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Abstract

The African elephant (Loxodonta africana) and Asian elephant ( Elephas maximus) are
endangered species, listed in Appendix [ and II of CITES (Convention on International Trade
in Endangered Species of Wild Fauna and Flora). In this study, the genetic vanabilities within
both species, the population phylogeny of L. africana and the genetic conditions of the
population of L. africana in South Africa were examined by sequencing the control region of
their mitochondrial DNA.

Because L. africana and E. maximus are very large mammals and endangered species,
it 1s not easy to obtain fresh samples for DNA analysis. So, feces, saliva, hair or ivory
samples were used as samples for DNA analysis. In particular, feces samples were useful, and
DNA was amplified even from feces preserved in very dry conditions.

Nucleotide sequences of the entire control region were determined for one individual
of each species. The control region of the elephants were divided into three domains as for
other mammals, the left domain which contains TAS (termination associated sequence) and
CS (conserved sequence)-L, the central conserved domain which contains subsequence A-C,
and the right domain which contains CSB (conserved sequence block) 1-3. A repeat sequence
was detected in the nght domain. The left domain which has the largest number of variable
sites is expected to be the most suitable for population analysis.

A total of 213 samples of L. africana (50 individuals from zoo in Japan, 4 individual
pieces of ivory imported to Japan, and 38 ivory and feces samples collected at Kruger
National Park in 1996 and 1997, 24 feces samples collected at Addo Elephant National Park
in 1997 and 97 feces samples collected at Tembe Elephant park in 1997 in South Africa) as
well as 86 samples of E. maximus (52 individuals from zoo in Japan, and 34 individuals from
Pinnawale Orphanage Park in Sr1 Lanka) were analyzed for population analysis.

L. africana showed 36 variable sites defining 18 haplotypes, from 351 bp of the left
domain in the control region. These haplotypes were divided into two clusters (LI and LII),
and cluster LII, which could be divided into two subclusters (LIla and LIIb). Cluster LI
consisted of haplotypes from forest elephants in central Africa and savanna elephants in
eastern and South Afrnica. Cluster LII was composed of haplotypes from only savanna elephants.
This seemed to be caused by the great mobility and high adaptability to different environments
by the elephant. There are no geographical barriers within African continent which interfere
with the movement of the elephant populations. E. maxirmnus showed 23 variable sites defining
19 haplotypes. The haplotypes from Sri Lanka and Indian subcontinent overlapped with each
other, suggesting that the Sn Lankan elephant is not clearly separated from the Indian elephant,
according to mitochondnal control region analysis.

Four haplotypes from Kruger, 3 from Addo and 2 from Tembe were found. Haplotype
diversities of each population were low, because the number of haplotypes detected was small
and their frequencies were biased. In contrast, nucleotide diversities of each population were
relatively high, because the sequence divergences of haplotypes within each park were relatively
large. Elephants from all three parks had unique haplotypes were not found for other
parks. This may imply that a large population in the past was divided into small populations
and experienced a population bottleneck effect. The population of L. africana in South Afnica
has increased satisfactorily over ¢ eral decades due to successful conservation plans, the
populations are presumed to have experienced a population bottleneck in the past, resulting
low level of genetic diversity. For further conservation plans, programs should be
that increase the genetic diversity in each of the elephant populations. Haplotype diversity in
Sn was relatively high because seven haplotypes were found for Sri Lankan elephants.
However, the nucleotide diversity in Sri Lanka was low, because the sequence divergences of
haplotypes from Sri Lanka was small. This contrasts with that of L. africana in South Africa.
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General introduction

The African elephant Loxodonta africana (Blumenback, 1797) once
occurred throughout African continent, from the Mediterranean Sea to the Cape
of Good Hope, and was absent only in the Sahara and other desert regions
(Nowak, 1991). L. africana occupies a variety of habitats including savanna,
rain forests, swamps, seashores and mountains. Over the past decade, populations
of L. africana have declined dramatically. Habitat destruction and hunting over
the last century has severely fragmented many of the formerly large populations.
Significant populations are now confined to well protected in national parks and
reservation areas (Said and Chunge, 1994).

About 6,000 years ago, the range of the Asian elephant Elephas maximus,
Linnaeus, 1758 extended from the Euphrates - Tigris river system in the west,
eastward through Asia, south of the Himalayas to Indochina and most of China
as far north as the Yellow river (Olivier, 1978). Since the turn on the century, E.
maximus declined both in range and number and according to Santiapillai and
Jackson (1990) the species survives as a number of discontinuous populations in
Sri Lanka, India, Nepal, Bhutan, Bangladesh, Myanmar, Thailand, Laos,
Cambodia, Vietnam, Malaysia (both Peninsular Malaysia and Sabah), Indonesia
(both Sumatra and Kalimantan) and China.

In 1989, the Convention on International Trade in Endangered Species of
Wild Fauna and Flora (CITES) determined the transfer of L. africana and E.
maximus from Appendix Il to Appendix I. Populations of L. africana in southern
Africa currently appear to be stable or increasing (Republic of South Africa,
1994 ), and in 1998’s CITES meeting Zimbabwe, Namibia and Botswana proposed

for L. africana to be transferred from Appendix I to Appendix II to export tasks,



which were already stocked in their countries, to Japan after approvement with
some qualifications.

The population of L. africana in South Africa i1s now nearly 10,000
individuals but formerly the numbers of population in South Africa decreased to
less than 100 (Hall-Martin, 1992). Therefore, L. africana in South Africa went
through population bottleneck. It is interesting to observe the genetic conditions
for such populations, and genetic data is important to make a conservation plan
for L. africana in South Africa.

Mitochondrial DNA (mtDNA) has been widely used for molecular genetic
studies (Avise et al. 1994, 1996), since sequence analysis of nuclear DNA is
complicated because of recombination that rearranges genes. Because mtDNA
is maternally inherited and does not recombine, mtDNA sequence analysis can
provide precise divergence of the species phylogeny. Furthermore, mtDNA
evolves rapidly at the sequence level, due in part to lack of known repair
mechanisms for mutations that arise during replication (Wilson et al. 1985),
therefore nucleotide substitutions accumulate quickly even between species that
diverged quite recently.

The control region is characterized by rapid change in sequence and length
apart from particular sequence blocks which is conserved among taxa (Saccone
et al. 1991). This region evolves three to five times faster than the rest of the
mtDNA genome (Aquadro and Greenberg 1983). Therefore, this region is
commonly used to intraspecies and population genetics. For example, peopling
of human being is extensively analyzed based on the variation of the mitochondrial
control region (Horai ez al. 1991, 1996). But until now there are a few reports on
the control region of the elephants and no population survey with this molecular

marker has been made in the elephants.



In the part 1 in this study, the entire nucleotide sequences of the control
region for L. africana and E. maximus were determined to find the most suitable
region for population analysis of both species in the control region. Because L.
africana and E. maximus are very large mammals and endanger species, it is not
easy to obtain fresh samples for DNA analysis. So, feces, saliva, hair or ivory
samples were used as samples for DNA analysis. In the part 2, to examine the
genetic variabilities within L. africana and E. maximus, the population phylogeny
of L. africana, and the genetic conditions of the population of L. africana in
South Africa, samples from zoo in Japan, three national parks in South Africa
were analyzed. In comparison with L. africana, E. maximus from zoo in Japan,

and Sri Lanka were also analyzed.



Part 1. Structure of the mitochondrial control region for

the elephants

1. Introduction

For genetic analysis on wild populations of large mammalian species, it is
essential to use appropriate ways not to be harmful to animal themselves. In that
case, it might be preferable to use non-harmful materials that once discarded
from their bodies, such as hairs, feces and saliva. These materials have been
already successfully used in populational genetic studies in various mammalian
species (Hoss er al. 1992; Kohn et al. 1995). Ivory of the African elephants
(Koike er al. 1998) is available in reasonable quantities in their native countries,
and the establishment of genetic examination with such materials would be
highly desired.

An important point for the genetic survey is the use of appropriate DNA
markers for population phylogeny. The mitochondrial control region is known
to evolve rapidly compared to other regions of mitochondrial DNA (mtDNA)
(Brown 1985), the control region is likely to be the best candidate for that
purpose (Horai et al. 1991, 1996). To avoid contamination of DNA from other
species in the materials, it needs to develop PCR primer sets specific to each
species or species group. Another advantage is that mtDNA is abundant even in
these samples only small amounts or fragments of DNA are preserved. This
underscores the importance of mtDNA analysis for which no living tissue is
required. These circumstances facilitate designing of original primers and drawing
of phylogenetic tree.

Animal mtDNA contains the control region that is essential for the

replication of the mtDNA. A new synthesis of the heavy (H) strand of the



mtDNA starts from an initiation site of the control region, H-strand replication
origin (OH), and terminates at a site ca. 700 nucleotides downstream from OH.
This leads to a partial relaxation of parental supercoiled molecules because the
short newly synthesized H strand remains associated with the template, thus
creating a triple-strand structure known as a displacement loop (D-loop) (Doda
et al. 1981; Mackay et al. 1986). The mitochondrial control region is known to
have several conserved sequence elements that are associated to the initiation
and termination of the replication, and also have other ubiquitous sequence
blocks, a long stretch of highly conserved domain at a central part of the control
region. The central conserved domain (CCD) demarcates the control region into
three parts, CCD and flanking left and right domains (Walberg and Clayton
1981; Saccone et al. 1991; Gemmell et al. 1996).

The initiation of H-strand DNA synthesis is thought to involve the OH
and conserved sequence blocks (CSBs) (Brown er al. 1986). There are three
CSBs (CSB 1-3), which locate in the right domain, are well defined through
comparison of rat, mouse and human sequences (Walberg and Clayton 1981).
The CSBs are the targeting sites of mitochondrial transcriptional factor 1 (mtTF1)
and the cleavage sites by RNase for mitochondrial RNA processing (RNase
MRP) (Clayton 1991). Then H-strand DNA replicationis primed by the transcribed
RNA segment. Till now, such primary functional significance of the CSBs is
likely to be well assigned but the meaning of the evolutionary variability is not
well understood. The number of the CSBs apparently differs from species to
species. For example, CSB-3 is missing in platypus, cow and cetacea (Southern
et al. 1988; Hoelzel et al. 1991; Dillon and Wright 1993) or fused with CSB-2
in sheep (Wood and Phua 1996), cervidae (Douzery and Randi 1997), cow
(Steinborn er al. 1998), giraffe and buffalo (Ghivizzani ez al. 1993). Thus, what



all the CSBs have some function is open to question.

The termination of the H-strand replication is governed by moderately
conserved repetitious sequences, termed termination associated sequences (TASs),
which are located in the left domain (Doda er al. 1981). The stop signals of
D-loop strand, TAS, showed the consensus sequence as TACATtAAAaYYYAAT
(Foran er al. 1988). Gemmell er al. (1996) suggested that first five nucleotide
(TACAT) are comparatively well conserved but the latter half is not so similar
between each TASs with indels and nucleotide substitutions. In addition to the
sequence variation, there are considerable variation in number of the repeats
among mammalian species. Till now, however, the evolutionary trends of the
variation of the TAS elements and their functional significance are not well
understood.

The CCD (ca. 250 bp long) is one of the best conserved parts of mtDNA.
This domain contains three conserved sequence (subsequence A, B and C), each
of which could be formed stable secondary structures (Gemmell ez al. 1996) and
exhibits conservative amino acid motif between species (Saccone et al. 1987).
Therefore, certain function can be afforded to the CCD but no positive evidence
of functionality has been assigned.

In contrast to the highly conservative nature of CCD, regions for repetitive
sequences (RS) are highly evolutionarily unstable. Such repetitive sequences
can be recognizable in the left and / or right domain of the control region in
many animals including mammals (rabbit, Mignotte ez al. 1990 and Saccone et
al. 1991; Cetacea, Hoelzel et al. 1991; Japanese monkey, Hayasaka ez al. 1991;
bat, Wilkinson and Chapman 1991 and Wilkinson er al. 1997; harbor seal,
Armason and Johnsson 1992; pig, Ghivizzani et al. 1993; 18 carnivore spp.,

Hoelzel et al. 1994; shrew, Stewart and Baker 1994 and Fumagalli er al. 1996).



There is a conspicuous difference between individuals with regard to the size
and organization of this region. In addition, it has been revealed that the RSs are
involved in the generation of high degree of mitochondrial heteroplasmy in
various animal species. Evolutionary mode of the simple tandem repeats and
their functional significance are of large concern of molecular phylogenetists. It
is also desired to find reasonable explanatory way for the biological meaning
and differentiation mode of the heteloplasmic variation.

Here, in the study of the part 1, to know the evolutionary trends of the
control region and to assess the functional significance of the four sequence
members, CSBs, TASs, CCD, and RSs, I determined the entire sequences of the
control region in the two extant species of elephants, the African (Loxodonta
africana) and Asian (Elephas maximus) elephants. Further I examined the mode
of heteroplasmic variation of the RSs in L. africana using the PCR mediated
subcloning method. Comparison of these sequences obtained here and those of
other mammalian species from literature would provide a new perspective on
the evolutionary rends of the control region and functional significance of the

four sequence members, CSBs, TASs, CCD, and RSs.

2. Materials and methods
2-1. DNA extraction (Appendix B - 1)

The materials used in this study were ivories, feces, saliva and hair roots
of L. africana and E. maximus. Under a microscopic observation of thin sections
of the ivory, it was found that main composition of the ivory was dentine
without living cells but cementum layer which is the surface of the dentine,
contained living cells. About 20 mg of powdered ivory scraped from the surface

near tooth root was used for DNA extraction.



For the fresh fecal samples which had wet surfaces, the mucous layer on
the surface of feces was scraped with a cotton bud, and the cotton bud was put
into a microtube with extraction buffer (10 mM Tris-HCI, 10 mM Na(Cl, 25 mM
EDTA). For the dried fecal samples, about 20 mg of the dried mucous layer
scraped from the surface was used. For saliva samples, mucous layer in the
mouth was scraped with a cotton bud. In the case of fair samples, only hair root
with follicle was cut and placed in a microtube with buffer.

For the protein digestion, the sample was suspended with 310 ml of
extraction buffer, 15 ml of 10% SDS and 25 ml of 20 mg / ml Proteinase K and
incubated at 55°C for 2 hours on a rotator. For ivory samples EDTA was added
to 50 mM in final concentration. Then the nucleic acids were extracted using the
IsoQuick Nucleic Acid Extraction Kit (ORCA Research Inc.; U. S. A. ). The
extracted nucleic acids were precipitated with iso-propanol or ethanol.

An example of electrophoresis images of the extracted DNA was shown
in the Fig. 1-1. In the most of the fecal samples, sizes of the nucleic acids
ranged from 20 k bp to 100 bp. In the ivory samples, DNA less than 800 bp
were obtained. High molecular weight DNA around 20 kb seen in fecal samples

was possibly obtained from other materials such as intestinal bacteria.

2-2. Designing of the PCR primers for the elephants

To avoid amplifications of the contaminated DNA from other organisms
by the polymerase chain reaction (PCR) method, elephant-specific primers were
designed. For the control region, an universal primer H651 (Irwin et al. 1991)
was effective for the elephants but L15926 (Irwin et al. 1991) was not effective.
So, we designed 1.15926.ele referring 1.15926. After the entire control region

was amplified with L15926.ele and H651 for the elephants, the primers Lox L1,



Lox L2, Lox L3, Lox L4, Lox H1, Lox H2 and Lox H3 were designed by

walking method (Fig. 1-2). These specific primers for elephants were used for

the amplifications and sequencing.

2-3. DNA amplification using PCR (Appendix B - 2)

The PCR were conducted with a PCR thermal cycler (Takara, model MP)
in 30 cycles of denature at 95°C for 15 sec, annealing at 55°C for 30 sec and
extension at 72°C for 60 sec. When the first PCR produced poor amplification,
one tenth of the first PCR product was used as templates for the second PCR.
PCR products were purified with Bio-Spin Disposable Chromatography Columns
(Bio-Rad).

Fig. 1-3 shows an example of an electrophoresis image of the PCR products
using feces and ivory samples of L. africana. Using two primer sets of L15926.
ele and H 651, and L15926.ele and Lox-H2, about 1700 bp and 800 bp fragments
were amplified, respectively. The 800 bp fragments were amplified in all the
samples, feces, saliva, hair or pieces of ivory. The 1700 bp fragments were

amplified in cases of fresh feces samples.

2-4. Cloning of the control region using T vector (Appendix B - 3)

Many of the mammalian species has a heteroplasmy in the repetitive
region (e. g. Mignotte e al. 1990; Hayasaka er ul. 1991; Hoelzel et al. 1994).
For the repetitive region of the elephants, nucleotide sequences could not be
determined by direct sequencing. This might be also because of the heteroplasmy
like other mammals. Therefore, DNA cloning of the control region containing
the repetitive region was conducted with TOPO TA Cloning Kit (Invitrogen).

PCR products between L15926.ele and H651 which contain whole control region



from one individual of L. africana and E. maximus were subcloned into a pCR
2.1 TOPO-vector and transformed into TOP 10 strain of E. coli (Fig. 1-4).
To test the possibility of slippage or recombination during amplification,

clones were re-amplified by the PCR.

2-5. Sequencing with an automatic sequencer (Appendix B - 4, 5)
Sequencing was conducted by R.O.B. DNA Processor (Pharmacia) with
the Thermosequenase Cycle Sequencing Kit (Amersham) using Cy5-labeled
fluorescence primers with the same sequences that used in the PCR. The cycle
was repeated 25 times with denaturation at 95°C for 30 sec, annealing and
extension at 65°C for 30 sec. Sequencing was conducted with ALFred DNA
Autosequencer (Pharmacia) at 47°C, current of 26 mA and voltage of 1200 V.
CyS5 - labeled L15926.ele and Lox - H1 were used to read sequences of all
the samples for L - and H - strand, respectively. The fragments of the control
region ca. 500-600 bp were sequenced with these primers. To determine the
sequence of the entire control region for one individual for each species, Cy5 -
labeled L15926.ele, Lox L1 - [4 and LoxH1 - H3 were used. An example of
output of the DNA sequencing for the repetitive region using the feces sample is

shown in Fig. 1-5.

3. Results

To compare the control region sequence, it 1s expected that important
informations such as distributions of variable sites and putative functional region
are revealed. Generally, the control region is so diverged that it is not easy to
align the sequences with distantly related species (Saccone er al. 1991). It is

possible to align the sequences of control region only with closely related species.
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But now there are no closely related species with the elephants. As a result of a
homology search to data bases, only the control region sequence of manatee
(AF04615, Gracia-Rodoriguez et al. 1998) could be aligned with those of the

elephants .

3-1. General structure of the control region of the elephants

The length of complete control regions encompassing from tRNA™ to
tRNAP*, without purine-pyrimidine altering regions, in L africana (93EL50)
and E. maximus (93EL25) were 1040 bp and 1041 bp, respectively (Fig. 1-6). In
this region an indel (insertion or deletion) was found in only one site, position 7.
Base substitutions between L. africana (93EL50) and E. maximus (93EL2S5)
were 22 in the left domain, one in the CCD and six in the right domain, respectively.

In the control regions of L. africana and E. maximus, CCD and both left
and right domains were distinguished. In this study the start and end points of
the CCD are followed with Gemmell et al. (1996) and Saccone et al. (1991),
respectively. In L. africana left domain was located at position 1-333, CCD was

located at position 334-575 and right domain was located at position 576-1455.

3-2. Central conserved domain (CCD)

The CCD is the region which is about 250 bp in length and very conserved
between species. The sequences of the CCD in L. africana and E. maximus
showed high affinity with those of other mammals (Fig. 1-7). Subsequences A,

B and C (Gemmell ez al. 1996) were also detected in L. africana and E. maximus.

3-3. Termination associated sequence (TAS)

TAS element in which sequences are moderately conserved, are
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ubiquitously observed in vertebrate mtDNA. In L. africana and E. maximus,
there were four TAS-like sequences, TAS-1 (positions 50-61), TAS-2 (positions
86-97), TAS-3 (positions 241-252) and TAS-4 (positions 268-279) (Fig. 1-8).
For the comparison of the sequences of 213 samples of L. africana and 86
individuals of E. maximus, 44 variable sites were detected along with the sequence
of the left domain. TAS-1 and -2 have no such variable site but TAS-3 in both
species and TAS-4 in E. maximus have variable sites. Comparison of TAS
positions in the sequences of the elephants and manatee (AF04615, Gracia-
Rodoriguez et al. 1998), indicated that TAS-1 was absent from manatee (Fig.
1-9). The alignment of the TAS sequences for L. africana and E. maximus with
other mammals were shown in Fig. 1-10.

Saccone et al. (1991) indicated that short mirror symmetries (TACAT,
ATGTA) repeated several times in the left domain. In this study 213 samples of
L. africana and 86 individuals of E. maximus were analyzed. As a result, four or
five of TACAT and three of ATGTA were found in L. africana and four or five
of TACAT and two of ATGTA were found in E. maximus. One-pair of these
palindromic sequence was found to form a stable secondary structure (position

86-105) (Fig. 1-11A).

3-4. Conserved sequence L (CS-L)

Repetitive sequence block were found in the left domain of both L. africana
and E. maximus . These repetitive block were relatively conserved. The repetitive
block, designated as CS-L, is about 33 bp in length and start with ATGTA
which is symmetry of TACAT (Fig. 1-12). The CS-Ls were repeated two times
in the left domain of L. africanaand E. maximus (CS-L1; 16-49, CS-L2; 101-133).

Although CS-L1 has one variable site in L. africana and two in E. maximus,



CS-L2 is the same sequence in both species. The alignment of the sequences of
the CS-Ls for L. africana and E. maximus with other 16 species was presented
in Fig. 1-13. Similar sequence blocks were found even in birds.

In the species which has repetitive sequences (RS2, Hoelzel er al. 1994)
in left domain, the structure of the repetitive sequences and CS-Ls were closely
related (Fig. 1-14). In dasypus which has repetitive sequence of three times and
half, repetitive sequence starts and ends with CS-L. In cat, incomplete 4th repeat
terminated just before CS-L. In crocidura, CS-L was located the end of repeat
motif.

In many species, CS-L has short mirror symmetry (TACAT, ATGTA)
(Saccone et al. 1991) or TGCAT and ATGTA. These short symmetry or sub-
symmetry formed relatively stable secondary structure (Fig. 1-10B).

The sequence of the termination of D-loop strand is TCCCC in pig,
GCCCC in cow (MacKay et al. 1986; Madsen et al. 1993) and GCCCC or
ACCCC in Cervidae (Douzery and Randi 1997), the homologous sequence is
included at 3’ end of CS-L. In the case of the elephants, these sequences were

TCCCC in CS-L1 and ACCCC in CS-L2.

3-5. Conserved sequence block (CSB)

In the right domain there are conserved sequence blocks, CSB-1 to 3,
which were found by Walberg and Clayton, (1981). These three CSBs were also
found in L. africana and E. maximus, CSB-1: 683-709, CSB-2: 1184-1202,
CSB-3: 1248-1265. The alignment of the sequence of the CSBs for L. africana

and E. maximus with other mammals were shown in Fig. 1-15.

3-6. Repetitive sequence
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The repeat regions were found between CSB-1 and CSB-2 and composed
of purine-pyrimidine alternation To determine the nucleotide sequences of the
repetitive region, the entire control region containing the repetitive region was
cloned and sequenced. In L. africana 10 clones from 93ELS50 and three clones
from 96L.X79 were determined. All these clones had different sequences with
length variation from 142 bp to 430 bp. In E. maximus 14 clones from 93EL25
were determined. Fourteen clones were classified into 10 types.

To make it simply, AT, AC, GT and GC were replaced with “17, “2”, “3”,
and “4”, respectively and after that “412” and “322” were replaced with “5” and
“6”. (Fig. 1-16 and 17). As a result repetitive sequence of L. africana was
divided into six domains (A-F) (Fig. 1-18). Domain A was basically “4621255”,
domain B was basically three repeat of “666462”, domain C was a large number
of “6”, domain D was irregular insertion found only in three clones, domain E
was a large number of “5” and domain F was “663123”. The repetitive sequence
of E. maximus was divided into five domains (A-E) (Fig. 1-19). Domain A was
“432254115”, domain B was three to six times repeat of “3222” or “32222”,
domain C was basically a large number of repeat of “42 " or “32 ”, domain D
was a large number of “5” and domain E was basically “3123123”.

The repeat motif 5 which were found in both L. africana and E. maximus
and motif 6 which was found in L. africana could be made relatively stable
secondary structure (Fig. 1-20). Models of addition and loss of repeat units were
infrared by secondly structure of double strand during replication (Fig. 1-21).
Addition of repeat motif of the newly synthesized daughter strand would be
formed when the length of the hairpin loop of the daughter strand is longer than
that of template strand. Loss of repeat motif should be formed when the length

of hairpin loop of the newly synthesized daughter strand is shorter than that of
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template strand. Consequently, variation of tandem repeat was developed exactly

with repeat motif through successive replication.

4. Discussion
4-1 Nonrepetitive region of the elephant control region
4-1-1 Central Conserved domain (CCD)

The CCD of the elephants were also able to align with those of other
mammals. Since the CCD is the only long conserved sequence in control region,
some functions were presumed. But the idea as to function of the CCD has not
confirmed yet.

Saccone et al. (1987) suggested that there is a open reading frame (ORF)
in the CCD and the RNA or peptide coded here participated in transcription or
replication of mtDNA.. It was possible to set the ORF in the CCD of the elephants.
But in comparison with many mammalian ORFs, the conserved motif of amino
acid was only “LSFLRAH” (Saccone er al. 1987), furthermore the start and stop
points of the ORF were different depend on species. Therefore, it may be difficult

to set up the functional ORF (Hoelzel ez al. 1991).

4-1-2 Termination associated sequence (TAS)

Madsen et al. (1993) reported that seven TAS-like sequences exist in the
bovine control region but only one is selectively bound to 48 kDa protein. They
said it seems likely that TAS binding is species specific. So, it is expected that
the protein binding TAS element has no mutations within species. In this study I
tried to ascertain the functional one among TASs of L. africana and E. maximus

to identify the variable sites.
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In this study four TAS-like sequences were found in the left domain of
each species. Among these TAS-like sequences TAS-1 and TAS-2 had no variable
site but TAS-3 in E. maximus and TAS-4 in both species had variable sites. And
the manatee which is one of the most closely related species with the elephants,
lacks TAS-1 exactly. Consequently, TAS-2 which has no variable site in the
elephants and also found in manatee has highest possibility among four TAS-

like sequences to have some functions in the control region of the elephants.

4-1-3 Conserved sequence L (CS-L)

CS-Ls were start with ATGTA which is one of the short mirror symmetries
and about 33 bp long. This was found not only in mammals from many taxa but
also in birds. The position of CS-L in cat, dasypus and shrew seemed to have
some relation with repeat (RS2 in Hoelzel et al. 1994) structure. Short mirror
symmetries in CS-L were able to form relatively stable secondary structure.
These secondary structures associated with the CS-L might have some relation
with the formation of RS2.

Generally, the sequence of the left domain can be aligned among the
animals belongs to the same family or order. But it is very difficult to align the
sequence of the left domain among interfamilial or interordinal animals because
large indels specific to the taxa (Saccone et al. 1991) rather than nucleotide
substitutions. So, the left domain seems to have the nature that it is easy to

happen large scale insertion and deletion when two species diverged some extent.
4-1-4 Distributions of the variable sites in nonrepetitive region

The CCD, highly conserved during evolution, behave as a good molecular

clock and reliable estimates of the times of divergence between closely and
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distantly related species were obtained form CCD (Saccone et al. 1991). However,
the variable site between L. africana and E. maximus was only one, therefore
the CCD is too conservative to evaluate the subspecies or population level for
the elephants.

The right domain without repetitive region which had only six variable
sites was also highly conserved between L. africana and E. maximus.

Although the left domain had some conserved sequences such as TASs
and CS-Ls which are putative functional region, other parts in the left domain
had many variable sites within and between L. africana and E. maximus. The
left domain was most variable in the three domain of the control region without
repetitive region. Therefore, the left domain is most suite to investigate genetic

variety within species or inter populations in the elephants.

4-2 Repetitive sequences of the elephant control region
4-2-1 Heteroplasmy of the repetitive sequence

In case of PCR for repetitive sequences, it should be remind the artifacts
by amplifications. In camivore DNA amplified from whole cell preparations
migrated as a smear: of various-size fragments, while DNA amplified from
clones migrated as a single band in agarose gel electrophoresis (Hoelzel ez al.
1994). These experiments do not rule out the possibility of slippage or
recombination during amplification, but suggest that such events are rare. In this
study the PCR product including repetitive region were isolated by cloning and
after that the PCR product using the clones as templates showed clear single
bands (Fig. 1-22). Therefore, the sequences of each clone determined in this
study were considered in nature, not the artifacts.

[t was found that there are repetitive sequences in mitochondrial control
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region in many animals including vertebrates and invertebrates (reviewed Lunt
et al. 1998). These repetitive sequences were classified into five types, RS1 to
RS5, according its location and the length of the motives (Hoelzel er al. 1994).

The repetitive sequence of the elephants were between CSB-1 and CSB-2,
which is RS3 type. The species which has RS3 were rabbit (Mignotte er al.
1990; Dufresne et al. 1996; Casane et al. 1997), seals (Amason and Johnsson
1992; Hoelzel et al. 1993), pig (Ghivizzani et al. 1993), 18 camivore (Hoelzel ez
al. 1994) and so on.

A significant feature of the structure of the repetitive region in L. africana
and E. maximus were 1) it was composed of complete alteration of purine -
pyrimidine sequence, 2) it was not a complete tandem repeat of a same motif
but a imperfect repeat of several motives, 3) the repeat motives were relatively

short. These characteristics were similar to carnivore and seals.

4-2-2 Repetitive sequences as genetic markers

Arnason and Johnsson (1992) suggested that repeat region has a potential
to provide a most powerful genetic marker in population studies because of high
mutation rates expected than other parts in control region. On the other hand,
the nature of mitochondrial repeats have not fully elucidated yet. For example,
the number of repeat were different between somatic and germ cells in rabbit
(Dufrense er al. 1996; Casane et al. 1997). Therefore, although there is a
considerable potential for mitochondrial repeat pilot studies to assess genetic
diversity, the utility of the technique to resolve broader questions in molecular
ecology should be treated cautiously until such a time as the system 1s better
understood (Lunt ez al. 1998).

To use the mitochondrial repetitive regions for the analysis of population
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or family group phylogeny of the elephants, it is necessary to make the nature of
the repeat clear first, the extent of the heteroplasmy, the variation of the number
of the repeat depend on the tissue, is it a mother inheritance with repeat number

and so on. After that it should be established the method to analyze the repetitive

region.
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Part 2. Population phylogeny of the elephants

1. Introduction
1-1. Historical background of the elephants
Population history for L. africana

L. africana once occurred throughout African continent except for the
Sahara and other desert regions. But now large populations are confined to
protected areas like national parks or game reserve (Fig. 2-1, A). Now the total

population is estimated as about 500,000 individuals (Said and Chunge, 1994).

In South Africa: The recorded distribution of L. africana (Hall-Martin, 1992)
begins with a report of their occurrence on the Cape south coast by Vasco da
Gama. In about 1650’s, L. africana are reported to have occupied much of
South Africa except the interior of the country (Fig. 2-2, A). The arid central
lands are unlikely to have supported large or permanently resident populations.
The savanna and woodland regions of Transvaal and the high rainfall areas on
the east Coast as far south as the Cape of Good Hope, however, supported large
populations of L. africana.

By about the end of last century, the large populations of L. africana had
been wiped out. The main force eliminating L. africana was the shooting for
ivory trade and crop protection. The distributions of the wild populations in

early years of this century were only four, Kruger, Addo, Tembe and Knysna



(Fig. 2-2, B). Since then the distribution of L. africana has changed dramatically

as populations increased.

In Kruger National Park: The population estimates are plotted in Fig. 2-3, A.
First record of L. africana in Kruger was in 1905 at Oliphant bridge. The
population increase during 1900-1960 indicated mostly a reflection of natural
recruitment. From 1960-1970 the increase was very high which is accounted for
by recruitment, and also massive immigration due to heavy hunting pressure and
drought in Mozambique. Kruger National Park has been fenced off from
Mozambique since 1974. After the 1970’s the population has been kept fairly
stable at around 7,500 with hundreds of individuals were culled per year until

1996.

In Addo Elephant National Park: The population size from 1931 to 1991 is
shown in Fig. 2-3, B. As the earliest record about populations of L. africana in
Addo was 11 in 1931, which is the known lowest number in Addo up to now.
The population of L. africana in Addo (Hall-Martin 1980) has been intensively
studied and most of the animals are individually known. After the completion of
the fence in 1954 which confined L. africana to the Park, the rate of increase
had been gradually raised and the population size had grown to 162 in 1991

(Said and Chunge, 1994).

In Tembe Elephant Park: The population data is summarized in Fig. 2-3, C.

There were reports of breeding herds in Tembe before 1970’s, and only bulls
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and no breeding herds in the middle of the 1970’s (Hall-Martin 1980). The
known minimum number of L. africana in Tembe was 16 individuals in 1971.
After the middle of the 1970’s, heavy poaching of L. africana in Mozambique
caused a movement of L. africana from Mozambique to Tembe Elephant Park.
Now the border to Mozambique was sealed with fences which stopped movements
of L. africana. The number of L. africana was 80 in 1990. The apparent decline
between 1978 and 1986 is due to population counting method on minimum

helicopter counts.

Population history for E. maximus

Formerly the range of E. maximus extended from the Euphrates - Tigris
river system in the west, eastward through Asia, south of the Himalayas to
Indochina and most of China as far north as the Yellow river (Olivier, 1978). At
the turn of the century, there could have been as 200,000 elephants in Asia, but
today it is estimated that only about 42,750 elephants survive in the wild
(Santiapillai, 1998). Of the 439,000 km® of habitat inhabited by E. maximus,
only 132,000 (30%) km? are protected. Since 1900, about a quarter of the
elephants in the wild had been captured, domesticated and used in forestry,
agriculture, wildlife, ecotourism, and in religious ceremonies. Sri Lanka is
estimated to have been 3,000 - 4,000 elephants in the wild, and about 400 in

captivity.

1-2. Research history of molecular genetics of Elephantidae

Interspecies phylogeny of Elephantidae



Dene er al. (1980) determined the complete amuno acid sequence of
myoglobin for E. maximus, compared it with those of other mammals and discussed
on proboscidean phylogeny. Johnson et al. (1985) isolated DNA from ancient
tissue samples of Mammuthus primigenius (wooly mammoth) dated between
10,000-53,000 years old and suggested DNA from mammoth tissue significantly
enriched in elephant - related DNA sequence by DNA - DNA hybridization.
Drysdale et al. (1989) compared the allozyme variations between L. africana
and E. maximus and suggested the two elephant species have been separated for
2.4 mys (millions of yeas).

Hoss et al. (1994) and Hagelberg er al. (1994) first determined the
nucleotide sequences of M. primigenius for 93 bp of the mitochondrial 16S
rRNA gene and 375 bp of the mitochondrial cytochrome b gene, respectively.
To know the phylogenetic relationships within Elephantidae and between
Tethytheria, Yang et al. (1996) analyzed 228 bp of cytochrome b gene for L.
africana, E. maximus, M. primigenius and Mammut americanum (American
mastodon) using museum specimens. They emphasized the importance of
appropriate outgroup for resolving phylogenies of highly derived or early radiating
linages and suggested a monophyly of E. maximus - M. primigenius using M.
americanum as an outgroup. Ozawa et al. (1997) determined the 1,005 bp
segments of cytochrome b gene for L. africana, E. maximus, M. primigenius,
Hydrodamalis gigas (Steller’s sea cow), Trichechus manatus (western Indian
manatee) and Procavia capensis (hyrax). They used 1st and 2nd codon positions,
and amino acid sequences deduced from the nucleotide to construct phylogenetic

tree and suggested that M. primigenius was more closely related to E. maximus



than to L. africana. On the other hand, Noro et al. (1998) suggested that M.
primigenius was more closely related to L. africana than to E. maximus based
on the complete sequences of cytochrome b and 12S ribosomal RNA genes.
Noro et al. (1998) used all codon positions and argued it is reasonable to use all
codon positions for analysis since nucleotide differences among the three elephant
species are small enough. Recently, Shoshani er al. (1998) reviewed both
morphological and molecular data for Elephantidae species in detail. They
suggested that phylogeny of morphological and molecular data both supported
the hypothesis that Mammuthus and Elephas are more closely related to each
other than either is to Loxodonta. They also suggested that it is extremely

important to employ an outgroup which is closer to the ingroup.

Intraspecies variations for L. africana and E. maximus

Coetzee et al. (1993) examined allozyme variations for 61 individuals of
L. africana from Kruger National Park in South Africa. They found 7 of 25 loci
displayed polymorphic and average hetelozygosity was 0.047, suggesting that
the population condition of L. africana in the Kruger National Park is relatively
health. They recommended a continuous monitoring on population’s genetic
variation over the period.

Georgiadis et al. (1993) analyzed mitochondrial ND 5 - 6 region for 270
savanna elephants from 10 sampling locations using restriction enzymes. Ten
haplotypes detected were divided into two representative clades. They indicated
protractive gene flow because one relatively derived haplotype was found at all

the sampling locations, and exceptionally divergent haplotypes were found to
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coexist at distant sampling locations. Such a pronounced mitochondrial divergence
must be maintained by gene flow and mobility of elephants with a sufficiently
large effective population size persisted by chance within a population based on
neutral coalescent theory

Tiedemann et al. (1998) determined the nucleotide sequences of cytochrome
b gene for 23 individuals of L. africana and found eight haplotypes. They
suggested that genetic variation is high and very divergent haplotypes coexist
within Loxodonta, which showed the absence of bottleneck in population history
and a relatively large long term effective population size of Loxodonta.

Hartl et al. (1996) determined the nucleotide sequences of cytochrome b
gene for 53 individuals of E. maximus and found eight haplotypes. They showed
these haplotypes separated out into two major groups. They suggested that no
indication of a major separation between E. maximus from Sri Lanka and the
Asian mainland, previously assumed to represent two different subspecies. They
also suggested that E. maximus have formed a coherent population after invasion
of southern and southeastern Asia and the present local differentiation can be
explained by varying human impact on population structure and size. Tiedemann
et al. (1998) showed genetic variation in Elephas is moderate and Elephas has
a star like phylogeny of haplotypes using the data of their previous study (Hartl
et al. 1996), which showed population bottleneck in the past or smaller long
term effective population size of Elephas than that of Loxodonta.

For intraspecific analysis, the mitochondrial control region must most
effective and there are no work for the elephants using control region until now.

In this study nucleotide sequences of the control region were determined to find



the population phylogeny and genetic conditions for regional populations.

2. Materials

The samples analyzed in this study has two categories. Samples from zoo
in Japan and imported ivory can be regard as the samples collected randomly
from various habitats for L. africana and E. maximus. These samples were not
enough to estimate the total genetic status of each species, but it is still possible
to show genetical relationship of each species. The other category is feces and
ivory samples from collected in small limited areas: Kruger National Park,
Tembe Elephant Park and Addo Elephant National Park in South Africa (Fig.
2-1, B) and Pinnawala Orphanage Park in Sri Lanka. Numbers of the samples

are large enough to discuss the genetic conditions in each region.

2-1 Samples for L. africana (Table 2)
- Feces, saliva or hair samples from zoo in Japan

DNA samples for 50 individuals of L. africana were provided by The
Japanese Association of Zoological Gardens and Aquarium (Appendix A - 1).
Feces, saliva and/or hair roots were collected for each individual. Geographical
origins of these elephants were inferred from exported countries, and divided
into three categories: 5 individuals from the eastern Africa (exported from Kenya
/ Tanzania), 16 individuals from the southern Africa (exported from South Africa),

and 29 individuals which could not be determined the exported countries.



Ivory samples imported to Japan before CITES agreement

Four ivory samples which were imported to Japan before the CITES
agreement were provided by the Japan Ivory Association (Appendix A - 3).
These ivory samples were imported form central Africa, Congo, Zaire and Gabon,

and so-called "hard ivories" in the Japanese ivory industries.

Ivory and feces samples from Kruger National Park

A total of 30 ivory samples (Appendix A - 5) were collected from the
ivory storage room at Kruger National Park in 1995. Detailed informations on
curing date and area, sex, age and weight of task are described. Localities of
these ivory samples were distributed throughout the park (Fig. 2-4).

A total of 8 feces samples (Appendix A - 6) were collected mainly along
about 37 km of the road around Skukuza at the south region of Kruger National

Park in 1997 (Fig. 2-4).

Feces samples from Tembe Elephant Park

A total of 24 samples were collected at Tembe Elephant Park in 1997
(Appendix A - 7). Feces were collected along about 6 km of the road at the
southern region of the park and at around the Mahlasela Pan (Fig. 2-5). The
feces samples were collected considering age and sex presumed by the size of
feces and ecological situations (e. g. feeding traces) and fresh / dried conditions
of the feces. The feces condition of freshness depends on a temperature, humidity,
sunlight and activities of dung beetle. The “fresh feces” in this study were

supposed to drop early in the morning or former evening. Both fresh and dried



feces were used for the analysis.

Feces samples from Addo Elephant National Park

A total of 97 samples were collected at Addo Elephant National Park in
1997 (Appendix A - 8). Feces were collected from the western half of the park
(Fig. 2-6). Both fresh and dried feces found along about 7.5 km of the road and
around the Hapoor water hole were used for the analysis. Feces conditions were
also recorded as in Tembe.

Although the individuality for the dropped feces is not completely
distinguished and has some extent of duplicate, in Tembe Elephant Park and
Addo Elephant National Park the samples analyzed in this study were enough to

discuss the frequencies of haplotypes in each population .

2-2 Samples for E. maximus (Table 3)
Feces, saliva or hair samples from zoo in Japan

A collections of DNA samples of feces, saliva and/or hair root for 52
individuals of E. maximus were provided by The Japanese Association of
Zoological Gardens and Aquarium, which 35 individuals were known for the
exported country as Thailand, Malaysia, Myanmar, India or Sri Lanka, 18

individuals were unknown for the exported countries (Appendix A - 2).

Feces samples from Pinnawala Orphanage Park in Sri Lanka
A total of 30 feces samples of were collected at the Pinnawala Orphanage

Park in Sri Lanka in 1996 (Appendix A - 4) The feces samples were collected



from each individuals which were caught in the wild as orphanage elephant, and
their captured places were almost all over the Sri Lanka. Consequently, the
samples collected in Pinnawala Orphanage Park must be enough to estimate the

genetic diversity in Sri Lanka.

3. Methods
DNA extraction, amplification and sequencing of the mitochondrial control
region

DNA extraction was followed as described in part 1. A PCR product of a
part of the control region was obtained with the primer .15926. ele and Lox H1.
DNA sequences of this fragment were determined by direct sequencing with
dye primer cycle sequencing reactions using R. O. B. DNA Processor (Pharmacia)
and ALFred automatic sequencer (Pharmacia) with following the manufacture’s
protocols. To detect haplotypes 351 bp nucleotide portion from the beginning of

the control region was sequenced in all samples.

Data analysis

The sequence data were aligned by clustal V (Higgins er al. 1992) using
Alignment Editor BIORESEARCH / AE (FUJITSU LIMITED 1995). The
sequence divergence was estimated by the 2 - parameter method (Kimura 1980)
and phylogenetic tree was constructed by the neighbor-joining method (Saitou
and Nei 1987) and UPGMA (unweighted pair group method with arithmetic
mean) using Molecular Evolutionary Analysis System BIORESEARCH / SINCA



(FUJITSU LIMITED, 1995). Bootstrap analysis of DNA sequence data involved
1,000 replications. As an index for genetic diversity, haplotype diversity (4) and
nucleotide diversity (it) were used. Haplotype diversities (h) were calculated
using the formula A=n (1-X xf) / (n-1), where n is the sample size and x, is the
frequency of haplotype i (Nei and Tajima 1981). Nucleotide diversities (i)
were calculated using the formula t=n ZX-XJH,»,- / (n-1), where n is the sample
size, X, and x; is the frequency of haplotypes i and j, respectively and i, is the
nucleotide divergence between haplotype i and haplotype j (Nei and Jin 1989).
Phylogenetic network represent the evolutionary relationship between
haplotypes, indicating where each haplotypes differed in evolutionary process.
[t was constructed according to the following procedures. (1) the clusters were
set up according to the topology of the neighbor-joining tree. (2) connecting
closest haplotypes with one or two substitutions in a cluster. (3) connecting
haplotypes belonging to the same cluster forming a network for the parallel

substitutions.

4. Results

4-1. Haplotype variations

The 351 bp sequences of the control region for 213 samples of L. africana,
and 86 samples of E. maximus showed 54 variable sites, 36 and 23 variable sites
within L. africana and E. maximus, respectively (Table 4). All the substitutions
except for the position 178 were transitions, indicating the high transition bias in
mtDNA (Brown, 1985). Variable site at the position 178 contained all the four

nucleotides; A in all the haplotypes from L. africana, and C, T or G in the
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haplotypes from E. maximus. One indel (insertion or deletion) was detected at
position 8.

Among the total of 54 variable sites, the sites which completely differ
between L. africana and E. maximus were only three, position 5 (C for L.
africana and T for E. maximus), position 13 (C for L. africana and T for E.
maximus) and position 178 (A for L. africana and C, T or G for E. maximus).
While, a total of seven sites, positions 9, 100, 200, 204, 216, 264 and 300 were
variable in both species. Fourteen sites (positions 66, 67, 78, 185, 190, 201, 215,
259, 275, 323 for L. africana, and 154, 168, 220, 246 for E. maximus) were

identified only in a single haplotype.

4-1-1. Haplotype variations of L. africana

L. africana showed 36 variable sites which defined 18 haplotypes (Table
4). There were only one substitution differences between haplotypes L8 and L9,
[9 and 10, L10 and L11, L13 and L14, L15 and L17, L16 and L17, indicating
that haplotypes L8, L9 L10 and L11, and haplotypes L13, L14 L15, L16 and
L.17 were belonging to closer clusters. While, haplotype .3 was relatively isolated
from other haplotypes, located at 6 substitution differences from haplotype L1.
Haplotype L12 was also located at 7 substitution differences from haplotype

L14 and L15.

4-1-2. Haplotype variations of E. maximus
E. maximus showed 23 variable sites which defined 19 haplotypes (Table

4). There were only one substitution differences between haplotypes E3 and EA4,

S30l=



E3 and ES, E3 and E7, ES and E8, E7 and EB, E8 and E9, E8 and E10, E9 and
Ell, E10 and El11, E10 and E12, E11 and E13, E12 and E13, E17 and E18, EI8
and E20 and E20 and E21, indicating that haplotypes E3, E4, ES, E7, ES8, E9,
E10, El1, E12 and E13, and haplotypes E17, E18, E19, E20 and E21 were
belonging to closer clusters. While, haplotype E14 was relatively isolated from

other haplotypes, located at five substitution differences from haplotype E13.

4-2. Molecular phylogeny

Neighbor-joining (Fig. 2-7) and UPGMA (Fig. 2-8) trees were constructed
using the 18 haplotypes for L. africana and the 19 haplotypes for E. maximus.
Haplotypes of L. africana distinguished clearly from those of E. maximus with
high bootstrap values in the neighbor-joining (98%) and UPGMA (95%) trees.
The sequence divergence of interspecies was 0.039 - 0.084 (average 0.063) and
those within each species were 0.0029 - 0.064 (average 0.033) in L. africana
and 0.0029 - 0.048 (average 0.024) in E. maximus.

4-2-1 Molecular phylogeny for L. africana

Both neighbor-joining and UPGMA tree showed a similar topology for L.
africana. They were divided into two clusters; cluster LI consisting of haplotypes
L1 to L7, and cluster LII consisting of haplotypes L8 to L18. The sequence
divergence between the clusters LI and LII was 0.024 - 0.064 (average 0.042)
and those within each clusters were 0.006 - 0.042 (average 0.022) in cluster LI,
and 0.003 - 0.042 (average 0.021) in cluster LII. The bootstrap values of the

cluster LI are 41% and 61% in the neighbor-joining and the UPGMA tree,



respectively. The bootstrap values of the cluster LII are 64% and 56% in the
neighbor - joining and the UPGMA tree, respectively. Therefore, the clustering
of LI and LII were not significant. But all the haplotypes in the cluster LII had a
deletion at position 8.

In the cluster LI consisted of haplotypes L1 to L7. The bootstrap value of
the clade composed of haplotypes 14 to L7 was 83% in the neighbor-joining
tree. Haplotype L1 was the nearest to the hypothetical ancestral node of L.
africana and L7 was the most distant to the hypothetical ancestral node of L.
africana.

In the cluster LII consisted of haplotypes L8 to L18&, haplotype L18 was
first separated from other haplotypes in the neighbor-joining tree. The clade
composed of haplotypes L8 to L11 had a relatively high bootstrap values (89%)
in the neighbor-joining tree. So cluster LII could be divided into subcluster Llla
consisting of haplotypes L8 to L11 and subcluster LIIb consisting of haplotypes

L12to L14.

4-2-2 Molecular phylogeny for E. maximus

Both neighbor-joining and UPGMA tree showed a similar topology for
E. maximus. They were divided into two clusters; cluster EI consisting of
haplotypes El to E14, and cluster EII consisting of haplotypes E16 to E21. The
sequence divergence between the clusters EI and EII was 0.023 - 0.048 (average
0.037) and those within each clusters were 0.003 - 0.039 (average 0.014) in
cluster EI and 0.003 - 0.012 (average 0.006) in cluster EII. The bootstrap values

of the cluster EI are 65% and 79% in the neighbor-joining and the UPGMA tree,
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respectively. The bootstrap values of the cluster LII are 97% and 99% in the
neighbor-joining and the UPGMA tree, respectively, suggesting that the clustering
of EII was significant. All the haplotypes in the cluster EIl had a transversion at
position 178 which was the only transversion among L. africana and E. maximus
analyzed.

In the cluster EI which consisted of haplotypes E1-E14, the clade composed
of E1 and E2 was separated from other haplotypes with high bootstrap values of
96 replications in the neighbor-joining tree. So cluster EI could be divided into
subcluster Ela consisting of haplotypes E1 and E2, and subcluster EIb consisting
of haplotype E3 to E14

In the cluster EII consisting of haplotypes E16-E21, E16 was an outergroup

of other haplotypes in the neighbor-joining tree.

4-3. Network analysis

Network for L. africana was composed of cluster LI, Llla, LIIb and
haplotype L18 (Fig. 2-9). In the cluster LI, haplotypes L1 and L2, .4 and LS5,
and L6 and L7 differed by two substitutions from each other. Variable sites 42,
276 and 157 had parallel substitutions forming a double cubic network. Haplotype
L3 was isolated with a distance of six substitutions from haplotype L1.

The cluster LII was divided into subcluster Llla consisting of haplotypes
[8to L11, subcluster LIIb consisting of .13 to L17, and haplotype L18. All the
haplotypes within subcluster LIla were connected by one substitution. In subcluster
LIIb haplotypes L13 and 14, and haplotypes 15, 16 and 17 were also connected

by one substitution.
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Network for E. maximus was composed of cluster Ela, EIb and EII (Fig.
2-10). The cluster EI was divided into subcluster Ela consisting of haplotypes
El and E2, subcluster EIb consisting of E3 to L14. All the haplotypes except for
E3 and E14 were connected by one substitution distance. Cubic network was
formed by parallel substitution of position 156 in the first dimension, positions
167 and 147 in the second dimension, positions of 204, 327 and 269 in the third
dimension. In the cluster EII all the haplotypes were connected by one substitution

distance forming a network by positions 100 and 269.

4-4. Geographical distribution of haplotypes
4-4-1 Geographical distribution of haplotypes of L. africana (Table. 5)
Feces, saliva or hair samples from zoo in Japan

A total of 50 zoo samples were divided into three geographical categories,
S individuals from the eastern Africa, 16 individuals from South Africa and 29
individuals of countries unknown. Haplotype frequencies of the 5 individuals
from the eastern Africa were composed of one individual of haplotype L6, one
individual of L13, two individuals of 14 and one individual of L17. The 16
individuals from the South Africa made up of 7individuals of L10, three individuals
of L15 accompanied with [4, L9, L8 and L14. A total of 29 individuals of
countries unknown samples showed a similar frequency with those from the
South Africa, consisting of 7individualsof L10, 6 individuals of .14, accompanied
with L3, L4, L5, L8, L9, L12, L13, L15 and L16.

Consequently, the haplotype .10 was the most common in South Africa

(44%), and also in unknown samples (24%). The L14 was the second most
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common and found in all three geographical categories.

Ivory samples imported to Japan

Haplotypes for the four ivory samples which were imported from central
Africa were haplotype L1 for one individual from Congo, L2 for one individual
from Gabon and L7 for two individuals from Zaire. All these haplotypes were

belonged to the cluster LI.

Ivory samples from the Kruger National Park

Haplotype frequencies of the 30 ivory samples from Kruger National Park
showed that haplotype L14 was the most common reaching at 50% of the
individuals. The L10 was the second most common at 40% of the individuals.
These common haplotypes were distributed throughout the Park. Another two
haplotypes, L18 in one individual from Marelane in the south region of the park
and L9 in two individuals bred in Skukuza, were also found from the ivory
samples. All these four haplotypes belonged to the cluster LII.

The number of samples in this study were not enough considering the
area and population size in Kruger. If more samples cover a wide range of the
Park will be analyzed, there is a possibility to detect regional differences of

haplotype distribution.
Feces samples from the Kruger National Park

Haplotype frequencies of the 8 feces samples from the Kruger National

Park consisted of 7 samples with haplotype .10 and one sample with L14. Both
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.10 and L14 were also common in the ivory samples from the Kruger National
Park. All these haplotypes were placed in cluster LII.

All the feces were collected for the only fresh ones. The seven feces
samples identified as haplotype L10 were collected within 15 km on the road

from Skukuza to Malelane gate.

Feces samples from the Tembe Elephant Park

Haplotype frequencies of the 24 feces samples from the Tembe Elephant
Park were composed of 12 samples with haplotype .14 (50%), 7 samples with
L16 (29%) and 5 samples with L10 (21%). All the haplotypes from Tembe were
located at the cluster LII. Haplotypes L14 and L10 were also common in the
Kruger National Park, however L.16 was not detected from Kruger.

The haplotypes when plotted distinguishing fresh and dried feces were
distributed evenly within about 6 km of the road. There are no difference for
haplotype distributions between the feces on the road and around Mahlasela Pan
(Fig. 2-5). These feces were all composed of solitarily males, perhaps resulting

mixture of haplotypes L10, L14 and L16.

Feces samples from the Addo Elephant National Park

Haplotype frequencies of the feces samples in about 7.5 km of the road in
western half of the Addo Elephant National Park showed that 97 samples were
made up of 77 samples with haplotype L11 (79%) and 20 samples with L14
(21%). The L14 was also common in the Kruger National Park and the Tembe

Elephant Park. However L11 was unique haplotype at the Addo Elephant National
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Park, not detected from other two parks. The haplotypes L11 and L14 were
belonged to the cluster LII.

The clear difference was indicated in haplotype frequencies between fresh
and dried feces. Both haplotypes LL11 and L14 from dried feces distributed
evenly on the road and around Hapoor waterhole, however all the haplotypes
from fresh feces were composed of L11 with only one exception (L14 1in 961.X62).
Thesefeces were inferred to be produced by family groups of elephants, suggesting
that these feces came from the last herds which moved across the sampling area.

Number of the samples analyzed in Tembe and Addo is sufficient
considering the area and population size of the parks, it is expected that there is
a little possibility to find new haplotypes and big change in the haplotype

frequencies.

4-4-2 Geographical distribution of haplotypes of E. maximus (Table. 6)
Feces, saliva or hair samples from zoo in Japan

Haplotype frequencies of E. maximus from the zoo samples showed that
the 21 individuals from Thailand consisted of seven individuals with haplotype
E13 and four individuals with E20, with accompanied by haplotypes El, E2, E4,
E7, E8, E11, E14, E19 and E20. One individual from Malaysia was identified as
haplotype E1. Three individuals from Myanmar were identified as haplotypes
E7, E19 and E21. Seven individuals from India were identified as haplotypes
EA4, E13, E17 and E20. Consequently, haplotypes E4, E7, E13 and E20 were
found both in Southeast Asia and South Asia.

Geographical distribution of the haplotypes suggested that subcluster Ela
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(haplotypes E1 and E2) were composed of individuals only from Southeast
Asia, while cluster EIb (haplotypes E3 - E14) and cluster EII (haplotypes E16 -

E21) were mixed with those from Southeast Asia and South Asia.

Feces samples from Pinnawala Orphanage Park in Sri Lanka

Haplotype frequency of E. maximus from Pinnawala Orphanage Park in
Sri Lanka showed that 34 individuals were made up of 13 individuals with
haplotype E4 (38%), 10 individuals with haplotype E10 (29%), and five individuals
with haplotype E13 (15%) with accompanied by haplotypes E3, E7, ES and
E12. All these haplotypes were placed in cluster EI. Haplotype E4 was the most
common in Sri Lanka and also found in Thailand and India. While, the haplotype

E10 which was the second common in Sri Lanka was only found in Sri Lanka.

4-5 Genetic diversities

To characterize a genetic diversity of populations, both haplotype diversity
(h) and nucleotide diversity () are essential (Hartl ez al. 1996). The haplotype
diversities and nucleotide diversities within each population (Table 7) were
calculated using the samples from zoo in Japan and three national parks in
South Africa for L. africana, and the samples from zoo in Japan and Pinnawala

Orphanage Park in Sri Lanka for E. maximus .

4-5-1 Haplotype diversity (&) of L. africana and E. maximus

The haplotype diversity (4) of samples from zoo in Japan was 0.87 in L

africana and 0.91 in E. maximus, both of which were very high. At Pinnawala
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Orphanage Park in Sri Lanka, 4 = 0.76 for E. maximus, which was relatively
high because many haplotypes (n=7) were found from the Park. At Kruger
National park and Tembe Elephant Park in South Africa, # = 0.58 and 0.65 for
L. africana, respectively, which were reasonably high. The number of haplotypes
in Tembe (n=3) was lesser than in Kruger (n=4) but the haplotype diversity was
greater in Tembe thanin Kruger. Thisis because the frequencies of three haplotypes
appeared from Tembe were relatively uniformity. At Addo Elephant National
park in South Africa, 4 =0.33 for L. africana, which was very low (h=0.33)
because in Addo only two haplotypes were appeared and haplotype frequencies

were heavily biased toward L11.

4-5-2 Nucleotide diversity (;t) of L. africana and E. maximus

The nucleotide diversity (;t) of samples from zoo in Japan was 2.14 in L.
africana and 2.17 in E. maximus, both of which were very high. At Kruger
National park, Tembe Elephant Park and Addo Elephant National Park in South
Africa, t = 1.30, 1.06 and 0.88 for L. africana, respectively. Because each parks
had diverged haplotypes, the nucleotide diversities () of each park were
considerably high though the number of haplotypes were small. Even in Addo
which has only two haplotypes, the nucleotide diversities (1) was larger than
Pinnawala Orphanage Park in Sri Lanka which had seven haplotypes. Although
many haplotypes were found from Pinnawala Orphanage Park in Sri Lanka, x =
0.65, which was very low. This was because the sequence divergences of
haplotypes from Pinnawala were small and all the haplotypes from Pinnawala

were belonged to cluster EIb.



5. Discussion
5-1 Establishment of DNA analysis for the elephants

The feces samples have a drawback that complete individuality was not
known, but it is extremely useful to study the endangered species that is difficult
to encounter and acquire the adequate samples for DNA analysis. In European
brown bear the mitochondrial controlregion and nuclear SRY gene were amplified
using PCR from feces and a single hair (Kohn ez al. 1995). Also in L. africana
and E. maximus it is possible to extract and amplify the DNA using feces,
saliva, hairs and pieces of ivory. Especially in feces which is relatively fresh,
more than 1500 bp containing whole control region could be amplified even if

the feces collected in the field.

5-2. Nucleotide variations
Sequence divergence between control region and cytochrome b gene

In general, it is said that the evolutionary rate of the control region is
three to five times faster than the rest of the mitochondrial genome (Aquadro
and Greenberg 1983). For elephant species Hartl et al. (1996) determined the
335 bp nucleotide sequences of cytochrome b gene for 53 individuals of E.
maximus from Thailand, Malaysia, Burma, India and Sri Lanka. Since their
studies covers various places in Asia, it is possible to estimate the difference of
evolutionary rate between the control region and cytochrome b gene. They

found 7 variable sites in 335 bp of cytochrome b gene and determined eight
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haplotypes. The sequence divergences of these eight haplotypes were 0.003 -
0.012 with average of 0.009. The 351 bp of control region in this study exhibited
23 variable sites defining 19 haplotypes in E. maximus. The sequence divergences
of these 19 haplotypes were 0.029 - 0.048 with average of 0.024. Consequently,
the control region had about 3.3 times of variable sites and 2.8 times of average
sequence divergence, presuming that evolutionary rate of the control region is
about three times faster than cytochrome b gene in E. maximus. There are no
data of cytochrome b gene for L. africana from various places, the divergence

of the control region in this study was 0.029 - 0.064 (average 0.033) .

Sequence divergence between L. africana and E. maximus

In this study, the sequence divergences of the control region were 0.039 -
0.084 (average 0.063) between species, while 0.029 - 0.064 (average 0.033)
within L. africana and 0.029 - 0.048 (average 0.024) within E. maximus. The
divergences of interspecies were very much smaller than those within species
unexpectedly. To interpret this phenomenon it is necessary to consider the
evolutionary rate of the control region. In this study total of 37 haplotypes and
54 variable sites were found from 351 bp of the control region for L. africana
and E. maximus. But the sites which completely differ between L. africana and
E. maximus were only three.

Tiedemann er al. (1998) examined 369 bp nucleotide sequences of
cytochrome b gene for 23 individuals of L. africana from three regions, 18
individuals from northwest Namibia, 4 individuals from northeast Namibia and

one individual from Kruger National Park, in southern part of Africaand compared
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with Harlt er al. (1996). They found six and eight haplotypes from L. africana
and E. maximus, respectively. The average sequence divergence of cytochrome
b gene of interspecies was 0.082 and within each species were 0.030 in L.
africana and 0.009 in E. maximus.

Since the sampling points and range of Tiedemann er al. (1998) were
different from those of my present study, the following comparison are outlines.
The divergences of intraspecies of cytochrome b gene for each species were
smaller than those of the control region, which was reasonable because control
region has a higher evolutionary rate than cytochrome b gene. On the other hand
in interspecies the divergence of cytochrome b gene was larger than that of the
control region. This indicates that there is a possibility that the nucleotide
substitutions in 351 bp of the control region has been close to saturated between
L. africana and E. maximus. Accordingly, the divergence between L. africana
and E. maximus based on the 351 bp of the control region may be underestimated.
The 351 bp of the control region is expected that it does not suit to analysis of
phylogeny and divergence for interspecies. In the following sections, phylogenies
and divergences for populations within each species were discussed.

It is a point at issue in molecular phylogenetics in Elephantidae that
species of the extant elephants is more closely related with Mammuthus , Loxodonta
or Elephas. Yang et al. (1998), Ozawa et al. (1997) and Shoshani et al. (1998)
suggested that Elephas is more closely related to Mammuthus than Loxodonta.
On the other hand, Noro et al. (1998) suggested that Loxodonta and Mammuthus
are more closely related to each other than to Elephas. The differences of

analyzed region and data analysis in each study maybe supposed to cause this
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inconsistency. As shown in this study, the genetic variation within both L.
africana and E. maximus are large enough to be considered. Georgiadis et al.
(1994) found two exceptionally divergent clades within savanna elephant.
Tiedemann et al. (1998) also confirmed high levels of genetic variation to be
present in L. africana. To discuss the phylogeny of these three species hereafter,

it might be necessary to consider the genetic variations within species.

Psuedogenes of mtDNA in nuclear DNA

One point to notice in determining the nucleotide sequences of mtDNA
using PCR is that large fragments of mitochondrial genome sometimes transposed
to nuclear genome during the course of evolution (Lopez et al. 1994). In fact,
Greenwood and Pddbo (1998) revealed the presence of psuedogenes of the
mitochondrial control region in nuclear genome in E. maximus by sequencing
the true control region (AF071098) and four putative nuclear insertion sequences
of the control region (AF071099 - AF071102). The true control region is most
close to haplotype E10 with one substitution in position 216. The sequences of
the four putative nuclear insertion were extremely different from those of the
haplotypes presented in this study. Therefore, the haplotypes detected in this
study might be originated from true mitochondrial control region, not from

nuclear DNA.

S-3. Subspecies and population phylogeny
5-3-1. Population phylogeny for L. africana

General classification for subspecies



Generally, the subspecies of L. africana has been classified into two
major divisions, the savanna elephant division and the forest elephant division
(Laursen and Bekoff 1978). The savanna elephant differs from the forest elephant
in larger body size, sparser hair covering, triangular-shaped ears rather than
smaller round ears, gray skin rather than brown skin. The tusks of the savanna
elephant are horizontal, thick, curved which are opposed to the straight, narrow,
downward-pointing of the forest elephant (Morrison - Scott 1948). The savanna
elephant include four subspecies, L. a. africana, L. a. knochenhaueri, L. a.
orleansi and L. a. oxyotis. The forest elephant include two subspecies, L. a.
cyclotis and L. a. pharaohensis (Laursen and Bekoff 1978). Loxodonta. africana.
africanais distributed from central to southern part of Africa. L. a. knochenhaueri
is distributed in eastern part of Africa, mainly Kenya and Tanzania. L. a. cyclotis
is distributed in tropical forest from central to western part of Africa. L. a.
pharaohensis and L. a. orleansi were extinct subspecies. Another subspecies
were also recognized such as “pygmy” elephant (Morrison - Scott 1948) or

“water” elephant (Trouessart 1991). But these were not proven.

The relation between subdivision based on control region and the general
classification

In this study the haplotypes from L. africana were divided into two clusters,
LI and LII. The cluster LII was further divided into subcluster LIIa, subcluster
LIIb, and haplotype L18. The cluster LI include the samples from eastern Africa,
central Africa and South Africa. All the haplotypes from 4 ivory samples came

from central Africa belonged to cluster LI. These 4 samples were assumed to be
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forest elephant since these were so called “hard ivory” and the countries of
origin were the habitats of forest elephant. Haplotypes L1 and L2 detected in
ivory samples from eastern Africa were very close to the ancestral node of L.
africana.

The subcluster LIla was composed of only haplotypes from South Africa
at the moment. Though the representation of the samples analyzed was biased to
South Africa, there is a possibility that haplotypes in subcluster LIIa are restricted
in southern part of Africa. The haplotype L10 which was located at the center in
this subcluster in the network was the most common haplotype in Kruger National
Park, and also appeared in Tembe Elephant Park and zoo samples. Accordingly,
it 1s suggested that the haplotype L10 is an ancestral haplotype in southern part
of Africa. The subcluster LIIb was composed of haplotypes from South Africa
and Kenya / Tanzania. The haplotype L14 which was located at the center in
this subcluster in the network was found not only in three national parks in
South Africa but also in Kenya / Tanzania, suggesting that .14 was common
ancestral haplotype in evolutionary history in eastern and southern Africa.

There 1s a general agreement that L. africana is divided into two divisions,
savanna elephant and forest elephant. There is a large sequence divergence
between cluster LI and LII. Haplotypes from eastern Africa, or habitat of forest
elephant were located in cluster LI. Cluster LI also include the zoo samples
from Kenya / Tanzania and South Africa. Consequently, cluster LI is a mixture
of both the forest and savanna elephant and cluster LII is a savanna elephant
cluster if the exported countries of the zoo samples showed the true habitat of

the animals. L. africana has great mobility and high adaptability to different



environments, and there are no geographical barriers within the African continent
which interfere with the movement of the populations. Consequently, to confirm
the relationship between the two clusters based on control region in this study
(LI and LII) and two general divisions (savanna and forest elephant), further
analysis will be needed.

Georgiadis et al. (1994) examined 270 individuals of savanna elephants
using restriction enzyme method for 2,450 bp of NDS5 - 6 regions in mtDNA.
They divided the savanna elephants into two clusters. From my present data it
was also evident that savanna elephants can be divided into two groups from

mitochondrial DNA (LI and LII or LIla and LIIb).

Subclusters in South Africa

In this study, the haplotypes belonging to both subclusters (LIla and LIIb)
were found in South Africa. Tiedemann er al. (1998) also found very divergent
haplotypes of cytochrome b gene coexisted in Namibia. The coexistence of
divergent mtDNA in small area seems distinctive features of L. africana. The
sequence divergence between the haplotypes of two subclusters in this study 1s
0.021 - 0.042 (average 0.029). In mammals the coexistence of individuals bearing
such divergent haplotypes was not so common (Cronin 1990; Wayne et al.
1990).

The coexistence of distant haplotypes in South Africa might be the reason
of ecological characters of L. africana. Because L. africana has typical k-strategy
in reproduction, it is more difficult to create bush-like tree radiation as r-strategy

type of animals which have many haplotypes with a few substitution. While
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k-strategy animals has a discontinuous lineage of haplotypes with several
substitution differences. Besides, L. africana has great mobility, resulting

coexistence of haplotypes with distance in South Africa.

5-3-2. Population phylogeny for E. maximus
Genetical originality of Sri Lankan population

Though there are several ways for classification of subspeciesin E. maximus,
Sri Lankan population is always regarded as different subspecies form those of
Asian continent. In this study about 43 % of the samples of E. maximus were
from Sri Lanka and about 37 % of the samples were from Asian continent.
Considering the distribution of E. maximus, it is expected that no considerable
change would be occurred in the current level of the mitochondrial DNA variation,
because the samples were collected from wide range of habitats of E. maximus.

Five haplotypes from Sri Lanka, E3, ES, E9, E10 and El2, could be
assumed to be the original haplotypes in Sri Lanka. However, haplotypes E4, E7
and E13, which were main haplotypes in Sri Lanka, were also found in India
and Southeast Asia. Therefore, the haplotypes from Sri Lanka and Indian
subcontinent overlapped with each other, suggesting that E. m. maximus is not
clearly separated as a subspecies from E. m. indicus according to mitochondrial
control region analysis. Hartl er al. (1996) analyzed 335 bp of cytochrome b
gene for 53 individuals of E. maximus from India, Sri Lanka, Myanmar, Thailand
and Vietnam. They found E. maximus was separated into two clusters and there
was no indication of a major separation between elephant from Sri Lanka and

the Asian mainland. The present study agree with their results. This phenomenon



reflect the historical event that the Sri Lankan Island separated from the Indian
subcontinent during the Holocene sea- separation and the human impact on the
elephant genetic structure; tamed elephants were transported between the Sri
Lankan Island and the Indian subcontinent. Tiedemann et al. (1998) suggested
that the haplotypes of cytochrome b gene for E. maximus formed star like
phylogeny. Based on the control region in this study similar star like phylogeny
was found in E. maximus (Fig. 2-9). The star like phylogeny seems to be a

distinctive feature of E. maximus.

Haplotype distributions in Sri Lanka

The geographical distribution of the haplotypes in Sri Lanka shows that
haplotypes E4 and E10 are the most common and are distributed throughout the
country, suggesting that the local population of E. maximus in Sri Lanka is now
genetically homogenous. Mobility of elephants must be large enough to be
mixed together throughout the Sri Lankan Island after separation from the continent
during the Holocene sea-transgression. Another explanation is human impact on
the elephant genetic structure; tamed elephants in Sri Lanka were transported by

human, and might be mixed with wild population though time.

5-4. Genetic diversity of local populations and conservation for the elephants

Haplotype diversity (4) and nucleotide diversity (;t) are used as indices
for genetic diversity of populations. It is expected that haplotype diversity of the
population decrease after the population bottleneck because the number of the

haplotypes get fewer and haplotype frequencies is biased. The large nucleotide
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diversity means that the common ancestor of the population is more retrospective.
So, high nucleotide diversity could be indicated high haplotype diversity. Both
haplotype diversity and nucleotide diversity are high and distribution of haplotypes

is uniformity means genetically healthy condition.

Population history in South Africa

In South Africa before 1650 L. africana were in all over the country
except the interior of the land. After that the habitat and population size decreased
sharply by the human impact (Hall-Martin, 1992). At the beginning of this
century the wild population had remained in only four regions, Kruger National
Park, Tembe Elephant Park, Addo Elephant National Park and Knysna Forest. A
minimum population number was 11 at Addo Elephant National Park in 1931
(helicopter census). Though there are no accurate data in Kruger National Park
and Tembe Elephant Park, it is said that the population is nearly zero in 1903 at
Kruger National Park, and 16 individuals in 1971 at Tembe Elephant Park. It is
known that there was influx of animals from Mozambique to Kruger National
Park in 1960’s, but in other three habitats there were no immigration of the
animals from other regions. The population of Kruger, Tembe and Addo had
increased their size and in 1990 the population size was estimated to be 7278 in

Kruger, 80 in Tembe and 162 in Addo.

Bottleneck event and its effect to genetic diversity
The Asian elephant population decreased rapidly over the last 200 years

in Sri Lanka. The nucleotide diversity (1) was considerably low (0.65), because
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the sequence divergences of haplotypes from Sri Lanka was small. All the
haplotypes from Sri Lanka were belonged to the cluster EIb and settled closely
each other in phylogenetic tree and network. But the haplotype diversity (4) was
relatively high (0.76), which indicates that the population decrease in Sri Lanka
is not fatal damage from genetical perspective. Although Sri Lankan population
still maintained a reasonable genetic diversity, it may merely reflect the large
population size in ancient times. Fortunately, the genetic diversity of the elephant
in Sri Lanka may not be severely hit by the population decrease from the point
of view of the mitochondrial control region. Itisimportant to prevent the population
decrease hereafter.

On the other hand, haplotype diversity in each population in South Africa
were low (0.33 - 0.65), because the number of haplotypes was small and their
frequencies were biased. In contrast, nucleotide diversities of each population
were relatively high (0.88 - 1.30), because the sequence divergences of haplotypes
with each park were relatively large. In Kruger National Park, the number of
haplotypes were only four but the haplotypes were very diverged and scattered
in phylogenetic tree and network. Therefore haplotype diversity was low but
nucleotide diversity was two times greater than Pinnawala. This may be due to
haplotype extinction through the shrink of population size. This is the same in
Tembe and Addo, in which haplotype diversity was low, while nucleotide diversity
was high compared to the case of Pinnawala. In particular, the extent of 1t is low
in Addo which possessed only two haplotypes (Table 2-6).

Elephants from all three parks in South Africa had unique haplotypes

which were not found for other parks: L9 and L18 in Kruger National Park, L16
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in Tembe Elephant Park and L11 in Addo Elephant National Park. It is noteworthy
that there is substantial differencesin composition and frequency of the haplotypes
between the populations from such small area in South Africa. Especially, the
distance between Kruger and Tembe is about only 100 km. Before 1650, wide
area of South Africa except interior dry region was a habitat of L. africana (Fig.
2-2). So formerly the populations in Kruger, Tembe and Addo were likely to be
connected genetically. Considering the mobility of the elephants and the current
state of habitat in South Africa, it is unusual that the three parks exhibit such
differences in the genetic constitutions of haplotypes. Therefore, it is unlikely
that such haplotype variation is due to populational differentiation from the past.
It would simply reflect the random linage soaring after the recent bottleneck
events.

The elephants in three national parks in South Africa has two genetic
properties: 1) the haplotype diversity (4) in each parks was low and nucleotide
diversities (;t) was high compared to those for all the L. africana combined; 2)
they have their own haplotypes. These may imply that a large population in the
past was divided into small populations and experienced a population bottleneck

effect.

Implications for conservation in South Africa

The populations of L. africana in South Africa has increased satisfactorily
over several decades due to successful conservation plans. In Kruger, Tembe
and Addo the population sizes of L. africana are likely to reach the upper limit.

But as I mentioned above, the populations in South Africa are presumed to have
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experienced a population bottleneck in the past, resulting low level of genetic
diversity. For further conservation plans, therefor, programs should be followed
thatincrease the geneticdiversity in each of the elephant populations. For example,
it seems a valid way to transport the individuals which have unique haplotypes
to another park. It will not cause any genetical disturbance because Kruger,
Tembe and Addo populations exchanged genetic elements freely until recent
time, 100 or 200 years ago.

However, the diversity of the mtDNA and nuclear DNA are different
matter. The diversity of nuclear DNA is also important. To raise the amount of
genetic diversity in the whole genome, it is the best way to make a conservation

plan after examine the nuclear DNA.

Genetic sourcing using control region analysis

At the present time, the demand for resume to trade ivories has been
increased in southern African countries. On occasion for resume to trade ivories,
the identifications of the place of origin is important subject to prevent illegal
trade. In this study, there were haplotypes which found in particular region with
high frequency (e. g. L11 in Addo and L16 in Tembe), while widely distributed
haplotypes (e. g. L14) were also exist. There seems to be two types of haplotypes
in L. africana, local type and common type. This tendency agree with the result
of Georgiadis er al. (1996). They examined savanna elephants from ten locations
in Africa and divided into two categories, unique haplotypes restricted to Kenya,
Tarangire in Tanzania and Sengwa in Zimbabwe, common the haplotype appeared

from all the ten locations. They found two haplotypes in Kruger National Park,
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both of them appeared outside the Kruger National Park. Among four haplotypes
found in this study from Kruger National Park, major two haplotypes (L.10 and
L.14) were also found in another regions with high frequencies.

The samples analyzed in this study were mainly from South Africa. If
many samples from other regions are analyzed in the future, many more local
haplotypes will probably appear. For such local haplotypes the genetic sourcing
of the elephants will be possible using the mitochondrial control region analyzed

after some improvements as to the analyzed region.



Conclusions

1. The method of DNA analysis for the elephants using feces and ivory samples

were established.

2. The nucleotide sequences of the entire control region for L. africana and E.
maximus were determined and the distribution of variable sites in the control

region for the elephants was investigated.

3. The nucleotide sequences of 351 bp of the control region were determined for
213 samples of L. africana and 86 samples of E. maximus. Loxodonta africana
was divided into two or three groups and E. maximus was divided into two

groups based on the analysis for the control region.

4. The genetic diversities for wild elephant populations, three parks in South
Africa and one region in Sri Lanka, were examined and a unfavorable genetic

state caused by recent population bottleneck in South Africa was suggested.

5. It is expected that DNA analysis for the elephant will progress using the

method established in this study, which will be of assistance to make effective

conservation plan for the elephant.
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