U.Joger ', G. Garrido ', J. Hauf 2, A.Tikhonov *& S.Vartanyan *
"Hessisches Landesmuseum, Darmstadt

2 Dep. of Biology, Technical University, Darmstadt

*Zoological Institute, Russian Academy of Sciences, St.Petersburg

*State National Reserve ‘Wrangel Island’, Ushakovskoye

Genetic investigations on mammoth
(Mammuthus primigenius)

Joger, U., Garrido, G., Hauf, J., Tikhonov, A. & Vartanyan, S., 2003 - Genetic investigations on
mammoth (Mammuthus primigenius) - In: Reumer, J.W.F., de Vos, J. & Mol, D. (eds.) - ADVANCES
IN MAMMOTH RESEARCH (Proceedings of the Second International Mammoth Conference,
Rotterdam, May 16-20 1999) - DEINSEA 9: 205-219 [ISSN 0923-9308] Published 24 May 2003

Previous authors have disagreed about the interpretation of molecular data concerning the phylo-
genetic affiliation of Mammuthus with respect to Elephas and Loxodonta. We compare sequence
data of the mitochondrial cytochrome b gene, the gene studied by most authors. Hagelberg et al.
(1994) as well as Hauf ez al. (1995) found a closer affinity of Mammuthus to Loxodonta, where-
as Yang et al. (1996) and Ozawa et al. (1997) found a common branch of Mammuthus with
Elephas. This was rejected by Noro et al. (1998) whose data supported again a Loxodonta-
Mammuthus association, whereas Hauf ez al.(1999) gave additional support to an Elephas-
Mammuthus clade. However Derenko et al. (1997) as well as Hauf et al. (1999/2000) could not
find any evidence for either of these alternatives, while analyses by Barriel et al. (1999) and
Thomas et al. (2000) support an association of Mammuthus with Loxodonta, but not with a satis-
fying certainty. In this contribution, we present new partial cytochrome b sequences for seven
Wrangel island mammoths, but do not claim to present the definite solution. When all data now
available for cytochrome b are taken together, the possibly synapomorphic bases counted for
Elephas + Mammuthus are only slightly more in number than those countable for Loxodonta +
Mammuthus, whereas less support is found for an Elephas-Loxodonta clade. A remarkable obser-
vation is that different portions of the same gene may indicate different phyletic affinities. We dis-
cuss the possible reasons for differing results and point out a way to solve the dilemma.
Shortcomings of previous papers include: (1) Only one or two mammoth individuals were used,
which sometimes even differed in their base sequence, yet intraspecific variability was largely dis-
regarded; (2) The outgroup chosen was too distant (Mastodon or Dugong should be taken); (3)
Sequences were too short (even 1000 bases do not provide sufficient phylogenetic signal); (4) Tree
reconstructions were based on single-base transitions, which are probably switching easily back
and forth between apomorphic and plesiomorphic states, hiding phylogenetic signal; (5) Computer
methods were used uncritically. More data are needed to clarify the phylogenetic affiliation of
Mammuthus.
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INTRODUCTION

Since the invent of PCR (polymerase chain
reaction) in the mid-eighties, it has become
possible to amplify single genes from fossil
bones in order to gain sufficient quantities for
sequencing (Thomas & Péddbo 1993). Woolly
mammoth (Mammuthus primigenius) has
been one of the prime targets for sequencing
fossil genes, for obvious reasons: (1) Well
preserved carcasses from permafrost soils
enhance the probability of preservation of
long DNA fragments with intact base sequen-
ces; (2) These carcasses are rather recent
(less than 100.000 y.b.p.), therefore there is a
good chance that natural decay of nucleic
acids has not yet proceeded too far to read
sequences, whereas after millions of years
DNA is unlikely to have survived unchanged
(Lindahl 1993a, b); (3) DNA sequence infor-
mation from living relatives of the same
family Elephantidae (genera Elephas and
Loxodonta) is available in order to design spe-
cific PCR primers. Without such specific pri-
mers, so-called 'universal' primers have to be
used. As these bind to DNA from many diffe-
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rent organisms, there is a risk of obtaining
sequences from contaminating sources such
as bacteria, fungi or human cells instead of
the few fossil gene fragments that are still
long enough to be bound between two pri-
mers. After such kind of frustrating experien-
ces, we designed an elephant-specific primer
to detect mammoth DNA (Hauf et al. 1995) .
The question which of the two, Elephas or
Loxodonta, is closer to Mammuthus phyloge-
netically, or whether Mammuthus branched
off from the common stem first, is a simple
three-taxon problem with four possible solu-
tions (Fig. 1). However, despite a number of
efforts, this problem has presented considera-
ble resistance to being solved. All three gene-
ra originate in Africa from the Pliocene
Primelephas (Maglio 1973), but only
Loxodonta did not migrate to Eurasia.
Morphologically, the molar folding structure
has been the principal character to monitor
evolutionary progress in Elephantids. As
Loxodonta retains the more primitive molar
state, Elephas and Mammuthus share a deri-
ved molar condition which is often used to
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Figure | The four possible alternatives for a phylogenetic arrangement of the elephantid genera.
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justify the assumption that they are closely
related (Shoshani et al. 1985). However, a
refined molar structure is a necessary adapta-
tion to a higher proportion of grasses in the
diet, and thus may occur independently in
non-related species (as in the woolly rhinoce-
ros Coelodonta). In other features, e.g. the
shape of the tip of the trunk, Mammuthus is
more similar to Loxodonta (Vereshchagin &
Tikhonov 1990).

The first molecular studies on recent and
fossil proboscidians, before the availability of
PCR, were based on quantitative immunolo-
gical assays of the protein serum albumin
(Lowenstein 1985, 1988). However, pairwise
immunological distances between the three
genera were not significantly different from
each other. Subsequent authors sequenced
mitochondrial gene fragments. Hoss et al.
(1994) sequenced 93 base pairs (bp) of the
16s RNA gene of four mammoth carcasses
and reported considerable variation between
these. They did not attempt a phylogenetic
placement of Mammuthus. Other authors
sequenced fragments of the cytochrome b
gene. Hagelberg et al. (1994) as well as Hauf
et al. (1995) found a slightly closer affinity
of Mammuthus to Loxodonta, whereas Yang
et al. (1996) claimed to have detected a com-
mon branch of Mammuthus with Elephas.
Derenko et al. (1997) added another partial
mammoth cytochrome b sequence, largely
overlapping with the four mammoths done by
Hagelberg et al. (1994) and by Yang et al.
(1996), but his attempt to resolve the phylo-
geny with the five mammoth individuals
together failed. Extending the cytochrome b
sequence to about 1,000 base pairs, Ozawa et
al. (1997) reported a monophyletic Elephas-
Mammuthus group. This was rejected by
Noro et al. (1998) whose data supported a
Loxodonta-Mammuthus clade, based on both
cytochrome b and 12s RNA, whereas Hauf et
al. (1999), again using cytochrome b, gave
additional support to the Elephas-Mammuthus
alternative. A re-analysis of eight previously
published mammoth cytochrome b sequences
of unequal length, in comparison with a lar-

ger number of Elephas and Loxodonta
sequences (Barriel et al. 1999) led to a weak-
ly supported association of Mammuthus with
Loxodonta. Recently, we re-analyzed the
1,005 base pair sequence of Ozawa et al.
(1997), but using our own new Loxodonta
sequence for comparison (Hauf et al., 1999/
2000), and found Elephas and Loxodonta as
possible sister groups, with Mammuthus
occupying a more basal position. Finally,
Thomas et al. (2000) compared cytochrome b
(567 base pairs) of five mammoth individuals
with 14 Asian and eight African elephants.
Their preferred solution was again a
Mammuthus-Loxodonta clade, though they
could not reject any of the alternatives. Table
1 gives an overview of these studies and their
differing outcomes.

In this contribution, we do not claim to
present the definite solution, but intend to
discuss the possible reasons for differing

results and point out a way to solve the dilemma.

MATERIAL AND METHODS

In addition to two mammoth carcasses from
Shandrin and Machsounotchka rivers, Yakutia
(Republic of Sakha, Russian Federation)
dated at 28,230 yBP and 27,330 yBP (see
Hauf et al. 1999), bones of 14 mammoth
individuals from Wrangel island, Chukotka
(NE Siberia) were used as sources of DNA
(see Joger 1996a). These bones belong to the
subspecies Mammuthus primigenius vrange-
liensis GARRUTT, AVERIANOV & VARTANYAN,
1993, which survived well into the Holocene
(Vartanyan et al. 1993). Radiocarbon datings
were done for three individuals from Wrangel
(4,250 yBP, 5,281 yBP, and 7,710 yBP). We
also sequenced an additional portion of the
cytochrome b gene of the American Mastodon
(Mammut americanum) already used by Yang
et al. (1996) (10,200 yBP). We thank J.
Shoshani for a gratious gift of bone powder
of mastodon.

Total DNA was extracted from the mam-
moth bone samples. To avoid contamination
by extraneous DNA, the bone surface was
removed using a hand grinder. A 8§ mm @
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perforation was made into the bone to obtain
about half a gram of clean powdered sample.
DNA was prepared by a silica-based purifica-
tion method using the GENECLEAN® Kit (BIO
101, Inc., La Jolla, USA). For the DNA
amplification five or six ul of the DNA solu-
tion were used and it was performed in a
reaction volume of 50 pl containing 1x PCR
buffer (Qiagen), 2.5 mM MgCI12 150 uM
dNTPs, 1.6 mg/ml BSA (MBI Fermentas),
0.5 mM of each primer and 1.25 units of Taq
polymerase (Qiagen) in a Perkin Elmer
Thermocycler (GENEAMP® PCR System
9700). The amplification conditions were:
95°C for 2 minutes, for initial denaturation,
followed by 40 cycles consisting of 94°C for
10 seconds, 54°C for 10 seconds 71°C for 40
seconds, followed by 72°C for 5 minutes for
a final extension. No amplification was detec-
ted by electrophoresis in extraction and PCR
blanks. The primers were chosen to cover
positions between 370 and 1040 of the cyto-
chrome b gene: The first forward primer was
a modification of L15144 (Ozawa et al.
1997); the second forward primer was L500f
(Hauf et al. 1995). The reverse primers were
L800r (Hauf ef al. 1999) and L15755 (Ozawa
et al. 1997). The amplification of a cyto-
chrome b fragment was successful from 8
Wrangel island samples. From three bone
samples (samples DM1, DM5a, and DMO), it
was possible to amplify up to 650 bp, maybe
because of the good conservation state of
these samples. From six mammoth DNA
samples, it was not possible to obtain any
amplification.

PCR fragments were sequenced in both
directions according to the chain-termination
method of Sanger ef al. (1977), using the
cycle sequencing technique (Murray 1989).
The sequencing reactions contained approxi-
mately 300 ng of amplified DNA as sequen-
cing template and 5 pmol of the respective
primer. To this mixture the appropriate
amount of BIG DYE® Terminator Cycle
Sequencing Ready Reaction Sequencing Mix
(PE Applied Biosystems, Weiterstadt, Ger-
many) was added, following the manufactu-
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rer’s instructions. The cycling conditions were:
the denaturation step at 96°C for 10 seconds,
followed by the annealing step at 50°C for 5
seconds and the extension/termination step at
60°C for 4 minutes, total of 25 cycles. The
sequencing samples were electrophoresed on a
ABI PRISM® 377 DNA sequencer and analy-
sed using the ABI PRISM™ Sequencing
Analysis software, version 3.2 (PE Applied
Biosystems, Weiterstadt, Germany). Sequences
were compared with the GeneDoc programme,
version 2.5.000.

The following published sequence data
were used for comparison: Lox-Irwin:
Loxodonta africana (acc. no X56285; Irwin
et al. 1991); Lox-Norol: Loxodonta africana
(acc. no D84150; Noro et al. 1998); Lox-
Noro2: Loxodonta africana (acc. no D84151;
Noro et al. 1998); Lox-Noro3: Loxodonta
africana (acc. no D84152; Noro et al. 1998);
Lox-Yang: Loxodonta africana (acc. no
U23741; Yang et al. 1996); Ele-Norol:
Elephas maximus (acc. no D50844; Noro et
al. 1998); Ele-Noro2: Elephas maximus (acc.
no D50846; Noro et al. 1998); Ele-Noro3:
Elephas maximus (acc. no AB002412; Noro
et al. 1998); Ele-Ozawa: Elephas maximus
(acc. no D83048; Ozawa et al. 1997); Ele-
Yang: Elephas maximus (acc. no U23740;
Yang et al. 1996); Mam-Noro: Mammuthus
primigenius (acc. no D50842; Noro et al.
1998); Mam-Ozawa: Mammuthus primigeni-
us (acc. no D83047; Ozawa et al. 1997);
Mam-Dere.: Mammuthus primigenius (acc.
no U79411; Derenko et al. 1997); Mam-
Hagl: Mammuthus primigenius (acc. no
U79411; Hagelberg et al. 1994); MamHag?2:
Mammuthus primigenius (Hagelberg et al.
1994); Mam-Yangl: Mammuthus primigenius
(acc. no U23739; Yang et al. 1996); Mam-
Yang2: Mammuthus primigenius (acc. no
U23738; Yang et al. 1996); Mast-Yang:
Mammut americanum (acc. no U23737; Yang
et al. 1996); Dug-Irwin: Dugong dugong
(acc. no U07564; Irwin & Arnason 1994);
Pro-Ozawa: Procavia capensis (acc. no
D86909; Ozawa et al. 1997).
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Our own sequences are coded as follows:
Lox-Hauf: Loxodonta africana (Hauf et al.
1999/2000); 3-Mam-Hauf: Mammuthus
primigenius, 3 identical individuals, one of
them from Wrangel island (Hauf ez al. 1999);
3-Mamm: Mammuthus primigenius, 3 identi-
cal individuals from Wrangel island (collec-
tion numbers DM 18, DM19, DM21); DM 1,
DM 5a, DM 6, DM 13: Mammuthus primige-
nus, four slightly differing individuals from
Wrangel island; Mast-Hauf: Mammut ameri-
canum (same individual as Mast-Yang, but
different fragment of cytochrome b).

Figure 2 shows the approximate regions
covered by the partial cytochrome b sequen-
ces of Mammuthus primigenius mentioned
above.

RESULTS AND DISCUSSION

High intraspecific variation or
amplification errors?

The mammoth carcasses used for the diverse
studies stem from all over Siberia, ranging
from the Taimyr peninsula in the Northwest
to the Magadan area and Alaska in the extre-
me East. Their geological age spans a consi-
derable time range from beyond the credibili-
ty limits of the radiocarbon method (>50,000
yBP) to Holocene times (4,000 yBP from the
Wrangel island mammoth, M. primigenius
vrangeliensis). Therefore, an amount of gene-
tic variation that exceeds the one known from
recent species is not unlikely. However, mito-

chondrial gene variation in the recent species
has not been studied prior to the mammoth
studies.

Moreover, inferring genetic variation from
base differences obtained from single PCR
assays can be erroneous because of artifacts
due to the polymerase chain reaction itself. A
polymerase error can result in wrong nucleo-
tides or in the amplification of non-ortholo-
gous genes (‘jumping PCR’). Even a nuclear
copy of a mitochondrial gene may be acci-
dentally amplified. The thermostabile DNA
polymerases used in PCR differ in their
accuracy of copying a giving sequence. Error
frequency can vary between 1/9,000 and
1/1,800,000 per nucleotide, depending on the
type of polymerase used and various reaction
parameters (Eckert & Kunkel 1991). In the
worst case, this can amount to one error per
500 base pairs after 40 polymerase cycles. In
assays involving fossil genes, conditions may
even favour errors, due to chemical denatura-
tion of nucleotid bases and low number of
intact target fragments, making more cycles
necessary. Even with recent material, errors
may occur: the cytochrome b sequence of
Loxodonta africana deposited in EMBL
under accession no. X56285 (Irwin et al.
1991) and used for comparison with
Mammuthus by Hagelberg et al. (1984), Hauf
et al. (1995, 1999), Yang et al. (1996), and
Ozawa et al. (1997) proved to differ from
other Loxodonta sequences in several featu-
res, including a supposed insertion in posi-
tions 965, 970 and 977 (Apendix 2), which

§5'——3
?NAI Cytochrome b }IREI
. Yang | DM1
Derenko — DM8 .
Hagelberg DM5a
3-Hauf

3-Mam, DM13

Figure 2 Overview of the mitochondrial cytochrome b molecule showing the partial sequences of Mammuthus primigenius done
by different authors. Our own 10 sequences are shown on the right (3) part, whereas previous authors concentrated on the left
(5) part. Ozawa et dl. (1997) and Noro et dl. (1998) sequenced more or less the whole cytochrome b (not shown).
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were most likely erroneous (Hauf ef al. 1999/
2000). Of the 17 possible synapomorphic
bases shared by Mammuthus and Elephas in
our previous analysis (Hauf et al. 1999), no
less than 10 have to be removed because we
relied on the Loxodonta sequence of Irwin et
al. (1991). New Loxodonta sequences show
no difference from Elephas and Mammuthus
at these 10 sites. Moreover, our own Elephas
sequence differs from other Elephas in three
of the supposed synapomorphic sites, thus
reducing the number of sites supporting an
Elephas-Mammuthus clade to 4 (hence not
more than the number supporting a Loxo-
donta-Mammuthus clade).

For these reasons, reliable results cannot be
based on single animals, but variation must
be checked with several unrelated indivuals
(at least three) of each elephantid species.
This prerequisite was not met by many of the
published studies (Table 1). Only Hoss et al.
(1994), Hauf et al. (1999) and Thomas et al.
(2000) sequenced more than two mammoth
individuals, but their results were contrary:
the 16s RNA fragment sequenced by Hoss et
al. as well as the cytochrome b segment
sequenced by Thomas et al. were highly
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variable whereas Hauf et al. found identical
cytochrome b sequences in three mammoth
individuals, one of which was from Wrangel
island.

When comparing all the data on mammoth
and elephant cytochrome b that are now avai-
lable, areas of high heterogeneity are found
in several regions of the gene, for example
between bases no. 100-300 (Appendix 1).
Derenko et al. (1997) compared five mammoth
sequences that included this region and found
that two of them clustered with Elephas
whereas three clustered with Loxodonta.
Thomas et al. (2000) found a diphyletic tree
pattern, with the short mammoth sequences
of Yang et al. (1997) clustering with Elephas,
whereas longer sequences clustered with
Loxodonta. This outcome is caused by varia-
ble positions. In position 117, the two mam-
moths of Yang et al. (1997) differ from those
of other authors by a guanidine residue, as
does their Elephas sequence. Again at site
165, their Mammuthus and Elephas sequen-
ces share the same base, cytosine. As their
outgroup Mammut americanum is identical
with Loxodonta at these sites, they were
tempted to regard the shared states of

Table | Attempts to resolve mammoth phylogeny with mitochondrial sequences.

Year Authors No of Gene Individual sequences Results: sister groups
base
Pairs Mam. Loxo. Elephas
1994 Hoss et al. 92 16s RNA 4 - not resolved
1994 Hagelberg et al. 283 cytochrome b 2 I | uncertain (Mammuthus-
Loxodonta?)
1995 Hauf et al. 115 cytochrome b | I* | uncertain (Mammuthus-
Loxodonta?)
1996 Yang et al. 228 cytochrome b 2 2 [ Mammuthus-Elephas
1997 Derenko et al. 331 cytochrome b 1(5)** 2% 2% not resolved
1997 Ozawa et al.. 1005 cytochrome b | I* | Mammuthus-Elephas
1998 Noro et al. 1137 cytochrome b | 3 3 Mammuthus-Loxodonta
961 12s RNA [ 3 3 Mammuthus Loxodonta
1999 Hauf et al. 335 cytochrome b 3 I* | Mammuthus-Elephas
1999 Barriel et al. varying cytochrome b 8k 4(9)* 7(14)** uncertain (Mammuthus-
Loxodonta?)
2000 Hauf et al. 1005 cytochrome b 2%k | | uncertain (Elephas-
Loxodonta?)
2000 Thomas et al. 545 cytochrome b 5 8 14 uncertain (Mammuthus-
Loxodonta?)

* published sequence of Irwin et al. (1991) ** sequences published by previous authors reanalyzed
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Mammuthus and Elephas as synapomorphic.
However, other sequences show that
Mammuthus (and at site 117, also Elephas)
are variable at these particular positions. Sites
132, 144, 156, 207, 216, 219, 228 and 264
offer other examples of variability within
Mammuthus. Site 171 and 273 vary between
Loxodonta individuals, sites 195 and 270
vary within Elephas, and sites 246 and 267
vary in both Elephas and Mammuthus. 1f this
high variability is not due to amplification or
sequencing errors, these variable areas are
certainly less suitable for phylogenetic purpo-
ses, and therefore the differing results of
authors relying on those particular sequences
(such as Hagelberg et al. 1994, Yang et al.
1996, and others) are easily explainable.
Contrary to this high variability, the cyto-
chrome b fragment on which we concentrated
our own efforts shows very little intraspecific
variation. Between bases no. 560-818, our
sequences from eight Holocene mammoth
individuals from Wrangel island are identical
to the much older one of Noro et al. (1998)
from Taimyr Peninsula and the two of Hauf
et al. (1999) from Yakutia. Only Ozawa et al.
(1997) reported two differences in positions
621 and 652 (Appendix 2). Their individual
was the Magadan baby ‘Dima’ of roughly the
same geological age as the Taimyr mammoth.
Position 621 is a third-codon position also
variable in Loxodonta, whereas position 652
is a first codon position which is unlikely to
vary. Therefore it could be erroneous. Our
discussion (Hauf et al. 1999) about possible
errors on our side that could be responsible
for identical sequence readings has turned out
to be over-cautious, as additional sequence
data from this region of cytochrome b also
show no variation within Mammuthus primi-
genius. In positions no. 819 and 822, four of
our sequences are identical with the one from
Noro et al. (1998), but another six are identi-
cal with those of Ozawa et al. (1997) and
with our mastodon sequence. Apparently
these are third-codon-sites of high individual
variability. This variation is neither geograp-
hical nor spatial, i.e. not any variant is confi-

ned to M. p. primigenius or M. p. vrangelien-
sis, but both occur in both of them. Multiple
mutations and backmutations at these sites
are probable. These two base positions, iden-
tical to their homologues in Loxodonta (Noro
et al. 1998) or Elephas (Ozawa et al. 1997)
may explain these authors’ differing results,
at least partly. Moreover, in position 822, the
outgroups Dugong and Procavia differ.

Base sequences or amino acid
sequences as characters?

Most researchers treat single bases in DNA
sequences as if they were independent char-
acters. This is, of course, not entirely correct
because the bases of a given gene are part of
one and the same functional complex and are
likely to show concerted evolution. Moreover,
as single bases have only four possible states,
the likeliness for homoplasies (parallel muta-
tions or back mutations) is rather high and
shared derived states of two species are
increasingly difficult to determine with rising
total number of fixed mutations that have
occurred in each clade (Joger 1996b). It is
also well known that the type of base substi-
tutions called transitions is much more fre-
quent than the one called transversions.

If a protein coding gene is concerned, a
codon, composed of three amino acids, is a
functional entity that determines a single
amino acid. Some authors (e.g., Ozawa et al.
1997) therefore prefer amino acid trees to
trees derived from single base differences.
However, that approach disregards the infor-
mation content of the individual codons many
of which differ only by synonymous (silent)
mutations that may indicate the direction of
evolutionary change. Codon variants were
used for determining the phylogenetic posi-
tion of mammoth by Hauf ef al. (1999).

Influence of outgroup choice

The outgroup chosen for a phylogenetic ana-
lysis of a given group of organisms determi-
nes the inferred direction of evolution within
the group and therefore its choice is crucial
for the outcome of any phylogenetic analysis.
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The ideal outgroup must be situated outside
the group to be analysed, but as closely rela-
ted to it as possible. If the common ancestor
of outgroup and ingroups is located too far
back in the past, the outgroup is likely to
have lost most of its plesiomorphic character
states that are needed for determining the
respective apomorphic states within the
ingroup. Most researchers on mammoth
genes relied on gene bank sequences as out-
groups. Initially the only appropriate mito-
chondrial sequences available were ungulates
or whales. More recent authors (Ozawa et al.
1997, Noro et al. 1998) were the first that
had sequences of Hyracoidea and Sirenia at
their disposition, thus improving the outgroup
comparison. Until now, only Yang ef al.
(1996) and Derenko et al. (1997) included
another fossil proboscidean, the American
mastodon Mammut americanum, as an out-
group, which makes their results more relia-
ble. However, their mastodon sequence was
much shorter (228 bp) than the sequences of
more distant outgroups of other authors
(Table 1). Hauf et al. (1999) re-analyzed the
data of Hagelberg et al. (1994) by using Yang
et al.’s mastodon sequence as an outgroup
and found that, if data from both groups are
taken together, their intraspecific variation
within Mammuthus primigenius exceeds the
possible number of shared derived bases with
Elephas or Loxodonta. For this study, we
sequenced an additional portion of the cyto-
chrome b gene of Mammut americanum and
found that several differences from outgroups
that we used previously result in a different
number of synapomorphic bases.

The use of computer programs for
phylogeny reconstruction

Computer programs provide an impression of
reliability and mathematical exactness, espe-
cially when high bootstrap probabilities are
presented for a certain branching order.
However, the fact that both Ozawa et al.
(1997) and Noro et al. (1998) indicate high
bootstrap support (90% or more) derived
from a largely overlapping sequence of cyto-
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chrome b, but supporting opposing phyletic
affiliations of Mammuthus, invalidates the
bootstrap procedure as indicator for phyletic
correctness and sheds some doubt on the
uncritical use of computer methods. Of cour-
se, computer algorithms are necessary when a
large data set containing many taxa is to be
evaluated, but in a simple three-taxon compa-
rison like the one under discussion here, com-
puter-generated trees are not always needed.
Thus we refrain from applying a computer
program and use the traditional Hennigian
phylogenetic method of determining shared
derived states by outgroup comparison in
aligned sequences.

CONCLUSIONS

From the shortcomings of previous attempts
to reconstruct the phylogeny of the Elephan-
tidae the following lessons can be learned.

(1) One individual is not enough to get cor-
rect sequences from fossils (and even from
recent species, too). The sequences should be
confirmed with at least three specimens.
Individual variation, however, may require
more than that minimum number of three
specimens. Single bases are weak characters,
especially transitions occur rather often and
may switch back and forth. Phylogenetic con-
clusions should not be based on a small num-
ber of single base transitions but include
transversions and amino acid changes.

(2) It is not always advisable to rely on
computer methods for phylogeny reconstruc-
tion. Simple three taxon questions can be
addressed by classical Hennigian phylogene-
tic analysis. The outgroups for phylogeny
reconstruction should not be too distantly
related. Of available outgroups for elephan-
tids, mastodon would be the best choice,
dugong the second best. Apparently, short
sequences can be misleading. How long must
a reliable sequence be?

(3) Some sequences are more variable than
others. It is well known that evolutionary rate
depends on functional constraints on the
respective gene or part of gene. A sequence
coding for the specific centre of an enzyme
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may not vary at all, whereas a non-functional
sequence may show a high intraspecific
variation that makes it unsuitable for compa-
risons between genera. Mutation saturation
effects occur beyond a level of 15% base
exchange. This level is reached by transitions
much quicker than by transversions. While
transitions may occur too often, transversions
may be too rare to provide enough phyloge-
netic signal (as in the present data set). A
reliable sequence shows intermediate varia-
tion, and the total number of phylogenetically
informative sites (i.e. those which group two
of three species together while the third
remains in the assumed plesiomorphic state
as inferred from the outgroup) must be statis-
tically significant. The longer the sequenced
portion of the genome, the more phylogeneti-
cally informative sites can be found, and the
higher the probability that the information
content is sufficient for a decision.

(4) Short sequences can be misleading:
Table 2 shows that part of the cytochrome b
gene indicates a Mammuthus-Elephas asso-
ciation, whereas a different part would favour
a Mammuthus-Loxodonta clade. Dubrovo &
Rautian (1999) showed that 200 to 300 base
pairs of cytochrome b did not suffice to dis-
tinguish between the two alternatives Elephas-
Mammuthus and Loxodonta-Mammuthus (nor
did 961 bases of 12s RNA) but that the three
genera appeared statistically equidistant. This
is in line with the data of Derenko et al.
(1997) and of Hauf et al. (1999) who
showed that the phylogenetic information in
the same portion of the cytochrome b gene is
minimal.

(5) If the data in Table 2 are critically
evaluated, it must be said that the total
evidence is insufficient for a reliable support
of any of the possible phylogenetic groupings

Table 2 Possible synapomorphic base positions in | 100 bp of
cytochrome b. ts = transition; tv = transversion; variable posi-
tions in brackets ( ); outgroups: Mammut americanum,

Dugong dugong, Procavia capensis. ' Outgroups differ, making
plesiomorphic state uncertain.* Noro et al. (1998) found
identity with Loxodonta in these positions. * Alignment not
reliable.

Mammuthus + Mammuthus + Loxodonta +
|  Elephas Loxodonta Elephas
(12 Ts)
45TS {40 TV)"
(75Ts)

(171 TS)

(264 TS) (315 7T5) R
' 3307S

402 TS

438 TS
459 TS (492 TS)
507 TS 528 TS

55278 (597 TS)
627 TS

(6686 TS)

(678 TS) (708 T5)
72475 (T41 TV} 7T TS
780 TS

(819 TSR

(822 TS
942 TS 933 T8

- ~ [essTsp
(989 TS)?
(934 TS)°
(1020 TS) (1023 TS)
(1082 TS)

(Fig. 1), especially taking into account that
the evidence consists mainly of transitions,
the least reliable mutation type.

We are currently sequencing additional por-
tions of the mitochondrial genome from
several mammoth individuals of different
geological age, both from the Siberian main-
land and from Wrangel island, and thus hope
to enlarge the data base. A first tree based on
the mitochondrial d-loop region showed
again a well supported Mammuthus-Elephas
clade (Joger & Garrido 2001).
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APPENDIX |

Alignment of several partial cytochrome b sequences published covering sites 90-320. See material and methods section for

abbreviations.
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APPENDIX 2

Alignment of our partial cytochrome b sequences with previously published sequences. See material and methods section for

abbreviations.

Lox-Irwin
Lox-Norol
Lox-Noro2
Lox-Noro3
Lox-Hauf
Ele-Norol
Ele-Noro2
Ele-Noro3
Ele-Ozawa
Mam-Noro
Mam-Ozawa
Mam-DM1
Mam-DM5a
Mam-DMs
Mam-DM13
3 -Mamm
3Mam-Hauf
Mast-Hauf
Dug-Irwin
Pro-0Ozawa

Lox-Irwin :

Lox-Norol
Lox-Noro2
Lox-Noro3
Lox-Hauf
Ele-Norol
Ele-Noro2
Ele-Noro3
Ele-Ozawa
Mam-Noro
Mam-Ozawa
Mam-DM1
Mam-DMSa
Mam-DM&
Mam-DM13
3-Mamm
3Mam-Hauf
Mast-Hauf
Dug-Irwin
Pro-Ozawa

Lox-Irwin
Lox-Norol
Lox-Noro2
Lox-Noro3
Lox-Hauf
Ele-Norol
Ele-Noro2
Ele-Noro3
Ele-Ozawa
Mam-Noro
Mam-Ozawa
Mam-DM1
Mam-DM5a
Mam-DMé
Mam-DM13
3 -Mamm
3Mam-Hauf
Mast-Hauf
Dug-Irwin
Pro-Ozawa

* 440 - 4&0 * 480 *

GAGGGGCAACCGTAATCACTAACCTTCTCTCAGCAATCCCTTATATCCCCACAAACCTAGTAGAATGAATCTCER

500 * 520 * 540 * 560
GGAGGCTTTTCAGTAGACAARGCARCCTTARATCGATTTTTCGCCCTCCATTTCATTCTTCCAT TTACTATART

* 580 * 600 * 620 * 640
TGCACTAGCAGGACGTACACCTAACCTTTCTTCACGARACAGECTCARRCAATCCACTCGCCCCTCACTTCAGACT

148
148
148
148
148
148
148
148
148

148
148
131
112

52

148
148

222
222
222
222
2232
222
222

217



218

ADVANCES IN MAMMOTH RESEARCH

APPENDIX 2 continued

Lox-Irwin
Lox-Norol
Lox-Noro2z
Lox-Noro3
Lox-Hauf
Ele-Norol
Ele-Noro2
Ele-Noreo3
Ele-Ozawa
Mam-Noro
Mam-0Ozawa
Mam-DM1
Mam-DMSa
Mam-DM&
Mam-DM13
3 -Mamm
3Mam-Hauf
Mast-Hauf
Dug-Irwin
Pro-Ozawa

Lox-Irwin
Lox-Norol
Lox-NoroZ
Lox-Noro3
Lox-Hauf
Ele-Norol
Ele-Noro2
Ele-Noro3
Ele-Ozawa
Mam-Noro
Mam-Ozawa
Mam-DM1
Mam-DMS5a
Mam-DM&
Mam-DM13
3 -Mamm
3Mam-Hauf
Mast-Hauf
Dug-Irwin
Pro-0Ozawa

Lox-Irwin
Lox-Norol
Lox-Noro2
Lox-Noro3
Lox-Hauf
Ele-Norol
Ele-Noro2
Ele-Noro3
Ele-Ozawa
Mam-Noro
Mam-Ozawa
Mam-DM1
Mam-DM5a
Mam-DM&
Mam-DM13
3 -Mamm
3Mam-Hauf
Mast-Hauf
Dug-Irwin
Pro-Ozawa
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" bBU * BEU * fuu =
CAGACAAAATCCCCTTTCACCCATACTATACCATTARGCGACTTCCTACCATTACT TATCCTAATTTTACTTCTT 298
......................................................................... : 296
...................... L 2T 1
...................... L I - .- ] 4
......................................................................... 2596
..................... L L 296
..................... L T P 31 1

1 Y ¢ B GC. . i i i i C.o.. @ 286
........... L | o 296
...................... L . o o s Y o 296
-------- L o R O s S Y o 296
...................... L P .CC..T.C. .. 296
...................... L o Y o LCCL.T.C.. 2759
TR C..A . i i c.. LCC..T.C.. 260
...................... L - ) L 156
.................... G. U U o R (Y 156
...................... L o A R Y 200
.................................................. C.... Y Y & 159
............. ACo. ... T, . T.AG.CLLA. . .CL. ... Q0 .T.CC....C...C..G.CT.A 2596
N o S c..T. LJAVVALLLCLRGC. ... CLLGLACLA. LCLCCC. LACA. . C 296
720 * 740 * T60 * 780 *
CTACTCCTAGCCCTACTATCTCCTGACCATCTAGGAGRCCCTGACAACTACACCCTGGCCARCCCCTTARATAA @+ 370
AC...... C o 370
AC.... .. [ 70
JADL L. C 370
[ Y o Cc 370
ST AC. ... C 370
LTLLAC L c 370
B . TLLRCL L. C 370
...... T.veweewnnweeee . ALLATAL ... ......C..........TAR.CA..TG.T..EC......C 370
...... T BATAL Lo L Ce L. L TALCA, . TG.T. .AC.T. .. .C 370
...... T snnnnerewnBATA. ... Ciueun.. .. TA.CA. . TG.T. .AC.T. .C 370
...... T e snennernn-ATA...........Couevuee. .. TA.CA. . TG.T..AC.T....C 370
...... Tevivsenrrinnnnnre-e--ATA.....0o.....Ciuvvun....TA.CA..TG.T. .AC.T. .C 353
...... Teeienieiieee...ATA...........C..........TA.CA..TG.T..AC.T. .C 334
...... TowvvwrannnswsssaaaATAL .. .o......C..........TA.CA..TG.T..AC.T....C 230
...... T i e e see e JATAL .o o . CoL ..., . TA.CA, . TG.T. .AC.T....C 230
...... TeerereeinnnawnaaWBTREL . ovewn . Conn oo .. TALCA..TG.T. .AC.T....C 274
........................... ATA......... ... TR.CA...G. LACLT.. LW C 233
C..A...A....GT.C..C..G...ATA. . G........ Ao A.CA........ AC....C.C i70
L. ACA. . AT...T.C.TC. .A...ATR....cocuu.. Co.T. ..., T..A.CC......... c.c..c.cC 370

800 * 820 * 840 * 360

CCCCCCTCATATCAAGCCAGAGTGATATTTTCTCTTTGCTTACGCCATCCTACGATCTGTACCAAACARACTAG @« 444
444
444
444
444
444
444
444

: 444
: 444
: 444
444
: 427
: 408
304
304
335
254
444
444
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APPENDIX 2 continued

Lox-Irwin
Lox-Norol
Lox-Noroz
Lox-Noro3
Lox-Hauf
Ele-Norol
Ele-Noro2
Ele-Norol
Ele-Ozawa
Mam-HNoro
Mam-Ozawa
Mam-DM1
Mam-DM5a
Mam-DM&
Mam-DM13
3 -Mamm
3Mam-Hauf
Mast-Hauf
Dug-Irwin
Pro-Ozawa

Lox-Irwin
Lox-Norol
Lox-Noro2
Lox-Noro3
Lox-Hauf
Ele-Norol
Ele-Noro2
Ele-Noro3
Ele-Ozawa
Mam-Noro
Mam-Ozawa
Mam-DM1
Mam-DM5a
Mam-DM&
Mam-DM13
3 -Mamm
3Mam-Hauf
Mast-Hauf
Dug-Irwin
Pro-Ozawa

BEU *

Huu

-

P20

*

Ha

: GAGGCGTCCTAGCCCTACTCCTATCAATTCTAATCCTAGGATTAATACCACTTCTCCATACATCCARGCACCGR

* 960

*

280

*

[»]
nan

1000

: AGCATAATACTCCCACCTCTTAGCCTATGTGCCTATTGCTGAACTCTARCAATAGATTTACTAACACTT

587

518
518
518
518
518
ERY:)
518
518
Sl8
518
518
518
501
482
378
378

518
51g
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