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Introduction
The PathoSystems Resource Integration Center (PATRIC) is one 
of eight Bioinformatics Resource Centers (BRCs) funded by the 
National Institute of Allergy and Infection Diseases (NIAID) to 
create a data and analysis resource for select NIAID priority 
pathogens, specifically proteobacteria of the genera Brucella, 
Rickettsia and Coxiella, and corona-, calici- and lyssaviruses and 
viruses associated with hepatitis A and E.  The goal of the project 
is to provide a comprehensive bioinformatics resource for these 
pathogens, including consistently annotated genome, proteome 
and metabolic pathway data to facilitate research into counter-
measures, including drugs, vaccines and diagnostics.  
To better understand phenotypic differences between the closely 
related genomes in each category, it is essential to understand 
differential gene content and polymorphisms between orthologs, 
particularly when comparing virulent and avirulent strains. 
Naturally, this requires the construction of high-quality ortholog 
groups.  To accomplish this, we adopted a two-stage strategy.  
First, similarity data was collected for each organism category by 
executing reciprocal BLASTP analyses between all pairwise 
genome combinations. Data of this type is the starting point for
many comparative genomics applications.  The second step 
involves a novel method for processing the individual pairwise 
BLAST searches based on dynamic programming (DP). The 
method resembles the classic Smith-Waterman algorithm for 
sequence alignment; however, instead of comparing two strings 
of amino acids using a substitution matrix, two strings of proteins 
are compared using BLAST scores. This method has the 
advantage of combining both similarity and conservation of 
synteny within a mathematically rigorous optimization framework.
While local gene order is usually conserved within genomes of 
the same genus, there are typically large-scale segmental 
rearrangements and inversions which would confound the Smith-
Waterman-based implementation described above.  This report 
describes a new DP algorithm developed to accommodate these 
biological considerations.
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NCBI Data Files
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/$genome

.ptt Protein Translation Table (coordinates, strand, gi, pid, product)

.faa FASTA file containing AA sequence of every CDS

Pre-BLAST Checklist
If multiple replicons are present, concatenate FASTA files and     
calculate new gene positions
Build indexed hash of .ptt data keyed on gi (or accession) numbers
Run formatdb on each genome individually
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Notes on BLAST Parameters
-p blastp We are aligning proteins against proteins, since AA 

sequences should be more highly conserved than NA 
sequences.

-e 1 We expect a given gene to occur only once in a closely 
related genome.

-m 9 Display results in tabular format for easy parsability, with 
comment line.

-b 5 Show only top five (5) alignments, if there are more than 
that available. (I don't think this works.)

-F F Turn off SEG filtering.  Although SEG may reduce spurious 
hits when the query gene is not represented in the target 
genome, this filtering could adversely affect alignment 
ranking and appropriate cutoffs.

-I T Show GI numbers in definition lines
-g T Perform gapped alignments (default behavior)
-a 4 Number of processors to use

Genome Information File (orgs)
Rickettsia akari str. Hartford NZ_AAFE01000001
Rickettsia bellii RML369-C NC_007940
Rickettsia canadensis str. McKiel NZ_AAFF01000001
Rickettsia conorii Malish 7 NC_003103
Rickettsia felis URRWXCal2 NC_007109
Rickettsia prowazekii str. Madrid E NC_000963
Rickettsia rickettsii NZ_AADJ01000001
Rickettsia sibirica 246 NZ_AABW01000001
Rickettsia typhi str. Wilmington NC_006142 

Create BLAST 
Data Structure

Multiple BLAST Searches

Foreach Query Genome {

Foreach Target Genome {

$blastdat{$query}{$target} = 
&parse_blast_search;

}

}

BLAST Output Parsing (Single Search)
%blast_data = ( 'YP_413509.1' => [ { 't_gi'         => '17988224',
                                     't_pid'        => 'NP_540858.1',
                                     'identity_pc'  => '100',
                                     'align_length' => '384',
                                     'mismatches'   => '0',
                                     'gaps'         => '0',
                                     'q_start'      => '1',
                                     'q_end'        => '384',
                                     't_start'      => '1',
                                     't_end'        => '384',
                                     'e_value'      => '0.0',
                                     'bit_score'    => '753',
                                   },
                                   { 't_gi'         => '17987722',
                                     't_pid'        => 'NP_540356.1',
                                     'identity_pc  '=> '26.34',
                                     [...]
                                     'bit_score'=>'38.5',
                                   },
                                 ],
                'YP_413510.1' => [ { 't_gi' => '17988224',
                                     [...]
                                   },
                                   { 't_gi' => '17987722',
                                     [...]
                                   },
                                 ],
                                     [...]
               );

Query Protein 1

Query Protein 2

Target Protein 1 + 
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Creating BLAST Data Structure

Bacterial Genomes of Interest

Brucella sp. Genus 3300 3150
NC_004310 2108 3288   
NC_004311 1207
NC_006932 2124 3085   
NC_006933 1162
NC_003317 2117 3308   
NC_003318 1178
NC_007618 2121 3034   
NC_007624 1157

Coxiella burnetti Species 2102 2134
NC_002971 1995 2102
NC_004704 37

Coxiella burnetii Nine Mile phase I NC_002118 37 37*
Coxiella burnetii R1140 NC_002131 33 34*
Coxiella burnetii Priscilla Q177 Y15898 39 41*
Rickettsia sp. Genus 1266 850 - 1550
Rickettsia akari str. Hartford NZ_AAFE01000001 1231 1217
Rickettsia bellii RML369-C NC_007940 1522 1429
Rickettsia canadensis str. McKiel NZ_AAFF01000001 1160 969
Rickettsia conorii Malish 7 NC_003103 1269 1374
Rickettsia felis URRWXCal2 NC_007109 1485 1512†
Rickettsia prowazekii str. Madrid E NC_000963 1112 839
Rickettsia rickettsii NZ_AADJ01000001 1258 1311
Rickettsia sibirica 246 NZ_AABW01000001 1250 1234
Rickettsia typhi str. Wilmington NC_006142 1111 838
*  plasmid only
† includes additional genes from plasmids

Coxiella burnetii RSA 493

Brucella suis 1330

Brucella abortus biovar 1 str. 9-941

Brucella melitensis 16M

Brucella melitensis biovar Abortus 2308

Organism Category / Organism Associated 
Diseases

Genome 
Size, kb CDS CountTaxonomic Rank / 

Accno
Brucellosis 

(Undulant Fever, 
Malta Fever)

Bovine Brucellosis 
(Bang's Disease, 
Abortive Fever)

Epidemic Typhus, 
Scrub Typhus, 
Rocky Mountain 
Spotted Fever

Q Fever

Dynamic Programming Alignment
Special Case

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 i
1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0.59 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 1 0 0.1 0 0 0 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0.1 0 1 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

11 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

12 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0

13 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

14 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0 0 0 0 0 0.78 0 0 0 0 0 0

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0.98 0 0 0 0 0 0

17 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

j

Beta Matrix

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 3 0 1 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4 0 0 0 4 2.5 2 1.5 1 0.5 0 0 0 0 0 0 0 0 0 0 0

5 0 0 1 2.5 4.6 3.1 2.6 2.1 1.6 1.1 0 0 0 0 0 0 0 0 0 0

6 0 0 0.5 2 3.5 4.1 2.6 2.1 1.6 1.1 0.6 0 0 0 0 0 0 0 0 0

7 0 0 0 1.5 2.6 4.5 3.6 2.7 2 1.5 1 0.1 0 0 0 0 0 0 0 0

8 0 0 0 1 2.1 3 5.5 4 3.5 3 2.5 2 0.5 0 0 0 0 0 0 0

9 0 0 0 0.5 1.6 2.5 4 6.5 5 4.5 4 3.5 3 1.5 1 0.5 0 0 0 0

10 0 0 0 0 1.1 2 3.5 5 7.5 6 5.5 5 4.5 4 2.5 2 1.5 1 0.5 0

11 0 0 0 0 0 1.5 3 4.5 6 8.5 7 6.5 6 5.5 5 3.5 3 2.5 2 1.5

12 0 0 0 0 0 1 2.5 4 5.5 7 9.5 8 7.5 7 6.5 6 4.5 4 3.5 3

13 0 0 0 0 0 0 2 3.5 5 6.5 8 11 9 8.5 8 7.5 7 5.5 5 4.5

14 0 0 0 0 0 0 0.5 3 4.5 6 7.5 9 12 10 9.5 9 8.5 8 6.5 6

15 0 0 0 0 0 0 0 1.5 4 5.5 7 8.5 10 12 11 10 9.8 9.3 8.8 7.3

16 0 0 0 0 0 0 0 1 2.5 5 6.5 8 9.5 11 12 10 9.8 9.3 8.8 8.3

17 0 0 0 0 0 0 0 0.5 2 3.5 6 7.5 9 11 10 11 9.8 9.3 8.8 8.3

18 0 0 0 0 0 0 0 0 1.5 3 4.5 7 8.5 9.8 10 10 11 9.3 8.8 8.3

19 0 0 0 0 0 0 0 0 1 2.5 4 5.5 8 9.3 9.3 9.5 9.5 10 8.8 8.3

20 0 0 0 0 0 0 0 0 0.5 2 3.5 5 6.5 8.8 8.8 8.8 9 9 9.8 8.3

D Matrix

DP Allowing Inversions
General Case
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Initial Assumptions

There exists two genomes, Ga and Gb , each of which consist of a 
sequence of proteins: 

Ga
1, Ga

2, …, Ga
N-1, Ga

N       and 
Gb

1, Gb
2, …, Gb

N-1, Gb
N

The protein sequences are largely similar, with proteins occurring 
the the same basic order, although each genome may having 
missing or additional genes with respect to the other.

Application of Smith-Waterman Recursion
There exists a matrix, D, defined below, with the property that each 
element, D(i,j), represents the optimum alignment of the 
sequences:

Ga
1 … Ga

i    and
Gb

1 … Gb
j.

Gap Penalty and Z-Parameter
The gap penalty is a measure of how the quality of an alignment is 
degraded by indel events.  Here we use the standard affine gap 
penalty:

W(k) = (initiation) + (extension) * k
To further constrain the alignment and enhance performance, we 
have introduced the term, Z, to “diagonalize” the recursion by 
limiting maximum gap size.  This will have important consequences 
in the general case of genome alignment.

Match / Mismatch Score ( β )

The score for the alignment of Ga
i with Gb

j can be based on any 
similarity metric.  For this study, we have chosen a value based on 
the BLASTP bit score.  OrthoMCL, on the other hand, uses the 
negative log of the E-score.  Another option would be to use the 
raw output of a full Smith-Waterman alignment for the two proteins.
If the alignment of Ga

i with Gb
j results in a BLASTP score exceeding 

a threshold (E < 10-6), it is deemed to be a “match” and normalized 
bit score returned (i.e. the alignment score divided by the maximum 
alignment score for Ga

i against each protein in Gb. 
If the alignment is below the threshold, it is considered a 
“mismatch” and given a penalty (0.5 in this study). 

Gap in i

Gap in j

Align i & j
(i-1, j-1)

(i-1, j)

(i, j-1)

(i, j)

DP Forward

DP Reverse

Example Genomes:
Rickettsia felis URRWXCal2 (horizontal)

Rickettsia conorii (vertical)

Assembling Final Solution
from Forward and Reverse Runs

Applications
Pairwise and Multi-Genome Ortholog Prediction
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Reconciling Forward and Reverse Alignments
Having run local alignments in forward and reverse directions, we need an 
algorithm that will combine these alignments, which may also contain 
inversions, in an optimum way

Example

Consequences of Inversions and Rearrangements
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Total Score = 
S1+S2+S3+S4+S5

Since the DP score for a given sub-alignment is found only at its 
terminus (at the “arrowhead”), the reconciled solution can only be 
determined using forward and reverse methods as well

Waterman Algorithm for Best Inversions

max{ W(i, j) = best alignment (potentially) containing inversions

Score of inverted 
subalignment
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Assumptions for General Case
The two genomes, Ga and Gb, are related but may have large-
scale rearrangements and inversions with respect to one another.

Examples Using Dot-Plot

Rearrangement
Red and green synteny blocks 
switch order on chromosome

Ga Ga

Gb Gb

Inversion
Blue synteny block reverses 

orientation in genome

Problem: Inversions are “Invisible” to DP
Previous algorithm “accumulates” positive scores only when 
homologous synteny blocks are aligned in parallel
Homologous blocks aligned anti-parallel will yield a diagonal 
consisting of individual “matches” that do not sum together

(i, j-1)

(i, j)

(i+1, j-1)

(i+1, j)

Partial Solution: Forward and Reverse DP

The original (forward) DP algorithm works when homologous 
regions are aligned in the same orientation
We can account for the possible case of opposite orientation by 
running a “reverse” algorithm up front, effectively inverting one 
genome with respect to the other

Future Directions
• Complete Implementation and Evaluate on Phylogenetically 

Diverse Genomes
• Parameter Estimation using HMMs

• Heuristic Parameters in Current Model
• Alignment score threshold (decides score below which mismatch penalty is applied)
• Gap initiation and extension penalties; mismatch penalty
• “Rearrangement” penalty (different from gap penalty—determines cost of joining 

alignments during reconciliation phase)
• Inversion penalty

• Phylogenetic Distance Metrics Based on Genome Rearrangement
• Using HMM-determined parameters, define a distance metric for 

phylogenetics independent of protein similarity
• Identification of Paralogs Arising from Tandem Duplication

• DP facilitates identification of gene duplication events between strains
• DP will typically gap over inparalogs when they do not have counterpart, allowing 
them to be flagged for further analysis


