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Prokaryotic evolutionary delineation has been the subject of intense investigation, 
which has primarily been based on the highly conserved ssu-rRNA. The increased 
availability of genome sequence data has now made whole genome phylogenetics 
a possibility. Through the use of a structured network database of k-mers called 
SynaBASE™, phylogenetic analysis of whole prokaryotic genomes can be inferred in a 
fraction of the time taken by conventional approaches. SynaBASE is a novel structured 
network index database for indexing genomic sequences based on the location of 
unique variable length k-mers. The use of such a system could be of tremendous 
benefit for rapid elucidation of both prokaryotic and eukaryotic evolutionary 
phylogenetics, as well as data from the advent of the “Personal Genome Project” for 
personalised medicine research.

Introduction
Rapid and accurate phylogenetic reconstruction for the 
study of evolutionary lineage from large data sets is a well 
known problem in computational biology. Current tools 
for comparative genomics include the MUMmer package 
(Kurtz, et al. 2004), ClustalW (Chenna, et. al. 2003), 
BLASTZ (Schwartz et. al, 2003) and the well-known BLAST 
package (Altschul, et al. 1990). These tools are sequence 
alignment-based approaches that compute alignment 
scores and use maximum likelihood and parsimony 
methods for phylogenetic network construction. 
Alternative methods rely on distance matrices which 
are in turn also based on sequence data. A commonly 
used algorithm for phylogenetic reconstruction based on 
distance matrices is the “Neighbour Joining” method by 
Saitou and Nei (1987).

Early understanding of prokaryotic phylogeny has been 
previously reported by using the highly conserved ssu-rRNA 
(Woese, 1987). Other traditional comparative genomics 
approaches are based mostly on orthologous groups 
in proteomes (Heger et al., 2001; Krause et al., 2000; 
Remm et al., 2001). However, recent increases in the rate 
and volume of sequences have made the deciphering of 
prokaryotic evolution based on whole genome content a 
possibility. A recent study was conducted based on BLASTn 
all-versus-all pair-wise alignments (Henz, et al, 2005), but 
this approach of aligning whole genome sequences with 
the BLAST algorithm is time-consuming, limits parameter 
optimisation and the feasibility of larger studies. In this 
paper two approaches are presented and examined, one 
based on pairwise alignments and the other based on 
a novel pattern-similarity approach using a structured 
network pattern database called SynaBASE™. 
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SynaTree is an application that is used to generate a 
distance matrix based on an all-versus-all alignment of 
the sequences used to build a SynaBASE. The alignment 
of two sequences is done by finding exact k-mer matches 
between the sequences and then filtering the matches so 
that only matches in aligned regions are kept. 

The first stage of the alignment process involves scanning 
one of the sequences and at each offset finding a matching 
k-mer in SynaBASE. This is then used for identifying 
possible matches within the second sequence. The 
process is similar to seeding an alignment. The difference 
lies in that variable sized seeds are used such that the 
length is determined by how often the seed has occurred 
in the full set of sequences being compared. 

There is also an option to set an upper limit, mml, on 
the k-mer length. The length limit is soft; rather than 
not reporting patterns longer than the limit all patterns 
that match the first mml letters are found and then these 
alignments are reported subsequently.

The seeds are then passed through a filter which removes 
matches that are not part of a longer alignment. This 
filter calculates a score within a window and keeps any 
alignment triplets where the score exceeds the specified 
threshold. The window is defined with a length and 
an insert/delete (indel) allowance. Diagram 1 below, 
illustrates the concept as an x-y plot of the alignments. 
As an example, diagram 2 overleaf, shows the effect of 
using the diagonal alignment filter on an alignment of two 
Serine Kinase AA sequences.

The SynaBASE engine is a structured pattern database 
platform which utilises unique proprietary algorithms to 
achieve the performance benefits of analysis in terms of 
speed, scalability and sensitivity. SynaBASE’s architecture 
is essentially an index for storing biological sequence 
data based on the location of unique and variable 
length k-mers or patterns. This unique schema uses a 
multilevel network to index sequences. This allows the 
use of such k-mers to generate statistical measures for 
aiding in identification of important motifs, signals and 
other important biological features (Albertyn, et al 2004, 
Albertyn, et al 2005). 

The unique structure of SynaBASE allows it to be used 
for finding common k-mers between reference genome 
sequences. Such k-mers represent the conserved genic/
intergenic regions known to exist between related 
species that correspond to regions of similarity in a 
sequence alignment. Therefore this method based on 
pattern frequency and relative occurrence may be used in 
a framework for constructing whole-genome prokaryotic 
phylogenies in significantly shorter time than required by 
conventional approaches.

Methods
Whole genome sequences of bacterial and archaeal 
species were obtained from the NCBI RefSeq database 
(Pruit et al, 2005, listed in the Appendix). These sequences 
were used to build a prokaryote genome SynaBASE with 
a build frequency limit of 10. Build frequency limit, b, 
sets a lower frequency limit for patterns (k-mers) that are 
indexed within a SynaBASE. SynaBASE builds an index to a 
set of sequences using all patterns that have occurred at 
least b times. The resultant patterns in the index are of 
variable length with shorter patterns being used to index 
high complexity regions of the sequences and longer 
patterns occurring in repeats and low complexity regions. 
The resultant index can be used to seed alignments for 
statistical analysis of patterns and sequences. Here, 
two applications, SynaTree™ and SXComparePattern™ 
(beta prototype version) were used to calculate distance 
matrices with different SynaBASE(s).

The distance matrices were then used to generate 
phylogenetic trees using the tree drawing program 
SplitsTree version 4 (Hudson, et. al, 2006) by the 
neighbour-joining method. 

Diagram 1: A sliding window is applied to alignment triplets. 
Triplets falling in a window that exceed the alignment threshold 
are retained.
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The distance matrix is calculated using the formula below 
where A is the score of the shared patterns between 
genomes i and j, and L is the number of patterns for the 
individual genomes i and j respectively:

In contrast, SXComparePattern, a command line beta 
application, uses the SynaBASE index system to find 
common patterns and calculate a distance matrix. The 
process iterates through the patterns in SynaBASE, 
selecting only patterns longer than a set minimum length 
whilst skipping low complexity patterns. Each pattern will 
occur in a set of sequences {s1, s2, s3,… sn} and for each 
pair (si, sj) one is added to the similarity score Sij. The 
distance between two sequences is defined as:

By limiting pattern selection to longer patterns and 
ignoring low complexity patterns sequence comparison 
is effectively based on over represented patterns and 
therefore on repeats which will include orthologous and 
homologous gene coding regions.

To evaluate the phylogenetic networks inferred, the               
c-scoring method proposed by Henz was used. C-score 
is calculated by using a program that sums up the non-
trivial splits which are compatible (Tc) to the grouping 
in a reference tree, which is deemed ‘correct’. In this 
particular case the NCBI tree (Figure 5) was used and 
divided by all the non-trivial splits in the test tree (To):

The non-trivial splits defined here is the internal edge or 
each band of parallel edges in a phylogenetic network. In 
other words, the edge without a leaf (species) attached 
to it, is referred to as a non-trivial split. Note that this 
method relies on a reference tree which is believed to be 
the ‘correct’ tree. 

The approach of this entire study is outlined in Table 1 
below:

All computations were carried out on a single HP Itanium 
-2 Rx5670 4 IA-64 1.3GHz CPU running RedHat AS2.1. 
Additionally, SynaTree requires Java(TM) 2 SDK Standard 
Edition 1.4.2 for Linux IA64 Platform.

Results and Discussion
A profile of the pattern length and distribution from the 
prokaryotic SynaBASE built with b value of 10 shows that 
pattern accumulation is highest at a k-mer length of about 
12 and the sum frequency of patterns also drops around 
this length (Figure 1). Analysis of these parameters was 
necessary in developing a strategy for choosing the 
optimal setting(s) for applying the pattern similarity 
based distance measure in SynaBASE for both SynaTree 
and SXComparePattern. 
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 Steps Henz 
(GBDP)

SynaTree SXCompare
Pattern

NCBI 

Comparison 
methods

pairwise 
alignment

pairwise 
alignment

subsequence 
pattern similarity 

count
various

Phylogenetic 
analysis method

distance 
matrix

distance 
matrix distance matrix N/A

Reconstruction 
tool Phylip SplisTree 

4 SplitsTree4 N/A

Reconstruction 
methods

NJ, 
BIO-NJ, 
UPGMA, 

Neighbour-
Net

NJ, 
BIO-NJ, 
UPGMA

NJ, BIO-NJ, 
UPGMA N/A

Evaluation method c-score c-score c-score reference 
tree

Table 1: The approach of this study to evaluate SXComparePattern 
and SynaTree

Diagram 2:  Effect of the diagonal alignment filter. The alignments 
in red were discarded by the filter. The filter was 100 letters long 
with indel allowance of 10 and a threshold of 20.
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Based on the profile of the pattern length and 
distribution, a set of parameters was investigated with 
SXComparePattern and SynaTree. The phylogenetic 
networks shown with SXComparePattern and SynaTree 
do give a very good representation of the archaeal 
and bacterial groupings. Figures 2 and 3 (B) show this 
more clearly with the SXComparePattern and SynaTree 
networks as the nodes labelled with the phylum names 
tend to group together. 

An initial evaluation of the tree networks using the 
different parameter settings was based on identifying 
sequences that group well in their respective phylum 
groupings and identifying outliers which are defined as 
sequences that lie outside their main group. This was 
used to identify the best parameter set and compared 
against the ‘best’ tree obtained by Henz (Henz et al., 
2005). With the exception of a few phylum classes, our 
trees correlate well with those generated by Henz.

The phylogenetic networks shown below are with the best 
set of parameters. How the phylogenetic networks were 
evaluated is based on the c-scoring method proposed by 
Henz et al (2005) which was outlined previously. The c-
scoring method is based on the use of a reference tree 
with which the test trees are compared. In this case, like 
Henz, the NCBI reference tree was used (shown in Figure 
4), though it is not fully resolved. The NCBI taxonomy 
tree was chosen because it does not rely solely on a single 

taxonomic treatise but rather incorporates phylogenetic 
and taxonomic knowledge from a variety of sources. This 
was done to evaluate how well the trees reconstructed 
from the SXComparePattern and SynaTree approach might 
reflect the ‘correct’ biological evolution.

Figure 1: Pattern distribution of the prokaryotic SynaBASE with a build limit (b) setting of 10. 
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Figure 2: Phylogenetic tree of bacterial and archaeal genomes with the best c-sore using SXComparePattern (x-mer 
length of 15, low complexity filter turned off, linear formula).
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Figure 3: Phylogenetic tree of bacterial and archaeal genomes with the  best c-score usingSynaTree (mml of 12).
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Figure 4: The best tree in Henz et al (2005) paper using a ‘matched distance’ matrix and BIONJ method of tree drawing.

Figure 5: The “correct” phylogenetic tree as cross-checked with NCBI’s taxonomy browser (adapted from Henz, et. al 2005).
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Table 2 shows the performance comparisons between our 
different approaches to that of Henz’s best tree. With 
SXComparePattern, the best performance was achieved 
with a k-mer length of 17 and with the low complexity 
filter turned on to filter out repetitive matching k-mers 
or patterns. Evaluation based on c-score suggests that the 
phylogenetic network gave close to 60% conformity to 
NCBI classifications. The approach using SynaTree takes 
733 times longer, however c-score evaluation inferred 
that this method gives almost 80% conformity. The best 
tree reported in Henz et al (2005) (Fig. 3) conforms to 
approximately 70% of the NCBI tree.

With both SynaTree and SXComparePattern, different 
network reconstruction algorithms (other than the 
neighbour-joining method) were applied to see if they 
affect the c-score. These included the BioNJ (Gascuel, 
1997) and UPGMA algorithm (Sokal and Michener, 1958). 
As shown in Table 3, there was no difference between the 
NJ and BioNJ method, however the UPGMA method gave 
a lower c-score.

The approach using SynaTree does produce a score 
relatively close to that of the tree reported by Henz et 
al. (2005) as can be seen from the c-score calculation 
of compatible non-trivial splits. It must be noted that 
the methods used by the reference paper and all other 
conventional methods for inferring phylogenetic trees are 
based on pair-wise multiple alignments. SXComparePattern 
is however based on common shared x-mer subsequences 
from which a distance matrix is calculated. SynaTree 
measures distance based on the similarity between 
genomes or sequences, which is calculated from their 
alignment score which has been outlined in the Methods 
section. SynaTree produces slightly better scores than the 
GBDP approach employed by Henz et al. (2005) as seen in 
Table 1 and Figure 6. The scores are relatively close due 
to the nature of their approach. SXComparePattern is 10% 
lower though, as emphasised before, based essentially on 
shared patterns within subsequences. The shared repeat 
pattern filter excludes shared patterns that occur more 
than n times. Coupled with the low complexity filter, the 
sensitivity of this sequence clustering method has been 
increased. 

SXCompare
Pattern

Low 
complexity

Log 
formula k-mer C-score

Elapsed 
time (s)

on off 17 0.5833 5.50
on on 17 0.5595 5.56
off off 17 0.5357 5.57
off on 17 0.5357 6.18
on off 15 0.4881 7.10
on on 15 0.4524 7.20
off off 15 0.4405 7.78
off on 15 0.4048 9.17
on off 12 0.3571 191.13
off off 12 0.3571 202.89
on on 12 0.3571 196.26
off on 12 0.3452

SynaTree
Repeat 

filter
Log 

formula Mml* C-score
Elapsed 
time (s)

medium off 12 0.7976 4032.45
off off 12 0.5833 8797.65

medium off 15 0.7738 3622.16
off off 15 0.619 4842.67

medium off 15 0.7619 3443.95
off off 15 0.631 4614.94

Henz (Henz et 
al, 2005) best 

tree using 
BioNJ

- - - 0.727 612000.00

Table 2: Performance of SynaTree and SXComparePattern 
phylogenetic trees under different parameter settings using c-
score with the prokaryotic SynaBASE as compared to Henz’s best 
tree using the NCBI tree as the reference tree (mml=maximum 
match length). 

Method / tool Distance 
formula

Tree drawing 
algorithm

c-score

BioNJ 0.7976

SynaTree linear NJ 0.7976
UPGMA 0.7024
BioNJ 0.75

log NJ 0.75
UPGMA 0.6905
BioNJ 0.5833

SXCompare
Pattern

linear NJ 0.5833

UPGMA 0.5714
BioNJ 0.5595

log NJ 0.5595
UPGMA 0.5238

Table 3: Evaluation by c-score of SynaTree and SXComparePattern 
using different phylogenetic tree drawing algorithms.   
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In terms of performance, SynaTree is 152 times faster 
than the genome blast distance phylogeny (GBDP) 
strategy employed by Henz, et al. (2005) whereas the k-
mer pattern similarity approach with SXComparePattern 
with the best parameter set is 111,273 times faster (Table 
2 and Figure 6). It should be noted however that the 
reported time for the GBDP strategy is reported in terms 
of CPU time and as such the actual process could take 
longer.

Accuracy wise, the c-score method is based on a 
reference ‘correct’ phylogeny, in this case the NCBI 
phylogeny. Henz et. al (2005) themselves have stated that 
the NCBI phylogeny is not fully resolved. Furthermore, in 
concurrence with Henz’s paper, ambiguous grouping 
was also found for the firmicute Thermoanaerobacter 
tencogensis, which cluster with other thermophile species 
albeit bacterial or archael. This may reflect genomic 
convergence driven by environmental factors. The 
firmicutes cluster robustly in both methods mentioned 
above with a few exceptions of mixing with the archae 
and proteobacteria. The species from the chlamydiae 
and cyanobacteria are the most conserved as they are 
correctly clustered by their designated phylum

Figure 6: Performance overview of the c-score and elapsed time in seconds for the different 
methods and approaches for bacterial and archael phylogenetics.

An added examination of a subset of the groupings 
within enterobacterial genomes was performed with 
SXComparePattern and compared against a guide tree 
that was previously published by Darling et. al (2004) 
using Mauve, a multiple alignment tool. Figure 7 shows 
that the tree with SXComparePattern concurs with that 
published using Mauve. This was to confirm that the 
prototype SXComparePattern application is relatively 
robust. In order to test this application further, we have 
also examined the scalability of this new approach of 
pattern-based similarity matching with 488 bacterial 
genome sequences. This is seen in Figure 8 whereby the 
sequences group relatively well (in Figure 8B) with this 
method in just over 214 seconds.

This demonstrates that the k-mer pattern similarity 
approach is a very fast and relatively reliable way of 
clustering sequences using a structured network database 
of k-mers. This would also provide for powerful means of 
other sequence-based grouping analysis such as rapid EST 
and promoter clustering.
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Figure 7: Unrooted phylogenetic trees calculated using Neighbour Joining showing the relationship between nine 
enterobacterial genomes where (a) Mauve alignment system guide tree (Darling et al, 2004) and (b) SXComparePattern 

Figure 8: Tree of 488 bacterial sequences from a distance matrix produced by SXComparePattern as shown by phylum 
grouping.  A: Overview of the bacterial tree; B: Zoomed in view showing subset phylums grouping well (highlighted in 
circle).
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Conclusion
There are various methods employed for inferring 
phylogenetics based on distance matrices and maximum 
likelihood as mentioned before. In this study, the two 
approaches mentioned above have been used to infer 
whole genome prokaryotic phylogeny; one based on a 
pairwise all-versus-all alignment and another using a 
similarity based approach based on common shared k-mer 
patterns or subsequences. The approaches illustrated 
in this paper show that processing time can be cut 
down tremendously and it can be fine-tuned further for 
accuracy based on the nature of sequences that are being 
clustered. Moreover, the approach using pattern-based 
similarity is more scalable compared to currently existing 
methods as it can be used to infer a phylogenetic network 
of 488 bacterial genomes in just over 214 seconds.
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Appendix
The following list of bacterial and archaeal genomes 
represent those used in this study along with their 
respective groupings and the code used for identification.  
First letter of code represents the class grouping followed 
by a 2-4 alphanumeric letters specifying the sequence. 
Corynebacterium glutamicum ATCC 13032 has two versions 
by different sequencing centres but NCBI taxonomy 
browser has grouped them together in 1 taxonomic ID 
and as such we have listed it here as 1 sequence:

Species Phylum grouping

Halobacterium sp. NRC-1 Archae1
Aeropyrum pernix K1 Archae2

Agrobacterium tumefaciens str. C58 a-Proteobacteria1
Agrobacterium tumefaciens str. C58 UWash a-Proteobacteria2

Aquifex aeolicus VF5 Aquificales1
Archaeoglobus fulgidus DSM 4304 Archae3

Bacillus halodurans C-125 Firmicute1
Borrelia burgdorferi B31 Spirochaete1
Brucella melitensis 16M a-Proteobacteria3

Buchnera aphidicola str. Sg g-Proteobacteria1
Buchnera aphidicola str. APS g-Proteobacteria2

Campylobacter jejuni subsp. jejuni NCTC 11168 e-Proteobacteria1
Caulobacter crescentus CB15 a-Proteobacteria4

Chlamydia muridarum Nigg Chlamydiae1
Helicobacter pylori 26695 e-Proteobacteria2

Chlamydia trachomatis DUW-3CX Chlamydiae2
Chlamydophila pneumoniae AR39 Chlamydiae3

Chlamydophila pneumoniae CWL029 Chlamydiae4
Chlamydophila pneumoniae J138 Chlamydiae5

Chlorobium tepidum TLS Green bacteria1
Clostridium acetobutylicum ATCC 824 Firmicute2

Clostridium perfringens str. 13 Firmicute3
Corynebacterium glutamicum ATCC 13032 Actinobacteria1

Deinococcus radiodurans R1 Deinococcales1
Escherichia coli CFT073 g-Proteobacteria3

Escherichia coli K12 g-Proteobacteria4
Escherichia coli O157:H7 g-Proteobacteria5

Fusobacterium nucleatum subsp. nucleatum ATCC 
25586

Fusobacteria1

Haemophilus influenzae Rd KW20 g-Proteobacteria6
Helicobacter pylori J99 e-Proteobacteria3

Lactococcus lactis subsp. lactis Il1403 Firmicute4
Listeria innocua Clip11262 Firmicute5

Listeria monocytogenes EGD-e Firmicute6
Mesorhizobium loti MAFF303099 a-Proteobacteria5

Methanothermobacter thermautotrophicus str. Delta H Archae4
Methanocaldococcus jannaschii DSM 2661 Archae5

Methanopyrus kandleri AV19 Archae6
Methanosarcina acetivorans C2A Archae7

Methanosarcina mazei Go1 Archae8
Mycobacterium leprae TN Actinobacteria2

Mycobacterium tuberculosis CDC1551 Actinobacteria3

Species Phylum grouping
Mycobacterium tuberculosis H37Rv Actinobacteria4

Mycoplasma genitalium G37 Firmicute7
Mycoplasma pneumoniae M129 Firmicute8

Mycoplasma pulmonis UAB CTIP Firmicute9
Neisseria meningitidis MC58 b-Proteobacteria1
Neisseria meningitidis Z2491 b-Proteobacteria2

Nostoc sp. PCC 7120 Cyanobacteria
Oceanobacillus iheyensis HTE831 Firmicute10

Pasteurella multocida subsp. multocida str. Pm70 g-Proteobacteria7
Pseudomonas aeruginosa PAO1 g-Proteobacteria8
Pyrobaculum aerophilum str. IM2 Archae9

Pyrococcus abyssi GE5 Archae10
Pyrococcus furiosus DSM 3638 Archae11

Pyrococcus horikoshii OT3 Archae12
Ralstonia solanacearum GMI1000 b-Proteobacteria3

Rickettsia conorii str. Malish 7 a-Proteobacteria6
Rickettsia prowazekii str. Madrid E a-Proteobacteria7
Salmonella enterica Choleraesuis g-Proteobacteria9

Salmonella typhimurium LT2 g-Proteobacteria10
Sinorhizobium meliloti 1021 a-Proteobacteria8

Staphylococcus aureus subsp. aureus Mu50 Firmicute11
Staphylococcus aureus subsp. aureus MW2 Firmicute12
Staphylococcus aureus subsp. aureus N315 Firmicute13

Streptococcus agalactiae 2603VR Firmicute14
Streptococcus agalactiae NEM316 Firmicute15

Streptococcus pneumoniae R6 Firmicute16
Streptococcus pneumoniae TIGR4 Firmicute17
Streptococcus pyogenes M1 GAS Firmicute18

Streptococcus pyogenes MGAS315 Firmicute19
Streptococcus pyogenes MGAS8232 Firmicute20

Streptomyces coelicolor A3 Actinobacteria5
Sulfolobus solfataricus P2 Archae13
Sulfolobus tokodaii str. 7 Archae14

Synechocystis sp. PCC 6803 Cyanobacteria
Thermoanaerobacter tengcongensis MB4 Firmicute21

Thermoplasma acidophilum DSM 1728 Archae15
Thermoplasma volcanium GSS1 Archae16

Thermosynechococcus elongatus BP-1 Cyanobacteria
Thermotoga maritima MSB8 Thermotogae1

Treponema pallidum subsp. pallidum str. Nichols Spirochaete2
Ureaplasma parvum serovar 3 str. ATCC 700970 Firmicute22

Vibrio cholerae O1 biovar eltor str. N16961 g-Proteobacteria11
Wolinella succinogenes e-Proteobacteria4

Xanthomonas campestris pv. campestris str. ATCC 
33913

g-Proteobacteria12

Xanthomonas axonopodis pv. citri str. 306 g-Proteobacteria13
Xylella fastidiosa 9a5c g-Proteobacteria14
Yersinia pestis CO92 g-Proteobacteria15
Yersinia pestis KIM g-Proteobacteria16

Bacillus subtilis subsp. subtilis str. 168 Firmicute23
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