 10 mL of freshly prepared Carnoy’s solu-
tion (methanol:acetic acid 3:1). The resuspended cell resuspension was
washed three times by centrifugation as above, and, after the third centri-
fugation, the cell pellet was fixed by resuspending in 500 μL of Carnoy’s
solution for further analysis and storage. For karyotyping analysis, 10 μL of
fixed cell suspension was dropped onto a glass microscope slide and stained
with 4′,6-diamidino-2-phenylindole (DAPI) mounted with an antifade me-
dium (Vectasheld). Metaphase chromosome images were captured using a
Zeiss Axioplan epifluorescence microscope equipped with a charge-coupled
device (CCD) camera. ISIS scientific imaging software (Metasystems, Altlus-
sheim, Germany) was used for image capture and karyotyping.

Data Availability. The draft genome of P. ornatum and all raw sequencing
data in this study have been submitted to the National Center for Biotech-
nology Information (BioProject ID PRJNA637083; P. ornatum genome: JAB-
WIB000000000; P.ornatum sequencing reads: SAMN15105358; Lechriodus
fletcheri sequencing reads: SAMN17190749; Limnodynastes fletcheri se-
quencing reads: SAMN17191081). Transcriptome data for all samples are in
GenBank (accession ID SAMN17191109–SAMN17191132). Additional data
and files for analysis are available in the Dryad Repository (DOI: 10.5061/
dryad.73n5tb2w9).
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