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ABSTRACT During the past decade, ancient DNAs from
both animals and plants have been successfully extracted and
analyzed. Recently, the age ofDNA that can be recovered and
sequenced was increased manyfold by the amplfication and
sequencing of a DNA fragment from a Magnolia fossil obtained
from the Miocene Clarkia deposit (17-20 million yr old).
However, the validity of this report has been questioned based
on models predicting that DNA should be completely degraded
after 4 million yr. We report here the successful amplification,
sequencing, and analysis of a 1320-base-pair portion of the
chloroplast gene rbcL from a Miocene Taxodium specimen, also
from the Clarkia site. These data not only validate the earlier
report of sequence data for a Magnolia species from the same
site but also suggest that it may be possible to isolate and
sequence DNAs routinely from the Clarkia deposit. The ability
to recover and sequence DNAs of such age offers enormous
research possibilities in the areas of molecular evolution,
biogeography, and systematics.

Many areas of evolutionary inquiry rely entirely on compar-
ison among living organisms to infer past events. Evolution-
ary studies of divergence rates, biogeography, and phyloge-
netic relationships would benefit greatly from molecular data
obtained from extinct species. Molecular evolutionists have,
therefore, sought sources of ancient DNA to calibrate mo-
lecular studies of extant organisms.
During the past decade, the analysis of ancient DNAs has

met with considerable success, and ancient DNAs have been
extracted from museum specimens (e.g., ref. 1), Egyptian
mummies (2, 3), and preserved animal tissues (4). A 13,000-
yr-old ground sloth is the oldest preserved animal tissue that
has yielded DNA. Many of these preserved animal DNAs
have been so extensively damaged, however, that they have
not yielded sequence data (but see ref. 4). Several sources of
ancient plant material, some of which date from 44,600 yr
ago, have yielded analyzable and, in some cases, high-
molecular-weight DNA (5).
A major breakthrough in the study of ancient DNAs was

the amplification and sequencing of an 820-base-pair (bp)
portion (of -1431 bp total) of rbcL, a chloroplast gene that
encodes the large subunit of ribulose-1,5-bisphosphate car-
boxylase/oxygenase, from a Miocene species of Magnolia
(6). DNA of the now-extinct Magnolia latahensis was ob-
tained from a 17- to 20-million-yr-old fossil found at the
Clarkia fossil site in northern Idaho, demonstrating that the
age ofDNA that can be successfully isolated and sequenced
is considerably greater than previous attempts indicated.
The validity of the fossil Magnolia sequence (6) has been

questioned, however, primarily on theoretical grounds (7). In
vitro studies ofDNA degradation (8, 9) formed the foundation
of Paabo and Wilson's calculations (7) that DNA should be
completely degraded after 4 million yr. Paabo and Wilson (7)

further questioned the potential value of the Clarkia fossils by
suggesting that even were DNA occasionally isolated from a
Miocene fossil and analyzed, repeatability of this feat was so
low as to render most attempts not worth the effort.
Here we report the successful amplification, sequencing,

and analysis of a 1320-bp portion of rbcL from a fossil
Taxodium (bald cypress) specimen from the Clarkia site. All
available evidence indicates that this fossil deposit dates from
the Miocene, 17-20 million yr ago (10). These data not only
help validate the earlier report of rbcL sequence data for a
fossil Magnolia from the Clarkia site but also suggest that
Miocene fossils from this site hold real potential for future
studies in molecular evolution and systematics.

MATERIALS AND METHODS
DNA was isolated from a fossil of Taxodium immediately after
the specimen was exposed at the Clarkia site, following the
procedure described by Golenberg et al. (6). The DNA sample
was then diluted 1:50 with water. Chloroplast DNAs of extant
Taxodium distichum and Metasequoia glyptostroboides, also
in the Taxodiaceae, were isolated from fresh leaf tissue
following a modification (11) of Palmer (12).
The double-stranded rbcL gene was amplified from all

three DNA samples using the PCR and the protocol provided
by the supplier of Taq DNA polymerase (Promega). PCR
primers were constructed from the rbcL sequence of Zea
mays (13). The 5' primer (Zi) was composed of the first 30
bases of rbcL of Z. mays (5'-ATGTCACCACAAACA-
GAAACTAAAGCAAGT-3'); the 3' primer (Z1351R), also a
30-mer, began at position 1351 on the reverse strand of the
rbcL sequence of Z. mays (5'-CTTCACAAGCAG-
CAGCTAGTTCAGGACTCC-3'). Single-stranded PCR am-
plifications using the double-stranded product as template
and the two primers individually (14) produced DNA for
sequencing.
The single-stranded DNAs were sequenced using the

dideoxynucleotide chain-termination method and the Seque-
nase system (United States Biochemical). Sequencing prim-
ers were derived from the rbcL sequence of Z. mays (13, 15)
and provided by G. Zurawski (DNAX). Each strand was
sequenced two or three times to confirm the sequences.

Relationships among the three sequences were analyzed
phylogenetically, along with a published rbcL sequence for
Pseudotsuga menziesii (Pinaceae; the only other conifer for
which rbcL data have been published; ref. 16) and a published
sequence for Marchantia polymorpha (17), a liverwort,
which was used to root the tree. Phylogenetic analyses were
performed using the program DNAPARS, a parsimony algo-
rithm of the PHYLIP package, version 3.22 (J. Felsenstein,
University of Washington), and DNABOOT, a parsimony al-
gorithm employing the bootstrap (PHYLIP version 3.22), with
100 replicates. A distance matrix was computed for the five
DNA sequences using Kimura's (18) two-parameter model
and PHYLIP program DNADIST (version 3.2). These distances
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were then used to construct a tree following the method of
Fitch and Margoliash (19), as performed by PHYLIP program
FITCH (version 3.2). A maximum-likelihood model (20) using
PHYLIP program DNAML (version 3.2) was also used to
evaluate relationships among the five sequences.

RESULTS AND DISCUSSION
A DNA fragment of 1380 bp, representing nearly the entire
1431-bp rbcL gene, was amplified from the fossil Taxodium
DNA using the rbcL primers; 1320 bp of this fragment were
derived from the DNA of Taxodium, the remaining bp
deriving from the primers. The size of this fragment, over 500
bp longer than the portion of rbcL amplified and sequenced
by Golenberg et al. (6), illustrates the remarkable preserva-
tion of the Clarkia specimens.
The rbcL sequence from the fossil Taxodium sample was

confirmed as a Miocene Taxodium sequence by using both
molecular and phylogenetic analyses (after refs. 1, 6, and 21).
The fossil rbcL sequence differs from the extant Taxodium
sequence by 11 base substitutions; both Taxodium sequences
differ from the Metasequoia sequence by 38 substitutions
(Fig. 1).

Phylogenetic analysis of rbcL sequences from fossil Taxo-
dium, extant T. distichum, Metasequoia glyptostroboides, P.
menziesii, and Marchantia polymorpha demonstrated the sim-
ilarity of the two Taxodium sequences and their similarity to
the sequence of the confamilial Metasequoia glyptostrobo-
ides. All nodes on the tree were supported in all 100 of the
bootstrap replicates (Fig. 2). The identical tree topology was
obtained with the Fitch-Margoliash method and maximum-
likelihood procedure. The uniqueness of the fossil sequence
among all rbcL sequences obtained in our laboratory plus its
similarity to the extant Taxodium sequence argue convincingly
against it being a contaminant from another DNA source.

Molecular divergence between the fossil and extant Tax-
odium rbcL sequences has been relatively limited, compared
with the amount of divergence between rbcL sequences of
Miocene fossil Magnolia latahensis and extant Magnolia
macrophylla (6). We detected only 11 substitutions (all tran-
sitions and silent third-position substitutions; Fig. 1) of 1320
positions (0.83% divergence) between the two Taxodium
sequences, whereas the rbcL sequences of Magnolia lata-
hensis and Magnolia macrophylla differed by 17 substitu-
tions of 759 positions examined (2.2% divergence; ref. 6).
Although the time since isolation of the populations from
which the Taxodium samples were obtained is uncertain, it is
at least 17-20 million yr and possibly longer. If the two
Taxodiums actually shared a common ancestor 17-20 million
yr ago, this amounts to a minimum sequence divergence rate
of 0.55-0.65 substitution per million yr over nearly the entire
length of the gene, or 4.2 x 10-4 to 4.9 x 10-4 substitution
per site per million yr. During the early to mid-Miocene
epoch, Taxodium had a distribution that extended from
eastern Asia across Beringia and across much of North
America; its range was not reduced until the early Quaternary
period (22). Despite its extensive range in North America,
populations from northern Idaho and eastern North America,
from whence our sample of extant Taxodium was obtained,
have probably been isolated longer than 17 to 20 million yr,
suggesting an even slower rate ofnucleotide substitution. The
lesser divergence between Taxodium sequences relative to
those of fossil and extant Magnolia species may reflect the
apparent conspecific status of the Taxodium samples. Al-
though several morphological features distinguish extant T.
distichum from Miocene Taxodium from northern Idaho, the
fossil specimens have not been recognized taxonomically as
a distinct species (C.J.S., unpublished data). Alternatively,
there may be different rates of sequence evolution in the
Magnolia and Taxodium lineages.
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FIG. 1. rbcL sequences of extant T. distichum (Tax), Miocene
Taxodium (Fos), and extant Metasequoia glyptostroboides (Met). A
"." in the lines corresponding to Fos and Met indicates nucleotide
identity with the sequence of extant T. distichum. N, undetermined
nucleotide.

The rbcL sequence of Metasequoia differs from the shared
sequence of both Taxodium samples by 24 transitions and 14
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FIG. 2. Phylogenetic tree of rbcL sequences of fossil Taxodium, extant T. distichum, Metasequoia glyptostroboides, P. menziesii, and
Marchantia polymorpha. Identical tree topologies were obtained using parsimony, similarity, and maximum-likelihood procedures.

transversions across all codon positions (Fig. 1), for a tran-
sition/transversion ratio of 1.71, compared with the average
transition/transversion ratio of 1.35 observed for rbcL se-
quences by Ritland and Clegg (23). The rates of substitution
by codon position deviate slightly from those expected for
chloroplast DNA gene sequences (23). We detected five
first-position substitutions (two synonymous, three nonsyn-
onymous), four nonsynonymous substitutions in the second
position, and 29 synonymous substitutions in the third posi-
tion. This contrasts with the approximate 2:1:13 ratio pre-
dicted for first-, second-, and third-position substitutions
from both rbcL and atpB sequences (23), suggesting a slightly
increased rate of second-position substitutions in the Taxo-
diaceae relative to the sequences evaluated by Ritland and
Clegg (23).
The successful amplification and sequencing of rbcL from

a Miocene Taxodium confirms the possibility of analyzing
DNA dating from 17-20 million yr ago (6) and also demon-
strates the repeatability ofsuch an analysis. Furthermore, the
Clarkia flora, represented by three ecological communities
(24), is highly diverse taxonomically, providing opportunities
for research on a wide variety of conifers and angiosperms.
We have also amplified double-stranded DNA products cor-
responding in size to rbcL from specimens of Platanus and
Pseudofagus, both from the Clarkia site, whereas efforts to
amplify rbcL from Metasequoia, Hydrangea, and Lindera
have thus far failed. Although the products ofthe former have
not yet been sequenced, their successful amplification sug-
gests that, in contrast to the skepticism raised by Paabo and
Wilson (7), the Miocene fossils from northern Idaho may hold
great potential for studies of molecular evolution, biogeo-
graphy, and phylogenetic relationships, not only of plants,
but perhaps also of the vertebrate and insect faunas repre-
sented at the Clarkia site.
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