
 10.1101/gr.082628.108Access the most recent version at doi:
 published online January 12, 2009Genome Res. 

  
Webb Miller, Daniela I. Drautz, Jan E. Janecka, et al. 
  

) Thylacinus cynocephalus
The mitochondrial genome sequence of the Tasmanian tiger (

  
P<P

  
Published online January 12, 2009 in advance of the print journal.

  
Open Access

  
 Open Access option.Genome ResearchFreely available online through the 

  
License Freely available online through the open access option. 

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 https://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 

Copyright © 2009 by Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on June 20, 2026 . Published by genome.cshlp.orgDownloaded from  Cold Spring Harbor Laboratory Press on June 20, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.082628.108
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.082628.108&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.082628.108.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com


Article

The mitochondrial genome sequence of the
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We report the first two complete mitochondrial genome sequences of the thylacine (Thylacinus cynocephalus), or so-called
Tasmanian tiger, extinct since 1936. The thylacine’s phylogenetic position within australidelphian marsupials has long
been debated, and here we provide strong support for the thylacine’s basal position in Dasyuromorphia, aided by mi-
tochondrial genome sequence that we generated from the extant numbat (Myrmecobius fasciatus). Surprisingly, both of our
thylacine sequences differ by 11%–15% from putative thylacine mitochondrial genes in GenBank, with one of our samples
originating from a direct offspring of the previously sequenced individual. Our data sample each mitochondrial nucle-
otide an average of 50 times, thereby providing the first high-fidelity reference sequence for thylacine population ge-
netics. Our two sequences differ in only five nucleotides out of 15,452, hinting at a very low genetic diversity shortly
before extinction. Despite the samples’ heavy contamination with bacterial and human DNA and their temperate storage
history, we estimate that as much as one-third of the total DNA in each sample is from the thylacine. The microbial
content of the two thylacine samples was subjected to metagenomic analysis, and showed striking differences between
a wild-captured individual and a born-in-captivity one. This study therefore adds to the growing evidence that extensive
sequencing of museum collections is both feasible and desirable, and can yield complete genomes.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been submitted to
GenBank under accession nos. FJ515780–FJ515782. See also http://thylacine.psu.edu.]

The thylacine has attracted considerable attention from biologists,

for several reasons. Morphologically unique and phylogenetically

isolated in its own taxonomic family (Thylacinidae), it also pro-

vides one of the most striking examples of convergent evolution in

mammals, showing remarkable eco-morphological similarities

with members of the placental carnivore family Canidae (i.e.,

wolves and dogs). The causes and timing of its extinction across

both its historical range (midland woods and coastal heath habitats

in Tasmania) and its Holocene distribution (extending to conti-

nental Australia and New Guinea) are of great interest to many

researchers (Johnson and Wroe 2003). It has become a focal point

for discussions about large-mammal extinction that include pon-

dering whether the species can be resurrected through a combina-

tion of ancient DNA research and modern reproductive medicine

(Paddle 2000). Until very recently (Pask et al. 2008), extractions

from museum specimens have not yielded usable amounts of en-

dogenous DNA, but rather bacterial or human contaminants (see

Supplemental Material), despite the availability of hundreds of

thylacine specimens in public and private collections. Because

available thylacine DNA is degraded and of low quantity, most

phylogenetic studies have focused on short segments of widely

used mitochondrial genes, e.g., 12S rRNA and cytochrome b (cytb)

(Thomas et al. 1989; Krajewski et al. 1992, 1997, 2000).

Several studies have explored the phylogenetic relationships

of the thylacine. Some early morphological studies allied it with

South American marsupials (e.g., Sinclair 1906). Later morpho-

logical phylogenies placed it within the Australian marsupial ra-

diation in Dasyuromorphia, a clade also comprising the numbat

(Myrmecobius fasciatus) and the family Dasyuridae (insectivorous

and carnivorous marsupials) (e.g., Sarich et al. 1982). An initial

molecular study used a 219-bp fragment from the 12S ribosomal

RNA gene and placed the thylacine in Dasyuridae (Thomas et al.

1989), consistent with an earlier serological study (Sarich et al.

1982). A more extensive analysis using 12S and cytb genes, and the

10Corresponding authors.
E-mail webb@bx.psu.edu; fax (814) 863-6699.
E-mail scs@bx.psu.edu; fax (814) 863-6699.
Article published online before print. Article and publication date are available at
http://www.genome.org/cgi/doi/10.1101/gr.082628.108. Freely available on-
line through the Genome Research Open Access option.

19:000–000 �2009 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051; www.genome.org Genome Research 1
www.genome.org

 Cold Spring Harbor Laboratory Press on June 20, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


nuclear protamine P1 gene, suggested a sister Thylacinidae +

Dasyuridae relationship with a basal position for the numbat,

though this topology lacked strong statistical support (Krajewski

et al. 1992, 1997, 2000).

In this study, we have utilized ‘‘next-generation’’ sequencing

technology and improved methods for extraction of ancient DNA

to generate two highly accurate thylacine mitochondrial

genomes. The new data allow us to determine more accurately the

thylacine’s phylogenetic position among marsupials. More gen-

erally, the success of the current project shows that museum

specimens preserved under a variety of conditions are amenable to

genomic sequencing.

Results and Discussion

Sequencing the thylacine and numbat mitochondrial genomes

Four specimens of thylacine were sampled, three stored as dried

skins, and the other an almost complete animal placed in ethanol.

From each specimen, we attempted to extract DNA from hair

shafts (Gilbert et al. 2007a). One of the dry specimens and the

sample stored in ethanol resulted in enough DNA to attempt ge-

nomic analysis. The successfully processed dried skin was from an

individual that died in the National Zoo, Washington D.C., in

1905 and has been kept at room temperature since then. This

individual is the direct offspring of the female specimen se-

quenced by Krajewski et al. (1997, 2000), and the animal’s history

is well documented (see Supplemental Material). The ethanol-

preserved specimen died in the London Zoo in 1893 and was ac-

quired by Stockholm University (‘‘Zootomiska Institutet’’ at the

time). It was transferred to the Swedish Museum of Natural History

(NRM), Stockholm, probably in the early 1970s and has been kept

there since. It is a gutted specimen assumed to be a female.

From the dry specimen (Fig. 1) and the ethanol-preserved

specimen (Fig. 2) we generated 104,956 and 1,037,369 reads, re-

spectively, using our Roche GS FLX sequencer (454 Life Sciences).

The average lengths of the reads were only 87.5 and 67.0 bp, re-

spectively, far below that observed in most modern samples. A

major cause is the damaged condition of the DNA, which includes

a high rate of double-strand breakage. (However, note in Table 1

that read lengths from modern hair can be much shorter than

from other tissues, perhaps due to damage during the keratiniza-

tion process of hair formation [Linch et al. 2001], though differ-

ences in the sample-preparation protocols between the two

numbat samples are also a factor.) From the total metagenome, we

extracted the reads that aligned with the available northern quoll

(Dasyurus hallucatus) mitochondrial genome or to contigs created

from such reads, and assembled them into independent consensus

mitochondrial genomes with 66.8- and 49.7-fold mean coverage

(i.e., read depth), for the two thylacine specimens. We trimmed

the ends of these assemblies to remove regions that included long,

nearly identical repeats, which cannot be confidently sequenced

with short-read technologies, leaving contiguous intervals each of

15,492 bases that contain all of the known mitochondrial genes

and tRNAs. At a dozen positions, the GS FLX was unable to resolve

the precise length of a homopolymer run, which is a well-known

limitation of that technology. We resolved all but four of these

using PCR and Sanger sequencing, and have annotated the

remaining intervals to indicate that, e.g., the run consists of either

6 or 7 Ts. Except for those uncertainties, there are only 5 nucleo-

tide (nt) differences (substitutions) between the sequences from

the two thylacine specimens.

To help resolve the phylogenetic position of the thylacine

within Dasyuromorphia, we also sequenced the mitochondrial

genome of the numbat using the same approach. Two samples

were sequenced, one from liver and one from hair shafts, which

we assembled into mitochondrial genome sequences with 41.2-

and 206.5-fold mean coverage, respectively.

Properties of the thylacine samples

We identified a substantial amount of human DNA contamination

in the thylacine samples, unlike in our earlier analysis of woolly

mammoth bone (Poinar et al. 2006; Gilbert et al. 2007b) and hair

shafts (Gilbert et al. 2007a, 2008; Miller et al. 2008). For example,

from the ethanol-preserved specimen (thylacine 2 in Table 1), we

identified 44,493 reads (4.3%) that originated from the human

nuclear genome and 136 reads from the human mitochondrial ge-

nome. The distribution of read lengths for the human DNA is similar

to that for the thylacine DNA (Supplemental Fig. S3), suggesting that

the contamination was introduced long ago. The ratio of nuclear

reads to mitochondrial reads (327:1) suggests that the contamina-

tion is from a human tissue or tissues not particularly rich in mi-

tochondrial DNA. (Compare with the nu/mt ratios in Table 1.) For

thylacine 1 (the dry skin), 8.9% of the reads were human, and their

average length was 131.9 bp, suggesting a more recent origin. We

speculate that the high level of contamination in both thylacine

samples, and the difficulty in removing the contaminant sequences

using conventional ‘‘bleaching’’ approaches, are due to the samples’

curation histories (see Supplemental Material).

To estimate the fraction of our reads that consist of thylacine

nuclear DNA, we performed an experiment designed to cope with

Figure 1. Dorsal and ventral images of the skin of USNM 125345,
young adult male, which died in 1905 at the National Zoo; thylacine
specimen 1 sequenced in our study (courtesy National Museum of Natural
History Photographic Services).
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the lack of a complete genome sequence from a phylogenetically

close relative and with the restricted lengths of the sequenced

thylacine fragments. We extracted annotated protein-coding

regions from the published genome of the South American

opossum (Monodelphis domestica) (Mikkelsen et al. 2007), obtain-

ing 31,473,851 bp from a set of 185,575 nonoverlapping exons.

Using protein-coding regions rather than all available genome

sequence is advantageous because coding regions have fewer

insertions and deletions and are easier to align reliably over large

evolutionary distances (;138 million years [Myr], i.e., 69 Myr in

each lineage) (Nilsson et al. 2004). We took the first 100 bp of

140,490 thylacine reads having at least 100 bp, generated 888,157

nonoverlapping 100-bp intervals from our numbat reads, and

generated 1,000,000 non-overlapping 100-bp fragments from

tammar wallaby (Macropus eugenii) reads in the NCBI Trace Ar-

chive. These sets of 100-bp sequences were aligned to the opossum

coding regions under identical conditions. The fraction of reads

from the ethanol-preserved thylacine 2 that aligned to coding

regions (0.40%) was roughly one-third of the fraction for numbat

and wallaby. Assuming that the numbat and wallaby data consists

entirely of endogenous DNA, we therefore estimate that 25%–40%

of that sample consists of thylacine nuclear DNA. The dry thyla-

cine sample had a somewhat lower fraction that aligned to coding

regions, 0.27%.

DNA damage levels (measured as cytosine-to-uracil deami-

nations, leading to observed cytosine/thymine miscoding

lesions) are higher in the thylacine samples than in some pub-

lished mammoth hair samples (Gilbert et al. 2007a). In the dry-

preserved specimen, 0.51% of the C residues in the living animal’s

mitochondrial genome were replaced by T; for the ethanol-

preserved specimen the rate was 0.60%. By comparison, in one

woolly mammoth mitochondrial genome (Miller et al. 2008), the

rate was 0.14%. This is most likely explained by either the prob-

able higher thermal age (Smith et al. 2003; Gilbert et al. 2007a) of

the thylacine samples in comparison to the mammoth sample, the

effect of the preservation/storage process (tanning process or long-

term storage in dilute ethanol), or a combination thereof (see

Supplemental Material). On the other hand, the damage rate is less

than that for a mammoth bone sample (Gilbert et al. 2007b),

confirming the utility of hair shafts as an excellent reservoir for

ancient DNA.

Although our sequence data from the ethanol-preserved

specimen include ;20 million bp from the thylacine nuclear ge-

nome, we were unable to PCR-amplify nuclear sequences any lon-

ger than 150 bp from that sample. This finding agrees with previous

observations that thylacine DNA samples are more degraded than

those from certain other extinct species and underscores the high

sensitivity of the next-generation sequencing approach.

Phylogeny of the thylacine

Previous analyses using cytb, 12S rRNA, and the nuclear gene for

protamine P1 have supported the sister-group relationship of

Thylacinidae and Dasyuridae, with Myrmecobiidae (numbat)

basal within the order Dasyuromorphia (Krajewski et al. 1997,

2000). However, these early studies were based on small matrices

(<2.9 kb), and failed to resolve the position of the thylacine with

robust statistical support.

The hierarchical relationships among members of Dasyur-

omorphia were resolved by reconstructing a phylogeny of Marsu-

pialia with the maximum likelihood and Bayesian algorithms using

a 14.1-kb mitochondrial genome matrix that included 24 diverse

marsupial taxa (Fig. 3A). Analyses using the reduced-bias coding

scheme (RB) of Phillips et al. (2006), inclusion of all sites in protein-

coding genes + RNA genes (with and without a Bayesian mixed

model), found strong support for inclusion of the Thylacinidae

within, and occupying the basal position of, Dasyuromorphia

(100% bootstrap support [BS], 1.0 posterior probability [PP]), with

Myrmecobiidae as the sister clade to Dasyuridae (87%–95% BS, 0.99

PP). Previous studies of a nuclear-only, a RB-mitochondrial, and

a combined nuclear + mtDNA data set reported an association

Table 1. Some properties of the sequenced thylacine and numbat samples

Specimen No. readsa Lengthb %mtDNAc mt covd %nuDNAe nu/mtf %humang

Thylacine 1 104,956 87.5 12.1 66.8 20 1.7 8.9
Thylacine 2 1,037,369 67.0 1.1 49.7 30 27.3 4.3
Numbat hair 129,585 95.6 29.3 206.5 70 2.4 0
Numbat liver 537,424 219.3 0.5 41.2 99 180 0

aNumber of reads produced by the Roche GS-FLX.
bAverage number of bases per read.
cPercentage of reads found to come from the mitochondrial genome.
dAverage number of reads containing a mitochondrial position.
eEstimated percentage of the reads coming from the nuclear genome (see text).
fEstimated ratio of nuclear to mitochondrial reads.
gEstimated percentage of the reads that are contaminant human DNA.

Figure 2. Thylacine specimen 2 sequenced in our study, from
the mammal collection of the Swedish Museum of Natural History
(Stockholm), NRM 566599, which died in 1893 at the London Zoo.
(Photo: Staffan Waerndt, �Swedish Museum of Natural History.)
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between Dasyuromorphia and Peramelemorphia (Amrine-Madsen

et al. 2003; Phillips et al. 2006), albeit with weak bootstrap support.

Our analyses instead prefer Dasyuromorphia with Diprotodontia

(Fig. 3A). However, when we limited our matrix to the same taxa

sampled by Phillips et al. (2006) and Amrine-Madsen et al. (2003)

we also recovered their Dasyuromorphia + Peramelemorphia clade,

suggesting that resolution of Australasian marsupial phylogeny is

sensitive to taxon sampling.

Comparison to published sequences

GenBank contains two putative sequences from the thylacine

mitochondrial genome, a 950-bp sequence of the 12S rRNA gene

(GenBank accession U87405) and a 1146-bp sequence of the cytb

gene (M99452) (Krajewski et al. 1997, 2000). These sequences

differ from the corresponding parts of our two assemblies (which

are identical at these genes) by 11.2% and 15.6%, respectively, at

the nucleotide level, though they group together with our

sequences in phylogenies based on each gene (Fig. 3B,C). Our

attempts to produce a multifold-coverage mitochondrial genome

from the female specimen that was studied in Krajewski et al.

(1997) failed. However, when we compared the cytb amino acid

translations from the published Krajewski sequence to our as-

sembly of the direct offspring of the Krajewski specimen (in-

dividual USNM 125345), which in theory should be equivalent,

we found that they differed at 33 positions (i.e., they are only 91%

identical). We analyzed the differences between the two sequences

in some detail (see Supplemental Material); our best guess is that

the previous sequence is a so-called ‘‘numt’’(nuclear-inserted mi-

tochondrial sequence) (Song et al. 2008), i.e., a copy of mito-

chondrial DNA located in the nuclear genome. In addition we

verified all nucleotides of our cytb assemblies using PCR amplifi-

cation and Sanger sequencing. Interestingly, an earlier publication

(Thomas et al. 1989) reported a 103-bp 12S fragment and a 116-bp

cytb fragment that are consistent with our assembly; they differ

from the GenBank entries in seven positions, while agreeing with

ours in all but one position. Moreover, as we have argued else-

where (Gilbert et al. 2007a), it is essentially impossible that the

sequencing method used here would produce data from a numt.

Metagenomics

All reads from the two thylacine samples were compared against

the nonredundant NCBI protein database using BLASTX (trans-

lated DNA to protein comparison). A comparative metagenomic

species profile, determined using the version beta2.15 of the

MEGAN software (Huson et al. 2007), is depicted in Figure 4. A

total of 15,625 reads (23%) and 223,661 reads (22%) could be

assigned to taxa for samples 1 and 2, respectively. As the meta-

genome of sample 2 was sequenced to a 10-fold greater depth than

sample 1, much of our discussion will therefore refer to sample 2.

The majority of the assigned reads are of bacterial origin (154,670),

with a small proportion coming from archaeal (401) and viral

(375) sources. As the specimen was only poorly preserved post-

mortem by the London Zoo, its remains apparently underwent

internal putrefaction. This is evident from a significant amount of

DNA found from Enterococcus faecalis and other bacteria associated

with post-mortem degradation.

Intriguingly, four out of the ten most abundant bacterial spe-

cies detected in the hair of thylacine specimen 2 are marine

microorganisms (Psychrobacter sp. PRwf-1qq, Psychrobacter cry-

ohalolentis, Oceanobacillus iheyensis, marine actinobacterium

PHSC201C1; see Supplemental Table S5), in contrast to the ones

detected in numbat hair (Supplemental Fig. S5A,B). Furthermore,

other members of the hair biome are microorganisms, such as

Shewanella frigidimarina, Shewanella baltica, Marinobacteria sp., or

Psychrobacter arcticus (Supplemental Fig. S4B), which also derive

from a marine environment.

Figure 3. (A) A maximum likelihood phylogeny of marsupials based on
the reduced-bias mitochondrial DNA matrix that places Thylacinidae in-
side Dasyuromorphia. Didelphimorphia was used as the outgroup, based
on results of published nuclear and mitochondrial studies (Amrine-Madsen
et al. 2003; Nilsson et al. 2004; Phillips et al. 2006). Bootstrap support
values followed by Bayesian posterior probabilities (BPP) are shown above
respective nodes. The first bootstrap value is derived from the reduced-
bias matrix used to generate the tree, and the second bootstrap value is
based on the unmodified sequence of the coding mitochondrial genes.
The first and second BPP values correspond to the RY-coded and non-
RY-coded (mixed model) analyses. Nodes with 100% bootstrap values
and 1.0 posterior probability are marked with asterisks. Branch lengths
were estimated under the general-time-reversible + gamma + invariants
model of sequence evolution. (ns) Not significant, with bootstrap support
below 50. (B,C) Maximum likelihood phylogeny derived from (B) 12S
rRNA and (C) cytb sequences. Note the large divergence between the
sequences from this study (labeled ThylacinusNew) and those previously
published (ThylacinusKre) (Krajewski et al. 1997, 2000).

Miller et al.
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A comparison between the hair

metagenomes from the two thylacines

reveals striking differences in the most

abundant taxa (Supplemental Table S5).

The majority of the marine biota is ab-

sent from specimen 1, with the exception

of Polaromonas sp. JS666. This individual

was born outside of its native Tasmania

during passage to the United States. It

therefore could only acquire microbial

communities initially through mother–

offspring contact or, later, through feed-

ing and the zoo environment. Its taxa are

mostly soil-associated organisms, such as

Rhizobiaceae and predatory d-proteobac-

teria (Bdellovibrio sp.) (Supplemental Fig.

S4A). Alternatively, the differences in hair

biomes could be explained through the

differing preservation methods applied

to the specimens. While specimen 2 very

likely was put in ethanol as a whole,

thereby giving rise to internal putrefac-

tion processes, specimen 1 was handled

by a professional taxidermist at the

USNM. The extent to which the process

of taxidermy added to the thylacine hair

biome is unclear, though many taxa seen

at high frequency are absent from the

ethanol-stored carcass. These are Acidovorax

sp., Pseudomonas sp., Sphingomonas sp.,

Burkolderia sp., and Flavobacteria sp. One

of the prominent microbial species over-

all, observed at similarly high rates in

both data sets, is the aerotolerant, an-

aerobic gram positive bacterium Propio-

nibacterium acnes (Brüggemann et al.

2004), a commensal that is known to

degrade components of the skin and also

has been reported in the gastrointestinal

tract of several mammalian species.

A three-way comparison of the bi-

omes of thylacine hair (specimen 2),

numbat hair, and numbat liver also

reveals viral loads (Supplemental Fig. S6).

A significant number of reads with high

similarity to known viruses were detected

in the thylacine hair sample (Supple-

mental Fig. S6A), in contrast to none in

numbat hair (Supplemental Fig. S6B); the

numbat sample revealed hits only to

bacteriophages, which are likely integral

to the recorded environmental bacterial

organisms. A small number of viral hits

were reported for the numbat liver sam-

ple (Supplemental Fig. S6C), which oth-

erwise was free of microbial traces.

However, some of these taxon identi-

fications might result from noncoding

sequences of the thylacine and human

genomes, since mammalian genomes are

known to contain large numbers of evo-

lutionarily old endo-viruses. Even when
Figure 4. Comparative metagenomics study of the two biomes detected in the hair of thylacine
specimens 1 and 2.
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accounting for this possibility, the very high viral load found only

in the thylacine hair sample is likely to have originated from the

body fluids that were released from the carcass into the preserva-

tion liquid and penetrated the hair material during the storage in

the aqueous ethanol mixture. The unexpected large presence of

viral DNA on the outside of the animal could therefore still in-

dicate a poor health status at the time of this individual’s death in

the London Zoo in 1893.

Prospects for a complete thylacine genome

The thylacine constitutes a much greater challenge for molecular

characterization than many other species that became extinct

within the last 10,000 yr. Despite efforts by many groups, only three

short sequences have previously been deposited in GenBank (12S,

cytb, and the protamine P1 gene) (Krajewski et al. 1997, 2000). Even

the generation of those two mitochondrial sequences proved to be

challenging and error prone (>10%). Thus, it comes as a pleasant

surprise that our study not only was able to sequence almost the

entire mitochondrial genome (minus the highly repetitive hyper-

variable regions) with high redundancy, but also ;300,000 nuclear-

genome reads from the ethanol-preserved specimen 2 (;20 Mb)

and ;20,000 nuclear reads from specimen 1.

This bodes well for the feasibility of a complete nuclear ge-

nome of the thylacine using the hair/next-generation sequenc-

ing approach. While a draft version of the woolly mammoth

(Mammuthus primigenis) nuclear genome has recently been pro-

duced (Miller et al. 2008), much of the success of that project has

been attributed to the fact that mammoth specimens, in general,

have a cold storage history. In contrast, the thermal age (Smith

et al. 2003; Gilbert et al. 2007a) of all thylacine specimens is high,

as no efforts were made a century ago to preserve tissues other

than tanned or ethanol stored. However, the observed average

read length for sample 1 of 87.5 bp, with a substantial number of

reads at the maximum read length of the current Roche FLX

instruments (;250 bp), suggests that up to 50 Mb of sequence

could be generated in a single run. Assuming a genome size similar

to that of Monodelphis domestica (3.6 Gb), less than $1,000,000(US)

in reagent cost would allow for the generation of a data set in

excess of onefold coverage using the sequencing technology

employed for this study. Given the interest in the species and the

projected decrease in next-generation sequencing costs, the goal

of a complete thylacine genome seems feasible.

Conclusions

This study validates the use of ancient DNA extracted from hair in

combination with whole-genome shotgun sequencing even for

samples that have a temperate storage history and for cases where

no sequence data are available from a closely related species. The

redundant sequence coverage yields a high-fidelity assembly, while

avoiding PCR-based artifacts, which can include the presence of

nuclear-inserted mitochondrial sequences (numts) (Gilbert et al.

2007a; Song et al. 2008). In contrast, the traditional PCR-based

approach is laborious at best and can fail utterly, as it has with the

thylacine, particularly when no closely related sequence is avail-

able. Finally, our method produces a full mitochondrial genome,

which supports analyses that are more robust than those possible

with short mitochondrial fragments. Availability of an accurate

thylacine mitochondrial sequence should facilitate further studies

of this appealing species, such as an analysis of the temporal

changes in mitochondrial diversity leading up to extinction.

Nuclear genome sequence data from museum specimens will

let the results of evolutionary events be observed directly, rather

than studies being limited to inferences based solely on samples

from living organisms. In particular, they will permit evaluation of

genetic factors that affect or are affected by the extinction process,

providing a valuable tool for future preservation efforts in terms of

assessing extinction risk in extant endangered species.

A systematic study is needed to determine factors affecting

the utility of museum specimens for molecular analysis. In our

case, did analysis of one Smithsonian sample fail and another

prove very successful (see Supplemental Material) because of dif-

ferences in exposure to light over a long period? Experiments us-

ing comparatively expendable museum specimens with varying

documented histories of preservation, storage, etc., are needed to

inform museum personnel which sampling risks are more likely to

pay off than others, and also how best to preserve both existing

and newly acquired specimens for future molecular analysis. One

component of such studies will be to determine which associa-

tions with microbial species result from particular preservation

and/or storage histories, and which reflect the microbiome of the

living animal. These studies, together with an inventory of global

museum holdings, will set the stage for coordinated and appro-

priate use of museum specimens to deepen our understanding of

evolution and the extinction process.

Methods

Specimens
Thylacine sample 1 was from USNM 125345, a taxidermically
preserved adult male that died at the U.S. National Zoo in 1905.
Thylacine sample 2 was from NRM 566599 in the mammal col-
lection of the Swedish Museum of Natural History (Stockholm), an
adult female that died in the London Zoo in 1893 and has been
stored in an ethanol solution. The hair and liver numbat samples
are from the same individual, DEC Donnelly District specimen
number M108, killed by an automobile in the Greater Kingston
National Park, Western Australia. The sex of the animal was not
recorded. The Supplemental Material contains further in-
formation on the specimens.

Sample preparation and sequencing

Library preparation for the thylacine and numbat hair samples
were performed as previously described for the woolly mammoth
(Gilbert et al. 2007a, 2008), and all fragment sizes were retained.
For the numbat liver sample, a gel extraction of fragments was
performed, followed by library preparation as previously described
(Miller et al. 2008). Results from these earlier papers, together with
data reported here for the two numbat samples (Table 1), indicate
that essentially no human contamination is added to the sample
by our protocols.

Assembling the thylacine and numbat mitochondrial
sequences

Sequence reads aligning to the mitochondrial genome of the
northern quoll (Dasyurus hallucatus; GenBank Accession
AY795973.1) were filtered and trimmed to require at least 70%
alignment coverage and 60% identity, then assembled. Sub-
sequently, all reads were aligned to the assembled contigs at higher
stringency (80% coverage and 95% identity) and the hits were
reassembled. The thylacine mitochondrial genomes have GenBank
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accession numbers FJ515780 and FJ515781, while the numbat
mitochondrial genome is FJ515782.

Measuring human contamination

We aligned the reads to the March 2006 assembly of the human
nuclear genome (chromosomes 1–22, X and Y) and to the human
mitochondrial genome (GenBank entry NC_001807), and required
that they align with at least 90% coverage and 97% identity.

Mitochondrial genome phylogenetic analysis

We compiled a DNA alignment of 24 marsupial mitochondrial
genomes. These included mitochondrial genomes generated dur-
ing this study (thylacine sample 2 and the numbat) and genomes
downloaded from GenBank. The control region was excluded
because of ambiguous alignment across marsupials. All protein-
coding genes (NADH6 was excluded following Phillips et al.
[2006]), ribosomal RNA genes, and tRNA genes were aligned using
CLUSTALX (Thompson et al. 1997); then the alignments were
visually examined and adjusted to minimize the number of indels.
Ambiguous alignment regions were identified and 502 nt sites
were excluded, yielding a 10,785-bp sequence matrix.

The compositional bias in the mitochondrial genomes of
marsupials leads to a loss of phylogenetic signal, causing errors in
tree reconstruction (Phillips et al. 2006). We therefore used the
‘‘reduced-bias’’ approach of Phillips et al. to reduce sources of
compositional bias. This scheme RY-codes mtRNAs (both stems
and loops), and Y-codes the first positions and excludes the third
positions of protein-coding genes. We also used the same model of
sequence evolution (GTR + I + G4) as Phillips et al. (2006). A non-
RY-coded data set was also subjected to an ML search. For both ML
searches the starting parameters were estimated during the initial
reconstruction of the ML tree with a full heuristic search using
a neighbor-joining (NJ) starting tree and tree-bisection-reconnection
(TBR) branch swapping in PAUP* (Swofford 2003). Model param-
eters were then re-estimated from the ML tree and a new ML
search was performed using the new parameters. These steps were
repeated until the model parameters stabilized, and then these
parameters were used to reconstruct the final ML phylogeny on
which an ML bootstrap evaluation was performed (100 heuristic
replicates with TBR). Trees were also reconstructed using a Bayes-
ian algorithm implemented in MrBayes version 3.1.2 (Ronquist
and Huelsenbeck 2003), using both a RY-coded and a non-RY-
coded (all sites included) mixed model approach. Two in-
dependent runs were performed with four independent chains,
sampled every one-thousandth generation for 5 million gen-
erations. The first 1 million generations were discarded as burn-in.
We determined convergence between the two runs when the av-
erage standard deviation of split frequencies was less than 0.01.

Estimating the fraction of thylacine nuclear DNA

We extracted putative protein-coding intervals from the nuclear
genomic sequence of the South American opossum (Monodelphis
domestica), based on an assembly (monDom4) and Ensembl gene
annotation (dated 2006-07-31) that we downloaded from the
UCSC Genome Browser at http://genome.ucsc.edu/. We aligned
these intervals to sets of 100-bp fragments taken from the initial
portions of sufficiently long thylacine and numbat reads, and
from Sanger reads of the tammar wallaby (Macropus eugenii)
downloaded from ftp://ftp.ncbi.nih.gov/pub/TraceDB/macropus_
eugenii/.

These fragments were aligned to the opossum coding regions
using the BLASTZ program (Schwartz et al. 2003), scoring matches at

+1 and mismatches at –2, and penalizing a gap of length n by –4 – n.
The fractions of aligning 100-bp fragments were 0.27% for thylacine
1, 0.40% for thylacine 2, 1.24% for numbat liver, and 1.10% for
wallaby, which we summarize by saying that roughly three times
more of the fragments aligned for numbat and wallaby than for the
better of the thylacine samples. Estimating the ratio of nuclear to
mitochondrial reads followed readily; see Supplemental Material for
details.
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