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USES OF STATISTICAL PARSIMONY IN HIV ANALYSES

BY KEITH A. CRANDALL

Brigham Young University

Molecular phylogenies have become powerful tools in human epidemiologi-
cal studies. Because the phylogeny represents the historical relationship of genes
through time, it plays an important role in the elucidation of both historical
patterns and processes at work on the gene region of interest, and therefore, on
the disease associated with that gene region. However, phylogenetically based
analyses are only as good as the phylogenies upon which they are based. Two
common problems result from the application of phylogenetic techniques to the
population genetic level; 1) lack of resolution due to the short divergence times
of a population study, and 2) incorrect inference due to the comparison of non-
homologous sequence regions resulting from recombination. A population based
method for reconstructing historical relationships among gene sequences is sta-
tistical parsimony. In this paper, I outline the limitations of traditional methods,
outline the advantages and demonstrated superiority of statistical parsimony
when divergences among sequences are low. Finally, I demonstrate the multiple
applications of this estimation procedure to problems relating to human immun-
odeficiency virus evolution.

1. Introduction. Recent advances in population genetic theory, especially
coalescence theory (Ewens 1990; Hudson 1990; Donnelly and Tavaré 1995), cou-
pled with an expansion of molecular techniques, have allowed detailed phylo-
genetic information at the population level. Such genealogical relationships are
termed gene trees, allele trees, or haplotype trees, in which different haplotypes
or alleles are merely unique nucleotide sequences for a specific region of DNA
(loosely termed a gene). With these advances, phylogenetic approaches have
proven powerful in studying problems in population genetics and human epi-
demiology. For example, researchers have utilized phylogenies to explore the
origin and spread of retroviruses such as HIV-1, HIV-2 and SIV through a pop-
ulation (Hirsch et al. 1989; Gojobori et al. 1990) and to identify transmission
events among individuals and between species (Ou et al. 1992; Holmes et al.
1993; Crandall 1995; Sharp et al. 1996). Phylogenetic studies have also been used
to examine the population dynamics of viral infections and the associations of
host/pathogen (Harvey and Nee 1994; Holmes and Garnett 1994). Phylogenies
have played a central role in longitudinal studies examining the diversification
of HIV through time (Kuiken et al. 1993; Strunnikova et al. 1995) and how this
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nucleotide diversity is associated with compartmentalization within the body
(Epstein et al. 1991; Ait-Khaled et al. 1995; Kuiken et al. 1995; Strunnikova
et al. 1995) and related to gene function (McNearney et al. 1995). Finally,
phylogenetic analyses have played a central role in the classification of HIV
sequences. Primate lentiviruses have been classified into five distinct lineages,
with the HIV-1’s representing one of these major lineages. The diversity within
this group of HIV-1 sequences has been further subdivided into distinct sub-
types (A-G) which represent phylogenetically distinct lineages (Sharp et al.
1994). Clearly then, phylogenetic analyses play a central role in the study of
HIV infection, transmission, and diversification.

While there are many examples of the utility of a phylogenetic approach
to studies in human epidemiology, all these studies rely on an accurate esti-
mate of phylogenetic relationships. However, traditional methods for estimat-
ing phylogenetic relationships (e.g., maximum parsimony, maximum likelihood,
and neighbor-joining) have severe limitations at the population genetic level.
In this paper, I will; 1) outline the difficulties associated with these traditional
methods, 2) present a phylogeny reconstruction method developed specifically
to account for these difficulties, and 3) demonstrate the utility of this method
to studies of HIV diversity.

2. Statistical parsimony: a new method for HIV phylogenetic anal-
yses. Molecular phylogenies have become powerful tools in human epidemio-
logical studies. Because the phylogeny represents (hopefully) the historical re-
lationship of genes through time, it plays an important role in the elucidation
of both historical patterns and processes at work on the gene region of interest,
and therefore, on the disease associated with that gene region. When genes are
surveyed for variation at the population genetic level, phylogenetic inference
can also elucidate current processes affecting the population dynamics of these
sequences. The examples cited in the introduction support the utility of phylo-
genetic analyses in human epidemiology. However, phylogeny based analyses are
only as good as the phylogenies upon which they are based. Two common prob-
lems result from the application of phylogenetic techniques to the population
genetic level; 1) lack of resolution due to the short divergence times of a popula-
tion study, and 2) incorrect inference due to the comparison of nonhomologous
sequence regions resulting from recombination. A population based method for
reconstructing historical relationships among gene sequences is statistical par-
simony. This population-based approach takes into account these phenomena
that violate assumptions of traditional methods. In this section, I outline the
limitations of traditional methods, outline the advantages and demonstrated
superiority of statistical parsimony when divergences are low. In the following
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sections, I then outline the method and demonstrate its application to a number
of problems in HIV research.

2.1. Limitations of traditional phylogenetic approaches. Inferences from phy-
logenetic analyses are only as good as the phylogenies upon which they are
based. Phylogenetic analyses of HIV sequences rely on methods developed for
systematic biology and therefore are subject to the biases associated with such
studies. Traditional methods of phylogeny reconstruction were developed to es-
timate relationships of higher taxonomic groups, e.g., species, genera, families,
etc. Consequently, these methods make at least two major assumptions that are
invalid at the population genetic level (Crandall et al. 1994). First, species trees
are traditionally regarded as strictly bifurcating. However, in populations, most
haplotypes in the gene pool exist as sets of multiple, identical copies because
of past DNA replication. In haplotype trees, each gene lineage of the identical
copies of a single haplotype is at risk for independent mutation. Consequently,
coalescence theory predicts that a single ancestral haplotype will often give
rise to multiple descendant haplotypes, thereby yielding a haplotype tree with
multifurcations. Second, gene regions examined in populations can undergo re-
combination. Traditional methods assume recombination does not occur in the
region under examination. Furthermore, recombination is an additional reason
why the assumption of a strictly bifurcating tree topology is likely to be violated.

Additional differences exist between gene trees at the population level and
higher taxa divergences (Pamilo and Nei 1988). Populations typically have lower
levels of variation over a given gene region relative to higher taxonomic levels,
resulting in fewer characters for phylogenetic analyses. Huelsenbeck and Hillis
(1993) have shown that interspecific methods for phylogeny reconstruction per-
form poorly when few characters are available for analysis. Another difference
concerns the treatment of ancestral types. In populations, when one copy of
a haplotype in the gene pool mutates to form a new haplotype, it would be
extremely unlikely for all the identical copies of the ancestral haplotype to also
mutate. Thus as mutations occur to create new haplotypes, they rarely result in
the extinction of the ancestral haplotype. The ancestral haplotypes are thereby
expected to persist in the population. Indeed, coalescence theory predicts that
the most common haplotypes in a gene pool will tend to be the oldest (Watter-
son and Guess 1977; Donnelly and Tavaré 1986), and most of these old haplo-
types will be interior nodes of the haplotype tree (Crandall and Templeton 1993;
Castelloe and Templeton 1994). Thus, a method for reconstructing genealogical
relationships is needed that takes into account these population genetic phe-
nomena, e.g., statistical parsimony. There are three distinct advantages to this
method over traditional methods of phylogeny reconstruction: 1) it has its sta-
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tistical power when sequence divergences are low making it complementary to
traditional techniques, 2) it offers a quantitative assessment of alternative tree
topologies within the 95% confidence set, and 3) it can be applied to sequences
that have resulted from recombination and account for recombination in the re-
construction of genealogical relationships. The next section describes how these
advantages are realized.

2.2. Estimating intraspecific gene genealogies - Statistical Parsimony. Tem-
pleton, Crandall and Sing (1992) have developed a method to estimate within-
species gene genealogies based on the probability of multiple mutations at a
specific site exhibiting a difference between a pair of haplotypes. This statistical
parsimony method is compatible with either nucleotide sequence or restriction
site data. The method sets a statistical criterion for the limits of the parsimony
assumption; that is, the probability that a nucleotide difference between a spe-
cific pair of sequences is due to a single substitution (the parsimonious state)
and not the result of multiple substitutions at a single site (the nonparsimo-
nious state) (Templeton et al. 1992). Thus, I use the term parsimony to refer to
the minimum number of differences separating two individual sequences rather
than a global minimum tree length based on shared derived characters. Hudson
(1989) described the probability that a restriction site difference between two
randomly drawn individuals from a population is due to a single mutation to

be
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where r is the length of the recognition sequence of the restriction enzyme in
nucleotides, n is the number of individuals in the entire sample, and 6 = 4N u
where N, is the inbreeding effective population size and y is the per nucleotide
mutation rate. Thus H provides a probability of multiple hits at a given re-
striction site (or nucleotide when r = 1) or, alternatively, a probability that our
data follow the infinite sites model. Intuitively, we would like this probability to
change depending upon the number of restriction sites (or nucleotides) sampled,
i.e., for a pair of sequences differing by one site but sharing only ten sites the
probability of that event being due to a single mutation would be lower than
if a pair differed by a single site but shared 100 sites. Using the restriction site
model of evolution described by Templeton et al. (1992), we can calculate the
total probability that two haplotypes differ at j sites and share the presence of
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m sites to be L(j,m), i.e.

22) ar o (1-2) (- ) (- - 2])

where ¢; is the probability of a nucleotide change within a block of r nucleotides
in the two haplotypes since their respective lineages diverged and b is a param-
eter to incorporate mutational bias (i.e., b = 3 if there are three alternative
states for a nucleotide to change to and 2 or 1 if there is some bias in the
substitutional pattern for a given region of DNA such that nucleotide substi-
tutions are restricted to 2 or 1 alternative states). Again, L, like H, is giving
us the probability of multiple mutational events at those sites differing between
a pair of sequences, i.e., we are assigning a probability of the data fitting an
infinite sites model. Only, now, we are conditioning that probability on the num-
ber of shared sites between two haplotypes. A number of statistical techniques
are available to evaluate this expression. Maximum likelihood appears to have
boundary value problems at one of the most important evaluations, when 7 = 1;
i.e. when two haplotypes differ by a single site. Here the maximum likelihood
estimator of ¢; occurs on the boundary condition of 0; i.e., equation (2) reaches
its maximum value of 1 when ¢; = 0 regardless of the value of m. Therefore
the maximum likelihood estimator would always justify the use of parsimony
for haplotypes separated by a single difference, despite the results from Hudson
(1989) suggesting this might not be the case and empirical results suggesting the
same (Crandall et al. 1994). Furthermore, this approach does not support our
intuition about the probability adjusting to the number of sites sampled, since
the maximum likelihood estimator would always justify sequences differing by
a single nucleotide regardless of the number of shared sites.

Instead, we can consider equation (2) as a posterior probability distribution
of the data given ¢; and estimate ¢; through a Baysian analysis. Assuming a
uniform prior on ¢;, the Pitman estimator of ¢; is

(2:3) 5 = o ailGm)da
fol L(]a m)dql

When 5 > 1 (i.e., there are more than a single difference between haplotypes),
deviations from parsimony can occur at other sites in addition to ¢;. We can
then estimate ¢, by replacing j with 7 — 1 in equation (2). Likewise, we can
perform this calculation iteratively to obtain a set of estimators {q,...,q,}.
Then P;, the probability that two haplotypes differing by j sites but sharing m
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sites have a parsimonious relationship, can be estimated by

(2.4) Py =10 - ).

=1

With this estimator, the probability that a nucleotide difference between two
haplotypes is due to one and only one substitution increases as the number
of shared sites between sequences increases. This procedure estimates a set
of probable relationships between haplotypes whose cumulative probability is
> 0.95.

After the connection of haplotypes at a given mutational distance, the net-
work of haplotypes established is inspected for evidence of recombination. Re-
combination can create homoplasies; these are changes introduced in two di-
verged sequences that are the same, even though the evolution along these
lineages was independent (Swofford et al. 1996). Recombination is inferred un-
der two sets of conditions; 1) if two or more homoplasies can be resolved by
the inference of a recombination event, or 2) if a single homoplasy involves a
mutation of the type that is assumed to evolve in a completely parsimonious
fashion, e.g. insertion/deletion events (for examples, see Templeton et al. 1992).
The impact of recombination upon the remainder of the analysis depends upon
the size of the inferred recombinational region. If only a small number of obser-
vations are associated with the recombinational haplotype(s), we simply exclude
the recombinants from the analysis. If a large proportion of the data is excluded
by this step or recombination appears to be extensive in the region as a whole,
we subdivide the region using the ‘approximate’ algorithm given in Hein (1990;
1993). An independent analysis is then performed on each subregion in turn.

The model underlying statistical parsimony assumes independence of sites
and allows for biases in substitutional patterns of nucleotide changes (Temple-
ton et al. 1992). The allowance for different mutational biases between each pair
of haplotypes being examined results in a lack of a requirement that the muta-
tions be identically distributed; a typical assumption for many reconstruction
algorithms. Likewise, the testing for multiple substitutions between a pair of
haplotypes assures (at a 95% confidence level) that the infinite alleles model
(no site will experience multiple mutations) is not violated by the established
relationships. This is important when utilizing results from coalescence theory
to refine cladogram probabilities and assign outgroup probabilities (Crandall
and Templeton 1993; Castelloe and Templeton 1994; Crandall et al. 1994).

The power of the statistical parsimony procedure is achieved by incorporat-
ing the number of shared sites in calculating the probability of multiple mu-
tations at nucleotide positions that differ between a given pair of haplotypes.



192 K. A. CRANDALL

Therefore the fewer differences (more shared sites) between a pair of haplo-
types, the greater the probability that those few nucleotide substitutions are
due only to a single mutational event. This estimation procedure has demon-
strated statistical power when reconstructing gene trees and greatly outperforms
maximum parsimony when the number of nucleotide substitutions is small and
the number of shared positions is large (Crandall 1994), as is the case with many
population level sequence data sets. Thus statistical parsimony takes into ac-
count the population level phenomena (low levels of divergence, recombination,
multifurcations) that violate the assumptions of many traditional estimation
procedures, thereby providing a better estimate of genealogical relationships.

It is important to note, when comparing this method to standard tree recon-
struction methods, that this method is assessing confidence in connections in a
pairwise fashion. This is similar to the bootstrap in that the bootstrap does not
give an indication of the confidence in the overall tree topology, but rather in
various nodes estimated by the phylogeny reconstruction method (Felsenstein
1985). Standard methods typically do provide some measure of overall fit of
a tree (e.g., the likelihood score for a maximum likelihood tree or the number
of steps in a parsimony tree). At this point, we have not developed a score to
assess overall tree topology. In fact, one of the advantages of this method is that
it ignores homoplasy associated with fitting characters to the entire tree and
concentrates instead on minimum pairwise connections.

2.3. The general problem of recombination. A fundamental assumption to
traditional methods of phylogeny reconstruction is that the set of aligned se-
quences from which the phylogeny is estimated are homologous, i.e. are similar
due to shared ancestry (Hillis 1994). Recombination, which is rarely tested for,
results in a direct violation of this assumption. Therefore, recombination in a
gene region can cause incorrect phylogenetic inference (Sanderson and Doyle
1992), compromising the power of the phylogenetic approach in epidemiological
and population genetic studies. This is true not only for the statistical parsi-
mony method presented here, but for all phylogenetic approaches. Studies in
human epidemiology are typically associated with DNA segments that have the
possibility of having undergone recombination (McClure 1991). In those few
studies that have explored the possibility of recombination, it has been found
to have a significant impact on our understanding of the history of gene ge-
nealogies and arguments based on these phylogenies (Robertson et al. 1995a,
b). Recombination is also an important force in generating genetic diversity
within a population. Effects of recombination in HIV sequences have recently
been an important consideration in vaccine development (Cammack et al. 1988)
and the evolution of drug resistance (Kellam and Larder 1995). Recombination
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is also of great utility in quantitative trait loci studies as it narrows the search
region of an associated phenotypic effect (Templeton et al. 1992; Templeton and
Sing 1993; Crandall 1996a). Thus the ability to accurately detect recombination
in a set of aligned sequences is of utmost importance in phylogenetic studies.

A number of statistical techniques have been developed to test for the occur-
rence of recombination within a given gene region and to determine the bounds
of the recombinational event (reviewed in Crandall and Templeton 1999). Few
phylogeny reconstruction techniques, one of which is the statistical parsimony
procedure (Templeton et al. 1992), have been developed that take into account
the possibility of recombination. These techniques differ in their criteria for de-
termining whether or not recombination has occurred and very little is known
about the relative performance of these techniques. However, they share the
same algorithm for reconstructing histories given the detection of recombina-
tion.

2.4. Detecting recombination using statistical parstimony. Recombination is
inferred if homoplasies are indicated involving either mutational classes regarded
as completely parsimonious (e.g., indels) or if the inference of recombination can
resolve two or more homoplasies involving restriction sites or nucleotides. These
criteria were suggested and first used by Aquadro et al. (1986) in their study of
the alcohol dehydrogenase gene region in Drosophila melanogaster. Homoplasies
are identified by comparing the network with a phylogeny resulting from a stan-
dard maximum parsimony analysis using a program such as PAUP (Swofford
1993). If recombination is indicated, the impact on the analysis depends on the
size of the recombinational unit. If the inferred recombination event encom-
passes a single haplotype or small region, the haplotype is excluded in subse-
quent steps. If the inferred region is large and encompasses many haplotypes,
the region is subdivided into smaller regions with no evidence of recombination.
Then separate networks are united by examining the cumulative probability of
parsimony for haplotypes that differ by 7 or 7+ 1 mutational steps (equation [9];
Templeton, et al. 1992). If justified, networks are then joined by these minimal
connections.

The recombinational criteria have been augmented recently to include an
additional test to identify recombination among closely related nucleotide se-
quences (Crandall and Templeton 1999). The major improvement is a second
test for recombination once a candidate for recombination is identified using the
multiple homoplasy criterion. The second test looks for statistically significant
runs of substitutions within the set of homoplasious characters. The underlying
assumption is that if recombination has occurred, the substitutional pattern will
reflect the recombination event by an arrangement such that all the substitu-
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tions from one parent will come either before or after all the substitutions from
the other parent. In general, suppose we have o mutations on one branch and (3
on the other branch leading to the potential recombinant. We then order them
into the a smallest and 3 largest by nucleotide site number. A perfect match
for recombination would have all o smallest on one branch, and all o largest on
the other. The probability of getting x successes in this case (i.e. the number
of low site mutations on the low site branch) is given by the hypergeometric
distribution:

(2)(a2s)
K a—K
(2.5) Prob (k successes) =

a+

a

When k < a, you need to take the sum of the above probabilities from « equals
the observed & to a to get the appropriate tail probability. We can therefore ask
if nucleotide substitutions are ordered as expected in the case of recombination

using this equation. This is done for those haplotypes involved in homoplasious
connections.

2.5. Accuracy of statistical parsimony. While there are many applications of
the statistical parsimony method (see below), the results of these applications
are only as good as the method itself. Hillis (1995) has reviewed the four main
approaches to exploring the accuracy of phylogeny reconstruction methods; evo-
lutionary simulations (Huelsenbeck 1995), known (observed) phylogenies (Hillis
et al. 1992), statistical evaluation (Li and Zharkikh 1995), and congruence stud-
ies (Miyamoto and Fitch 1995). Congruence tests are inapplicable for our pur-
poses since the statistical parsimony method constructs gene trees, not species
trees. Our method does provide a statistical evaluation of each connection es-
tablished; however, this evaluation depends upon the model employed by the
method. Thus evolutionary simulations and known phylogenies are the two re-
maining methods to explore the accuracy of the statistical parsimony method.
Because this method is designed specifically for phylogenies with low levels of
divergence (typically within species phylogenies), assessments cannot be made
using “well-supported” phylogenies (Allard and Miyamoto 1992). An additional
problem with the “well-supported” phylogeny approach is that it confounds re-
peatability and accuracy, where repeatability is the probability that a given
result will be found again using an alternative reconstruction method or data
set and accuracy is the probability that a given result represents the true phy-
logeny (Hillis and Bull 1993). Recently, the laboratory of Hillis and Bull (White
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et al. 1991; Hillis et al. 1992; Bull et al. 1993) introduced an experimental sys-
tem in which they generated known phylogenies of the bacteriophage T7. These
phylogenies can be used to test alternative phylogeny reconstruction techniques
under a variety of evolutionary circumstances. With these data, repeatability
and accuracy can be partitioned in an analysis of reconstruction techniques.

I have tested the accuracy of the statistical parsimony method using the
restriction site data generated by Hillis et al. (1992). To simulate the conditions
under which the statistical parsimony method is advertised to perform, i.e.
low levels of divergence, we subsampled 16 restriction sites of the 199 variable
restriction sites surveyed. I then established relationships based on these sites
using both the statistical parsimony method and maximum parsimony. The
number of connections between haplotypes was then tallied as well as whether
or not the established connection was correct. The results showed that the
statistical parsimony performs very near the stated confidence level, i.e. the
95% confidence set of connections established were indeed correct 94% of the
time (Crandall 1994). Furthermore, the results showed the statistical parsimony
greatly outperforms maximum parsimony in the number of correct connections
(Crandall 1994). For example, the percentage of connections inferred correctly
for those haplotypes that differed by one or two nucleotides were 91% and
99%, respectively, with statistical parsimony. On the contrary, with maximum
parsimony only 23% and 38% of the connections were inferred correctly. This
direct comparison using a known phylogeny demonstrated the superiority of the
statistical parsimony method in the accurate reconstruction of evolution history.

Obviously, it would be of interest to test our method with additional data
from known phylogenies. We are currently pursuing this area of research through
the use of computer simulated data sets. Using computer simulation, we can gen-
erate known genealogies under a variety of conditions and test the robustness
of this method to violations of its assumptions. Additionally, we can incorpo-
rate recombination into the genealogy in different topological locations and at
different frequencies to test the methods ability to detect recombination and
accurately reconstruct the true genealogy. This work is ongoing in my lab at
the moment.

2.6. Nested statistical analyses. Templeton et al. (1987) and Templeton and
Sing (1993) have developed statistical procedures for detecting significant asso-
ciations between phenotype and genotype within a cladogram framework. Their
procedures utilize the cladogram structure from the above estimation procedure
to define a nested statistical design, thereby allowing the clustering of individ-
uals based on genotype rather than phenotype. The statistical analysis allows
ambiguity in the cladogram estimation and is compatible with either quantita-
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F1G. 1. A demonstration of the nesting procedure for nucleotide sequence data. H1 through H6 repre-
sent the haplotypes under consideration. Lines indicate the mutational pathway interconnecting the siz
haplotypes with zeros representing missing intermediates. Boxes indicate nesting clades labeled with
two numbers in bold and italics. The first number indicates the nesting level and the second is a counter
of the clades at that level. Thus, for example, clade 2 — 1 is the first clade formed at the second nesting
level. Increasing nesting level corresponds to relatively increasing evolutionary time.

tive or categorical phenotypes.

The nesting procedure consists of nesting n-step clades within (n + 1)-step
clades, where n refers to the number of transitional steps used to define the
clade. Thus, n is correlated with, but does not refer to, the number of nucleotide
differences separating individual haplotypes. By definition, each haplotype is a
0-step clade. The (n+1)-step clades are formed by the union of all n-step clades
that can be joined together by (n + 1) mutational steps. The nesting procedure
begins with tip clades, i.e., those clades with a single mutational connection
(e.g., haplotypes H1, H5, and H6 in Figure 1), and proceeds to interior clades.
In previous analyses based on restriction site data, missing intermediates were

ignored in the nesting procedure as they were inconsequential to these analyses.
 However, with nucleotide sequence data, there are many more missing inter-
mediates because haplotypes are typically differentiated by more than a single
nucleotide difference. These missing intermediates must be considered in the
nesting procedure to assure overall consistency. Because these missing interme-
diates become nested together, the nesting procedure results in a number of
empty clades, i.e., two missing intermediates are nested together resulting in a
next level clade that represents a missing intermediate as well (see zeros nested
together in Figure 1). These next level empty clades are required for the consis-
tency of the nesting procedure to form higher level clades, but can be ignored
during subsequent statistical analyses since they contain no observations.

Figure 1 offers an example of the nesting procedure performed with all the
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missing intermediates designated by zeros. The 1-step nesting level produces
eight clades of which five contain sampled haplotypes. Thus these five clades
are labeled 1-1 through 1-5, where the first number refers to nesting level and
the second is a counter for clades containing sampled haplotypes that have been
nested at that level. Notice one clade contains three missing intermediates. Af-
ter nesting in from the H5 and H6 tips, the first missing intermediate to the
right of H4 can either nest with the H3-H4 clade or with the clade of missing in-
termediates to its right. This situation has been termed symmetrically stranded
(Templeton and Sing 1993). The placement of the stranded haplotype is initially
based on sample size, i.e., it is placed in the clade with the smallest sample size.
This results in greater samples within and among clades for hypothesis testing.
Therefore, in this example, the missing intermediate is nesting with the other
missing intermediates. If both alternatives have the same sample sizes, then one
alternative is chosen at random (Templeton and Sing 1993). Now, the 2-step
nesting begins with the underlying 1-step clades as the “haplotypes”, result-
ing in four 2-step clades. Nesting continues until the step before all haplotypes
are nested into a single clade. Additional rules for nesting with ambiguity are
given in Templeton and Sing (1993). The nesting procedure results in hierar-
chical clades with nesting level directly correlated to evolutionary time, i.e., the
lower the nesting level the more recent the evolutionary events relative to higher
nesting levels.

3. Applications of the statistical parsimony method to studies of
HIV. Statistical parsimony is being used more and more in studies of HIV se-
quence analysis because of the favorable properties described above for studying
sequence variation from closely related sequences. Because the HIV virus has
a high mutation rate, sequences from different individuals are often too far di-
verged for analysis with statistical parsimony. However, this technique is well
suited for analyzing sequence variation in HIV isolates from a single patient.
Below are a number of examples of such analyses with HIV sequences.

3.1. HIV transmission. The statistical parsimony procedure and associated
nested analysis has been used successfully in a number of HIV related studies.
One such example is that of the Florida Dentist transmission case. DeBry et al.
(1993) reexamined the conclusion reached by Ou et al. (1992) that a Florida
dentist infected five of his eight HIV-1 seropositive patients using an alternative
model of evolution and additional controls. They criticized the original analy-
sis for using an inappropriate model of evolution (and phylogeny reconstruction
technique) and inadequate sampling of local controls. The original analysis used
a parsimony optimality criterion with equal weighting of character changes (Ou
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et al. 1992). DeBry et al. (1993) argued that because there appears to be rate
heterogeneity in substitutions across nucleotide positions, a method should be
used that takes rate heterogenetiy into account. They used threshold parsimony
to accomplish this. The phylogenetic analysis by DeBry et al. (1993) indicated
no resolution between the null hypothesis of independent acquisition of the
HIV-1 virus versus the alternative of infection via the Florida dentist. The nu-
cleotide sequences in this data set violate the assumptions of the phylogeny
reconstruction methods used by both these groups. I reanalyzed the HIV se-
quences of Ou et al. (1992) with the addition of new sequences from DeBry
et al. (1993) using the statistical parsimony procedure, whose assumptions are
not violated by the data (Crandall 1995). The resulting cladogram indicated sta-
tistical support for the ‘dental clade’ as originally concluded by Ou et al. (1992)
(Fig. 2). Furthermore, a nested statistical analysis gives further support for the
‘dental clade’ (Crandall 1995). This was the only analysis of these data that
included the entire data set. Other analyses have only used partial sequence
data because the traditional techniques being used give no resolution for the
closely related multiple samples within individuals. The lack of resolution by
DeBry et al. (1993) was a result of using a weak analytical procedure, not a
shortcoming of the data itself. Thus the statistical parsimony method provided
a superior analytical framework relative to previous analyses for a number of
reasons; 1) linkages could be made with greater statistical support due to the
superior statistical power of the statistical parsimony procedure relative to ei-
ther maximum parsimony used by Ou et al. (1992) or threshold parsimony used
by DeBry et al. (1993), 2) population level phenomena such as multifurcations,
interconnections among sequences, and ancestral sequences remaining in the
population were more accurately represented in the resulting network than in
the bifurcating trees from previous analyses, 3) recombination was tested for
and not discovered, as opposed to previous analyses which assumed it did not
exist, 4) for the first time, all the sequences relevant to the hypotheses of trans-
mission were analyzed (i.e. the statistical parsimony method can accommodate
all sequences, even those that were closely related and therefore ignored by the
previous analyses, and 5) the method provided a powerful framework within
which I tested hypotheses of transmission to the dental patients in contrast
to previous analyses which did not set up an appropriate hypothesis testing
framework (Hillis and Huelsenbeck 1994).

Another example where I have used the statistical pa/v:{imony method to
investigate the occurrence of viral transmissions is that of primate T-cell lym-
photropic virus type 1 (PTLV-1) (Crandall 1996b). Unlike HIV-1 sequences,
PTLVs have relatively low levels of divergences even among host species of pri-
mates. Because of the low level of divergence, traditional phylogeny reconstruc-
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tion techniques have not been able to resolve relationships with statistical con-
fidence. Various research groups have presented point estimates of phylogenetic
relationships that are suggestive of cross-species transmission of PTLVs among
various primate species. However, when bootstrapping procedures (Felsenstein
1985; Hillis and Bull 1993; Zharkikh and Li 1995) are applied to test the re-
liability of this result, no conclusions can be drawn as nodes uniting PTLVs
from different host species are not well supported (Saksena et al. 1993; Ko-
ralnik et al. 1994). Using the statistical parsimony method, greater resolution
was achieved in establishing phylogenetic relationships among viral sequences.
Additionally, because of the hypothesis testing framework associated with this
method, hypotheses of cross-species transmission could be appropriately tested.
We showed that a range of 11 to 16 cross-species transmissions have occurred
throughout the history of these sequences. Additionally, outgroup weights were
assigned to haplotypes using arguments from coalescence theory to infer di-
rectionality of transmission events. Finally, we compared the results from the
statistical parsimony method directly to results obtained from a traditional
maximum parsimony approach and found statistical parsimony to be superior
at establishing relationships and identifying instances of transmission. We first
estimated relationships among 72 sequences of 520 base pairs in length from
the env gene. The maximum parsimony analysis resulted in over 8,000 most
parsimonious trees. The computer memory limited the search to 8,000 trees.
Thus, the effectiveness of the maximum parsimony search was restricted due
to the ambiguity in the data set (Maddison 1991a,b; Templeton 1992). Fur-
thermore, a bootstrap analysis was impossible, given the difficulty of the initial
parsimony search. Therefore, transmission events could not be statistically in-
ferred using the traditional parsimony approach. Yet, using the statistical par-
simony approach, 5 time independent networks were estimated with linkages
within networks supported at the 95% confidence level or greater. Using these
statistically supported relationships, multiple cross-species transmission events
were inferred; thereby demonstrating the superiority of the statistical parsimony
method in both phylogeny estimation and hypothesis testing. In addition to the
inferences concerning cross-species transmission and molecular evolution of the
PTLV sequences, I also presented extensions of the nesting procedure (Temple-
ton et al. 1987; Templeton and Sing 1993) and outgroup weighting (Castelloe
and Templeton 1994) for haplotypes based on sequence data.

3.2. HIV subtyping. Understanding the global diversity of HIV-1 allows for
accurate and predictive modeling of the spread of infection, accurate estimates
of the historical spread of HIV, and effective development of vaccines. The di-
verse forms of HIV-1 have been classified into phylogenetically distinct subtypes
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(Myers et al. 1993). While the defining of subtypes is preferably done using the
sequences of an entire genome of HIV-1, examination of distributional patterns
of specific subtypes can be performed using a subset of sequence data. The
statistical parsimony procedure can be used effectively to determine HIV-1 se-
quence subtype when the number of nucleotides that differ among sequences
is small. Voevodin et al. (1996) indicated that sequences from new regions of
India and Indian and Ethiopian expatriates in Kuwait could clearly be assigned
to either subtypes B or C based on a minimum of 231 base pairs from the gag
gene (Fig. 3). Here the branch lengths are drawn proportional to the amount of
change along the branch.

3.3. Longitudinal studies. One of the great utilities of the statistical par-
simony method is in longitudinal studies. In such studies, one is interested
in the partitioning of variation in HIV sequences within a patient over time.
Typically, such studies have sequences that are < 5% diverged, making them
ideal candidates for the statistical parsimony method. One such study examined
variation in the nef region of HIV-1 (McNearney et al. 1995). They found that
deletions and rearrangements were more common in late than early stages of
disease progression. Additionally, they found continued sequence evolution in
HIV-1 quasispecies with nef deletions suggesting that nef-deleted quasispecies
are capable of replication in vivo (McNearney et al. 1995).

4. Software availability. We are currently working on a program that will
implement the statistical parsimony procedure in its entirety. This program
is still at least three months away from distribution. However, we do have a
Mathematica package that will calculate the probabilities given in equations
(1-4). This package is available from the author upon request.

5. Summary. Phylogenetic approaches have proven powerful in compar-
ative biology at the population level and higher taxonomic levels. However,
traditional methods for estimating phylogenetic relationships (e.g., maximum
parsimony, maximum likelihood, and neighbor-joining) assume recombination
has not occurred in a set of aligned sequences. Additionally, traditional meth-
ods assume the history of the sequences can be adequately represented by a
bifurcating (or multifurcating) tree topology. Recombination directly violates
this assumption resulting in reticulate relationships which can be represented
by networks. Because of these assumption violations, recombination in a gene
region can cause incorrect phylogenetic inference, compromising the power of
the phylogenetic approach in evolutionary studies. Thus, the ability to accu-
rately detect recombination is of utmost importance in phylogenetic studies.
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The examples given above demonstrate two important attributes of the statis-
tical parsimony approach. First, in multiple studies where statistical parsimony
has been compared directly to traditional techniques, it has always been found
to be superior at estimating phylogenetic relationships. Because of this, it has
also been superior at testing hypotheses based on these phylogenies. The ad-
ditional power in the statistical parsimony procedure comes from taking into
account population biological phenomena such as recombination. Second, statis-
tical parsimony has a wide range of application in HIV studies. This, combined
with its superior performance, make it a highly desirable method of analysis.
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