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sample can be detected by direct means, e.g. mass spectrometry. The method’s characteristic sequences can also be used to design
specific PCR primers. The method uniquely identifies the phylogenetic affinity of an unknown organism without requiring prior
knowledge of what is present in the sample. Even if the organism has not been previously encountered, the method still provides
useful information about which phylogenetic tree bifurcation nodes encompass the organism.
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I_BACKGROUND OF THE INVENTION
L Field of the Invention:

The present invention relates tothe general field of biechemicat assays and separations, and to
apparatus for their practice, generaiiy ciassified in U.S. Patent Ciass 435/6.

IL Deseription of the Prior Art

Unlike multiceltular organisms, bacteria and simple eukaryotic microorganisms have very limited
morphoiogicai diversity and typically do not leave a significant fossii record. It therefore was initiaily very
difficult to develop a classification system, which reflects actual genetic relationship. Instead, classic
bacterial taxonomic methods, such as morphology and carbon source utiiization were used to classify
bacteria in a deterministic way. The goal was to-develop a hierarchy of tests that ultimately could
reproducibiy assign a consistent name to an unknown isoiate. When organisms gave very similar resuits on
the various tests they would ultimately be assigned to the same species regardless of actual genetic
relationship. Thus, organisms were sometimes grouped together that were fundamentaily very different.

This situation changed dramatically in the 1970°s due to the pioneering work of Carl Woese and
his colleagues. In order to obtain a genotypic classification, methods based on molecular sequence analysis
of ribosomal RNA (fRNA) were. developed. The rRNAs offexedﬂxe.advantagf of being found in all
organisms and the equivalent molecuies couid be readily isoiated and purified from essentiaily any

organism. The large ribesomal RNAs vary in:length-depending on the-organism and therefore have
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different names, e.g. 168 rRNA, 188 rRNA etc, depending on the organism under consideration. To avoid
this difficulty, the terminology small.subunit RNA (SSU RNA )and large. subunit Rl\[A (LSURNA) is used
to specify any of the RINAS belonging to each ciass. Among the rRNAs, 38 rTRNA w1tn approximately 120
nucleotides was thought to be too short te.be useful and the LSURNA_ (23S J:RI\{A in bacteria), would
have been far more difficult to work with. Attention therefore focused on the SSURNA (16S rRNA in
bacteria). 168.fRNA. is a major component of the bacterial small ribosamal sw.tbunit. It consists of
approximately 1,550 ribonucieotides in Escherichia coli and has an intricate secondary structure featuring
extensive intrachain base pairing, The.detailed ﬂlree-dimensionalfolding,nﬂ@ rRNA in the Thermus
aquaticus SOS ribosomal subunit has recently been determined by X-ray crystaliography. As a major
component of the ribosome, 16S.sBNA interacts with 23S fRNA to.establish the ?verall geometry of the
ribosome and is directiy invoived in the initiation of protein biosynthesis by nbosomes

When Woese:first began.using 16S. tRNA in his evolutionary.studies it wag not technically
feasible to sequence the entire RNA. Therefore a characterization approach was dex}eioped (Uchida er gl -
1974) in which the 16S.rRNA was fragmented by the nuclease, ribonuclease T Tl)és enzyme cleaves the
RNA at guanosine (G) residues and thereby reduced the RNA to a collection of fragments of various
lengths with a single terminal G The non-G.portion.of the fragment was.then secluenced The lists of all
such fragments obtained from a singie RNA was referred to as a cataiog. Catalogs of ribonuciease T
fragments from 16S rRNAs isolated from.a variety. of organisms were.compared to one another and cluster
analysis was used to construct a tree of relationship between the various bacteria (f(;x et al.,1977). By
1980, enough data of this type had accumulated that it was possible to.construct the T,irst trees that seriously
attempted to identify the actual historical reiationships between the various types of bacteria (Fox et al.,
1980; Woese, 1987).

Later, as sequen01ngtecmolog31 was improved, it became possibie to sequence atna compare entire 16S
1RNAs,

In an effort to-better. understand the tree produced by. cluster. analysis, ap alternative means of
examining relationships known as “signature analysis” was developed (Woese.et al., 1980). It was
observed that certain of the ribonuciease T; fragments were oniy found in a subset of the 16S rRNA
catalogs. Frequently there was more than one such sequence that was uniquely found in the same group of
organisms. Thﬁs, the term “signature” was introduced as follows: “a set of oligonucieotides that is
characteristic of (unique to) a group of organisms defines that group and is a “signature” for the group”.
These signatures suggested that there was a relationship between the organisms in tlge group and so the tree
‘was examined to see if the tree-generating algorithm had in fact found the expectedﬁrelationship.

This process of checking the reasonableness of trees produced from the sataloging data was
employed on several occasions (Woese et al., 1980, Woese ef al., 1984; McGill ef al., 1986). In its final
rendition, (McGill ef al., 1986) the notion of a signature quality index that could bF calculated for every

. individual RNAse T oligonucleotide was introduced as a means of formalizing the extent to which there

was or was not a signature for each braneh in the tree,
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Today, comparison of 16S rRNA sequences is widely used to establish the genetic relationship
between bacteria. A typical approach is to amplify and sequence 168 rDNA firpm various prokaryotic
organisms. The resulting sequences are aligned with other 16S rRNA sequences and an appropriate
method, e.g. maximum Iikeiihood, is used to construct a tree that refiects likely k}istorical relationships.
Several public databases exist containing complete and partial small subunit FRNA sequences. For A
exampie, refease 8 of the REP database (Maidak ef al., 2000) inciudes data for the s{naii subunit RNA from
over 16,000 bacteria, eukaryotes, plastids and mitochondria.

As Woese™s work became well known it began to be appreciated that rRINA, might be usefui in
detecting the presence of a target organism in a test sample. Thus, in 1980 Kohne applied for patents (US
patent 4,851,330 granted 25 July;. 1989 and 5,288,611 granted 2/22/1994).the. essenge of which is that a
nucleic acid probe that is complementary to the IRNA of a speciﬂc target can be used'to detect the presence
being devised by sequence comparison rather than Kohne’s preferred embodrment that was subtractive
hybridization. Several commercial products rely on this approach.

The invention described here provides a novel approach for rapidly determining the genetic
specifically targeted tests of the Kohne approach, and faster and more convenient than detailed sequencing
of the trRNAs or their encoding DNA. The method of this invention is currently m?st readily utilized with
168 rRNA sequence data but can be adapted to other data sets such as rRNA spacers, RNAse PRNA,
genomic DNA or RNA of viruses,.etc. One begins by defining microbial groups wit{rin a phylogenetic tree
that includes the organism range of interest, e.g. all bacteria for example. Then a set of characteristic
oligonucleotides, each of which identifies a group in the phylogenetic tree, is determined according to a
newly developed algorithm of the invention. This set of signature oligonucleotides is utilized in a
hybridization experiment, e.g, a DNA microarray, the resuits of which are then useﬁ‘r to quickly identify the
phylogenetic neighborhood of a problematic bacterium, or other microorganism. These hybridization
experiments can be miniaturized so that minimaily trained personnei can readily copduct them in difficuit
environments. The set of signature oligonucleotides can be updated and redesigned ae our knowledge of the
true genetic affinity between known organisms.improves, In many cases, the hybridizatirm array wili be
able to determine the genetic affinity of multiple organisms in a sample in one expefiment. I the organism
turns out to be a previously known. organism, its.identity. can..be‘detemri.nedktatheepecies level if suitable
signature oligonucleotides are included in the hybridization. Under some circumstances, the signature

sequences can also be used in assays in which detection does not rely on hybridization.

Problem Solved by the Invention:The Kohne patents (below) teach methods to utilize probes to detect
specific predetermined organisms or.groups.of organisms. Thus, the ‘611 patent teaches us how to
determine if a particular species of organism is or is not present in a test sample. The 330 patent teaches us

how to detect specific groups of organisms as weil as individual organisms. It i§ semewhat limited,
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however, in that the probes under this invention are obtained by seiection; i.e. subtractive hybridization.
Others have subsequently,demnnsttatedihe—.ahiﬁty.wdetectspeciﬂc.gtmlps}using probes based on

sequence comparisons.

It is implicit in all theseprior.art references that one knows. whatonehlslookmgfo? Thus, a prior art test
can be specificaily designed for detecting Legionelia. However, this is not aiways what is needed, e.g. a
quick response might be_necessary to.respond to an outbreak of a previously un{lmown transmissible
microbial disease. Perhaps even more to the point in this day and age, a terrorist could bicengineer a
normally harmless organism to.catry a gene that results.in productionofa;deadlj( toxin. The resulting
organism would have properties not normally associated with the bacterium that carries the toxin gene.
Indeed, the organism itself might be from a previously unknown genus. Similarly, theire are instances where
work is done in remote locations such as the Antarctic or on the Tnternational Space Station where one hias
extremely limited diagnostic capability available. Even in standard medical practice microbial
identification is needlessly cumbersome in that many aiternative specialized tests are now used to identify
the presence of the various known.pathogens.. In all.of these cases the ability to.genstically characterize
and hence identify what organisms or viruses are present in a test sampie with a singiaé universal test system
would be invaluable. The invention. provides.this.badly needed solution in a very general way.

References:
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SUMMAR:Y- OF THE INVENTION

Applicants’ method is summarized as follows:

A Establish or otherwise.obtain a nucleic acid sequence database of the equivalent nucleic acid from
a variety of organisms. It is best to quality control the database; selecting sequences; which are complete
and lack unknown segments in the region of interest, discarding the.rest.. Any of a variety of nucleic acid

sequences is potentially useful. At present the substantial amount of sequence information available for
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1RNAs, especially the SSU rRNA (i.e. 16S rRNA in bacteria) makes that molecule an excellent choice for
bacteria and eukaryotic microorganisms. In the case of viruses the most promising source of information is

currently the sequence of the genomic DNA or RNA.

B.  Obtain or develop a bifurcating node phylogenetic tree that substantially refiects the genetic
relationships between the organisms or viruses whose sequences are included in the nucleic acid sequence

database that is to be used.

C. Choose a smallest.sequence.length of interest for the characteristic sequences, which will be sought.
This length will differ depending in on the length of the nucleic acid molecule or region being examined,
the number of sequences in the.dataset and various constraints by ﬂl&exgeﬁment‘al systems that will be

used.

D. Test all possible sequences of this length N- againstth&entrie&inﬂlﬁ nucleic acid sequence
database that is being used in conjunction with the tree. A signature quality fiinction such as Qs is
calculated for every possible sequence of length N at each node in the tree. It is preferable and
computationaily efficient to only caiculate the Qs value for test sequences of length N that occur at least
twice in the database. Those test.sequences.that never occut: are.not signature sequences. Test sequences
that occur once are perfect signature sequences of the particuiar organism or virus from which the nucieic
acid was obtained. The signature quality function can be defined.in a variety of ways but shoulhd be
constructed so as to determine the extent to which a test sequence of length N is found in ail the organisms
in the database belonging tothe set of sequences.represented by a node in the tree a11d not found elsewhere.
A particuiar test sequence is determined to be a perfect signature of the organisms répresented bya
particular bifurcation node. on. the. phylogenetic-tree if all the nucleic acid sequences represented by that
node contain the sequence and the sequence is not found in any nucleic acid sequence not represented by
that node. A value Qs betweenzem(msignamxe_value\)‘andon&(petﬁect.signatuxe) is obtained for each

test sequence at each node.
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E. Retain as signature sequences those test sequences having Q, above some criterion. A given node
may encompass many signature sequences. Likewise, a particular test sequence canbe a signature
encompassed by more than one node, though frequently with differing vaiues of Qs. This refiects the chiid,

parent, grandpatent,eta;e.laﬁonsbipbetweenhiﬁmaﬁnnnodewn a phylogenetic tree.

E. Optionally, Repeat the steps 1. and B for sequences of the desired leﬁlgth (e.g., 7mers, then

8mers,etc).

G. The signature sequences permit the design.of hybridization probes for use i{l an assay. A typical
assay can employ a plurality of such signature probes representing at least 50%, and Eypically more, of the
nodes in the applicable.phylogenetic tree. The resulting hybridization will altow the jde11tiﬁcation of the
organism’s genetic affinity without the necessity of prior knowiedge of what it wouid‘!‘be. 1t is contempiated
that this invention can allow the development of a single test system that can be used to identify a wide

variety of organisms.

H Once available, the signature sequences can be used in other ways. For exampie, it is preferabie to

detect the presence of specific signature sequences in a sample using mass spectrometry. It is also

 preferabie to use signature sequences to design PCR primers for a yariety of applications.

In abstract form the invention may be described as follows:

Selecting which sub-sequences in a database of nucieic acid such ag 16S rRNA are highiy
characteristic of particular groupings of bacteria, microorganisms, fungi, etc. on a substantially
phylogenetic tree. The invention is also applicable to viruses comprising viral gengmic RNA or DNA. A
catalogue of highly characteristic signature sequences identified by this method is assembled to establish
the genetic identity of an unknown organism. The signature sequences are used to design nucleic acid

hybridization probes that include the characteristic sequence or its complement, or are derived from one or
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more characieristic sequences. A plurality of these signature sequences is used in hybridization to
determine the phylogenetic tree position of the organism(s) in a sample. I the target organism is
represented in the original sequence database and the signature sequences can identify it to the species or
possibly subspecies level. Qligonucleotide.arrays of many probes are especially preferred. A hybridization
signal can comprise fluorescence, chemiluminescence, or isotopic labeling, etc.; or ééquellces in a sample
can be detected.by: direct means, e.g..mass spectrometry. The method’s characteﬂstig sequences can also be
used to design specific PCR bﬁmers. The method uniquely idenﬁfies the phylpgeneiic affinity of an
unknown organism without requiring prior. knowledge of what is present in the se_npple. Even if the
organism has not been previousiy encountered, the method stiii provides usefut inf;mnation about which

phylogenetic tree bifurcationnndes.eq?ompass the organism.

DETAILED DESCRIFTION OF INVENTION

Brief Description of the Several Views of the Drawings:

Figure 1 shows schematically the bi-directional binary tree structure.

Figure 2 shows schematically the structure of the composite hash of the oligonucleotides.

Figare 3shows schematicaily the flow chart of the principal programs.

Figure 4 shows schematically how Subsystem I converts the foﬁllat of the sequence file.

Figure 5 shows schematically a phylogenetic tree and its corresponding, Newick fogmat presentation.
Figure 6 shows schematically the tree file in Newick format is parsed in a stepwise ﬁlld bottom-up manner
Figure 7 shows schematically the trimming, is stepwise and topology-canserving

Figure 8 shows schematically the composite hash of the oligoxlucleo{ides is built from the 168 tRNA
sequences

Figure 9 shows schematically. how.the number.of aligonucleatides.and their.respeqtive lengths length are
related.

Figure 10 shows the represeatative prokaryotic phylogenetic %ree in Newick format.

Figure 11 shows a graphic view of the representative prokaryotic phylogenetic tree.

Figure 12 A local region of the representative tree following trimming from 38 to }2 sequences. The
branch numbers in the representative tree are Iabeled in the picture and can be correlated with the resuits
given in Table F. The complete representative tree is given in Newick format in Figure 10 and shown in
graphical form on the CD that is part of this application

Table A illustrates by example. certain information, which is.on.the. CIX that is part q\f this application. The
table itiustrates for test sequences of length 15 the five best signature quaiity scores and the nodes they are
associated with in the phylogenetic tree.

Complete lists of this type are on the CD for a several different sequence lengths.
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Table B illustrates by example certain information, which is on the CD that is part of this app]icaﬁon. The
table illustrates signature sequences of iength 12 that are compietely unique to the organisms that is
indicated.

Table € shows the subsystems of the programs used and their func;tlons and components.

Table D shows the numbers of possible oligonucleotides of different lengths

Table E shows a the number of signature sequences that wete found at various qua%ity leveis as a function
of length..

Table F siiows the preferred parameters for the invention.

Utility of the Invention: "

The invention can identify the genetic grouping an unknown organism belongs to even if no perfect match
is found for the organism of interest, (the “target™. The invention designs a set of prbbes that ailows one to
approximately position any. target.organism on.a tree.that displays.the.genetic rela‘ionship between the
various organisms. With the invention, it is not necessary to know what organism or group of organisms
one is looking for nor.is. it necessary that it even be.previously known to.science. Ultimately, even if
nothing matches, the invention nonetheless gives useful information. For example, it might be iearned that
the unknown organism belongs to.the.group of entetic bacteria but.is.not any of the lflown species. Using
the invention, it is straxghttorwara to generate a clear file with the five best signature quality values; in the
format of Table A. The five best signature. quality. scotes for the indicated sequence are listed with the
specific node in the phylogenetic tree. ’ |

Unanticipated problems involving microorganisms. accur. ina variety. of settings including space flight,
medicine, indoor air quality, bioweapons of mass destruction, epidemics, etc. It would be of value to have a
diagnostic system that could readily identify.whatmicrao;ganismvisrpresentregardlqss of prior expectations
of what might be found, so as to facilitate a rapid assessment of what is occurring pfior to choosing of
countermeasures. It is.especially essexmaLtadetermnathggenetmldenuWoithemgamsm that is causing
the problem as closely as possible, since this wiil clarify where the organism came from, what treatments

a]re likely to be effective, etc.

Fortunately, each 168 tRNA sequence contains. short sub-sequences that are widely conserved throughout
the dataset and despite the fact that there are now over 16,000 publicly available. seqﬁences, there are still
farge numbers of other sub-sequences, which are totally unique to, and hence chara_?teristic of, ‘a particuiar
species or various groups of species that can be identified by methods of the invention. Surprisingly, this
pattern of sequence conservation is so strong that it is possibie to design specifie oligonucieotide
hybridization probes that can distinguish individual organisms, and groupings.of organisms in a tree of
relationship defined by 168 rRNA. Once an appropriate set of target signature sequences have been
identified for a desired assay, appropriate probes can be designed. Although it is anticipated that probes

based on the signature sequences wiil be used directly, in some appiications, the probes can be modified
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before use. For exampie, a “wildcard” base such as inosine might be used to extend or even modify the
specificity of a probe. Moreover, two neatby probes might be combined to make a larger probe. Any of a
vatiety of formats can be used to impiement the assays. Thus, the finai analysis sys'tem may utilize PCR-
amplified nucleic acids or, because rRNAs are typically present in many thousands of copies per cell, just
the sample RNA alone. A variety of detection systems can be used, comprising fluorescence,
chemiluminescencaandisntopiadetection‘.ffhe_tesulﬁngassag is .highly comgible with hybridization
underlying tree in one experiment Thus, it is possible to replace. many tests with just one.

1t is inberent in the prior art that only predetermined microorganisms or _gréﬁps of microorganisms wiii be
detected. This reﬂectsth&factthatprinnartassay& are based on. prior identification qf speciﬁc probes for
prior knowledge of what 1s.mbe‘detected;lhe,mvennnndescnbe¢het&mplemeﬂts a novel approach to

assay design that overcomes this probiem.

Sclentlfic})asm of the Invention

Although the invention is not to be limited by any theory or by the way in which the invention was
achieved, the following may be helpful in understanding the invention. An extremely effective approach to
determining genetic relatedness among bacteria is to ampiify and sequence their 16S fRINA genes (Fox ef
al., 1980; Woese, 1987). The resulting sequences are aligned with other 16S rRNA sequences and an
appropriate method, e.g. maximum likelihood, is used ta construct.a phylogenet\lc tree. This process is
reasonably fast, very accurate and facilitated by programs and data available via the Internet at the
Ribosomai Database Project (RDP) web site http;//www.cme. msu. edu/RDP/html/lnd?x.htnu) (Maidak et
al., 2000). Many thousands of 16S rRNA sequences, representing essentially all known genera of bacteria,
are now availabie in the RDP and other ribosomai RNA databases. Therefore, whe{n a new isoiate of
uncertain affiliation is found here on Barth, its genetic identity can be inferred from its placement in the
16S rRNA phylogenetic tree.

It was observed early on inthe 16S rRNA literature that there were in fact many characteristic ribonuclease
T1 (a subset of ali possibie oligonucieotides that congists oniy of those which end in G and contain no
internal G) “signature’”. oligonucleatides. (Woese.et.al.,. 1980;). The.existence of such signature
oligonucieotides in a set of 16S rRNA sequences actually refiects the fact that certain individual positions
have a particular value (ie. A,.C, Gor1).in au.orgalﬁsxns.beloxlgingrmapaﬂiculaxx" cluster and a different
value for organisms which do not belong to the civster. The phylogenetic breadth of khe cluster
encompassed is different for each signature position.and the signatures are typically somewhat noisy in that
the characteristic nucleotide is absent in some organisms that belong to the cluster of interest and present in

some organisms that are outside the cluster. The. information. that is.cartied by these very informative sites
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is nevertheless precisely what underlies the success of standard algorithms that construct phylogenetic

trees.

In order to quantify this information, a signature quality index, which ranges from 6 (no meaningful
signature) to 1 (perfect signature) was developed for use with the ribonuclease T1 oligonucleotides (McGill
et al., 1986). Such an index allows the quantitative characterization of the utility ofany oligonucleotide in
determining if an unknown organism belongs to any particular genetic grouping in éparticuiar tree of
genetic relatedness. In order to.implement the invention it was necessary to modiﬁjy the signature quality
function for use with compiete sequence data. The signature quality index used is of the following type:

Q = )% 1="6).. )

where Q; is a measure of signature quality, ¥, is the frequency of the signature sequence within the group
under consideration, and °f, is the frequency of the signature sequence. outside the g[roup of interest. The
frequencies are based on the number of sequences in the dataset that a particular oligonucleotide matches. .

and the resulting function again varies.from.0.(no. meaningful signature).to.1 (perfest signature).

To illustrate this function, consider a particular heptamer, which is found in 50.distinct sequences. If 40 of
these occurrences are in a singje taxonomic cluster, which contains 50 members and the remaining 10
occurrences are scattered among the remaining sequences the resulting value of Q, is 0.64. Finally, the user
of the invention needs to.understand that when members.of a sequence cluster share an oligonucleotide
which is not found in non-members of the cluster (e.g. when Q, is high) the oligonucléotide in question will
almost always be found to occur in the equivaient piace in aii the 168 rRNAs that hzjve it. This refiects the
fact that useful signature sequences are phylogenetically conserved at various levels of genetic relationship.
This is not obvious because it initiaily seems very counterintuitive. It is, however, the reason high quality
signature oligonucleotides exist. If this were not the case the various oligonucleotides would be randomly
scattered throughout the various sequences and high vaiues of Q, wouid be uncommeon and not predictive

of what would be found in sequences that were not yet known.

It is also important to realize that there are many aiternative ways in which the signa}ture quality function,
Q,, is defined. One for example might take the logarithm of values or use values of 1- Q, More to the point
one could square the first factor in Equation 1 to give more weight on any false negatives or cube the
second factor to strongly penalize false positives. ‘

What size of oligonucieotides will give useful signature information? In the case-qf shorter smaii

sequences, the equivalence of position is overshadowed for small oligonucleotides such as the 4,096 (4°%)

different hexamers, many of which can be expected to occur by random chance amoxg the 1,500 hexamers

11



10

15

20

35

WO 02/059348 PCT/US02/02564

that one expects to find in a single 16S rRNA sequence. Thus, the heptamers (4" = 16,384 in total)
represent the smaliest sequence length that is likely to produce meaningful signature information. On the
opposite side, large oligonucleotides tend to be unique to individual organisms. That is to say, as
oligonucieotide size increases, a larger portion of the signatures wili be for leaf nodes, e.g. smail numbers
of closely related organisms and a decreasing percentage will signify internal node;c.. Based on prior
experience with 168 rRINA ribonuciease T1 oligonucieotides, it is likely that sequences larger than length
15 will mainly have utility for leaf nodes. :

Bgsign and impiementations

Programming language
Except the first program readseq, which is preinstaiied as a binary executabie, ail other progtams deveioped

for this project were written in Perl.

Perlisa freely available, non-proprietary, opgn-source programming iangnage. ’I’hust programs written in
Perl will not be affected by possible future changes in the license of the language compiler/interpreter. Perl
is aiso a very high-level language for generai purposes. It has 4 function points per 100 lines of code,
compared with 0.8 for C and 2 for C—+. This means that software development.in Perl is generally much
faster than that in most other programming fanguages. Perl is especially efficient in dealing with text,
which makes it an appropriate choice for manipulating genetic sequences. In addiﬁon, Perl’s excellent
built-in data structures, automatic garbage collection, and almost. unrivalled portab]ility also make it more

attractive.

More information on Perl and its newest release can be found at the Perl web site: h}tp://www. perl.com.2.2
Data structures.

All Perl built-in data structures, namely. scalar, arcay, and hash, are used in this m‘fention Because of the
compiexity of the data presentations, more sophisticated data structures such as bi-directional binary tree

and compo_Tte hash, are also used.

Given the characteristic structure of the phylogenetic tree, it was natural to represent it as a binary tree in
the program. In this case the tree structure is special in that it is bi-directional. The parent tree node has a
pointer to each of its two child tree nodes and the child tree node also has a pointes back to its parent tree

node (Figure 1). This unusual tree structure is required to facilitate the signature quality index value

calculation at each branch tree node (excluding the tree root fmd ail the leaf nodes).

‘Bach leaf tree node has five data fields: “shortName”, “fullName”, “leafNumber”, “isValid”, and
“isMatched” (Figure 1). The first two fields hold the abbreviated name and the full name of the prokaryote.
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leafNumber records the sequentially assigned number of the leaf node in the tree. The last two are Boolean
variables used mainly for calculation purposes. Each branch tree node has four data fieids: “nodeNumber”,
“numLeaves”, “numValidLeaves”, and “numMatchedLeaves” (Figure 1). The first field records the

sequentiaily assigned number of the branch tree node. The other fields record the m\mber of leaves, “valid”

leaves, and “matched” leaves descended from this branch tree node respectively.

Figure 1 shows the bi-directional binary tree structure with three ieaf nodes. N otﬁthat a parent node has

two pointers to its child nodes and each child node has a pointer back to its parent.

A composite hash was used to store all the oligonucleotides of a specific length derived from a dataset of
the prokaryotic 16S rRNA sequences and their related information. The “infrastructure” of this composite
hash was implemented with Peri’s built-in hash. Because of the compiexity of the information on each

oligonucleotide, an anonymous hash data structure was heavily used to accomplish the task.

In Perl, a hash is composed of the unique keys and their corresponding.values. T‘{le keys of the outmost
layer of the composite hash are the sequences of the oligonucleotides and the value of each key is an
anonymous hash which has three keys — “matchingTimes”, “matchingOrg”, and “SreeNodeVaIues”. The
value of “matchingTimes” counts how many times the oligonucleotide occurs in the 16S fRNA sequence
dataset. The vaive of “matchedOrg” is the set of the names of the organisms whose 16S rRINA sequences
are matched by this oligonucleotide. Because of the special nature of the hash — tﬁat is, its keys must be
unique — the set is also implemented with an anonymous hash, whose keys are the names of the matched
organisms and the corresponding values are set to “undef”. The value of “treeNodeValues” records the five
highest quality index values at the branch nodes. This is implemented with an anonymous hash whose keys

are the branch tree node numbers and the corresponding values are the quality index values (Figure 2).

Figure 2 shows the elaborate.stnmmraof.the.comgositehash.usedimthe.pmgat‘l. Only two entries are
shown in this figure. A hash is represented by a tabie and the keys are shaded. & denotes the data type
“undef” in Perl. The data.in this_hash.are.fat.elufidatory purposes only.

Algorithm:

The signature quality index measures.how well.an.oligonucleotide (probe).signifies a taxonomic group of
prokaryotic organisms in the phylogenetic tree. Thus, the index qualitatively measures the “quaiity” of the
signature sequences and ranges.from 0.(no.meaningful signature) to 1 (perfect signature). The index can be
mathematically expressed as:

Q =(£)x(1-%) ey

where Q; is a measure of signature quality, 'f, is the frequency of the signature sequence within the group

under consideration, and °f, is.the frequency.of the signature sequence outside the gtoup of interest.
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Given a defined group of prokaryotes, 't and f, can be empirically described as:
T = Nom/ Nor @
%, =(Nm—Nam ) / Ny 3
where Ny is the number of probe-matched prokaryotes in the entire tree, Ny is ’fhe number of probe-
matched prokaryotes in the group of interest, and Ngr is the number of prokaryotes in the group under
consideration. Interpolate equation. (1) with equatiogs (2) and (3), we have:
Qs = (New/Ner ) x (1 - (Nyy—Near) / Nag)
=(Nav' )/ (Nor xNps) : ' @

Preferably, the invention uses equation (4) to calculate the signature quality index Q, and in order to do so
during run time it keeps tracking Ney, Ner, and Ny of every oligonucieotide of a specific length at every
internal tree node. Since equation (4) is derived from equations (1), (2), and (3), if .any one of these three
equations changes, which may occur based.on new. insight‘,intuhow.characteristic signatures occur and are
distributed in 168 rRNA sequences, equation (4) will change accordingly. This great flexibility provides

system improvements that are ingiuded in the invention.

System implementation
The identification system used to find characteristic oligonucleotides in the 16S rRNA sequence dataset
consists of the following twelve principal programs and several auxiliary programs, all provided on the CD

enclosed with the application.

Principal programs:

= readseq (preinstalled program, not written by the author)
- fasta2flat

" seq classifier

" tree parser

" select_seq

= probe_hash_table_generator

n cale_node value

- result_pginter & result printer_
= group_node_lister

= list_hit branch nodes

L hybridize

Auxiliary programs:

. node_selector

- tree2newick
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Figure 3 gives a panoramic view of the reiationship among the principal programs and the data flow in this
system. This oligonucleotide identification system can be ronghly. divided into fouy functionally different
subsystems, which in turn carry out sequence file format conversion, internal data structure preparation,

function value calculation, and result presentation respectively (Table A).

The unaligned prokaryatic 16S rRNA sequences were downloaded from the RDP in Genbank format. The
168 rRNA sequences are from those prokaryotic organisms that appear in ﬂlg_go1n15re11ensive prokaryotic
phylogenetic tree. Genbank format is the standard format for annotated nucleic acid and protein sequences.
In this format, a sequence is recorded with severai fieids of information inciuding its iocus, definition,
reference, and origin. Since only the abbreviated names of the organisms-and the 16S tRNA sequences in
the sequence file are needed for the purpose of this project and aii other infonnatim:l is redundant, it is
necessary to extract the.needed data from.the sequence file and discard the extra in order to increase the
program efficiency. '

This data extraction functionality is fulfilled by subsystem I, the.sequence file format conversion
subsystem, which is composed of readseq and fasta2fiat (Figure 4). Readseq is a preinstailed program. It is
a convenient and usefuLuﬁﬁIymconveﬁihefonnatoﬁa‘seqqenceﬁleamongrﬁenbﬁ;ﬂg FASTA, and many
other formats. FASTA format is aiso a common sequence format and usuaily used in sequence alignment.
In this format, a right angle bracket (*>"). prompts the.sequence annotation on the same line, which is
followed by the sequence itself starting on a new line. This project used readseq to\change the 16S tRNA
sequence file from Genbank format to EASTA format..In this step-only. the names of the organisms and the

168 rRINA sequences are retained whiie ail other information is discarded.

Since the 16S rRNA sequence is long and expends several lines in FASTA forma?, 1‘1]’ is not convenient to
use the sequences in this format. To further facilitate the manipulation of the 16S rRNA sequences and the
corresponding organism names, the program fasta2flat takes the sequence file in FASTA format as the
input and rewrites the sequence data in a “fiat” format, in which every line is a data éntry starting with the
organism name, followed by a tab character (“/t”7).as the separator followed by ast{ing of letters (A, U, G,
C), which is the 163 rRNA sequence.

As shown in Figure 4, Subsystem I converts the format of the sequence file.

Subsystem II builds the binary prokaryotic phylogenetic tree and the composite oligonucleotide hash.
These internal data structures were used to.calculate the function value at each bragch tree node.

Release 7 from RDP contains a total of 7,322 prokaryotic 16S rRNA sequences. However, not all of these

sequences can be used to generate the set of oligonucieotides (piease refer to the sgction on program

probes_hash_table generator for explanation on how the set of oligonucleotides was generated), because
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many of them are only partial sequences of 16S rRNAs (e.g. a sequence has only 300 nt instead of about
1,500 nt, the fuli iength of 16S fRNA) and many contain positions-in the.sequence&tilat have not been fully
determined (i.e. if any position is noted by a letter other than A, U, G, and C). Program select_seq filtered
out these problematic “invalid” sequences-and retained 1,921 “valid” squences.ﬂkﬁt are fully determined
and longer than 1,400 nt.

The comprehensive prokaryotic phylogenetic tree based upon- 16S rRNA- sequericeg in Newick format was
obtained from the RDP web site. The Newick format for representing trees in computer-readable form
makes use of the correspondence between. trees.and nested parentheses,.noticed.in \857 by the famous
Bnglish mathematician Arthur Cayley. A simple exemplary tree and its corresponding Newick format are

depicted in Figure 5.

As shown in Figure5; the-invention-can-fornraphytogenetic tree-anckits ~cerresp?nding Newick format

presentation.

The tree in Newick format ends with.a.semicolon.. Interior (branch}nedesarempresianted by a pair of
matched parentheses. Between them are representations of the nodes that are immediately descended from
that node, separated by.commas. The tree in-Fignre 7 has six leaf nodes-at-the- tip&({\, B,C,D,E andF)
and five branch nodes inside (the root node and the branch nodes 1 — 4). A branch node can be at any place
where a leaf node locates; which-results:in-further-nesting of parentheses-to-atty Ieve{. The comprehensive
prokaryotic phylogenetic tree has 7,322 leaf nodes and 7,321 branch nodes. Since the tree is far from being
balanced (as the evolution. of life itseif is not-balanced), some branche&ait}\e tree go very deep.

The Newick format of the tree file obtained from the RDP website largely conforms to the Newick
Standard described-abeve-with-minor. differences, suchas:the-usage of comma and sirggle quote. See Figure
10 for an example. The tree file contains taxonomic group identifiers and branch lengths. Much information
is also recorded for every leaf node, which includes the abbreviated organism name, ;he full name, and etc.
When the program tree_parser parses the tree file and builds the internal tree structure, only the abbreviated
and full names of the organism are kept for each leaf node and ail other information is discarded. The
abbreviated name is later compared with every name in the set of matched orgénisms of every

used purely for illustrative purposes whenever clear identification of an organism is necessary. Since this
system does not use taxonomic group idenfifiers and ex}oiutionary distances, these c%)ta in the tree file were

also ignored.

Due to the algorithms.and.xixethnds_usedmconstructth&phylogenetiatxee,.ahnost all }3hylogeneﬁc trees are

bifurcating, that is, a branch node has exactiy two child nodes: a left node and a right'node. This feature of
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a phylogenetic tree makes a binary tree a natoral and excellent choice of data structure to present it in a
program. In some cases, the distinction between the relative branching orders is. very close and three or
more branches are shown as emerging at the same node. Such nearly bifurcating trees are not a problem for
the method as they are readily reduced to-a bifurcating tree. The tree file in-Newick gormat is parsed in a
stepwise and bottom-up manner. Program tree_parser scans the tree file and add one leaf node a time to the
nascent internai tree facilitated by a stack of references, Figure 6 shows.howa,shnp\le internal binary tree is

built step by step (the reference stack is not shown).

Figure 6 shows how the.tree file-in Newick format is-parsed-in a-stepwise and bottom-up manner. (a) A
phylogenetic tree in Newick format. (b) The internal tree structure is built stepwise and from the bottom up.

The fified circies.denote ieaf nodes and the hoiiow circles branch nodes.

Program tree_parser builds the internal comprehensive prokaryotic phylogenetic tree using the tree file in
Newick format as-the biueprint-and serializes.it to an.external binary.file SSU_Pr?TK tree.bin for possibie
later use. It then marks the leaf nodes in the internal tree structure “valid” or “invalid” according to the
names of prokaryotes-in file SSU. Prok-fasta.converted.valid, the output.of. program seq_classifier, and
serializes the marked tree to file SSU_Prok.treeMarkedTotal. bin. This tree structure can be used later to
calculate the function values, but the process is inefficient because nearly 74% of the leaf node sequences
are not of the-very highest-quality. The-tree-is large-and-the-existence-of tnvalid: 1ea£ nodes makes its size
unjustifiable. Another difficulty is that some taxonomically different branch nodes may actually represent
the same group-of valid-descendant leaf nodes.

These potential difficuities were avoided by using a representative tree based on only the highest quality
sequences. Building suelra—repfesentativ&tfeerechires&comgmhensive‘aﬁalyg,is ofithe existing published
tree of 7,322 sequences to determine which groupings and individual sequences, e.g. known pathogens,
need to be ineluded: Fhis representative-tree-met-these three qualifications:

- - - . - o — . = ﬁ,: =
Ll It only contains bacteria whose 16S rRINAs haveibeen fully sequenced.
. At least one-organisux represents. each-major taxonomie grouping,
= The topology of this representative tree shouid conform to that of the comprehensive tree. In order

to construct a representative-tree; 929-bacteria-are-selected from: 1,921 prokaryetes whose 165 rRNA
sequences are of the highest quality. The list of the leaf node numbers of these 929 piokaryotes was kept in
the text file selected: leaf nede-list: The-resulting-representative-tree-is-far mofek%omprehenswe than the

98-sequence version provided RDP with its Release 7 dataset.
In order to keep the topology-of the representative tree-incaccordance-with:that-of tl‘le comprehensive tree,

after writing out the binary files SSU Prok tree.bin and SSU Prok treeMarkedTotal. Bin, program
tree parser used-the list-of-selected-leat nodes-infile: selected:- leaf noder- list as-the reference to “trim
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away” (Figure 7) invaiid and valid-but-unseiected ieaf nodes in the tree structure, resuiting in a
representative tree with 929 valid leaf nodes. This trimmed-tree structure-was.serialized to the binary file
SSU_Prok.treeMarkedTrimmed.bin, which was later used in the signature quality index value calcuiations.

Figure 5 iftustrates that thetrimming is stepwise-and topology conserving.

Program select_seq takes three files SSU_Prok fasta. converté(ivaiid, seiected ieaf node iist, and
SSU_Prok.tree: bin—as‘th&iﬂpuhandgeﬂetate&ﬂle:SS[—I;Ptokfasfaco&veﬂed—_vaﬁ%selected as the output,
which will be used to construct the composite oligonucieotide hash in the next stefi Input file

SSU_Prok fasta.converted.valid-is-the-output-of-program seq- classifier: It:contaiui all “valid” 16S rRNA
sequences in a special “flat” format. File selected leaf node list keeps all leaf node numbers of the
selected prokafyete&:.ASSUL_.Em&ttee;bin;i&th&bi:aary‘ﬁlaﬁamwhicknthe:eamg:;«ihensive prokaryotic
phylogenetic tree is retrieved. The tree structure is used to index between the leaf node number and the
abbreviated organismr-name:in the-corresponding:leaf node: The-output file-holds the 16S rRNA sequences

of the selected organisms in the same format as SSU_Prok fasta.converted.valid.

Program probes hash_table generator is responsibie for generating the composite.laash, which records the
needed information for each of all occurring oligonucleotides of a specific length from the 168 RNA
sequences dataset. The program- takes.the probe length (x) as-the command line. a{gument and implicitly
open sequence file SSU_Prok fasta.converted. valid.selected to get the abbreviated names of selected
organisms and their corresponding: 168 rRNA: sequences: The:hasltfonpmb&?f length x is output as
binary file hashForProbeLengthx. bin.

Since oniy the. oligonucleotides occurring in the 16S fRINA sequences. are cgnsiderefi interesting, naturaily
all oligonucleotides and their initial cognate information used in this system are derived directly from the
16S RNA sequences: I we:considet.the: number.of-all:possible-oligonucleotides-of a, \fpeciﬁc length, the
computational saving by deriving oligonucleotides directly from 16S rRNA sequences is substantial. Out of
all possible 1,048,570-¢4°) decamets; 236,884 of them-actually occur in. the-dataget of the 1,921 “valid”
168 fRNA sequences and 133,599 of them occur more than once. Only these 133;599 multi-occurring
decamers (12.7%.of ail).are used in-the next step.to-calcuiate the funcﬁoxl.vahlgg since we are only
interested in identifying the phylogenetic neighborhood/group of an unknown baéterium. By definition

oligonucieotides that are.unique cannot.be characteristic.of a group.

Program probes_hash_table generator reads in the selected 16S rRNA sequences and for each sequence it
excises oligonucleotides-of the.specified length-from-the 5’ end, shifting one nucleaq‘de at a time, to the 3’

end (Figure 8). Since an oligonucleotide can occur in 168 rRNAs from several orga;tﬁsms and several times
in one particuiar 168 rRNA, the occurring times (matchingTimes) of an-oligonuciegtide in the hash can

only be equal to or greater than the number of the organisms (matchedOrg) whose 168 fRNAs it occurs in.
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Figure 8 illustrates how the composite hash of the oligonucleotides is built from the 16S rRNA sequences.

At this point the system-has completed the necessary preparative work, namely the sequence file format
conversions and the data structure constructions. With those steps complete, the system is now ready to
calcuiate the function value.at eacirbranch tree.node. Subsystem. 11, the function vaiue caiculation
subsystem, consists of only one program — calc_node_value. It takes the probe length (x) as the command
line argument and implicitly. reads-in-the corresponding binary probe hash file hasJBF orProbeLengthx.bin
and the binary tree file SSU_Prok treeMarkedTrimmed.bin.

For each multi-occurring eligonueleotide-from: the-hash-reconstructed from: thabmary hash file, leaf nodes
in the phylogenetic tree are marked if this sequence occurs in the 168 rRINAs of the orgamsms at these ieaf
nodes. At each branch nede:-the-number af its-descendent matked-leaf nodes-is-counted by using the
unusual backward pointers in the tree structure. The signature quality index values are caiculated at all the
branch-nodes-and then sortedtin-descending order. Theteg:ﬁve;bigh%walue&auq\their corresponding
branch node numbers are kept as the valve/key pairs in the treeNodeValues anonymous hash field of this
probe in the composite-hash: After-the-calculation is-completed-the-result-is:eutput-as a binary file
hashForProbeLengtthélc.bin, which is essentiaily the same as the hashForProbeLéngﬂlx.bin except that
the treeNodeVa}ues'fen»eaclr:nmltbaccurﬁngoﬁgenucleotide:is.poptﬂatechm&&ﬁhﬁle calculation results.

Subsystem IV, the result-presentation:subsystem: reconstructs:the-composite: pmb&k?sh and retrieves the
caicuiation resuits from fiie hashForProbeLengthxCaic.bin. Tt is the open end of the system the caicuiation
result can be analyzed-and.presented-itr-a variety.of waysbecause-any progrant; as. lapg as it can reconstruct
the composite hash from the binary file, can “plug into” the system via the subsystem IV and interpret the
calculation results-in its owm-way.. Currently. this subsystem-consistsof five:programs (Table C).

Programs result_reporter and result_reporter , as their names suggest, are a pair of simiiar resuit-presenting
programs. They both take-the length-of: probe-¢x)-asthe command-line-argument; recqustruct the composite
hash filied with the calcuiation resuits from corresponding hashF orProbeLengtthaic."bin, and give a list of
signature sequences 'W'rtlhinformatimr.en:t-}ueit:cgm}ity;hﬁex;_theiﬁidmtiﬁeéb(?nch nodes, and the
descendent leaf nodes as the output files. The only difference between these two programs is that the
former outputs the-listﬁf.-.sigtlatufeﬁequeﬂeeﬁsoﬁed:iin.descendingerdenaﬁthe\Pode numbers of the
identified branch nodes while the list output by the later is sorted in descending order of the signature

quality indexes.

Programs greup- nede: lister and-Hst: hit: branch. nodespresentth&rem}tfmﬂ the perspective of the
taxonomic groups. group_node fister lists ail identified branch nodes along with their corresponding
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signature sequences of a particuiar length specified at the command line. list_hit branch nodes takes a

more ambitious approach. H-gets all the calculation-results of eligonucleotides from: t\leptamer to undecamer
from files hashForProbeLengthxCaic.bin (x = 7 ~ 11) and coliects the number of times that a branch node is
identified by characteristic eligenucleotides of a specific-length at: signatare quality lfvels 0.6,0.8, and 1.0
respectively. The analysis result of this program is the useful statistics which imply the relationships among
the frequency-with whiel-a branch-nede-is identified, the oligonucleatide:length, and the signature quality.

Program hybridize was used to test the usefuiness of the characteristic oligonucleotides that the system has
discovered so far. Tt takes asequence-file-as the input in-which every-entry staﬂ&vv&ql a label followed by a
tab character (“\™) as the separator followed by the actual 16S rRNA sequence. Although this program can
use any reasonably geod-set-of characteristic-oligonucleotides-as:the-hybridization probes, in this
preliminary test nonameric signatures were used and they gave satisfactory resuits. When hybridize reads in
a 16S tRNA sequence; it compares:( hybridizes” »this-sequence-against-all the characteristic
oligonucieotides with a signature quality better than a specified threshoiﬁ in the selected probe catalogue.
When a probe is expected:to:-bind-to-the:16S1RNA: i’t:is:recordeﬁhbynmkmg;th&eo({esponding branch
node in the representative phylogenetic tree. The output of hybridize is one marked representative tree per
each unknown-165-rRNA:-sequence-plus.a-signature-quality-threshold-(0.6; 0:8, an 1.0). Some interesting

and noteworthy features of the results will be discussed later.

Valid 16S rRNA sequences

The 7,322 bacterial 165 rRINA sequences obtained from RDP release 7 -have mulitifagious qualities. Some
were fully determined in terms of both the length and every position of the sequerce while others are either
partially sequenced and/or contain one or more undetermined positions. Any sequence that was either less
than 1,400 nucleotides in length or has nucleotides other than AUGC (e.g, especially N standing for a
position where the sequence could not-be-determined)-was-considered-“invalid” by the system and was
filtered away. Many of these sequences had very minor difficulties, i.e. marginally shorter than required or
containing up-to.3.uncertain sequence-assignments-and could have been. used withopt significant effect.
However, since 1,921 168 rRNA sequences met the strongest criteria it was possiblt; to maintain the very
highest standard. Thus.oniy the sequences deemed valid were retained to. gene@}te the sets of signature

oligonucleotides.

Aithough the two.conditions.disqualifying problematic 168 rRNA. sequences. g;\eatly simplify-how the
system deals with low-quahty sequences, they are probably far too strict and as a result the current
calculations likely did not-make maximum.use of all the sequence information in the dataset. Sequences a
few nucleotides short of 1,400 nt or those that contain a small number of undetermihed positions are

currently discarded, even-though their. signature sequences remain-mostiy intact. To.mitigate this probiem,

the quality demands can be moderately relaxed, i.e. by lowering the length requirement and only discarding
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the oligonucieotides containing undetermined positions instead of the whole 168 rRNA sequence.
However, if a representative phylogenetictree-is usefhinstea&nﬁa-camp;fehensﬁe\?ne (as in this system),
the effect of losing sequence data shouid be mild since oniy a subset of 16S rRNA sequences are used
anyway. If-a-branch of the-comprehensive phylogenetic tree is absent-fronr-the repregentative tree due to
lack of valid 16S rRNA sequences in that cluster, either the quality demands can be decreased as described
above or sequences fronttwoevery closely related-organisms: can:be:ﬁisech’t:reﬂsgre that this particular
branch will be inciuded. Also, it should be appreciated that in some cases, the distinction between the
relative branching orders-may be-very clese:i&some—afea&ﬁﬁﬂmﬁe&;\&hextﬂﬁ&aec\urs it is not uncommon
to show three or more branches emerging from the same node. Such nearly bifurcating trees are not a
problem for the method as theya:efead&yrechm?d to a bifurcating tree.

Oligonucleotides in 16S rRNA sequence dataset

The number of all-pessible-aligonuchiotides- of a specific lengtivevidently depeﬂdfxon both the length and
how many different nucieotides are legitimate at each position. Given that there are four different
nucleotides (A, U, G; € inRNA and-A: T, G; € in DNA), if the-length:of the- Q%lgonucleotlde is », the
number of all possible length-x oligonucleotides is 4°. When length 7 is large, the oligonucleotides
occurring in the 165 fRNA:- sequenea-dataset-are-only a-non-randont fraction-of all-pessible oligonucleotides

and there is no simpie formuia to caiculate this number. Tabie D summarizes these numbers for

. oligonucleotides under-considetation-in-this systencfronvhexamer-toundecamer. Figure 9 plots these data

and gives a direct visual perception of the trends.

Figure 9 shows that the-number-of oligonucleatides ancd-the-length-are-related. (a). The number of all
possible oligonucleotides increases exponentially with the length. The curve is descfi‘bed by function fix) =
4", (b) The numbers of..the:tota&:ancknnﬁﬁ:oceunmg:ohgpnucleotide&-mfhe:}ﬁ&r{{NA sequence dataset
aiso increase with the iength. The increases are siower than that in (a) due to the sequence context
constraint from 16S rRNA.

Signature oligonucleotides in 16S rRNA sequence dataset

At a branch node in the phyiogenetic.tree, if an- oligonucieotide gives.a quality index value greater than a

preset value, this oligonucleotide is said to be a signature at that branch node since it can identify that node
better than other oligonucieotides which-have a lower-vaiue of the quality index. It the current system, 0.6
is the cutoff value, i.e. only oligomers with function value over 0.6 at a branch node will be presented in the

results.
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Of course, several signatures may identify a branch node and an oligonucleotide may also be a signature
simuitaneously at several branch nodes. Clearly, the higher the quality-index valug of a signature at a
branch node is, the better it can identify that node. A signature with a function value of 0.8 is better than
one witi a function-value of 0.6 at.the.same branch node and a signature with. function vaiue 1.0 is perfect
for that node, which, according to the definition of the signature quality function, Q, means that all 168
rRNAs having this signature sequence are in-the same phylogenetic group defined by that branch node and
thus no 16S rRNAs with the same signature are outside that group. '

Signatures of different lengths are distributed in the phylogenetic tree differently. Tbie general observation
is that long and short signatures have polar distributions in the tree: the long signatures tend to identify the
branch nodes near the tree leaves while the short ones-are more likely to-pick out thgse near the tree root.
This trend is evident when the results of pentameric and undecameric signatures are'compared‘ The result
shows that 35 out.of 35.¢100%) perfect-(Q, = 1.0)-pentameric signatures-identify th¢ root while 11,958 out
of 18,746 (64%) perfect undecameric signatures identify the two-leaves—as—two—chilélren branches.

Short signatures, e.g, pentamers and-hexamers.examined-by the-systenr, are genqyally too unspecific to
identify any interesting smail groups in the phylogenetic tree with Q... They tend to identify the whoie
bacterial tree instead: However; if-a-smaller nueleic-acid-such-as:55 rRNA is used then sequences of this
iength might be significant. On the other hand, fong signatures, e.g. undecameric and longer
oligonucleotides, are-inereasinglyspecific and-therefore more-usefuk to-identify-individual organisms and
two-leaves-as-two-chiidren groups. Signatures with a length between seven and eleven should have a more

balanced distribution-in-the phylogenetic tree.

2,533 nonameric signatures can identify phylogenetic groups with three or more (up to 23) members
petfectly. On 20:8 and->0:6 quality levels.there-are-5,580-and-15,340-nonameric siqlauues respectively. At
this length, the signature sequences cover/identify ~80% of the phyiogenetic groups;in the representative

tree. The user can-referta-Fable.Efor a quick compatison.

In Table E a “gap” between the numbers of signatures shorter than octamers and those Ionger than
heptamers is evident: On-everylevel-of sighature-qualities examined; namely where.Ps isequal to 1.0, 0.8,
or 0.6, there is a sharp unexpected increase in the number of signatures and tree coverage from heptamers

to octamets.
Tabie E provides a comparison among, signatures-of various.lengths-ranging from-pe]ntamers to undecamers

and also 15-mers. Only signature sequences that can identify phylogenetic groups with three or more

members are.counted.in constructing this table. A computer. program is used to ca‘lcq\iate the coverage. Any
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branch nodes other than those that have two leaf nodes as their two child nodes in the representative tree

are regarded as phylogenetic groups (635 in.total). The signature qualitg Q, is greater than 0.6.

Hlustrative Examples .

Example 1. A Leeal Region of-the-Tree-& Hs-Associated Signatures

The purpose of this exampie is to better iilustrate the rejationship between the signature sequences found
and the nodes of the-tree-used-in-a- more-detailed level: Table-F, lists:only the: resuxlts with reference to a
local region of the comprehensive tree. Before trimming this region contained 16S rRNAs representing 38
organisms. A total of 23 of these sequences: were-of the-very highest quatity but- 1many of them were very
simiiar so a total of 12 sequences were selected for final inclusion in the represeﬁtative tree. This focai
region of the representatiwtte&i&slmmiﬁlﬁgnr&ﬂ The numbers of nonameric,\ undecameric and 15-
mer signature sequences at each of the 11 branch tree nodes in this 12 organism sub-tree in different ranges A
of quality levels are summarized:in:Fable F: Tree:node-5547. does-not-have-any -signatures at the Qs 1.0
level whereas its parent branch, node 5549, has 14 perfect nonameric/undecameric/15-mer signatures.
Several of these are the-same-secuences, which-serve-as-signatures:for-nade-5547 at.values of Qs at the 0.8
ievel. This resuit draws attention to the fact that many individual oligonucleotides ar‘; signatures of several
branch nodes at differing levels- of: Q;; This-reflects: the:-chi.i&parentznelaticnslﬁp% between nodes. The
signatures identifying the taxonomical group represented by the local root node 5577 of the representative
tree illustrate-another-commen-feature- Of the-17 perfect-signatures.for- nede-5577, five are nonameric, six
undecameric and six are 15-mers. However, every one of these five nonameric signatures appears as a part
of one of the sii undecameric-signatures. ~T:his-inc}nsion.oﬁshortenzsignature‘sequeneis is a part of a longer
one is frequently seen regardiess of the signature length, the signature quality ievei and the position of

interest iq the phylogenetic tree.

Exampie 2

In silico hybridization

Once the characteristic eliganucleotides (sighature sequences) from 16S:rRNA. sequence dataset are
identified, they can be used to implement in silico hybridization (This is not carried::out in the iaboratory.

Instead, it is performed virtually by-a.computer progran; thus, ia-silico): ‘T‘Iﬁs:proagﬂiure can be éither
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executed as a standard experimental routine or in this case as a quick test of the validity of the signatures,

which have been identified.

Since-these-characteristic oligonucleotides were derived from the selected-valid 168 rRNA sequences using
the corresponding representative tree, several valid 16S rRNAs that were not selected to make the
representative tree-were-chesen-as-165-rRNAs front "unidentified” bactetia-Program hybridize was used to
perform in silico hybridization between the unknown 16S rRINAs and the characteristic oligonucieotides.
The unknowns were thus placed-in-their predicted-phylogenetic-neighborhoods -in\the representative tree,
Because the comprehensive phylogenetic tree is availabie, thus the validity of the predictions couid be

quickly and definitively checked.

This in silico hybridization experiment was-set up-with these thefollowing. pmamqers: Probes  length:

9 (nonameric) and 11 (undecameric) quality level: 0.6, 0.8, and 1.0

16S fRNAs control: Etherz‘chz‘a coli (E. coli)
tests with the foliowing valid sequences:
Metlzanolmcferim@nicicum (Mb.formici)
Tetragenocuccus hai l;piziies (Tgc.haiop2)
Orientia fsztt.{ugam ushi (Ort.tsuts6)
test done with followinginvaiid sequence:
the isolate M2 of the-symbiont ef methanogen: (sym.M2)
The four agents in this exampie are chosen in a random way with maximum dis'gﬁbution in the

comprehensive tree.
The results of this example-are-very promising. Adl-five bacteria; namely one.control and four test

organisms, are piaced in the correct phylogenetic neighborhoods. The correctness of the placements is

confirmed by the posittons of those-five-arganisms-in-the comprehensive tree.
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The control, E .coli at ieaf node 7270 under branch node 7224 in the comprehensive tree, is unambiguousiy
placed under branch node-7259-with E- coli (itsel); E. coli7, and-E-cotirnG3-as thyee leaf nodes when
probes at Qs 1.0 are-used. The best example of the four cases is probably Ort.tsuts6, which resides at ieaf
node 5404 under branch-nede-5383: in the-comprehensive-tree:: This pfekatyat&was\lmquely placed under
branch node 5391 with Ort.tsuts9 at the only direct leaf node 5411 of this branch node. Another particularly
noteworthy and interesting; case-is the identification: of syn:M2. The:-sequence of ‘sl:%e 16S rRNA from this
organism has oniy 359 nucieotides with one undetermined position. The correct pie:icement of this
prok.aryote in the representative-tree-was possible-because sam&signamiafequences in its poorly

sequenced 168 rRNA apparently remained intact and identifiabie.

Although the prokaryotic organisms could be piaced-in.correct.clusters, there were ppsitive errors, i.e. some
groups, which are not in the correct phylogenetic neighborhoods, were positively identified. This kind of
error occurs because many. of the signature sequences used.have a value of Q; of lesg than 1. The number
of these false positive errors decreased as the probe quality Qs increased from 0.6 to 1.0, but as to a specific
organism and a-specific prebe quality level-there-was-ne-dramatic difference-in the error rate between using
nonametric and undecameric probes. Despite this imperfection, one.point should be stressed: even though
the faise positives occur, the correct-phylogenetic neighborhoods-are among the groups identified in ali
cases.Moteover, the correct neighborhood is readilyidentified by the presence of multiple hits whereas the
noise placements are frequently ioners.. This is. a very important.aspect of the methq‘ci, which stems directly
from the parent/child relationship between nodes in a bifurcating tree. Thus, false }])ositives are nota
serious impediment to-success. False negatives are ais&nota-prebiem-becausf of the redundancy of

signature sequences that occur at many nodes.

This exampie shows.that when.a-small.set.of 16S tRNA. sequences.are analyzed, at ieast some signature
sequences exist that are representative of the phylogenetic groups that can be identified by tree
constructions based on-the compiete 16S tRINA. sequences. The consequence of haying thousands of such

sequences in the dataset was not known in the prior art. Possibly noise would build up to the extent that
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useful signatures would be obscured. Bven if such sequences continued to exist in the iarger data set it was

not clear that their numbers would-be-usefulnior was it clear that-they 'cgu&éhq readily identified.

The resuits establish beyond any doubt that characteristic oligonucieotides in the bacterial 168 rRNA

sequence dataset do-in fact exist in-huge-numbers: Over 15,000 nonamers-alone-were identified, with in
1

many cases muitipie coverage of the various phyiogenetic groupings in the 929 organism representative

tree.

It is invaluable to identify these-signature sequences because a-group.of evolutionarjly related bacteria can
be distingnished from other groups by a set of characteristic oligomicleotides. specific to that group. The
existence of these signatures is-a.direct demonstration.of an innate characterisgic of the evolution of
bacterial 16S rRNAs that can be utilized to identify an unknown prokaryotic agent by elucidating its
immediate phylogenetic neighborhood. These characteristic. oligonucleotides can;?e used as the basis for
developing hybridization probes that can be used in order design valuable oligonuéleotide microarrays.
Herein the utility of the signature sequences-was-tested-by in silfico-hybridizations using as unknowns
sequences that had not been included in the original representative tree. These studies demonstrated that the
chatacteristic oligonucieotides-in the unknown-organisms readily provided their cprrect placement in the
tree.

This example by no-means. limits the invention. to-characteristic. oligonucieotides jn 16S rRNA sequence
dataset. On the contrary, it encompasses many variations and specific improvements including, but not
ﬁmited to the following;

11 Use of new-data-available-at RDP-¢both-the newly reteased: 165-tRINA: sequences of release 8.1 and an
updated prokaryotic phylogenetic trees). ‘

2. Improvements to the-representative:-tree; e-g-to-pravide-that every cluster of prokaryotes in the
comprehensive tree is represented by at least one bacterium in this tree. Where possiblé, merging of pairs of
two closely related but not full:length:sequences to-obtain a-full: lengthcrepresentation of that tree region

may be possibie. It aiso may be useful to better weight the number of entries from various clusters.
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3. Use of different but sensible functions to calculate the signature quality index. Since the quality index is
the most important tool-for evaluating the signature potential-of oligoncleotides: L&i this system, changing
the function can have a substantial impact on the specific resuit.

4 Assembling and use of a-comprehensive:set of characteristic oligonucleotides, by which the majority of
the groups and all of the important groups in the representative tree can be identified. The oligonucleotides
in this set are-likely-ta-have various lengths.

5{. Applying mathematical and programming techniques to facilitate the final interpretation of hybridization

results .

Bxample 3~ Soil Samples

168 rRNA is purified from an unknown organism isolated from-soil-and-amplified by RT-PCR using
primers directed to conserved regions and flanking a variable region of the molecuie. The PCR products
are subjected to digestion by a restriction-endonuelease; fluorescently-labeled with q3(5, and then hybridized
to an array of all possible 8-mer peptide nucleic acids. After washing, the pattern of hybridization is
observed by confocal laser fluorescence scanning, and. izlterpretedrmtenns\?f the known signature

sequences for bacteria and the organism is assigned to the genus Nocardia.

Example 4 -Soil Samples

168 rRNA is purified-from: an: unknown-organism-isolated-from-soil and-amplified by RT-PCR using
primers directed to conserved regions and flanking a variable region of the molecule. The PCR products
are subjected to digestiotby a-restriction: endanuclease;.ﬂmscenﬂy%ele&w&t&exi and then hybridized
to an array of 5,000 DNA probes designed to recognize the 16S rRNA sequences of 'particular spef:ies.
After washing, the pattern:of hybridization-is observed-by coﬁocaklasef:ﬂueteseeng? scanning, and no
significant hybridization is found. The same Iabeled nucleic acids are then hy‘bridizec"i to an array of 4,000
probes to bacterial signatare-sequences identified-by the methods.of this.invention.. After washing, the
pattern of hybridization is observed by confocal iaser fiuorescence scanning, and interpreted in terms of the

known signature sequences-far-bacteria-and-the-organism is.assigned to the genus Bacillus.

Example 5- Air sample
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Nucleic acids isolated from an air filtrate are aliquoted into 50 wells of a fiuorescence microtiter piate, each
well containing a 5°-FIT€, 3*-quencher molecular beacon hairpin probe-specific fm;p selected signature
sequence. After heating to 95C for 5 minuies, the piate is allowed to cool siowly to room temperature, and
fluorescence is-reack: T_he:paﬁegt.oﬁﬂuorescence.i&compatib}e:wiﬂttha?resence of a strain of

Staphylococcus. That is closely reiated to a known pathogenic strain.

Example 6 — Mutated Protease
Nucleic acids of a virus are isolated-and amplified-from-a bleed-sample and signamrg sequences are scored

using the Qiagen Genomics Masscode sequence detection technology. The presence of particular signature
sequences permits identification of a strain-bearing a mutation.- ofa pxevigushql!mown protease, which

confers on it resistance to particular therapeutic drugs.

Example 7- Meat sample
Nucleic acids are isolated from a meat sample-claimed. to.be goose liver and signature sequences are scored
using the Third Wave Technologies Invader directed-cleavage assay. The presence of 'a particolar signature

sequence indicates the presence of turkey meat as an adulterant.

Example 8- Blood sample

Blood taken from: the-bed of a-pickup-truck ewned:by a suspectt;d:poachét is\analyzed for signature
sequences of mammalian mitochondrial DNA using individual hybridization assays detected by
chemiluminescence. produced-by.an alkaline-phosphatase-conjugated RNA/DNA-specific antibody. The
results suggest the blood comes from an animal of the genus Euarcturos, and the lsuspect is arrested on

suspicion of poaching,.ﬂ;? American black bear.

Exampie 9- Air sample
Nucleic acids isolated frent-an air filtrate-are-aliquoted inte-50 wells af afluorescenqe microtiter plate, each

well containing a 5°-FITC, 3’-quencher molecular beacon hairpin probe specific for a selected 18S rRNA
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signature sequence. After heating to 95C for 5 minutes, the plate is allowed to cool slowly to room

- temperature, and fluorescence is read.. The pattern. of fiuorescence is compatible. w:}n the presence of both

a mold belonging to thegenus Stachybotrys and a fungus belonging to the genus Asﬁergillus. Two DNA
oligonucieotides (one.5” biotinylated).corresponding to.two signature. se@ence&fqund in the sample are
used in a PCR reaction to amplify a segment (of predicted length 46 nucleotides, bas::d on the positions of
the signature sequences. in.the. 16S tRNA sequence) of rDNA. . The biotinylated. prqfluct is immobilized in
single-stranded form and used as a probe for high-affinity, high-specificity detection of a novel species of

Stachybotrys.

Bxample 10
Nucleic acids of a virus are isolated and-amplified from a blood sample and\signature nucleic acid

sequences are scored using the Qiagen Genomics Masscode sequence detection technology. Bight
signature enzyme activities are aiso. assayed for, and two are found, and-24 proteins whose presence can
serve as signatures are assayed for by ELISA, and two are detected. The combined i)resence of particular

signature sequences; activities,.anckpreteﬁz&pemﬁtsiden&ﬁmﬁc&ﬁﬁ:a\particular viral strain.

Example 11 — Bioterrorism

Air filtrate from a government building is collected and-nucleic acids-isolated. J;?NA is enriched using
DNAse and RNA fragmented by heating. Probes specific to several known bioterrorism agents give
negative results.- Motecular beacon-based scoring:of signature:sequences r%veals the presence of
unexpectedly high concentrations of bacteria with genetic affinity to the genus Bacillus. Further
investigation reveais.an.engineered variant.strain.of B, anthracis, and-the building, \i’s evacuated. It is noted

that the prior art known to Applicants would fail to identify this engineered strain.

MODIFICATIONS..
Specific compositions, metliods, or embodiments discussed are intendéd to be onby illustrative of the
invention disclosed by this specification. Variations on these compositions, methods, or embodiments are
readily apparent to a person.of skiil in the art based upon-the teachings.of this speeification and are
therefore intended to be included as part of the inventions disclosed herein. Particularly preferred species -

and ranges of parameters. are. partiaily. summarized by Tabie G.
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The nucleic acid sequences included in the database can be any ribosomal RNA, or a fragment thereof, or
DNA encoding ribosomal RNA: er a-fragment thereof, or the DNA spacer: regton: b:?tween 1RNA genes; or
either the genomic DNA or RNA of viruses, or artificial RINAs, or any functional RNA moiecule such as
RNAse P RNA that is found-in a-useful variety of organisms: The molecule: aetuall¥ detected may be one
that has a sequence related to the molecule represented in the database, for example PCR, NASBA or RT-
PCR products;- derived-from rRINA .or tDNA.

Once identified, signature sequences will preferably be used in the design of hybridization probes. In this
regard, the set-of unique-sequetices. of various lengths are petfect signatures for th&sk)eciﬁc organism that
they are found in and therefore are obvious candidates for use in the design of specific hybridization probes
for that organism:- ¥ a nede-is-associated-with- multiple-signature-sequences, as man?r are in the case of 16S
RINA, it will be preferabie to utilize the one or more with the most favorable hybridization properties. . _
Depending on the experimental-setting; the-actual probe-canpreferably moerporate&i portion or all of either
aparticuiar signature sequence or its complement. There are aiso obvious mathematical reiationships
between the signature sequences:of different lengths. Thus; for-example; a.16 base»s\fgnature sequence that
is perfect for node N will necessary show up in the 8 mer signature set as 9 different unique signature
sequences for node-N @G- representing positions. 1-8; 2:9;3: 10;4-11,5-12,6-13,7-14,8-15,9-16 in the 16-
mer). Therefore, one wiil be able to combine signature sequences in some cases to séwe as a starting point
in the design of longer: probes. Many sighature:sequences: that de:not-share-the type of relationship
described above may still be sufficiently near each other in the primary sequence that it will be possible to
combine them to design alonger.prabe: Ehis;cambe:accompﬁshed;,fonexmple,_by i{[cluding a-“wildcard”
hybridization base such as inosine at certain positions. More generaily, a variety of non-standard bases can
be used to modify the hybridization-properties.ef a-prabebased-of-a-signature &eq\uence. Also the
properties of a signature sequence can be modified to adapt them for use with organisms represented by
anather node:- htdividuahmnmmhrpmbe&onoﬂxenseqmme&deﬁve&ﬁnm:sig,;\ature sequences can be
maodified to facilitate hiybridization, or detection. This inciudes but is not restricted to incorporation of
fluorophores, chemically-labile-meieties; isotopes, or halogen-atoms. Meodifications qan be incorporated in
the course of replication by DNA polymerase or RNA poiymerase. Labeis can be incorporated in the course
of PCR, RT-PCR or NASBA.

Detection can employ a:variety-of knowaramethods, both:those-baseckon .séqueueeﬁ\-speciﬁc hybridization
and otherwise. Hybridization can be to RNA or DNA, but also to peptide nucieic acids, locked nucleic
acids, brancheénueleie«acids-,:eyclieaptobeg.:backbmmmmdiﬁedznucleiaacids,:andt_ziase-modified nucleic
acids. Array formats (on singie or muitiple, e.g., bead supports) will often be vainable. Hybridization can
lead to the-capture-of a-labeled.nucleic-acid.on-a-solid:-support such-as.a-head, meml?fane, or array. Labels
can be isotopes, chemicaily-detectable tags, liquid crystals, cleavabie chemical tags, fiuors, quantum dots,
or enzymes such as alkalinephosphatase; ribozymes; orperoxidase:: Enzymes.can Q{oduce heat, color,
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finorescence, chemiluminescence, precipitates, bioluminescence, changes in liquid crystailine order, or
changes in nucleie acid structure: - Hybridization: can also.lead-to-production-of si%nals by self-quenching
probes such as molecuiar beacons, or by ribozyme activation, FRET pairs, or changes in plasmon
resonance ot similar interfacial optical phenomena; in mechanical resonant frequenfzy, in redox activity or
electrical conductivity, in electrophoretic or chromatographic mobility, in affinity for chelated metals,
minerals, or antibodies or.proteins, orim-particle or molecular mobility. Robotic metvods of preparation and
microtiter plates can be employed with the invention to further automate muitipie assays.

The method of the invention is.especially useful-when th&hybﬁdizatiemprabeslq?nsist of every possible
sequence of one length. For example, there are 65,536 unique 65,536 octamers. The signature
characteristics of every ene-of these-octamers.are-obtained-by the-methoed of th&in\(?ntion for any nucleic
acid of interest. When the nucieic acid being used is 168 rRNA or 168 rDNA the same array can be used
for any bacterial identification. I multiple-organisms-are-present this.will. apparent as there will be
conflicting signatures. Only the sample preparation procedure wouid differ. The same array can aiso be
used with any other nucleie acid - Hence:-by changing the nucleic acidita-the: positivex strand genomic RNA
of the fiavivirus family, the experimental resnits would be useful in identifying the closest known genetic
relatives of the test vimsin-.thi&vims.gmup;&is;atrhnpcrtmtzaspecmﬁth&invenﬁeﬁ that it is not necessary
that aii the oligomers in the array need work properly. There is frequently a high redundancy of signature
sequences associated-with-a particular node.so-that if several:faihtherrmde:md&sgﬁll give a signal if it is

represented in the sample.

Although signature sequenees wilk be-preferably: be-used-in-conjunction with. hybriqization methods of
various types, it shouid be noted that these sequences aiso have unique physical properties. Therefore, if a
plurality of signature-sequences.are.generated by experimental means, .e.g. by digestion with ribonuclease
T1 or a restriction endonuclease, these physical properties can be measured. Mass s;;ectrometry which can
comprise matrix-assisted-laser.desotption-ionization-(MALDI).or electrospray. or TQF or resonance
methods can be used to determine mass within 10%, more preferably 2% and most ﬁieferabiy 1% for each
sequence. Likewise-applications.exist:where signature-sequences cantbe-used in the xs{esign of PCR primers
to ampiify larger regions of DNA or RNA. For exampie, a compietely unknown organism is detected by the
method of the invention and-best assigned-to-a:large-early-branching group. Thg probes that detected this
affiliation could then be used as amplification primers to readily obtain a large region'for fuil sequencing or

as a longer probe.
Although the invention is. preferred for use with functional nucleic acids-it can algo be used with DNA

sequences such as genes that encode protein. In this case, a database of genes for the equivalent protein

from a sufficient number and variety. of organisms or viruses-would be needed. The {ree used might be
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deduced from the genes themselves but in order to avoid possible complications of lateral gene transfer it is

preferabie to use a tree based on 168 rRNA sequence data.

When the invention is used with viruses, it is necessary to appreciate that all viruses do not share a single
commeon ancestor. There are.many distinct groups of viruses; e.g. the Flaviviridae, thich is a large family
of single stranded positive sense RNA viruses that includes the causative agents of yellow fever, St. Louis
encephatlitis, Japanese encephalitis, hepatitis €, and Dengue fever. The genome is typ&ically in the size range
9,500-12,500 nucleotides some with DNA genomes and some with RNA genomes. Several common genes
exist and hence meaningful phylogenetic.trees can be developed which span the entire group. Thus, it is
possible to generate signature sequences that are specific for Dengue serotype type If'or Dengue in general,
etc. The methods of the invention can be used for-any virus-group.as long.as.a meaningful tree can be
produced. However, the sample preparation may require more steps. The diﬂ'erelit types of nucleic acid
invoived (singie strand positive sense RNA, double stranded DNA etc)-may- limif the number of viruses
groups that can be detected in one experiment. ‘

Features preferred with-the-invention-in certain cases comprise: the-nucleie acic§ is DNA that encodes
ribosomal RNA or a fragment or a complementary sequence of the foregoing; the nucleic acid is RNA
compliementary to one of the strands.of the DNA. that is in the spacer regign.between\ﬁbosomal RNA genes
or a fragment of the foregoing; the nucleic acid is DNA isolated from the spacer regibn between ribosomal
RNA genes or a fragment.of the foregoing; the nucleic acid is-any. non mRNA produced by the ceil or a
fragment of the foregoing; the nucleic acid is any mRNA produced by the cell or a fragment of the
foregoing, the nucleic acid is genomic DNA or a fragment of the foregoing; the signature quality index Q;
includes terms that weight against false positives and false negatives; the tree contains some multiple
ranchings but is substantiaily bifurcating; the genetic affinity of bacteria of eukaryotic organisms is
determined;the genetic affinity of more than one bacterial or eukaryotic organism can be determined in a
single experiment;wherein the nucleic. acid is DNA that encodes ribosomal RNA or a fragment or a
complementary sequence of the foregoing; the nucleic acid is RNA complementary t¢ one of the strands of
the DNA that is in the spacer region between ribosomal RINA. genes.or. a‘fragmeng of the foregoing; the
nucleic acid is DNA isolated from the spacer region between ribosomal RNA genes or a fragment of the

foregoing; where the nucleic acid is.any. non. mRNA prodyced by the ceil or al.fragment of the foregoing.

Other preferred features.comprise; the nucleic.acid is any mRNA produced by the Qq\li or a fragment of the
foregoing; the nucleic acid is genomic DNA or a fragment of the foregoing;the genetic affinity of more than
one virus can be determined in a single experiment;the nucleic acid is a ribosomal RNA or or a fragment or
a complementary sequence of the foregoing;the nucleic acid is DNA that encodes ribosomal RNA or a
fragment or a complementary: sequence of the foregoing

the nucleic acid is RNA complementary to one of the strands of the DNA that is in the spacer region
between ribosomal RINA. genes. or a fragment of the foregoing; the nucieic acid is any non mRNA produced
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by the ceii or a fragment of the foregoing, the nucleic acid is any mRNA produced by the celi or a fragment

.of the foregoing;the nucleic acid is genomic DNA or a-fragment.of the foregoing; the signature probes are

of not ail of the same iength;the signature probes represent signature genes; choosing atree of relationships
that can be reasonably expected-ta-signify genetie relationship was: previeusly pubh§hed ot otherwise
generated by a third party; the hybridization probes are complementary or the same sense as the signature
sequences;a plurality of signature: sequences-is combined inte ene-or mote-larger hybridization probes;a
hybridization probe incorporates a portion of the information in a signature sequencé'the signature probes
are comprised of a nucleic acid analog comprising PNA, 2’-O-methyt DNA or analo§ thereof;the presence
ot absence of a signature sequence in a test sample is determined by physical characterizationthe signature
sequences are identified by the method of claim 1.

physical characterization is done with mass spectrometry;the nucleic acid moiecule is a DNA moiecuie;
the DNA molecu\g is a cDNA molecule.

The invention may aiso be applicable in unexpected sitvations. For example, there are currently a large
number of genomes being completely. sequenced: Whest.one. assembles: phylogenetically meaningful
clusters of whole genome sequences there are certain genes that are highty charécteristic of particuiar
clusters of organisms. These signatute genes. can;h&useiwin;the;'mventiom@iden&gy unknown organisms,
preferably by detecting the presence of activities or gene products associated with the signature genes

rather than a nucleic acid assay.
o

What is claimed is:
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CLAIMS

1. A method for obtaining signature probes comprising the steps of:

A Compiling a database of nucleic acid sequences from a-substantiatly h?mologous region of an
RNA or DNA comprising sequences from all organisms or viruses that will be incotporated into the
analysis;

B. Compiling a bifurcating tree that shows the genetic relationships between the organisms

whose nucleic acid sequences will be included in the analysis;

C. Calculating the occurrence frequency and distribution of every oligoribonucleotide or
oligodeoxyribonucleotide sequence of length N in the sequence database; ‘

D. Caicuiating.a.signature quality function. which measures the extent tq which each particuiar
oligoribonucleotide or oligodeoxyribonucleotide sequence of length N is characterié.tic of eachnodeina .
substantiaily bifurcating substantially phylogenetic tree of genetic relationships;

E. Selecting a oligoribonucleotide or oligodeoxyribonubleotide sequenceas a signature for a
particular node if the quality index for said sequence has its-greatest value for that node and the quality
index exceeds a preset value; ‘

F. Synthesizing, signature probes appropriate for use in a hybridization experiment that

incorporate the node-specific information of the signature sequences.

2. A method of claim 1 in which-the signature quality index: varies:from-0.0 to 1.0,and the preset value is

chosen to be greater than 5..

3. A metfmd of claim 1 in-which the signature quality index Qs is-calculated by substantially the equation:
Q = (Now/ Noz ) x (1= ( Ny~ Neaa) / Nae) '
={Nay )/ { Noz x Ny )
in which where Ny is the number of probe-matched organisms in the entire tree, Ngy is the number of
probe-matched organisms in-the-group of interest, and Neg is:thenumber of organis\r_ns in the group under

consideration.

4. A method of determining, the genetic affinity of organisms or viruses ina test_ﬁample comprising, the
steps of: .
A Deriving a pturality of nucleic-acid-signature probes from-a-database of signature sequences

that are able to hybridize to only a portion of the nucleic acid sequence of the organism or virus.
B. Hybridizing the signature. probes to the nucieic.acid obtained from thewtest sampie under

hybridization conditions to cause those signature probes that are complenf‘entary to hybridize to
the nucleic acid-of the-erganism-or-virus and-prodace a détectable signal.
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C. Tabuiating which signature probes produce a detectable hybridization signai.

D. Identifying the-closest known- geﬂeﬁﬂfeiaﬁyes of the organism or. virys in the test sample by
determining which nodes in the bifurcating tree of genetic relationship that was used to design
the signature probes that produced the hybridization signal.

E. Identifying the organism or virus in the test sample as being contained within the most

terminal node-that is supported by one-or more-positive. signature probes.

5. A method of claim 4 wherein the signature probes are comprised of a moiety selected from the group
consisting of: RNA, DNA, ananalog-of RNA or DNA including peptide nucleic aciQs, 2-O-methyl DNA or

any other molecule that can interact with the test sample nucleic in a sequence- specific way..

6. A method of claim 4 wherein the-hybridization:step-utilizes a-feature.selected erl[n the group consisting

of:an immobilized array of signature probes, moiecuiar beacons, hybridization step done in solution.

7. A method of claim 4 wherein the detection step-utilizes radioactive labels, chel\liluminescence and/or
fluorescence.

8. A method of claim 4 whetein a tree of relationships. sig,ttiﬁ;dng.gexietinre}axia\}sllip is generated by a
standard method selected from the group consisting of parsimony methods, distance methods, and
maximum likelihood.

9. A method of claim 4-wherein the most narrewly defined-groupings on the tree oﬁ' relationship comprises
a moiety selected from the group consisting of: a specific genera, a specific species, a race, serotype, type
or other grouping below the species level,

10. A method of claim 4 in which the signature probes are constructed by the method of claim 1.
11.. A method of devising oligonucieotide. probes for use in hybridization comprisi(ng, using the sequence
information provided in a signature sequence to construct the probe

12. An isolated nucieic acid molecuie comprising the sequence shown in Table B.

13. The RNA sequence CUGCAGAGAUGA or the corresponding DNA sequence, and probes
complementary to any of the.foregoing or to.sequences containing any of.the furegQing, which are vaiuable

for identification of samples containing organisms with strong genetic affinity to Legionella nautarum.

14. The RNA sequence AAAAUCAUUCUC ot the cormsponding])NA sequetice, and probes
complementary to any of the foregoing or to sequences containing any of the foregoing, which are valuable
for identification of sampies containing organisms. with strong genetic affinity tq specific for organisms

with strong genetic affinity to Listeria gray.
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15. The RNA sequence CGGGAGGCAGCAGCU or the corresponding DNA sequence, and probes
complementary to any of the foregoing, or to sequences containing any of thefotegoiﬁlg, which are valuable
for identification of sampies containing organisms selected from the group of genera consisting of Borrelia,

Brachyspira, Spiro?haeta and Treponema.

16. The RNA sequence AUUACAAACUGH or the-corresponding DNA- sequernce;. and probes
complementary to any of the foregoing or to sequences containing any of the foregoing,which are valuable
for identification of samples containing organisms with strong, genetic, affinity to Ureaplasma

canigenitalium.

17. The RNA sequence GGAGGAUGAAGGUUU and GGEGACCUGCUGGAA. which are substantially
perfect signatures for node 4254 which contains various members of the genus Helicobacter and
GGCGUGCGAGCGUGG which. is.a:substantially perfect signature for node 3634 which contains species

of Isosphaera o
18. An assay or test kit comprising an RNA sequence.selected fram the group-consisting of
AAAAUCAUUCUC, CGGGAGGCAGCAGCU, AUUACAAACUGU, GGAGGAUGAAGGUUU and

GGCGACCUGCUGGAA or the corresponding DNA sequence,.and probes. comp\emeutary to any of the

foregoing or to sequences containing any of the foregoing

19. A method of claim 4.in.which the signature probes are-of length 6 ar larger and where the nucleic acid
is DNA isolated from the spacer region between ribosomal RNA genes or a fragment of the foregoing,

20. All inven*ions contained herein.
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Figure 1
The bi-directional binary tree-structare with three-leaf nodes. Note that a parent nodf has two pointers to its

child nodes and each child node has a pointer back to its parent.
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Figure 2 ' )

The elaborate structure of the composite hiash used-in. the. program. Only two entries are shown in this

figure. A hash is represented by a table and the keys are shaded. & denotes the data type “undef” in Perl.
The data in this hash are for elugidatory purposes only.
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E.colirnA3 3714 bp RNA RNA 09-NOV-1998
Bscherichia coli stx. MG1655 [gene=xral gemel .

i

Blattner,F.R.,.Plunkett,G.,III, Bloch,C.A., Peruna,N.T., Burland,V.,
Riley,M., Collado-Vides,J., Glasner,J.D., Rode,C.K., ‘llayhew,G.F.,
Gregor,J., Davis,N.W., KirRpatwiek,H.A., Gosden,M.A., Roese,D.J.,
Maw, B,  and‘Shao, Y.

The complete genome seguence of Escherichia coli K-12

Science 277 {5331), 1453-1474 (1997)

Coxrresponding GenBank emtry: U0009¢ (bases 4033120
legacy. attribute= CG Site No.. 189
operon= rrsA gene

isplake neme= MG1655

BASE COUNT 388z 352 ¢ 48T g 314 W 2172 others
ORIGIN
1 ~~~ABAUUGA A-GAGUU-U- GA-U-CAU-G
3541 . ~GUAGG-GEA. ~A-CCUG-~C GEU~~UG-CGA .UCACCUCCUU Anvmrwmmnan cmmmoe s men
: 3601 T o
BEEL memmmmmmmmm e mmm e e et eeeeeeaaas e
oo
readseq
T Eonlimaliasts o ) ) )
>E.colirnA3 3714 bp RNA RNA. 09-NOV-1998, 3714 bages, 1504 checksum.
: oy - <o oo e o e ARATUGAR - GRGUU T !
. GA-U-CAU-G -
‘ GUAGE=GEA~A~CCUG - ~CEGU » ~ UG~ GAUCACCUCCUU R~~~ s e me
| e e e e e m e c e ——————

fasta2flat

I L.
[ Boonbmdd iasis copvatad |

E.colirna3

Figure 4

ABRAUUEAAGAGUNUEAUCATG. . GUAGGEEARCCUGCEEUUGEATCACCHCCUA

Subsystem I converts the-fermat of the sequence file-as shown schematieally above.
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Figure 5
A phylogenetic tree and its corresponding Newick format presentation.
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Figure 6

Schematic iliustration of how a tree file (shown in part a of the figure) in Newisk format is parsed in a

stepwise and bottom up fashion (part b of the figure).
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Figure 7
Schematic iliustration of the trimming process that shows how it is stepwise and topology-conserving
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Figure 8
The composite hash of the oligonucleotides that is built from the 16S rRNA sequences.
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Figure 9

The number of oligonucleotides and the length are related. (a) The mumber of all possible oligonucleotides
increases exponentially with the length. The curve is described by function f{x) = 4’{ (b) The numbers of
the totai and muiti-occurring oligonucieotides in the 16S rRNA sequence dataset alsp increase with the
length. The increases are slower than that in (a) probably due to sequence constraint' imposed by16S rRNA

structure and function.
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Figure 10 The representative prokaryotic phylogenetic tree

in Newick format.

CO('<Msr. barker> Methanesarcina barkeri str. 227 DSM 1538' : 0.13236 ,_f<Msp.hungat>
Methanospirillum hungatei str. JF1 DSM 864 (T)' : 0.16948 ) : 0.24421 , '<Hf volcani> Haloferax volcanii
str. DS-2 ATCC 29605 (T) : 0.03648 ): 0.09112 , ('<env.SBAR16> Santa Barbara Channel
bacterioplankton DNA clone SBAR16' : 0.19448 , '<Tpi.acidop> Thermopiasma acidophiium str. 122-1B2'
: 0.22004 ): 0.04224 ): 0.10775 , '<Arg fulgid> Archaeoglobus fulgidus str, VC-16 DSM 4304 (T)'
0.04075 ) : 0.05544 , (<Mib.formici> Methanobacterium formicicum DSM 131% : 0.03067 , *<Mit.fervidi>
Methanothermus fervidus' 10.19624.): 0.01978 }.; 0.0947 , '<Tc.celer> Thetmen{occus celer str. VU 13

Volcano area of Yellowstone NE ('Black Pool") hot.spring DNA clene pJP27' : 0.06783 ,
((<env.SBAR12> Santa Barbara Channel bacterioplankton DNA clone SBAR12' : 0.1046 , '<env.pJP89> |
Mud Volcane area of Yellowstene NP.("Black Pool") hot.spring, DNA. clone pJP89" : 0.28523): 0.01132,
(<Tmf.penden> Thermofiium pendens str. Hvv3 DSM 2475 (T) : 0.04404 , (*<Sui.acaida> Suifoiobus
acidocaldarius str. 98-3 ATCC 33909 (T)...0.04024 . '<Thp tenax> Thermaproteus tenax' : 0.15875 ) :
0.02106 ) : 0.09273 ) : 0.20883 ) : 0.03789 ) : 0.31178 , (<Aqu.pyroph> Aquifex pyrophiius str. Koi5a' :
0.20649 , (('<Tt.maritim> Thermotoga maritima.str. MSB8 DSM 3109 (T) : 9.01001 , '<Fer.island>
Fervidobacterium isiandicum str. H-21 DSM 5733 (T) : 0.16351): 0. 2‘3062,‘(((‘<Mei. ruberd>
Meiothermus ruber ste. Loginava 21 ATCC 35948 (T).: 0.14908.,'<D.radiedur> Deinococcus radiodurans
ATCC 35073 : 0.19907 ) : 0.08298 , (<Cfx.aurant> Chiorofiexus aurantiacus str. J-10-fi ATCC 29366 (T)
: 0.1976 , '<T'me.roseum™> Thermomicrabiwn roseum. ATCC 27502.¢T)': 0.36297 ): 0.11213): 0.01165,
(' <Acp.1aidia> Acholeplasma laidlawii str. JAT' : 0.11002 , ‘<C.ramosum> Clostridium ramosum
str. 113-1 ATCC 25582 (E) - 0.30774.) - 0.00736. ,F<M.capricoh>. Mycoplasmacapricolum ATCC 27343
(T) [gene=rruBY : 0.38452 ) : 0.10528 , '<Stc.therm3> Streptococcus thermophiius DSM 20617 (T) :
0.05073 ) : 0.15065.,.'<Eco.faecal> Enterococcus faecalis' : 0.0306.) 6:01738., ('<L.casei> Lactobacillus
casei subsp. casei ATCC 393 (T) : 0.13937 , ‘<L.delbruck> Lactobacilius delbrueckii subsp. delbrueckii
str. Calvert ATCC 9649 (T)!.. 0.04809 ).:. 0.01852).: 0.02217 ,'<Lis.menoc3> Ligterja monocytogenes'
0.02418 ) : 0.0404 , '<B.cereus4> Bacillus cereus TAM 12605 (T)' : 0.06989 ) : 0.0034 , (<B.subtilis>
Bacillus subtilis str. 168' : 0.05051.,'<B.stearoth> Bacillus stearothermophilus NCDO 1768 (T)' : 0.05959 )
1 0.0075 ) : 0.12658 , *<Bub.barker> Eubacterium barkeri ATCC 25849 (T : 0.28781 ): 0.0097 ,
('<C.quercico> Clostridinm quercicolum ATCC.25974.(T)' :.0.13519. ,_.'.<HeLchI?r2> Heliobacterium
chlorum ATCC 35205 (T)' : 0.1075 ): 0.01024 ): 0.01183 , (<Fus.nuclea> Fusobacterium nucleatum
subsp. nucleatum ATCC 25586.(T). :.0.08593. .('<Stm.ambofa> Streptomyces ambc_gfaciens’ :0.06051 ,

(<Cor.xerosi> Corynebacterium xerosis ATCC 373 (T) : 0.10315 , (<Bif bifidu> Bifidobacterium bifidum
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ATCC 29521 (T)' : 0.29842 , '<Arb.globif> Arthrobacter globiformis str. 168 DSM 20124 (T : 0.12957 ):
0.06797 ).: 0.00748 ) : 0.3137 ): 0.061738 ) : 0.00511 , (<C.leptum> Clostridium 1e§)tum ATCC 29065 (TY
: 0.16126 , ('<C.butyric4> Clostridium butyricum str. B.VL.3.6.1 NCIMB 8082' : 0.06037 , '<C.pasteuri>
Clostridium pasteurianum ATCC 6013 (T) : 0.07626 ): 0.38023 ) 2 0.02432 ).: 0.01262 ,
(((((((((<Rub.gelat2> Rubrivivax gelatinosus str. ATH 2.2.1 ATCC 17011 (T)' : 0.07169 , '<Spr.voluta>
Spiriiium voiutans ATCC 19354 (T) : 0.06661 ) : 0.00462 , '<Rcy.putpur> Rhndbqycius purpureus str.
6770 DSM 168 (T) : 0.04015 ) : 0.02165 , '<Nis.gonor1> Neisseria gonorrhoeae str. B 5025 NCTC 8375
(TY : 0.19789) : 0.01431 , *<Ste.maitop> Stenotrophomonas maitophilia ATCC 13637 (T)' : 0.24098 ) :
0.02299 , ('<E.coli> Escherichia coli [gene=rmmB operon]' : 0.05825 , '<Ps. aerugi3‘> Pseudomonas
aeruginosa DSM 50071 (T) : 0.63646) : 0.03524 ) : 0.04488 , '<Alm.vinesm> Alloghromatium vinosum
ATCC 17899 (T)' : 0.0233 ) : 0.04869 , '<Hrh.halch2> Halorhodospira halochloris st‘r. A ATCC 35916 (T)
: 0.05948 ) 0.08019 , ((<R.rubrum3> Rhodospirilium rubrum str. ATH 1.1.1; S.1 ATCC 11170 (T) :
0.04904 , '<Azs.brasi2> Azospirillum brasilense str. Sp 7 NCIMB 11860 (T)' : 0.3086 ) : 0.01343 ,
((<Ric.prowaz> Rickettsia prowazekii str. Breini ATCC VR-142 (T) (aipha purpig bacteriumy' : 0.1406,
'<Spg,capsul> Sphingomonas capsulata ATCC 14666 (T)' : 0.13872 ) : 0.02068 , (<Rhb.legum8>
Rhizobium leguminosarum IAM 12609 (T) : 0.01576 , (<Bdr.japoni> Bradyrhizobjum japonicum LMG
6138 (T) : 0.05736 , '<Rm.vanniel> Rhodomicrobium vannielii str. EY33 ATCC 51i94' :0.093):0.04263
):0.00617 ): 0.03466 ) : 0.06772).: 0.00546 , ((<Myx.xanthu> My,xococcug xanthus str. DK1622" ;
0.11263 , '<Dsb.postga> Desulfobacter postgatei str. 2 ac 9 DSM 2034 (T)' : 0.19098 ) : 0.01154,
('<Dsv.desulf> Desulfovibrio desulfuricans. subsp.. desulfuricans ATCC 22774! :,0\?1563 , (<Bde.stolpi>
Bdellovibrio stolpii str. UKi2 ATCC 27052 (T)' : 0.05967 , (<Cam.jejun5> Campylobacter jejuni subsp.
jejuni ste, TGH 9011 ATCC 43431 : 0.01753 , (<Win.succiZ> Wolinelia succinogeqies str. 60ZW (FDC)
ATCC 29543 (T)' : 0.05551 , '<Hlb.pylor6> Helicobacter pylori ATCC 43504 (T)' : O 02351):0.18884 ):
1.11671): 0.18947 ): 0.01602) : 0.15633 ) : 0.01513 , (((((<Tp pallid> Treponema pailidum str.
Nichols' : 0.14543 , '<Spi.stenos> Spirochaeta stenostrepta str. Z1 ATCC 25083 (T)' : 0.03623 ) : 0.03698 ,
‘<Bor.burgdo> Borreiia burgdorferi str. B31 ATCC 35210 (T) : 0.3604 ) - 0. 0859 , *<Spi. haioph>
Spirochaeta halophila str, RS1 ATCC 29478 (T)' : 0.02473 ): 0.01206, '<Brs.hyodys> Brachyspira
hyodysenteriae str. B204 ATCC 31212 : 0.43546 ) : 0.04129 , (<Lpn.illini> Leptonema iilini str. 3055 :
0.07041 , '<Lps.interK> Leptospira interrogans str. Kennewicki, serovar pomona’ : 0.16902 ):0.05013):
0.01817 , ('<Fib.sucS85> Fibrabacter succinogenes subsp. succinegenes str. $85 ATCC 19169 (T) :
0.23142 , '<Acbt.capsl> Acidobacterium capsulatum str. 161' : 0.21099 ) : 0.03073 ) : 0.0094 ,
(((((<Byn.6301> Synechococcus sp. PCC 6301° : 0.12285 , ‘<Nost. muscr™> Nostoc muscorum PCC 7120°:
0.06977 ) : 0.01225 , ('<Zea_mays_C> Zea mays (maize; corn; Indian corn) -- chldroplast' :0.145,
<Qist.iut_C> Oilisthadiscus luteus (stramenopiie) -- chioroplast’ : 0.3525 ) : 6:09491 ) : 0.01Z,
'<@Glb.violac> Gloeobacter violaceus PCC 7421' : 0.07279 ) : 0.01171 , ('<env.MC18> Mount Coot-tha
region (Brisbane, Austraiia) 5-10cm depth soii DNA clone MC 18 : 0.01409, (:<Chd.psitta>
Chlamydophila psittaci str. 6BC ATCC VR-125 (T)' : 0.36004 ,'<Pir.staley> Pirellula staleyi ATCC 27377
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:0.34247 ): 0.25993 ) : 0.1121 ): 0.03258 , ("<Chl.limico> Chlorobium limicola str. 8327' : 0.1389,
(<Tnm.lapsum> Thermonema lapsum ATCC 43542 (T) : 0.0332 , (<Fix.litora> Flexibacter litoralis str.
Lewin SIO-4 ATCC 23117 (T)' : 0.01576 , ("<Cy.hutchin> Cytophaga hutchinsoni{ str. D465 (P.HA.
Sneatht) ATCC 33406 (T) : 0.0073 , (*<Prb.difflu> Persicobacter diffiuens str. Lewdn LIM-1 ATCC 23140
: 0.00585 , ('<Sap.grandi> Saprospira grandis ATCC 23119 (T)' : 0.02768 , (<Flx.canada> Flexibacter
canadensis ATCC 29591 (T) : 0.03254 , ((<Bac.fragil> Bacteroides fragilis ATCC 25285 (T)' : 0.04826 ,
'<Prv.rumcol> Prevotella ruminicola subsp. ruminicola ATCC 19189 (T)' : 0.20539) : 0.02821 ,
(<Cy.iytica> Cytophaga Iytica str. LIM-21 ATCC 23178 (T : 0.14365 , '<Emb"?revi2> Empedobacter
brevis ATCC 14234 : 0.0913 ): 0.35994 ) : 0.12199 ) : 0.33291 ): 0.47588 ) : 0.14622 ) : 0.18424 ) :
0.08878 ): 0.30465 ) : 0.05104 ): 0.00825): 0.02261 ): 0.00329 ): 0.56238 ) ; 0.52312 ): 0.05444 ) :
0.31178 ),
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Figure 11 The graphic view of the representative prokaryotic phylogenetic tree.
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Acidocelilia faciiis [Ace.facilZ] *

5576 | I—Am.alpnluum angustym [Acdp.anguZ] *

——{ 5565

L—Acidiphilium acidophiium [Acdp.acphij *

—t 5575

r—acidiphiiium muitivorym [Acdp.mitvrj *

—-l 5573

5577 ‘—Bcidiphiiium organoverum [Acdp.organj *

r—Giuconace,tohacter diazotrophicus [Gab.diaztr] *

———} 5556

L— Giuconacetobacter xyiinus [Gab.xyisuc] *

n
s
~N

Acidomonas methanoliica [Adm.metha2j *

r—ﬁceto‘bacter pasteurianys [Aba.paster] *

5549 5543

t— Bcetobacter aceti [Aba.aceti2] *

—1 5547

r—- Gluconobacter cerinys [Gb.cerinus] *

|
——l 5545

— Gluconobacter frateuri{‘. {Gb.frateur] *

Figure 12

A local region of the representative tree foliowing trimming from 38 to 12 sequences. The branch numbers
in the representative tree are labeled in the picture and can be correlated with the results given in Table F.

The complete representative tree.is on the CD that is attached to this application.

Table A.
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Five best Q, scores for 15mers that occur at ieast twice in the 16S rRNA data set. Files containing
complete tables of this type are given for various sized test sequences on-the CD th?.t is included with this
application. Sequences that never occur or are specific signatures of an individual organism are not

included in these lists. (Only a representative portion of the sequence listing is shown here)

Sequence NodeNum  QualityValue
AAANAAACAGUCUCA 2815 0.5
AAAAAAACAGUCUCA 2831 0.5
AAAANAACAGUCUCA 2836 0.44
AAAAAAACAGUCUCA 2839 0.4
AAAAAAACAGUCUCﬁ 2865 0.33
AAAAAAAGACGGUAC?2064 1.0
AAAAAAAGACGGUAC2072 0.67
AAAAAAAGACGGUAC2107 0.29
AAAAAAAGACGGUAC?2108 0.10
AAAAAAAGACGGUAC2137 0.07
AAAAAARUGACGGUA3770 0.1
AAAAAAAUGACGGUA3069 0.1
AAAANAANTGACGGUA2027 0.07
AAAAAAAUGACGGIUA 2023 0.07
AAAAAAAUGACGGU@ 1780 0.07
AAAAAACAGUCUCAG 2815 0.5
AAAAAACAGUCUCAG2831 0.5
AAAAAACAGUCUCAG?2836 0.44
AAAAKACAGHCUCAG 2839 0.4
AAAAAACAGUCUCAG 2865 0.33

etc
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Organism specific sequences. Bach of these sequences is uniquety found in the indio?ted organsism A file

containing a complete table of this type for sequences of length 12 can be found on the CD that is included

with this appiication. Simiiar lists of unique sequences.can be generated‘ for any iength.(Oniy a

representative portion of the sequence listing is shown here)

Sequence

AAAAAAACGUGC
AAAAAAAGUYUC
AAAAAAAUAAAA
AAAAAANUGAAG
AAAAAAAUUAGG
AAAAAAAUNUAU
AAAAAACACGUC
AAAAAACCAACT

AAAAAACCAAUC .

AAAAAACCGGECC
AAAAAACCGGUC
AAAANACGUGCC
AAAAAACUAAAG

AAAAAAGCCGUC
AAAAAAGCCUUA

AAAAAAGGGGGA

AAAAAAGUUGUC
AAAAAAGUUUCG

AAAAAUAAAAC
AAAAAAUACUCC

P N

AAAAAAUCCAUC

Organism

M. mycoide6
C.spAZ3 Bl
Buc.aphUso
Buc.aphUso
Nost.musct
M floccul2
Buc.aphCvi
Eub.cellu2
C.argenti3"
C.subterm?2
B.pailidus
Tms.chilns
Nsp.marin2
Trb.tumes2
C.spAZ3 Bl
Buc.aphCvi
env.DA052
env.OPB92
Buc.aphCvi
M.mlo. WX
Pps.octavi
Bub.rumina
sym. Camunhe
Buc.aphCvi
Cow.rumin5
Buc.aphUso
Buc.aphUso
str.16SX-1
M. captico6
Cam.graci2
Acp.oculi2
M. conjunct
M.mio. WX
env.Aspo3
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The program subsystems and their fumetions and components.

PCT/US02/02564

Subsystem Function Components
A
1 Sequence file format conversion readseq
fasta2flat
it Internal data structure preparation seq classifier
tree_parser
select_seq
Probe_hash_table _generator
1
m- Function value caicuiation caic_node_vaiue
v Result presentation " resuit_printer
result_printer

group node_iister

list hit branch nodes

hybridize -
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Table D
The numbers of oligonucieotides of different iengths.

Undecamer

Oligomer Hexamer Heptamer  Octamer Noﬁalﬁer

Length (2 7 3 9 10 11

Nep. 4,096 16,384 65,536 262,144 1,048,576 4,194,304
Nees. 4,096 16,340 57,023 125,990 186,781 228,995
Non.1es. 4,096 16,324 48,295 76,376 86,856 91,652

Nip. — number of total possible oligonucleotides of length 7.

N 16s. — number of multi-occurring oligonucleotides from selected valid 16S rRNA sequence.
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Table E
The number of signature sequences that were foune at various quality levels as a function of length

Siguatare- Number of signatures at guality level Q.1 : Phylogenetic groups
length =10 >08- > 0.6 coverage (%)"

5 s 482 674 1.99

6 0 371 680 . 429

7 4 372 1,170, 24.35

8 457 1,722 6,168 65.39

9 2,533 5,580 15,349 79.48

10 5,016 9,212 21,919 $2.39

11 5,788 11,607 25,869 $3.15

15 10,487 16,629 39,502 $6.37

¥ Only signatures that can identify phylogenetic groups with three or more members are counted.

§ The coverage is caiculated by a computer program. Any branch nodes other than those that have two ieaf
nodes as their two child nodes in the representative tree are regarded as phylogenetié groups (635 in total).
The signature quahty Q; is greater than 0.6.
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Tabie F. The numbets of nonameric, undecameric, and 15-mer sighature sequences at different branch tree
nodes (see Figure 12) in different ranges of signature quality level.

Branch Number of Nonameric, Undecameric, and fifteenmeric Oligonucleotides Sequences in
node Various Qs Ranges
nnmher 1213 | [0.8;1.0) - : [0.6,0.8)
.z 9 1 15 | x 9 11 15 | = 9 11 15
5543 77 12 26 39 Q. a Q a 3 5 12 19
5545 . 176. 26 58 92 | © 0. 0 0 | 163 25 51 87
5547 0 1) a o [ 21 4 16 13 ] 9% 10 36 52
5549 | 14 4 5 5 33. 3 4 14 | 183 24 62 97
5556 47 6 1 28 | 0 ] 0} g | 20 2 8 19
5557 |. 19 1. 8 10 | 61 9 28. 24 | 118 27 36 55
5565. 208 42 9% KT | @ ] g 0 | 108 24 46 38
5573 |- 419 .42 136 241 | 0.. 0. 0. - 0-]13 32 5 57
5575 90 12 36~ 48 [ 165 24 48 93 [ 10z 23 39 40
5576 1. 93 1l. 28 54| 134 22 49 63 | 154 27 47 80
5577 | 11 5 6 6 61 15 21 25 | 109 26 41 42
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Parameter Preferred - More Preferred Most Pref
Iiput Samplé ‘Body Bluids (blood, urins, saliva, Body fluids, Body ﬂﬂids,.
sputum, sperm, biopsy sample; feces); .agricultural PCR
Agricaltural Products {grains, livestock, | products, microbial products
%reggtables, ete.); soil, air particulates; colonies, PCR-
"PCR prodicts; natural watérs, products
contaminated liquids; surface scrapings
orswabbings; Antmal RNA, celt
cultures, virus-infected cultures,
microbial ‘colosnies
- .Target organisms 1-100 2-20 12
et sattiple
‘Tairget seqience ‘S8U RNA3s, LSU-rRINAS, 55 rRNA, 16S TRNA, Virus 16S ¥R
type spacer region DNA from rRNA gene . | RNA, Virus DNA
chisters, 5.85 rRNA, 4.55 rRNA, 168 | RM¥A gene cluster
RNA,RNAscP RNA, guide RNA, | SPA°T 1egion DNA
telomerase RNA, saRNAs —e.g. Ul
RNA etc, scRNAs, Mitochondrial
BNA,
Virus DNA, virus RNA
PCR product, human DNA, human
cDNA, artificial RNA
-Organism Bacterium, virus, plant, animal, Bacterium, Archaea, | Bacterium
fungus, yeast, mold, Arciiae; .eiii"-"’yoi”c
Eukyaretes; Spores; Fish; Hunzan; IHErearsHisms |
‘Grami-Negative bacieriia, Y. pestis, | virus
HIV1, B. anthracis, Smallpox virus
Nucieic Ac id’ | Chiromosomal DINA; rRINA; TDNA; rRNA, Virai RNA, rRNA
cDNA; mt DPNA;epDNA, aRNA;. - Virat DNA
' plasmid DNA, ofigonucieotides; PCR ' )
product; Viral RNA; Viral DNA;
restriciion fragment; Y AT, BAC,
cosmid-
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.equence length .20-20,000 100-12,000 500- 2,500
Probe length 5 10 2565 -7 t028 " | 16te 20
Number of probes | 2-100,000,000 20-100,000 50-10,000
"Classification Genusg; Species, Genus,

.Level . ) Family; Genus; Species;. Subgroups; . | Strain Species
’ ' Sﬁ‘afn‘ Tribe, Serotype; Gram stain ‘

Utility Clinical Diagnasis: Biadefense:. . €linical Diagnosis; Clinical
" ‘Researcii; Aduiterani Deiection; Diodefense; Diagneosis
) Counterfeit Detection; Food Safety;... | Adulterant Detection
~Tax0ﬂomfc Classification; i - ‘
"Agronomy; Law Enforcement 5
-Sample - -acid, base,-detergent, phenol,-ethanol, | Polymerase, Polymerase,.
_preparation Agenti | isopropanoi, cﬁéotrope, enzyme, “restrfcﬁon phenoi
.protease; nuclease; polymerase; ¢ enclomuclease; ,
resiriciion endonuciease, deiergeni ‘phenol

-Sample Preparation | Filter, Centrifuge, Extract, - Adsorb, - Filter, centrifuge, Filter, culture

Pretreatment _protease, nuciease, partition, wash,  cufiure
leach, Iyse, electrophoresis, precipitate,.
, germinate, Cuiiture ,
-Hybridization Adqueons buffer, solution containing Agueous buffer, Solution
Media » formamide, zwitterion soiution, heated | soiution containing containing
solution;. afcohok solution - - fornrmmide, heated, | formamide,
‘solution heated
solution
‘ Cuitivation Media | LB, MDY, biood agar, DMEM, caif LB, blood agar, Blood agar
serum medinm; Mc€onkey' s medinny, | Colture mediunr:
Cuiture medium containing host celis. | containing iﬂ)ét celis
Separation media - | e exchanger, filter, ultrafilter, depth- | Ton exchanger; Ton

for sample ilter, muitiwell filter, centrifuge tube, | muitiwell filter, exchanger,
preparation |- imebitized-nretal affinity adsarbent, | immgebhilized-metal silica;

. _hydroxyapatite, silica, zirconia, | affinity adsorbent, magnetic

-magnetic heads hydroxyanatite, heads
silica, magnetic
Qs Minimum 0.5-1.0 >0,7 >0.9
t >0.7 08 >0.9




WO 02/059348

24/24

PCT/US02/02564

Cf

<03

<0.15.

<0.08

Datection Means:
(Probe

TRt Aradian)
EESAZEL PIL12.8) Sy N

FIeTo T cxrve

Mass gpc\,.,fu'u' GIESCEHTT

Chemiluminesence; Enzyme Reaction;

Aoabiamatnaks € irabitan
Radicchiémical; ocu-qh'c‘quug Probe

. hybridization;. Surface Plasmon

B e oxe Podod-Ferdnaomond- 1 aflnadire

.l\cauua \,C, X ULg1 00Le aal x\cucpuulf

Fluorescence;Liquid Crystals;
‘Magnetic; Inffared; Avra ay Détection

.Peptide Nucleic Acid hybridization;

Braunched PNA hybridizat tici; Redox

Chemistry; LNA hybridization

"Détection Miéans:

.(Nonhybridization

l‘v‘ sthods:

TSPy Chin o dncirae adonsry T doan
MIG58 Speetrometr y; Electr up}’ €sis]

. Affinity electrophoresis;

a... WP S _—
i umﬁuygi"ﬁpuy, BRLG; Neutron

Ac@watmmA&alys:s:




	Abstract
	Bibliographic
	Description
	Claims
	Drawings

