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Abstract

Precise identification dacillus anthracigsolates has aided forensic and epidemiological analyses of natural anthrax cases, bioterrorism
acts and industrial scale accidents by state-sponsored bioweapons programs. Because there is little molecular varigBicardimacig
isolates, identifying and using rare variation is crucial for precise strain identification. We think that mutation is the primary diversifying
force in a clonal, recently emerged pathogen, sucB.amnthracis since mutation rate is correlated with diversity on a per locus basis.
While single nucleotide polymorphisms (SNPs) are rare, their detection is facilitated by whole genome discovery approaches. As highly
stable phylogenetic markers, SNPs are useful for identifying long branches or key phylogenetic positions. Selection of single, diagnostic
“Canonical SNPs” (canSNPs) for these phylogenetic positions allows for efficient and defining assays. We have taken a nested hierarchal
strategy for subtyping. anthracis which is consistent with traditional diagnostics and applicable to a wide range of pathogens. Progressive
hierarchical resolving assays using nucleic acids (PHRANA) uses a progression of diagnostic genomic loci that are initially highly stable
but with low resolution and, ultimately, very unstable but with high resolution. This approach mitigates the need for data weighting and
provides both a deeply rooted phylogenetic hypothesis and high resolution discrimination among closely related isolates.
© 2004 Elsevier B.V. All rights reserved.
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1. Background and introduction et al., 1998; Price et al., 199@nd provided one of the
few public insights into what happened in this tragedy.
Molecular typing of Bacillus anthracishas provided  Finally, in 2001, retrospective molecular analysé&®ifn
important insights into bioterrorism or biowarfare related et al., 200} uncovered an attempted bioterrorism event in
events. Recently, analyses performed by the Centers forKameido, Japan in 1993 that was carried out by members
Disease Control and Prevention (CDC) and the Keim Ge- of the Aum Shinrikyo “dooms day” cultTakahashi et al.,
netics Laboratory determined that the initial victim of the 2004. The typing efforts determined that the anthrax spores
2001 anthrax letter attacks had been infected with the Amesused in the attack were from the highly attenuated Sterne
strain of anthraxioffmaster et al., 2002; Read et al., 2002  strain, which explained the failure of the cult members to
As Ames is a commonly used laboratory strain and is rare Kill any of their neighbors.
in nature Keim et al., 200), the strain identity was a key Although the recent role oB. anthracisin bioterror-
factor in changing this case from an epidemiological to a ism events is probably a direct consequence of its devel-
criminal investigation. In 1979, there was an accident at an opment as a biological weapon by several countries (e.g.,
anthrax spore production facility in Sverdlosck (Yekater- USSR, Britain, USA), it is also found naturally throughout
inburg), USSR eselson et al., 1994 which resulted in the world. Molecular typing methods have been applied to
the deaths of at least 64 people. Strain analyses performedsolates from natural outbreaks and have provided valuable
on isolates from tissues of some of the dead suggested thatnsight into introduction and dispersal patterns in natural en-
the plume was a composite of multiple genotypésckson  vironments. For example, spatial and temporal analyses of
anthrax-caused wildlife deaths were combined with strain

* Corresponding author. Teh:1-928-523-1078; fax4-1-928-523-0639.  Subtyping analyses to reveal that two very distinct strains (A
E-mail addresspaul.keim@nau.edu (P. Keim). and B1 subtypes) are active in Kruger National Park (South
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Africa), indicating separate introductions into this small area at genes and in common genetic markers, such as AFLPs
(Smith et al., 200D The two subtypes rarely overlap but (Harrell et al., 1995; Keim et al., 1997This lack of ge-
are temporally coordinated in the same outbreak years, leadnetic diversity has hindered efforts to discriminate among
ing to the conclusion that environmental cues coordinate strains for phylogenetic and forensic purposes. To address
emergence from the soil reservoir to cause outbreaks, rathetthis problem, we have focused much of our attention over
than extensive animal to animal transmission from a single the last few years on developing novel typing systems for
source. B. anthracisby locating areas of molecular diversity within
Molecular subtyping oB. anthracishas been developed the genome. Our efforts led us to three different molecular
for law enforcement and national security applications, in markers: single nucleotide polymorphisms (SNPs), variable
contrast to other pathogens where public health and epidemi-number tandem repeats (VNTRs) and single nucleotide re-
ological applications are foremost. However, the essential peats (SNRs), which are a special case of VNTRs. Across a
components for a highly precise and robust subtyping systemgiven set oB. anthracisstrains, these three types of markers
are the same for both purposes and may act as a paradignexhibit very different diversity values, which are primarily
for advancing the field overall. In all cases, it is essential to a function of different mutation rates in the cases we have
(1) identify diversity, (2) develop molecular typing assays, studied.
(3) populate a database, (4) establish a theoretical and prob-
abilistic basis for the diversity, and (5) validate the system
with studies of real disease outbreaks. 3. Genetic diversity and mutation rates

Genetic diversity, a compound measure that includes the
2. B. anthracis exhibits low genetic diversity number of allelic states as well as their frequency distri-
bution within the population, is affected by four processes:
Pathogens that emerge through a population bottleneckmutation, selection, genetic drift and recombination. Over
(likely a single cell) initially form groups of genetically iden-  evolutionary time, mutations provide the raw material of
tical organisms or clones. Over evolutionary time, mutations diversity by creating additional alleles. However, this pro-
will eventually generate genetic heterogeneity within these cess eventually approaches a maximum value, where novel
organisms and provide the basis for distinguishing among mutations are offset by recurrent mutatiofég( 1). Selec-
individual lineages. For this reason, when it is found that a tion, genetic drift and recombination can influence genetic
pathogen has little or no genetic diversity it is assumed to diversity by affecting the distribution of the different al-
have recently emergeB. anthracisappears to fit this defini-  lele states created by mutation. The more evenly distributed
tion as it exhibits very low molecular diversity among widely the allelic states are, the greater the diversiig(2). All
distributed strains. For example, comparative sequencing offour of these factors may be shaping genetic diversity in
thepagAgene Price et al., 199Pand MLST Okinaka et al., B. anthracis
1999 Okinaka, unpublished data) revealed only a few sub-  Selection, drift and recombination may all affect the dis-
stitution mutations among very diverse isolates. However, tribution of alleles and, therefore, genetic diversityBinan-
this characterization dB. anthracisas a recently emerged thracis Selection likely eliminates certain SNPs from the
pathogen is problematic as it does not fully consider its com- population and limits maximum array size in VNTRs. Phe-
plex life cycle. notypic selection on VNTRs is quite possible, though only
Growth and reproduction iB. anthracisis unpredictable = one VNTR inB. anthracishas been shown to have a pheno-
and slow in comparison to other bacterial pathogens. Out- typic effect Sylvestre et al., 2003 Despite the paucity of
side of a suitable hosB. anthracisremains dormant in the  evidence, selection may be important in constraining genetic
spore stage, which adds a stochastic element to the popudiversity in B. anthracisat particular loci. Founders effect
lation dynamics of this pathogen. Depending upon the re- and, therefore, genetic drift may strongly influence regional
gional ecology of the disease, years, decades or possiblypatterns of diversity irB. anthracis as a single spore can
even centuries may pass between infectious cycles. Evolu-cause a local anthrax case. Indeed, these types of population
tion is greatly reduced during dormant periods and is min- bottlenecks must have been common in the evolution and
imal even during an infection-death-infection cycle, which dispersal of regiond. anthracispopulations. However, av-
typically involves only 20—-40 generations (doublings). In a eraged over the entire global population, the effects of drift
given area, an infection cycle might occur several times per are probably small. Recombination witH anthracismay
year, but typically much less. Even at several times per yearhave had little or no effect on genetic diversity, as the only
(a major anthrax outbreak), the number of annual genera-recognized point for horizontal transfer of genetic material

tions forB. anthracigs likely much lower thark. coli, which is during the rapid disease phase in an animal, when there
is thought to undergo 300 generations per y&ant{man would be little time for mixed infections. Growth &. an-
and Dykhuizen, 1994 thracisin the environment (e.g., soil) might also allow for

Although we are unsure of the specific causal mecha- horizontal gene movement, although there is no evidence for
nisms, there is a distinct lack of diversity with anthracis this scenario.
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Fig. 1. Mutational saturation curve. Mutational saturation occurs at a locus or nucleotide position when additional mutations do not incegse diver
[D = 1 — X(allele frequencigg]. At this state, the influence of additional novel mutations is offset by recurrent mutations. Each locus will reach
mutational saturation at a unique point in evolutionary time due to locus-specific mutation rates and other factors. In general, loci that diyolve rapi

will reach saturation more quickly then loci that evolve more slowly.

Mutation, more specifically mutation rate, is probably the
most important factor affecting diversity iB. anthracis
For example, diversity of individual VNTR markers B.
anthracisis highly correlated with the mutation rate of those

nificantly altered gene function would be selected against
and never observed. With the exception of coding versus
non-coding regions, there is little available information con-

cerning the effects of local, locus-specific properties on SNP

markers, which suggests that mutation rates drive geneticmutation rates.

diversity within VNTR loci (Mogler and Keim, unpublished
data). Although mutation rates at an individual locus are par-
tially intrinsic to that locus, they are also a function of more

The global mechanism that likely generates mutations
in VNTR loci is slipped strand mispairing_évinson and
Gutman, 1987; Eisen, 19R9These insertion-deletion (IN-

global mutational processes. These global processes andDEL) mutations occur at varied rates in VNTR loci, ranging

therefore, mutation rates are different for SNPs and VNTRSs.

from <10°° to >10~4 in B. anthracisand exceeding 1

SNPs are generated by nucleotide substitutions, probablyin other bacteria (Vogler and Keim, unpublished data). This

DNA replication errors that are not subsequently repaired.
These events are rare B anthracis occurring at estimated
rates of approximately 13° changes per nucleotide per
generation Yogler et al., 2002 The actual observed mu-
tation rates of SNPs iB. anthracisare likely much lower

than this estimate, as mutations in coding regions that sig-
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Fig. 2. Allelic distribution and number of states affect the diversity index.
Diversity at a locus is a function of both the number of alleles (states)
and their frequency distribution. As the number of alleles increases, the
potential diversity also increases. However, maximum diversity within a
population is only obtained if the individual allele states are equalized in
frequency.

wide range of mutation rates across VNTR loci is probably
the result of intrinsic, locus-specific properties, including
length of the tandem array évinson and Gutman, 1987,
Andreassen et al., 1996; Rosche et al., 1996; Brinkmann
et al., 1998; Buard et al., 1998; Parniewski et al., 2088-
istence of imperfect or interrupted repeat sequences within
the array Brinkmann et al., 1998; Buard et al., 1998; Eisen,
1999; Henderson and Petes, 1992bility of VNTR se-
guences to form stable secondary structufasydenreich
et al., 1997; Hartenstine et al., 2Q0@unctionality of the
mismatch repair systemLévinson and Gutman, 1987,
Strand et al., 1993 size of the individual repeat unit
(Henderson and Petes, 1992; Weber and Wong, 1993; Yang
and Masker, 1996; Eckert and Yan, 2Q0Ghd strand ori-
entation Henderson and Petes, 1992; Rosche et al., 1996;
Freudenreich et al., 1997The wide range of mutation rates
among VNTR loci produces a similarly wide range of diver-
sity values for these markers, which makes them useful for
examining genetic patterns at several evolutionary scales.
The increased level of genetic diversity in VNTRs com-
pared to SNPs is not only a function of differences in
mutation rates, but also the maximum number of possible
allelic states for each type of marker. Diversitp)(is a
bounded measure with values ranging from Gth0 [D =
1 — X(allele frequencieg throughout this manuscript]. As
a SNP can take just one of four possible allelic states, the
maximum diversity value for any SNP locus is 0.75. In
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reality, however, such high diversity values for SNP loci particular terminal branch strain (e.g., Ames group). If SNP
are seldom observed within bacterial populations. As single discovery procedures are intensive and yield relatively large
nucleotide substitutions are rare, most SNP loci have only numbers of SNPs (hundreds to thousands), multiple loci
two allelic states within populations (maximum = 0.5). will be identified along individual phylogenetic branches.
In contrast, differences in VNTR allelic states are due to As these SNPs provide the same phylogenetic information,
length polymorphisms, so a greater number of alleles arethey are diagnostically redundant and optimized subtyping
possible compared to SNPs. For example, the maximumassays can be developed by eliminating this redundancy.
number of allelic states observed for each of the 15 VNTR Following optimization, a relatively small number of SNPs
loci that we use to examinB. anthracisranges from 2 can be used to define major genetic groups (one per group)
to 10. Thus, there is more potential diversity at any given in a bacterium likeB. anthracis
VNTR locus compared to any given SNP locus for two  Canonical charactersire diagnostic features that can be
reasons: (1) VNTRs have higher mutation rates, and (2) used for identifying a particular phylogenetic point in the
VNTRs have a larger number of possible allelic states. evolutionary history of a species or set of organisms. In the
When analyzing a set &. anthracisisolates for phyloge-  case of long-branch lengths, there may be multiple phylo-
netic or forensic purposes, care should be exercised to selecgenetic characters that could be used, but designating one
an appropriate type of marker for both the set of strains andas canonical greatly reduces diagnostic redundancy. It is
the questions being asked. It is not appropriate to simply highly desirable from a diagnostic standpoint that the char-
utilize the most highly diverse markers for every analysis, acter be stable and not prone to homoplasy. In the evolution
as high levels of genetic diversity can also confound phy- of B. anthracis there are many SNPs that meet these con-
logenetic patterns. Thus, to facilitate selection of a marker ditions. Hence, we have developed a setafionical SNPs
system, following is a brief synopsis of SNPs, VNTRs and (canSNPs) that identify the deeper nodes in our phyloge-
SNRs and their respective utility for molecular typingEaf netic hypotheses fd@. anthracis To develop these canSNPs,
anthracis we first had to discover rare SNPs and then determine their
phylogenetic positions. Identification of canSNPs is more
efficient if there is (1) an independent initial phylogenetic
4. Canonical markers: single nuclectide hypothesis, (2) discovery of a large number of SNPs, and
polymor phisms (SNPs) (3) an extensive strain collection against which the discov-
ered SNPs can be queried. An initial phylogenetic hypoth-
SNPs occur at very low frequencies in tBe anthracis esis is useful for guiding SNP discovery, as this process is
genome but they can be readily discovered using intensivebased upon available genomic sequence and, therefore, may
sampling methods. As we describe above, the genorBe of be highly biased (Pearson and Keim, unpublished data). In
anthracisis relatively homogenous and point mutations that the case oB. anthracis both AFLP Keim et al., 1997 and
form SNPs occur at very low rates. In comparison to other VNTR (Keim et al., 2009 markers provided the initial hy-
genetic markers, SNPs are exceedingly rare among everpothesis, dividing theéB. anthracisphylogeny into several
distantly relate. anthracisisolates and, therefore, would major cladesKeim et al., 200QVan Ert and Keim, unpub-
seem to have limited subtyping capacity. Fortunately, despitelished data). Our goal, therefore, in identifying canSNPs in
their rarity, thousands of SNPs have been discoverdsl in  B. anthraciswas to find SNPs that defined major clades. We
anthracisby interrogating large portions of the genome. In- achieved this goal by first querying a large number of SNPs
deed, SNPs can even be found among closely related isolateagainst a diverse set of 26 strains from our existing collec-
if large enough portions of their genomes are compared. SNPtion of over 1300B. anthracisisolates. We then mapped
discovery is currently cumbersome and expensive but, asthe position of each SNP on our existing, initial phyloge-
whole-genome sequencing becomes more widespfealé ( netic hypothesis. One representative SNP marker from each
et al., 1998; Perna et al., 2001; Fleischmann et al., 2002; of the major evolutionary branches was then selected as the
Read et al., 2002 genomic comparisons will maximize the defining SNP for that clade. Finally, each canSNP was tested
efficiency of SNP discoveryQummings and Relman, 2002; against our strain collection of over 1300 isolates to ensure
Read et al., 2002 These types of techniques are capable the validity of its canonical designation. The specific details
of identifying hundreds or even thousands of SNPs within a of these procedures will be published elsewhere.
single species. Routine analysis of SNPs for molecular typing requires an
The rarity of SNPs makes them important diagnostic assay that is robust, as well as high capacity. Current tech-
markers inB. anthracis SNP evolution suggests unigue niques available for scoring SNPs include: allele-specific hy-
origins, as it is likely that each point mutation occurred just bridization, oligonucleotide ligation assays, mini sequencing
once in the phylogenetic history of the species. Thus, SNP and real-time fluorescent PCR methods. A number of fac-
markers are evolutionarily stable and unlikely to mutate tors should be considered when deciding upon a SNP scor-
again to either a novel or ancestral state. This stability caning system, including time required for assay development,
be invaluable for broadly defining strain groups, such as ma- cost, accuracy and desired through-put. Our preferred sys-
jor phylogenetic divisions, as well as specifically defining a tem for scoring known SNPs is an allelic discrimination as-
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say using real-time PCR in conjunction with TagMan-minor varying levels of diversity and, therefore, resolving power.
groove binding (MGB) probes. This assay is particularly at- Our current MLVA system foB. anthracisuses 15 VNTR
tractive for high-throughput genotyping efforts (large num- loci, which have diversity values ranging from 0.32 to 0.85.
bers of samples coupled with a relatively small number of VNTR loci with lower diversity values are useful for estab-
SNPs) since it combines the PCR amplification and detectionlishing deeper phylogenetic relationships, whereas markers
steps and is also amenable to automation. TagMan-MGB al-with higher diversity values provide greater discriminatory
lelic discrimination assays can be rapidly designed around power among closely related isolates. Although our MLVA
canSNP markers and allow thousands of samples to be anasystem contains VNTR loci with very high diversity val-
lyzed in a single workday. An additional advantage of apply- ues, it is occasionally incapable of differentiating among
ing this technology to SNP scoring is that it can be performed B. anthracisisolates that are very closely related, such as
on samples with very low DNA levels (sub nanogram), mak- those from a natural outbreak or a bioterrorism event. In
ing it effective for environmental sampling. The ability to these situations, additional genetic resolution is required for
simultaneously perform low-level detection and genotyping differentiation.
of B. anthracismay prove to be an invaluable tool in foren-
sic and biodefense applications.
6. Highest resolution analysis: single nucleotide
repeats (SNR)
5. High resolution analysis. multiple locus VNTR
analysis (MLVA) Genetic differentiation among very closely related indi-
viduals requires the use of molecular markers that exhibit
Amplified fragment length polymorphism (AFLP) anal- very high diversity and, therefore, have very high mutation
ysis was an important first step in the molecular charac- rates. Single nucleotide repeats are a class of VNTRs that
terization ofB. anthracisand led to the discovery and use have been well characterized in the human genome, where
of VNTRs in this pathogenKeim et al., 199Y. Rare vari- they have been shown to exhibit extreme mutabilMo(i
ation was observed within the AFLP markers, which al- etal.,2001; Zhang et al., 20T hese regions are mutational
lowed successful differentiation among soBeanthracis hot spots due to high occurrences of slipped-strand mispair-
isolates and identification of novel genetic lineages. Even ing, which reduces the fidelity of DNA replicatio€fiung
this limited diversity in the AFLP markers was an improve- et al., 2003. Occurrence of these mispairings is positively
ment over other molecular typing methoddafrell et al., correlated with the length of mononucleotide sequences,
1995; Henderson et al., 199%hich failed to locate areas with longer arrays having higher mutation rateSh(ng
of genetic diversity withinB. anthracis Sequence analy- et al.,, 2003. SNRs have been identified in a humber of
ses of AFLP markers revealed that, in many cases, VNTRsbacterial speciesTébmb et al., 1997; Gur-Arie et al., 2000;
were responsible for the observed fragment length polymor- Josenhans et al., 2000; Read et al., 3pB®luding B. an-
phisms Schupp et al., 2000 an arbitrarily primed PCR  thracis (Huynh and Keim, unpublished data), which pro-
polymorphism Henderson et al., 199%as also shownto be vided an opportunity to develop these areas as very fine-scale
a VNTR (Andersen et al., 1996As VNTRs appeared to ac- markers.
count for a significant portion of the distinguishing genomic ~ We identified and developed a set of four very diverse
features inB. anthracis they were successfully developed SNR markers (SNR-4) for high-resolution molecular typing
as molecular marker&éim et al., 2000; Read et al., 2003  of B. anthracis To locate potential SNR markers, we sur-
The discriminatory power of VNTRs is greatly enhanced veyed theB. anthracisgenome for SNR regions that were at
if multiple loci are examined concurrently. Individual VNTR  least 9 bp in length. We focused on areas with longer repeats
loci provide only a small amount of information, which can to identify SNR regions with the highest potential mutation
be confusing in some cases due to independently derivedrates. Based on this criterion, our survey revealed more than
variants or reversal mutations. Fortunately, the methods used0 potential SNR markers, which were all poly-A/T tracts
to detect length polymorphisms in VNTR regions, PCR am- (Huynh and Keim, unpublished data). We evaluated the di-
plification and fragment sizing, are amenable to multiplex- versity of these potential markers against a set of dissimilar
ing. This facilitates the creation of multiple-locus VNTR B. anthracisisolates and selected the four most diverse loci
analysis (MLVA) systems, which increase the precision of (D = 0.80-0.94). We estimate the mutation rates of these
estimating genetic relationships and mitigate, somewhat, thefour markers to be as high as06< 10~%, based on in vitro
confounding effects of multiple mutations at a single lo- parallel serial passage experiments (Vogler and Keim, un-
cus. Indeed, the original eight-locus MLVA system 8r published data).
anthracisexhibits good genetic resolution and defines phy-  The utility of SNR markers for determining phylogenetic
logenetic relationships consistent with the previous AFLP relationships amonB. anthracisisolates is a function of the
study Keim et al., 200]. evolutionary scale at which these markers are applied. The
One powerful feature of a MLVA system is the ability to  high mutation rates of SNR markers prohibit their use in
simultaneously employ multiple VNTR markers that exhibit determining phylogenetic relationships among diverse iso-
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lates, as these analyses will likely be confounded by ho- When constructing a phylogenetic hypothesis, there are
moplasy. In contrast, SNR markers are extremely powerful several methods that can be used to address the issue of
for distinguishing among isolates in an outbreak scenario, homoplasy but none seem completely satisfactory. One
where the predicted genetic diversity of the isolates is ex- strategy is to simply assume that the effects of homoplasy
ceedingly low. Observed mutations in our SNR-4 system will be swamped out by other, more homologous characters.
may even allow epidemiological insights into individual an- However, the degree to which homologous characters can
thrax outbreaks, such as patterns of movement across thecounter the effects of homoplastic characters depends on
landscape. From a forensics perspective, our SNR-4 sys-the ratio of homologous to homoplastic characters. As this
tem provides unparalleled resolution for the investigation ratio decreases, so does the accuracy of the resulting phy-
of both previous and future bioterrorism events that involve logenetic hypothesis. Another strategy is to differentially
B. anthracis weight characters to reduce homoplastic noise while at
the same time preserving phylogenetic informatibar(is,
1969; Goloboff, 1998 Unfortunately, determination of

7. Maximizing phylogenetic accuracy across weights can sometimes be difficult or subjective, and errors
evolutionary scales in B. anthracis using PHRANA introduced by improper weights can lead to misleading
(progressive hierarchical resolving assays using hypotheses.

nucleic acids) Identification of an unknown bacterium is usually per-

formed in a progressive and hierarchal fashion. For exam-

The ultimate utility of SNPs, VNTRs and SNRs as infor- ple, a diagnostic test (e.g., Gram staining) is initially carried
mative genetic markers is largely dependent on their muta- out to determine the gross classification of the unknown,
tion rates, as well as the population being examirtéd. (3). which is then followed by a series of other, more specific
If marker mutation rates are extremely low, then polymor- tests (e.g., lactose fermentation) to identify the unknown to
phisms in those markers will only be detected in highly di- genus or species. At each level of the identification process,
verse populations and less diverse populations will appearthe diagnostic test becomes more specific and the unknown
relatively monomorphic. Conversely, if mutation rates are is placed into an increasingly smaller group until, finally, the
high, diversity will quickly arise at these loci, enabling dif- species is determined. The use of nested hierarchal analyses
ferentiation among even closely related strains. A high mu- for traditional subtyping of bacteria is both practical and in-
tation rate, however, also increases the likelihood of homo- tuitive. This approach should also work well for subtyping
plasy, which is also more likely to be found in populations on a finer scale, such as determining phylogenetic relation-
with high genetic diversity. Thus, if markers with high muta- ships within a single bacterial species.
tion rates are used to analyze a diverse population, incorrect The variable mutation rates and, therefore, discrimina-
assignments will be inevitable. tory power among different genomic regions fit well with a
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Fig. 3. Marker utility. The utility of a genetic marker for determining phylogenetic relationships within a given population is a function of (Latierm

rate of the marker, and (2) the overall genetic diversity of the examined population. When genetic diversity of the population is low (e.g., a young,
terminal phylogenetic cluster), only markers with high mutation rates, such as SNRs, will be able to differentiate among individuals in thenpopulati
Conversely, when genetic diversity of the population is high (e.g., an older and deeper phylogenetic group), only markers with low mutatiah i@es, su
SNPs, will yield accurate phylogenetic patterns, as information obtained from markers with higher mutation rates is likely to be distorted bgyhomopl
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Fig. 4. PHRANA. (A) Eight canonical SNPs separated 1@ 7anthracisisolates into eight major phylogenetic groups. (B) MLVA-15 analysis of the
600 isolates in the largest cluster identified 108 unique types. (C) SNR-4 analysis of one of the MLVA types containing 57 isolates yielded eight unique
PHRANA genotypes. In all, the 1067 isolates were broken into 209 MLVA-15 and 476 PHRANA genotypes (Van Ert et al. unpublished data).

nested hierarchal approach that overcomes the problem of600 isolates. At this stage of the analysis, there are just eight
marker weighting. Clearly, some types of genetic data are different genotypes and, as a result, there is relatively low
so central to determining major phylogenetic patterns that genotype diversityp = 0.64). The MLVA-15 system, a set
they should not be overwhelmed by large volumes of more of 15 VNTR loci combined into a multiplexed assay, is then
peripheral data. This weighting problem can be overcome applied independently to the isolates within each of eight
by using a nested hierarchal approach. In many organismsgroups. At this step, the 600 isolates in the largest group
phylogenetically stable markers, such as 16S rRNA, can beare subdivided into 108 unique MLVA genotypdsd. 4).
used initially to define major groups, while more mutable Overall, the 1067 isolates are now separated into a total of
loci, such as house-keeping genes in MLST, can then be used09 unique genotypes across the eight major groups (Van
to progressively define individual strains and isolates within Ert et al. unpublished data), increasing the genotype diver-
those major groups. While this approach will be appropriate sity greatly (0 = 0.96). The last step in PHRANA is to
for many other species, the 16S and MLST regions provide apply the high resolution SNR-4 assay to each of the 209

little or no phylogenetic resolution withiB. anthracis For- MLVA genotypes, which subdivides the 1067 isolates into
tunately, canSNPs, VNTRs and SNRs do provide varying 476 unique PHRANA genotypes (overall genotype diversity
levels of resolution withirB. anthracisand, therefore, are = 0.98). In our exampleFig. 4), 57 isolates with an identi-

suitable for inclusion in this type of analysis. cal MLVA genotype are further subdivided into eight unique

Progressive hierarchical resolving assays using nucleicPHRANA genotypes by the SNR-4 assay.
acids (PHRANA) is a nested hierarchal approach that em- The use of canSNPs, MLVA-15 and SNR-4 in a nested
ploys canSNPs, MLVA-15 and, finally, the SNR-4 system to hierarchical fashion in PHRANA has more resolving power
accurately characterize phylogenetic relationships anlong and more accurately determines phylogenetic patterns within
anthracisisolates. The step-wise hierarchical nature of this B. anthracisthan any of these three assays used indepen-
assay is vital because it progressively reduces the genetiaently. In the example above, PHRANA resolved a total of
diversity of the focused population, maximizing the utility 476 unique genotypes among 10B7anthracisisolates. In
of each marker type. PHRANA also alleviates the need for comparison, when applied individually to these same iso-
weighting among the three marker types, as they are all ap-lates, canSNPs, MLVA-15 and SNR-4 resolve 8, 209 and
plied independently of one another. Thus, the phylogenetic 418 genotypes, respectively. Although the SNR-4 system is
hypothesis that results from PHRANA will be highly resolv- capable of resolving a large number of genotypes when ap-
ing, as well as accurate, since the effects of homoplasy will plied alone to this group d8. anthracisisolates, the result-
be minimized. ing phylogenetic hypothesis would be plagued by homoplasy

To demonstrate the use of PHRANA, consider the fol- and the deeper phylogenetic patterns would be impossible
lowing example involving 1067 diverd® anthracisisolates to discern. In contrast, canSNPs or MLVA-15 are better able
(Fig. 4). Initially, PHARANA uses eight canSNP markers to discern deeper phylogenetic patterns, but will lack the
to separate the 1067 isolates into eight major phylogeneticresolution of SNR-4. Thus, use of PHRANA for phyloge-
groups Keim et al., 200), the largest of which contains netic analysis oB. anthracisis superior to the independent
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use of any of its three component analyses as it both identi- Andreassen, R., Egeland, T., Olaisen, B., 1996. Mutation rate in the
fies more unique genotypes and also preserves phylogenetic hypervariable vntr g3 (d7s22) is affected by allele length and a flanking

patterns across multiple evolutionary scales. DNA sequence polymorphism near the repeat array. Am. J. Hum.
Genet. 59, 360-367.

Brinkmann, B., Klintschar, M., Neuhuber, F., Huhne, J., Rolf, B., 1998.
Mutation rate in human microsatellites: influence of the structure and

8. Conclusion length of the tandem repeat. Am. J. Hum. Genet. 62, 1408-1415.
Buard, J., Bourdet, A., Yardley, J., Dubrova, Y., Jeffreys, A.J., 1998.

. . . Influences of array size and homogeneity on minisatellite mutation.
The genomes of pathogenic bacteria are relatively large, EMBO J. 17, 3495-3502.

providing the opportunity to selectively choose optimal chung, K.Y, Kim, N.G., Li, L.S., Kim, H., Kim, H., Nam, C.M., Kim,
strategies for molecular subtyping. This involves the in-  H., Shin, D.H., 2003. Clinicopathologic characteristics related to the
evitable trade-off between selecting markers with high high variability of coding mononucleotide repeat sequences in tumors
genetic resolution and selecting markers that accurately _ With high-microsatellite instability. Oncol. Rep. 10, 439-444. ,
describes large evolutionary relationships. A common so- Cole, S.T., Brosch, R., Parkhill, J., Garmier, T., Churcher, C., Harris,
) . . : . D., Gordon, S.V., Eigimeier, L., Gas, S., Barry lll, C.E., Tekaia, F.,
lution for trying to overcome this trade-off is to combine Badcock, K., Basham, D., Brown, D., Chillingworth, T., Connor, R.,
data from several marker types that exhibit variable levels Davies, R., Devlin, K., Feltwell, T., Gentles, S., Hamlin, N., Holroyd,
of genetic diversity and, therefore, discriminatory power.  S., Hornsby, T., Jagels, K., Barrell, B.G., et al., 1998. Deciphering
Unfortunately, combining data from markers with very dif- ;hee 3;(:1'223’ ﬁ;'\t’t'j{‘éogggteg'?"‘;“;de":”'osmm the complete genome
fer?nt Ievels_ of genetic dlver_sny requires tha_t these data beCumr(rqﬂngs, C.A., Relman, D.A., 2002. Genomics and microbiology.
weighted prior to phylogenetic analyses, which can be sub-  wicrobial forensics—“cross-examining pathogens”. Science 296,
jective and problematic. The PHRANA system described  1976-1979.
here overcomes these problems because it is (1) nested and‘_’ckert, K.A., Yan, G., 2000. Mutational analyses of dinucleotide

. . . . . and tetranucleotide microsatellites Escherichia coli influence of
therefore, does not require W8|ghtlng, and (2) hierarchical, sequence on expansion mutagenesis. Nucleic Acids Res. 28, 2831-

so it captures phylogenetic patterns at multiple evolutionary — ,g3g
scales while maintaining high genetic resolution. The ap- Eisen, J.A., 1999. Mechanistic basis for microsatellite instability. In:
plicability of PHRANA is not limited toB. anthracis For Goldstein, D.B., Schiétterer, C. (Eds.), Microsatellites Evolution and

example, PHRANA could be applied tMycobacterium A_pplications. Oxford Univers_ity Press, ‘Nevv_ York, pp. 34-48.
tuberculosis as both SNP and VNTR markers have been Farris, J.S., 1969. A successive approximations approach to character
$ weighting. Syst. Zool. 18, 374-385.

developed for this pathoge(tacker et al., 2002; Alland  Fleischmann, R.D., Alland, D., Eisen, J.A., Carpenter, L., White, O.,
et al., 2003; Spurgiesz et al., 200deed, these methods Peterson, J., Deboy, R., Dodson, R., Gwinn, M., Haft, D., Hickey,
can easily be applied to many other organisms as markers E. Kolonay, J.F., Nelson, W.C., Umayam, LA, Ermolaeva, M.,

: ; : ; ; Salzberg, S.L., Delcher, A., Utterback, T., Weidman, J., Khouri, H.,
with variable diversity values are discovered. Gill, J., Mikula, A., Bishai, W., Jacobs Jr., W.R., Venter, J.C., Fraser,

C.M., 2002. Whole-genome comparisonMycobacterium tuberculosis

clinical and laboratory strains. J. Bacteriol. 184, 5479-5490.
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