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Abstract. Phylogeny reconstruction on a genome scale remains computationally
challenging even for closely related organisms. Here we propose an alignment-
free pairwise distance measure, K, for genomes separated by less than approxi-
mately 0.5 mismatches/nucleotide. We have implemented the computation of K,
based on enhanced suffix arrays in the program kr, which is freely available from
guanine.evolbio.mpg.de/kr/. The software is applied to genomes ob-
tained from three sets of taxa: 27 primate mitochondria, eight Staphylococcus
agalactiae strains, and 12 Drosophila species. Subsequent clustering of the K,
values always recovers phylogenies that are similar or identical to the accepted
branching order.

1 Introduction

Gene phylogenies do not necessarily coincide with organism phylogenies. This well
known observation leads to the idea of reconstructing phylogenies from all available
genetic information, that is, from complete genomes. In fact, the study of whole genome
phylogenies started as soon as suitable data became available [§]. In spite of much
progress since then, the computational obstacles to such analyses are still considerable
and a good part of bioinformatics is concerned with solving them [6]].

To the uninitiated the reconstruction of genome phylogenies might appear to sim-
ply involve the scaling up of available techniques for reconstructing gene phylogenies:
compute a multiple sequence alignment and estimate the genealogy from that. However,
in the wake of the first genome projects it proved difficult if not impossible to scale ex-
isting gene-centered alignment software from input of a few kilo bases to several mega
bases. This left two avenues to explore: development of more efficient alignment algo-
rithms and development of alignment-free methods of distance computation.

In the years following publication of the first genomes of free-living organisms,
phylogenomics—as the field concerned with reconstructing phylogenies from genomes
became known—made great strides on both counts [14]. Alignment algorithms and
alignment tools have received most attention as they are useful in many sequence
comparison tasks [6]. In contrast, alignment-free sequence comparison has a more
narrow applicability, the classical case being phylogeny reconstruction from pairwise
distances [3]. The great advantage of this approach is that it obviates the computation-
ally intensive alignment step. In fact, alignment-free distance measures may even be
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used in the computation of multiple sequence alignments. For example, pairwise dis-
tances based on exact word (k-tuple) matches [27]] underlie the fast mode of guide tree
construction in the popular multiple sequence alignment program clustalw [18].

Two classes of methods for alignment-free sequence comparison can be distin-
guished: (i) methods based on word frequencies, the utility of which may depend on the
word length chosen, and (ii) resolution-free methods, where no such parameter choice
is necessary [26]. These methods have been applied to, for example, phylogeny recon-
struction from ~y-protobacterial genomes [5]] and the analysis of regulatory sequences
in metazoan genomes [17]]. One disadvantage of alignment-free methods is that there
is generally no model to map their results to evolutionary distances. Models describing
the mutation probabilities of homologous nucleotides have been continuously refined
since the pioneering work on this topic by Jukes and Cantor in the late 1960’s [[L6/29].
However, a recent study indicates that k-tuple distances may be highly accurate when
compared to conventional model-based distances [28].

We have developed a new alignment-free distance measure, which we call K. The
central idea of our approach is that closely related sequences share longer exact matches
than distantly related sequences. In the following we derive K., describe its implemen-
tation, and demonstrate its utility through simulation. We then apply it to three data sets
of increasing size: 27 primate mitochondrial genomes, eight complete genomes of the
bacterial pathogen Streptococcus agalactiae, which is a leading cause of bacterial sep-
sis in neonates [24], and the complete genomes of twelve species of Drosophila [235]].
In each case cluster analysis of K. values recovers a topology that is close or identical
to the accepted phylogeny.

2 Approach and Data

2.1 Definition of K,

Consider two sequences, () = TATAC and S = CTCTGG, which we call query and
subject, respectively. For every suffix of @, Q[i..|Q|], we look up the shortest prefix,
Qlé..j], that is absent from S. This special prefix is called a Shortest Absent Prefix
(SAP) and denoted by ¢;. We start by examining the first suffix of our example query,
which covers the entire sequence: Q[1..|@|] = TATAC. Its shortest prefix, Q[1..1] = T,
does occur in S and hence we extend it by one position to get Q[1..2] = TA, which is
absent from S yielding our first SAP, ¢; = TA. Next we determine the shortest prefix
of Q[2..|Q|] = ATAC that is absent from S and find g» = A, and so on. Notice that
there is no prefix of Q[5..|Q|] = C that is absent from S. In this case we define ¢; =
Ql¢..|Q| + 1]; in other words, we pretend that ) (and S) are terminated by a unique
sentinel character ($) to guarantee that ¢; exists for all 7. Finally we have the SAPs
q1 = TA,QQ = A,q;g = TA, q4 = A, and q5 = C$

Our algorithm is based on the lengths of the SAPs, |g;|. The key insight leading
from these lengths to a distance measure is that if ) and S are closely related, they are
characterized by many long exact repeats between () and S. As a consequence, SAP
lengths will tend to be greater than if () and S are only distantly related.
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To make this notion rigorous, we define the observed aggregate SAP length

QI

Ay = Zl |Qz|

and its expectation, A., which can be computed either analytically [12] or through
shuffling of S. Next, we take the logarithm of A,/A, and normalize this quantity by
the maximum value it can take to define the index of repetitiveness, I,

 In(A,/A.)
L(Q,S) = Tn(max(Ay)/Aq)’ (1
where
() if |Q < [9]
e o) = { (@1 = 181+ 1181+ 1) + (%) ~ 1 othervise. ¥

‘We therefore have
~0<I.<1.

The ceiling of the I, domain is exact—any pair of identical query and subject sequences
are maximally repetitive and have I, = 1. In contrast, the floor is an expectation for
reasonably long shuffled sequences of any GC content. The definition of I, presented
here extends an earlier version [13] by adding the query/subject distinction and the
normalization.

We used simulations to explore the relationship between I, and the number of pair-
wise mismatches per nucleotide, d. One thousand pairs of 10 kb long sequences with a
fixed d were generated and Figure[Tldisplays d as a function of simulated In(7,) values.
The shape of the bottom right hand part of the curve tells us that in pairs of similar se-
quences few mutations have a large effect on I,.. We found that the relationship between
divergence and I, could conveniently be modeled with the statistical software R [22]
using two logistic functions, one covering In(/,) > —2.78 and the other covering the
rest. Given these two functions, we define the number of pairwise differences based on
the 1., d;:

3)

0.6381

0.1380 :
d. — 1+ e(—2-2016—1In(Ir))/—0.5307 if hl(Ir) > —2.78
T — .
T o(—55453—1In(17))/ — 17113 otherwise.

The dashed line in Figure [[lindicates that this model gives a useful approximation of
the simulated values shown as dots.

Finally, the number of pairwise mismatches, d,, was converted into our distance
measure, K, using the formula by Jukes and Cantor [16]]:

3 4
K= 2w (1 _ gdr> . @)

2.2 Asymmetric Values of K,

In general and depending on which sequence is designated query, the two resulting I,
values differ, that is, I, (51, S2) # I,(S2, S1). Direct application of equations (3 and (@)
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Fig. 1. Simulated (dots) and modeled (dashed) relationship between the number of pairwise dif-
ferences per site, d, and the index of repetitiveness, /.. Each dot represents an average of 1000 I,
values calculated from 1000 pairs of sequences characterized by a given value of d. The model
relationship is stated in Equation (3)).

would translate this inequality into asymmetric matrices of K, values, which is unac-
ceptable for a metric. In the case of two “ideal” sequences devoid of insertions/deletions
and repetitive elements, the difference is due to stochastic placement of mutations along
a DNA sequence. However, indels and shared repetitive elements may cause systematic
differences between the two possible query/subject configurations.

Figure A shows an example in which S; has undergone large deletions and as a
result is much shorter than S, i.e. S5 is only locally homologous to S;. In this case
I,(S51,82) < I;(S2,51). However, regions in So that have no homologue in S; are
characterized by SAPs that are only as long as expected by chance. We have therefore
implemented a global and a local mode for K computation. In the global mode all
SAPs are included in the analysis. In the local mode the user can set the fraction,
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Fig. 2. Sources of asymmetric I, values. A: S is only locally homologous to S1, in which case
I,(S1,82) < I:(S2, S1); B: S1 contains a lower copy number of a genetic element than Sz, in
which case again I;(S1, S2) < I+(S2, S1).

say 0.5, of SAP lengths compatible with randomness that are excluded from the analy-
sis. All applications to real data presented in this paper were computed using the local
mode.

Figure 2B illustrates variation in the copy number of a shared element: S; contains
one copy of the element and S5 three, which again leads to I,(S1,.52) < I(S2,57).
Since many mutations are necessary to reverse the effect of a single gene duplication
on I, we always chose the lower of the two values for the computation of K.

2.3 Implementation

Conceptually, SAP lengths are determined in a single bottom-up traversal of a general-
ized sufix tree [11]] containing the forward and reverse strands of the query and subject
data sets. Each internal node in this tree, n, is classified as isQuery if the subtree rooted
on it has leaves referring to positions in the query sequences, and as isShjct, if the sub-
tree rooted on it has leaves referring to positions in the subject sequences. Both prop-
erties propagate up the tree. If n isQuery and isSbjct, its child nodes, ¢;, are searched
for two relevant cases: First, ¢; may be a leaf referring to a query position x. In that
case the desired SAP length, |g,|, is the string depth of ¢; plus 1. Second, ¢; may be an
internal node with the property isQuery but not isSbjct. Then the leaves of the subtree
rooted on ¢; are looked up and the string depth of ¢; plus 1 is the desired length of the
SAPs referred to by these leaves.

We based the implementation of the suffix tree traversal on its more space-efficient
sister data structure, the enhanced suffix array [2]. For this purpose we used the suffix
array library by Manzini and Ferragina [[19], as it is fast and space-efficient [21]]. In its
original form, the library was limited to the analysis of 23! ~ 2 x 10? characters, which
we have re-engineered to a limit of 263 ~ 9 x 10'® characters.

Our program for calculating the K, is called kr. It takes as input a set of FASTA-
formatted sequences and returns a distance matrix in PHYLIP [10] format. The program
can be accessed via a simple web interface at

http: //guanine.evolbio.mpg.de/kr/

The C source code of kr is also available from this web site under the GNU General
Public License.
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2.4 Phylogenetic Analysis

Phylogenies based on sequence alignments were computed using the neighbor joining
algorithm [23] implemented in clustalw [18]. Phylogenies based on K, values were
computed using the neighbor joining algorithm implemented in the software package
PHYLIP [10]. Phylogenetic trees were also drawn using PHYLIP.

Itis highly desirable to attach confidence measures to individual nodes in a phylogeny.
A popular method for achieving this is bootstrap analysis [7]. The central question in any
bootstrap analysis is, what is the unit to be sampled with replacement (bootstrapped)?
In traditional bootstrap analysis of phylogenies, columns of homologous nucleotides
are sampled with replacement from the underlying multiple sequence alignment [9].
This cannot be applied in the context of an alignment-free distance measure such as K.
Instead, we propose to sample random fragments of 500 bp length with replacement
from the original sequences.

Table 1. Primate mitochondrial genomes analyzed in this study

# Name Genbank Common Name Accession

1 Cebus albifrons white-fronted capuchin NC_002763.1
2 Chlorocebus aethiops ~ African green monkey NC_007009.1
3 Chlorocebus pygerythrus green monkey NC_009747.1
4 Chlorocebus sabaeus green monkey NC_008066.1
5 Chlorocebus tantalus green monkey NC_009748.1
6 Colobus guereza guereza NC_006901.1
7 Cynocephalus variegatus Sunda flying lemur NC_004031.1
8 Gorilla gorilla western Gorilla NC_001645.1
9 Homo sapiens human NC_001807.4
10 Hylobates lar common gibbon NC_002082.1
11 Lemur catta ring-tailed lemur NC_004025.1
12 Macaca mulatta rhesus monkey NC_005943.1
13 Macaca sylvanus Barbary ape NC_002764.1
14 Nasalis larvatus proboscis monkey NC_008216.1
15 Nycticebus coucang slow loris NC_002765.1
16 Pan paniscus pygmy chimpanzee NC_001644.1
17 Pan troglodytes chimpanzee NC_001643.1
18 Papio hamadryas hamadryas baboon NC_001992.1
19 Pongo pygmaeus Bornean orangutan NC_001646.1
20 Pongo pygmaeus abelii ~ Sumatran orangutan NC_002083.1
21 Presbytis melalophos mitred leaf monkey NC_008217.1
22 Procolobus badius western red colobus NC_008219.1
23 Pygathrix nemaeus Douc langur NC_008220.1

24 Pygathrix roxellana

golden snub-nosed monkey NC_008218.1

25 Semnopithecus entellus Hanuman langur NC_008215.1
26 Tarsius bancanus Horsfield’s tarsier NC_002811.1
27 Trachypithecus obscurus dusky leaf monkey NC_006900.1
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Table 2. Streptococcus agalactiae genomes and the corresponding multilocus sequence types
analyzed in this study

# Strain ~ Accession Sequence Type

1 18RS21 AAJO01000000 ST19
2 2603V/R AAJP01000000 ST110
3515 AAJQO01000000 ST23
4 NEM316 AAJR01000000 ST23
5 A909 AAJS01000000 ST7

6 CIB111 CP000114 ST1

7 COH1  AE009948 ST17
8 H36B  AL732656 ST6

2.5 Data Sets

Three sets of genomes were analyzed: 27 primate mitochondrial genomes (total of
446.23 kb), genomes of eight S. agalactiae strains (17.39 Mb), and the genomes of
twelve Drosophila species (2.03 Gb).

The 27 primate mitochondrial genomes available from Genbank were downloaded
and compared without any further editing (Table[T).

The eight S. agalactiae genomes previously analyzed by [24] were downloaded from
Genbank and subjected to K computation without further editing (Table 2)). Complete
multilocus sequence data for the sequence types corresponding to the these genomes
was obtained frommlst .net [1].

The 12 Drosophila genomes consisting of up to 14,547 contigs each were down-
loaded from

http: //rana.lbl.gov/drosophila/cafl/all cafl.tar.gz

Unsequenced regions in these genomes marked by N were removed before K, analysis,
as these generate suffixes with long matching prefixes that distort the K.

3 Results

3.1 Clustering of Simulated DNA Sequences

Figure [I] demonstrates that the model underlying the computation of K, is reason-
ably exact for divergence d < 0.5, which roughly corresponds to In(/,) > —8, or
I, > 0.0003. In order to explore the utility of K, for sequence clustering, we simulated
a set of 12 DNA sequences of 10 kb with a maximal d of 0.5, that is, by distributing
5000 segregating sites on a random topology generated using the coalescent simula-
tion program ms [[13]]. The true phylogeny of these sequences is shown in Figure BA.
Neighbor joining analysis of the 66 Jukes-Cantor distances between the dozen sim-
ulated sequences yielded the phenogram shown in Figure BB, which is topologically
identical to the true phylogeny. The branch lengths of Figure[3A and B also look almost
indistinguishable. However, they differ in numerical detail as illustrated for the edges
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Fig. 3. Reconstructing the phylogeny of 12 simulated sequences. A: True phylogeny; B: phy-
logeny based on multiple sequence alignment by clustalw [18]; C: phylogeny based on K.
The small numbers on the edges leading from taxon 7 to the root illustrate branch length differ-
ences between phylogenies A and B.

connecting taxa 7 and 8 to the root. Phylogeny reconstruction based on K, returned
the tree shown in Figure [BC. It is topologically identical to the cluster diagram based
on standard pairwise distances (Figure BB). Again, the branch lengths also look very
similar but the diagram reveals small differences such as the distance between taxa 5
and 12, which is larger in the K, phylogeny than in the other two. We shall see that the
K, measure has a tendency to overestimate terminal branch lengths.

Next we investigate the performance of K when applied to real sequences.

3.2 Clustering Primate Mitochondrial Genomes

Figure[ displays two phylogenies of primate mitochondrial genomes, one based on K.
(A), the other on a multiple sequence alignment by clustalw (B). The two trees share
important clades, particularly groups of closely related taxa. For example, the well-
known great ape clade (asterisk in Figured)) is resolved correctly using K. In contrast,
within the Cercopithecinae (bullet in Figure[d) Pio hamadryas ought to cluster with the
macaques (Figure dB) rather than with the green monkeys (Chlorocebus, Figure [dA).

3.3 Clustering Streptococcus Agalactiae Genomes

Tettelin and colleagues analyzed the complete genomes of eight S. agalactiae strains
and reconstructed their phylogeny by comparing gene content [24]]. Surprisingly, they
obtained a phylogeny that did not cluster strains 515 and NEM316, even though these
belong to the same multilocus sequence type (ST23; Table2). In our K, phylogeny of
complete genomes these strains again appear as closest neighbors with 100% boot-
strap support (Figure §JA). Overall the topology of this phylogeny is similar to a
clustalw tree based on multilocus sequence data (Figure BAB). In contrast to the
topology, the branch lengths derived from the two methods differ markedly, with the
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Fig. 4. Phylogeny of 27 primate mitochondrial genomes. The asterisk (x) marks the ape clade
(Hominoidea), the bullet (o) the Cercopithecinae among the old world monkeys (Cercopitheci-
dae). A: Distance estimates based on K, bootstrap values based on 100 replicates greater than
75% are shown; B: distances based on multiple sequence alignment, all bootstrap values were

greater than 95%.

external branches being much longer in the K, tree. This is not simply a consequence
of the K, tree being computed from whole genomes and the clustalw tree from
multilocus sequence data. When we subjected the same multilocus sequence data to K,

A B C

5
NEM316
H36B A909

COHI1
18RS21

A909 CIBI11
3
2603V/R H36B

263V/R

CIBI11

515
18RS21

NEM316
2603V/R 515

CIB111

Fig.5. Phylogenies of eight Streptococcus agalactiae strains. A: Based on K, and whole
genomes, all bootstrap values (100 replicates) were 100%; B: same set of organisms as A, but
tree based on an alignment of multilocus sequence data using clustalw; C: same organisms
and data as in B, but clustering based on K.
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D. persimilis

D. pseudoobscura

Fig. 6. Midpoint-rooted neighbor-joining tree of 12 Drosophila species based on K, and complete
genome sequences

analysis, we obtained the tree shown in Figure BIC. This is topologically similar to the
alignment-based tree but has longer terminal branches.

3.4 Clustering Drosophila Genomes

Calculating the K, values for the 12 Drosophila species investigated took four days
and 18 hours of CPU time on a computer with 64 GB RAM. The resulting phylogeny
in Figure[@lhas the same topology as the tree computed as part of the Drosophila dozen
project [25].

4 Discussion

In this study we calculate the phylogeny of 12 Drosophila species from their raw
genome sequences using a new measure of sequence similarity, K,. This is defined
with ease of implementation and scalability in mind. For this reason the underlying
idea is simple: if we compare a query to a closely related subject, for every suffix taken
from the query one finds on average a suffix in the subject with a long common prefix.
Specifically, we concentrated on the shortest prefixes of query suffixes that are absent
from the subject. The entire computation of K, is based on the lengths of these shortest
absent prefixes, SAPs. There are three reasons for this: (i) SAPs are on average longer
for closely related pairs of sequences than for divergent pairs; (ii) we have previously
derived the distribution of SAP lengths expected by chance alone [12], which allows
us to normalize the observed lengths by their expectation; and (iii) the exact matching
strategy for distance computation we propose is very quick as it is based on enhanced
suffix array traversal [2].

Technicalities aside, our approach is to transform exact match lengths to distances
using the Jukes Cantor model [16]. This is the oldest and simplest model of nucleotide
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evolution. It is clear that its application across species with strong intra-genomic vari-
ation in mutation rates as observed in Drosophila [20] violates the model assumption
of rate uniformity across residues and positions. However, the very large amount of se-
quence information contained in the Drosophila genomes leads to the recovery of the
correct clades from K in spite of the simplifications of the model.

The trade-off between speed and precision is well known in the field of sequence
alignment. For example, clustalw has a slow, accurate and a fast, approximate mode
(“quicktree”) for guide tree computation. Like our K, calculation, the fast mode of
guide tree reconstruction is based on alignment-free pairwise sequence comparison.
However, kr is both faster and more sensitive than the quicktree mode. For example,
kr takes half as long as clustalw in quicktree mode to compute the guide tree for
the 27 primate mitochondrial genomes. The difference in run time grows to 12-fold for
a simulated sample of 27 sequences that are 100 kb long, that is 6 times longer than
the primate mitochondrial genomes. In addition, K, tends to resolve closely related
sequences better than the quicktree mode (not shown).

The reason for this sensitivity to small differences in sequence similarity was appar-
ent in the long terminal branches of the phylogeny based on multilocus sequence data
(Figure[3C) compared to the alignment-based phylogeny (Figure[3B). This emphasis on
recent mutations is already apparent in the simulated relationship between divergence,
d, and I, (Figure[I). The lower right corner of this graph indicates that the addition of
few mutations to a pair of identical sequences has a strong effect on the I, and hence
on K. This suggests great sensitivity to differences among closely related sequences,
leading to the long terminal branches observed in S. agalactiae (Figures[3A and C) and
Drosophila (Figure[6). Sensitivity and speed of execution make kr a promising tool for
the computation of guide trees that can be used as input to multiple sequence alignment
programs such as clustalw or the more powerful MAVID [4]].

The sensitivity of K, restricts its application to closely related DNA sequences,
which is an important limitation of our method. Figure[[allows us to quantify the range
of diversity values for which K, computations might be attempted: For divergence val-
ues greater than 0.5 the relationship between d and I, becomes increasingly noisy. Un-
der the Jukes-Cantor model of sequence evolution [16] a d-value of 0.5 corresponds to
0.82 substitutions/site. Substitution rates in Drosophila genes vary between 11.0x 10~
and 27.1 X 10_9/site/year [20]. If we take the average of these values (19.5 x 1079), we
arrive at a maximum evolutionary distance of 43.4 million years for our method. This is
approximately the divergence time of the Drosophila clade analyzed in Figure [6l Taxa
with lower substitution rates could, of course, be analyzed to correspondingly greater
evolutionary distances, but this rough calculation illustrates the caveat that K, should
only be applied to closely related genomes. Given this proviso, our distance measure
gives biologically meaningful results on scales ranging from mitochondrial to metazoan
nuclear genomes.
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