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Each independently evolving segment of the genomes of a sexually reproducing organism has a separate history
reflecting part of the evolutionary history of that organism. Uniparentally or clonally inherited DNA segments
such as the mitochondrial and chloroplast genomes and the nonrecombining portion of the Y chromosome have
provided, to date, most of the known data regarding compound haplotypic variation within and among
populations. These comparatively small segments include numerous polymorphic sites and undergo little or no
recombination. Recombining autosomes, however, comprise the major repository of genetic variation. Technical
challenges and recombination have limited large-scale application of autosomal haplotypes. We have overcome
this barrier through development of a general approach to the assessment of short autosomal DNA segments.
Each such segment includes one or more single nucleotide polymorphisms (SNPs) and exactly one short tandem
repeat (STR) locus. With dramatically different mutation rates, these two types of genetic markers provide
complementary evolutionary information. We call the combination of a SNP and a STR polymorphism a
SNPSTR, and have developed a simple, rapid method for empirically determining gametic phase for double and
triple heterozygotes. Here, we illustrate the approach with two SNPSTR systems. Although even one system
provides insight into population history, the power of the approach lies in combining results from multiple
SNPSTR systems.

[Supplemental material is available online at http://www.genome.org. The following individual kindly provided
reagents, samples, or unpublished information as indicated in this paper: L. Luca Cavelli-Sforza.]

In 1996, researchers reported the global pattern of haplotype
frequency variation and linkage disequilibrium (LD) for a pair
of linked genetic markers on human chromosome 12 (Tish-
koff et al. 1996). The pattern, the authors concluded, provides
evidence in support of a common and recent African origin
for all non-African human populations. In reaching this con-
clusion, the authors took advantage of the different mutation
rates of the two linked markers. One of the markers is a rap-
idly evolving short tandem repeat (STR, or microsatellite) lo-
cus, whereas the other is a partial deletion of an ancient Alu
retroposon insertion, a unique event. That report served to
demonstrate the evolutionary information content of autoso-
mal haplotypes composed of different classes of markers.

Other research groups investigating human evolutionary
history have studied linked sets of genetic markers with very
different mutation rates on the nonrecombining portion of
the Y chromosome (NRY) (e.g., Ruiz-Linares et al. 1999; Gre-
sham et al. 2001; Nebel et al. 2001). Compound single nucleo-
tide polymorphism (SNP) and STR haplotypes on the NRY
provide powerful tools for inferring the histories of popula-
tions (de Knijff 2000). For example, estimates of the age of the
SNP have been inferred from the STR diversity of SNP-defined
monophyletic groups (clades or haplogroups) of lineages (e.g.,

Hurles et al. 1999). Conversely, each SNP provides insight
into STR diversity as the SNP defines a clade for which STR
diversity may then be interpreted free of independently
evolved, homoplastic diversity in other clades (Bosch et al.
1999; Makova et al. 2000).

Although the Y chromosome has proven highly infor-
mative, that segment of the human genome reflects only a
fraction of human history. The mitochondrial genome, al-
though also highly informative, similarly reflects only a frac-
tion of the history of a species. A more complete history re-
quires information from recombining chromosomes that
trace to many ancestors.

Evolutionary histories of individual species would be
most accurately elucidated from the combined histories of a
large number (>50) of DNA regions (Wall 2000). Within most
DNA regions short enough for recombination to be rare (on a
geographically global scale), however, few informative SNPs
exist. A second complication is that with conventional meth-
ods, empirical determination of gametic phase for double het-
erozygotes requires cloning of PCR products. The expense and
time involved limit the numbers of samples or genetic sys-
tems that may be studied to the point that population studies
based on empirical data are precluded. For these reasons, gene
histories have been inferred for a relatively small set of auto-
somal regions. One such region is MS205 (Rogers et al. 2000),
wherein 10 SNPs were identified within 2 kb of a minisatellite
array. The relatively large number of SNPs combined with
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inference of phase through typing of the linked microsatellite
made possible inference of the history of the MS205 region.
Given current estimates of the average frequency of polymor-
phism across the genome (∼1 per 1000 np), regions with these
characteristics are exceedingly rare. An alternative with wide
potential application is to consider a large number of short
DNA regions with at least two polymorphisms, one of which
is a rapidly evolving STR.

With this goal in mind, we recently undertook develop-
ment of a set of independent, compound haplotypic systems.
We chose to focus on SNPs linked tightly to STR polymor-
phisms. Such combinations of polymorphisms, which we re-
fer to as SNPSTRs (Fig. 1), satisfy the following three require-
ments: (1) close physical linkage of two or more polymor-
phisms; (2) significant difference in mutation rate between
polymorphisms; and, (3) potential for a large number of in-
dependent compound haplotypic systems.

Close Physical Linkage
The Alu and STR originally studied by Tishkoff et al. (1996) are
9.8 kb apart, and the PLAT locus (Tishkoff et al. 2000b) spans
22 kb. We have considered SNPs and STRs fewer than 400
bases apart in order to facilitate data generation. For such
tightly linked markers, we have developed a method to em-
pirically determine the homologous SNP and STR allelic states
of each individual, including gametic phase for double het-
erozygotes, using conventional fluorescent fragment analysis.
The result is an individual’s genohaplotype, in which a geno-
haplotype is one diploid individual’s pair of haplotypes at a
given SNPSTR system. The method described below enables us
to accomplish these goals rapidly and cost effectively with the
potential to be scaled up via automation. Closely linkedmark-
ers also simplify interpretation of data by minimizing the
number of parameters.

Different Mutation Rates
Each independent SNPSTR system combines a slowly evolving
polymorphic locus and a more rapidly evolving polymorphic
locus. SNPs mutate at a rate on the order of 2.0–2.5 � 10�8

mutations per nucleotide position per generation (Nachman
and Crowell 2000). Although estimates of autosomal STR mu-

tation rates vary widely on the basis of motif type
(Chakraborty et al. 1997), an effective mutation rate of
∼1.5 � 10�3 per STR per generation has been obtained for
dinucleotide repeat polymorphisms (Zhivotovsky 2001).
These different rates enable us to take advantage of the dif-
ferent time scales for which each type of marker is informa-
tive. Potentially, each SNP provides information into the his-
tory of the linked STR, and each STR provides insight into the
history of the linked SNP(s). In the context of molecular evo-
lutionary and population genetic models, we can draw infer-
ences regarding both molecular events and processes (e.g.,
mutation and recombination) and population history.

Large Number of Independent Systems
We consider a class of linked-marker systems that is large and
broadly distributed in the genomes of sexually reproducing
species. SNPs and STR polymorphisms are frequent in the ge-
nomes of many species. Numerous SNPSTR systems exist
whenever recombination decouples the histories of short
DNA regions that include SNPs and a STR polymorphism. The
independent histories of these short genetic regions can be
combined to infer population histories. For any given re-
search question, a particular number of these compound hap-
lotypic systems are required to draw a robust conclusion.

Here, we report our method for developing and screen-
ing SNPSTRs. Data obtained for two SNPSTR systems, one on
human chromosome 22 and one on human chromosome 5,
demonstrate the utility of the method and provide additional
evidence of the information content inherent in such com-
pound haplotypes.

RESULTS

Development of New SNPSTR Systems
The Protocol for development of a SNPSTR system consists of
a sequence of three steps, summarized as follows.

Step 1
Locate a STR locus and its flanking regions via GenLink
(http://mapper.wustl.edu/), GenBank (http://www.ncbi.
nlm.nih.gov/), or another database. STRs with a larger num-
ber of repeat units are more likely to be informative of evo-
lutionary history; STRs with fewer than 10 repeat units often
reveal little variation. STRs with perfect repeats (relatively
common in the human genome) are optimal as the evolution
(specifically, mutational mechanisms and rates) of imperfect
STRs is less well understood (Macaubas et al. 1997).

Step 2
Determine whether at least one SNP is present within ∼400 bp
of the STR on either or both upstream and downstream flank-
ing regions. We design PCR primers from the STR-flanking
regions available in GenBank clones. These primers are de-
signed to encompass a target from as close as possible to the
STR (within constraints of primer design) to ∼400 bp away
from the STR, for both upstream and downstream flanking
regions. The amplified flanking regions are then examined
for SNPs using a rapid, inexpensive screening method such
as denaturing high-performance liquid chromatography
(DHPLC, Oefner and Underhill 1998) or SSCP analysis (Orita
et al. 1989). The appropriate set of samples used for SNP dis-
covery (the screening set) depends on the nature of the sci-
entific questions to be addressed. To minimize ascertainment

Figure 1 Schematic of SNPSTR system depicting double heterozy-
gote autosomal genohaplotype for a diploid organism. In this ex-
ample, one homolog has a C allele at the SNP and an STR of 21 repeat
units. The other homolog has a T allele at the SNP and an STR of 23
repeat units. The C allele is amplified via PCR with an allele-specific
primer, with C at the 3� terminus, and is labeled with the fluorescent
dye 6-FAM. The T allele is amplified with an allele-specific primer, with
T at the 3� terminus, and is labeled with the fluorescent dye HEX. Both
labeled PCR products are produced with the same reverse primer “r.”
As the length of the PCR product varies depending solely upon the
repeat number of the STR, and length is determined by fluorescent
detection of electrophoretic mobility, the allelic states of the SNP and
STR, and gametic phase, are all determined simultaneously by fluo-
rescent electrophoretic fragment analysis.
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