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T

ype 2 (non-insulin-dependent) diabetes represents
a common heterogeneous group of disorders
defined by hyperglycemia and characterized by
impaired insulin release and/or sensitivity (1).
Twin (2), family (3), and transracial studies (4) have pointed
to the importance of genetic factors in the etiology of the disease but, with a few exceptions (5), type 2 diabetes is not
inherited in a simple Mendelian pattern.
Many epidemiologic studies have noted a maternal excess
in the transmission of type 2 diabetes (6–12). A major short-
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coming of these reports, however, is that they rely on the recollection of patients concerning parental disease status. Usually one or both parents have died and are not available for
direct study and, although a maternal excess is not reported
in other common disorders such as hypertension (13), it is still
possible that the observation is an artifact of some kind. A single study did attempt to perform oral glucose tolerance tests
on the parents of patients with type 2 diabetes and found no
evidence of maternal transmission (14), although it was possible to investigate both parents in only one-third of the cases
(15). If correct, the phenomenon of maternal transmission has
profound implications for the study of the genetics of type 2
diabetes (16) and would, for example, support mechanisms
such as the role of intrauterine environment or maternally
inherited genetic elements. It is now known that mitochondrial DNA (mtDNA) mutations are responsible for at least
some cases of maternally inherited diabetes (17–19).
The aim of this study was to investigate the maternal inheritance of diabetes by a technique that would overcome the
reliance on patient recall and would not require the availability
of parents. mtDNA is exclusively maternally inherited and,
unlike nuclear DNA, undergoes little if any recombination (20).
Although the majority of the mtDNA sequence is well conserved, a region near the D-loop is highly variable and subject
to regular mutation from generation to generation; thus mtDNA
successively accumulates mutations that are passed down
along the maternal line. This property of mtDNA has made it of
immense importance in forensic pathology (21) and the tracing
of racial groups (22–24). It has also been possible to postulate
an (albeit disputed) sequence of mtDNA that represents the
ancestral “Eve” from which divergence took place by the accumulation of a series of mutations in a branch-like manner (25).
Sequence analysis of a population at the D-loop allows
definition of the consensus sequence, the sequence shared by
the largest number of individuals within the population,
which is specific to certain racial groups. In European populations, the consensus sequence in the hypervariable 1
region of the D-loop is identical to the originally published
entire mtDNA sequence (the Cambridge sequence). Due to the
hypervariability of the D-loop, many subjects within a single
racial group will have differences from this consensus, and
pairwise analysis gives an indication of the amount of variability within the population. Exponential population growth
results in a Poisson distribution of pairwise differences (26),
and departures from this pattern may be used to infer details
of the nature and timing of population expansion. Some variants from the consensus sequence are relatively common
and are used to define race-specific mtDNA haplogroups.
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Several studies have suggested a maternal excess in
the transmission of type 2 (non-insulin-dependent) diabetes. However, the majority of these reports rely on
patients recalling parental disease status and hence
are open to criticism. An alternative approach is to
study mitochondrial DNA (mtDNA) lineages. The
hypervariable region 1 of the rapidly evolving noncoding section of mtDNA is suitable for investigating
maternal ancestry and has been used extensively to
study the origins of human racial groups. We have
sequenced this 347-bp section of mtDNA from leukocytes of subjects with type 2 diabetes (n = 63) and ageand race-matched nondiabetic control subjects (n =
57). Consensus sequences for the two study groups
were identical. Pairwise sequence analysis showed unimodal distribution of pairwise differences for both
groups, suggesting that both populations had undergone expansion in ancient times. The distributions
were significantly different (x2 = 180, df = 11, P <
0.001); mean pairwise differences were 4.7 and 3.8 for
the diabetic and control subjects, respectively. These
data suggest that the diabetic subjects belong to an
ancient maternal lineage that expanded before the
major expansion observed in the nondiabetic population. Phylogenetic trees constructed using maximum
parsimony, neighbor-joining, Fitch-Margolish, or maximum likelihood methods failed to show the clustering
of all (or a subset) of the diabetic subjects into one or
more distinct lineages. Diabetes 48:628–634, 1999
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RESEARCH DESIGN AND METHODS
Patient selection. Clinical data of patients attending diabetes outpatient clinics at the University Hospital of Wales, Cardiff, are routinely entered into a computerized database from which were selected at random all individuals who had
a positive family history of the disease. To concentrate our study on subjects in
whom maternal transmission might be important, subjects were recruited if
they reported an affected mother on subsequent direct inquiry. In accordance with
local ethics board approval, 10 ml venous blood was drawn from consenting
patients after the purpose of the study had been explained. All subjects (n = 63)
had type 2 diabetes, were European in origin, and had a Welsh maternal grandmother. An age- and race-matched control group (n = 57, mean age 68 years [range
40–83], all with Welsh grandmothers) was recruited from patients attending
nondiabetes clinics at the University Hospital of Wales who had no personal or
family history of diabetes.
Amplification and sequencing of mtDNA. mtDNA was extracted from
EDTA blood samples using a Nucleon DNA extraction kit (Scotlab, Glasgow,
Scotland, U.K.). A 501-bp section of the mitochondrial control region was amplified using a forward primer spanning nucleotides 15,971–15,990 and a reverse
primer spanning nucleotides 16,471–16,452. Reactions were carried out in final
volumes of 25 µl, which contained 400 ng DNA, 200 µmol/l of each dNTP, 50 ng
of each primer, 10 mmol/l Tris-HCl (pH 9.0), 50 mmol/l KCl, 0.1% Triton-X100,
1.5 mmol/l MgCl 2, and 0.625 U Taq polymerase. A total of 31 cycles—45 s at 94°C
for denaturation, 1 min at 50°C for annealing, and 3 min at 72°C for elongation—
were performed, followed by an extension step of 72°C for 10 min, using an
Omnigene thermocycler (Hybaid, Teddington, U.K.). The quality of the polymerase chain reaction (PCR) was determined by electrophoresis of 5 µl of the
reaction mixture on gels containing 2% UltraPure agarose (Life Technologies,
Paisley, U.K.) in TBE buffer. PCR products were purified using Wizard PCR Prep
kit (Promega, Southampton, U.K.). The mtDNA hypervariable region 1
sequence (16,042–16,388 nt) was determined using 30 ng DNA in an Applied
Biosystems Taq DyeDeoxy Terminator cycle sequencing reaction (PerkinElmer/Applied Biosystems Division [PE/ABI], Warrington, U.K.), containing
either the forward or reverse primer described. Electrophoresis and sequence
analyses were performed with a Model 373A Automated DNA Sequencing System (PE/ABI).
Analysis of data. Hypervariable region 1 sequences were aligned, and pairwise
sequence comparisons were made using the PILEUP and DISTANCES functions
of the Genetics Computer Group sequence analysis package. In essence, this
involves comparing the sequence from each member of the diabetic or control
group with all other members of the same group. Pairwise differences for each
group were then plotted graphically (frequency versus number of differences).
Construction of phylogenetic trees was performed using the PHYLIP package.
Both software packages are available via the HGMP Resource Centre worldwide
web site. Maximum parsimony and neighbor-joining analyses were performed
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using DNAPARS or NEIGHBOR with SEQBOOT and CONSENSE to obtain
bootstrapped data, and Fitch-Margolish analysis was achieved using FITCH. Maximum likelihood analysis (DNAML) was performed on only a subset of
sequences from both study groups, due to processor time constraints. Transition/transversion ratios were estimated by quartet puzzling (29), based on the
evolutionary model of Hasegawa et al. (30). Phylogenetic trees were rooted by
a theoretical African ancestor (25).

RESULTS

The 120 individuals yielded 81 different sequences for the
hypervariable region 1 (Fig. 1). Of these, 44 sequences were
exclusive to diabetic subjects, 31 were exclusive to control subjects, and 6 were detected in both diabetic and control subjects. The most common sequence, present in 11 diabetic and
10 control subjects, was identical to the Cambridge reference
sequence (31). This represents the consensus sequence of
both groups. The variable positions in the consensus sequences
differed between the two groups, however: 26 positions were
variable in diabetic subjects only, 19 variable in control subjects only, and 31 variable in both study groups.
It is possible to classify individuals into some of the previously defined European mtDNA haplogroups (32) by comparing the hypervariable sequence results with those of other
studies in European populations. Analysis of the current
results places a similar proportion of patients and control subjects in mtDNA haplogroups J, K, T, and I. The most common
haplogroup (H), however, is defined by the absence of an AluI
cutting site at nt 7,025 and has no unique sequences in hypervariable region 1. PCR–restriction fragment length polymorphism (RFLP) analysis of our samples (Table 1) also demonstrates that a similar proportion of diabetic subjects and control subjects fall into haplogroup H. These results support the
close racial matching of our groups.
The frequency distributions of sequence differences
between all possible pairs of individuals within each population were examined. Both diabetic and control groups
exhibited a unimodal distribution of pairwise differences
(Fig. 2), which suggests that the populations underwent an
expansion in ancient times. Theoretical analyses of pairwise
differences indicate that a population that underwent a continuous exponential expansion would result in a distribution
of pairwise differences which would conform to a Poisson distribution (26). However, distributions for both diabetic and
control groups differed significantly from Poisson (diabetic
subjects x2 = 126.61, P < 0.00001; control subjects: x2 = 49.48,
P < 0.00001), showing that neither group came from a population that expanded uniformly with time. Comparison of
the two distributions showed that they differed significantly
from each other (x2 = 180, df = 11, P < 0.0001). The statistical significance was unaffected by removing the diabetic subjects with 11, 12, and 14 pairwise differences (that is, the
right-tail outliers) from the calculations. The peak for the
control population is further to the left than that for the diabetic population: mean pairwise differences were 3.8 and 4.7
for control and diabetic subjects, respectively.
Phylogenetic trees were constructed from the sequence
data by maximum parsimony (Fig. 3), neighbor-joining, FitchMargolish, and, on a subset of the data, maximum likelihood
methods (data not shown). In all analyses, the diabetic and
control subjects were distributed equally between all the
branches of the trees, rather than the diabetic subjects (or a
subset of diabetic subjects) clustering into one or more distinct
lineages.
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The thrifty genotype hypothesis of type 2 diabetes suggests that current susceptibility to the disease is programmed
by the presence of gene variants that in ancient times provided
a survival advantage (27). It is thought that certain genetic
polymorphisms were beneficial in the hunter-gatherer environment and became established in the population only to
predispose individuals to type 2 diabetes in the modern era
of high caloric intake. Despite this widely invoked mechanism,
there is currently little firm evidence to support the hypothesis or the differential expansion of an ancestral diabetesprone population (28). Analysis of hypervariable mtDNA
sequences in patients with type 2 diabetes will provide
important information on two counts. First, if the disease is
maternally inherited, we might expect that, as a group,
affected individuals might be more closely maternally related
than the general nondiabetic population. This hypothesis can
be tested by examining consensus sequences and parsimony
trees. Second, evidence to support the thrifty genotype
hypothesis would arise from significant departures of pairwise
difference plots between subjects with and without diabetes.
In this study, we sequenced the 347-bp hypervariable
region 1 within the D-loop of mtDNA in 63 subjects with type
2 diabetes and 57 race-matched control subjects. The resultant data were analyzed by consensus sequence generation,
pairwise difference, and phylogenetic analysis.
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FIG. 1. Polymorphic sites in the hypervariable region 1 of the mitochondrial control sequence, shown as differences from the Cambridge (consensus) sequence (32). Nomenclature is in accordance with this sequence; dots (.) indicate homology with the reference sequence and variations are indicated by the base change and the number of diabetic and control samples found to harbor the polymorphism.

DISCUSSION

The results of this study confirm the highly polymorphic
nature of the hypervariable region of mtDNA in the Welsh
population. As expected, the most common sequence in both
patients with diabetes and control subjects was identical to the
630

Cambridge reference sequence. Fifty-two patients with diabetes
and 47 control subjects had sequences that varied at one or
more positions from this reference sequence, but because the
consensus sequences for both groups were identical, it is
unlikely that a single mtDNA variant in the hypervariable
DIABETES, VOL. 48, MARCH 1999
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FIG. 1 continued.

region is associated with development of the disease.
Although the variable positions in the consensus sequences
were different in the two groups, there is no evidence that
variation at one particular site is statistically more common in
patients with diabetes.
Pairwise differences did not conform to a Poisson distribution in either the diabetic or control subjects. This implies
DIABETES, VOL. 48, MARCH 1999

that the ancestral populations did not expand uniformly with
time. Such a phenomenon has been reported in other control
racial groups and implies that the environmental and biological factors involved in establishing population fertility
and survival have varied throughout history.
The key observation is that the group of patients with diabetes had a wider distribution of pairwise differences com631
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TABLE 1
Mitochondrial DNA haplogroup distributions in diabetic patients
and control subjects
Haplogroup
H
U
K
T
J
I
X

Diabetic patients

Control subjects

29 (47)
18 (29)
5 (8)
4 (6)
4 (6)
1 (2)
2 (3)

26 (46)
14 (25)
4 (7)
4 (7)
3 (5)
1 (2)
1 (2)

pared with the nondiabetic population, as indicated by the
large statistically significant difference between the resultant
pairwise distributions. The studies of Rogers and Harpending
(33) suggest that mean pairwise differences increase in number with increasing antiquity of population expansion, since
there is more time to develop and fix polymorphisms within
the mitochondrial D-loop. Our data therefore suggest that the
diabetic subjects belong to a population that underwent
expansion earlier in history than the nondiabetic population.
In this scenario, we would hypothesize that in ancestral times,
a population had enough advantage to expand rapidly, and the
offspring of that population are now predisposed to develop
type 2 diabetes. In a later period, there was a more rapid
expansion of a group whose descendants are now found
within the Welsh nondiabetic community.
Our data, for the first time, provide support for the separate
expansion of a population destined to develop diabetes in the
modern era. This would support the contentions of the thrifty
genotype hypothesis, but we cannot speculate regarding the
timing of this population growth on the basis of data from a
single racial group. The higher mean pairwise differences in
the diabetic population compared with the control subjects
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