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ABSTRACT

Comparative genomic approaches are useful in
identifying molecular differences between organ-
isms. Currently available methods fail to identify
small changes in genomes, such as expansion of
short repetitive motifs and to analyse divergent
sequences. In this report, we describe an anchor-
based whole genome comparison (ABWGC)
method. ABWGC is based on random sampling of
anchor sequences from one genome, followed by
analysis of sampled and homologous regions from
the target genome. The method was applied to
compare two strains of Mycobacterium tuberculosis
CDC1551 and H37Rv. ABWGC was able to identify
a total of 104 indels including 20 expansion of
short repetitive sequences and five recombination
events. It included 18 new unidentified genomic
differences. ABWGC also identified 188 SNPs
including eight new ones. The method was also
used to compare M. tuberculosis H37Rv and
M. avium genomes. ABWGC was able to correctly
pick 1002 additional indels (size>100nt) between
the two organisms in contrast to MUMmer,
a popular tool for comparative genomics. ABWGC
was able to identify correctly repeat expansion
and indels in a set of simulated sequences. The
study also revealed important role of small repeat
expansion in the evolution of M. tuberculosis
strains.

INTRODUCTION

Comparative analysis of fully sequenced genomes is
a powerful approach to detect and measure diversity
among organisms. [t has become apparent in the last few

years that many biological properties including clinical
features can be inferred successfully from the analysis
of full genome sequences (1—4). In parallel a number of
experimental studies have been initiated to document
differences among closely related organisms and field
isolates in the form of sequence differences, such as single
nucleotide polymorphisms (SNPs), repetitive sequence-
based polymorphisms, variable transposon insertions,
recombination events, etc (5). Both these approaches
complement each other. In the context of pathogenic
organisms the results from these studies can help in
developing newer methods for diagnosis and identification
of drug and vaccine targets (6-8).

One of the major problems in understanding host—
pathogen relationship in many infections is to explain the
variety of clinical features ranging from asymptomatic
infection to different forms of invasive disease. Many of
the differences in the clinical features can be attributed to
genetic differences among pathogenic strains. For exam-
ple. comparative genome sequence analysis identified 1500
distinct genes present in pathogenic Escherichia coli Q157,
H7 but absent in non-pathogenic £. coli strain K-12 (9).
These include genes involved in colonization and toxin
production, responsible for disease pathology. Among
mycobacteria, SNPs, insertion elements and genomic
deletions have been associated with clinical features of
different strains and species (10). In these organisms,
unlike many others, there is no evidence for the presence
of toxin penes which can be directly associated with
virulence. Comparative analysis of a number of different
strains and species of mycobacteria indicate that many of
the sequence polymorphisms arise from specific deletion
patterns. The penes affected by the deletions have
important roles in the biology of these organisms (11).
Since, deletions tend to be irreversible events (12,13),
the pattern of deletions can be used to deduce the
phylogeny of the mycobacteria. The distribution of
deletions  suggests  that  Mycobacterium  tuberculosis
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H37Rv has not originated from M. bovis (14,15) as
thought previously. Also, deletions along with other
mutational analysis can be used as markers to study the
evolution of genomes. The SNPs have also been used to
carry out phylogenetic analysis of M. tubercudosis strains
{16). Some of the identified SNPs in M. fuberculosiz alter
activities of enzymes thought to be involved in pathogen-
esis. The results show that this species is highly clonal,
without detectable lateral pene transfer. Attempts have
also been made to associate virulence with insertion of 15
elements and repetitive polymorphic sequences (17).
Different markers have been deployed for typing clinical
isolates of M. tuberculosis, for example 156110-based
restriction fragment length polymorphism (RFLP) (18),
spoliogotyping, a PCR-based method using repetitive
elements at a single locus (19) and variable number
tandem repeat (VINTR) typing, a tool based on repetitive
elements (20). While these experimental approaches are
useful for detection of a few differences, they cannot
display total genomic diversity. Microarray hybridization
has also been used to map variations among strains and
isolates of mycobacteria (21.22). Though this approach
involves a large number of loci spanning the genome
subtle differences are likely to be missed, as coding regions
are normally used for making the arrays and detection is
based on hybridization. Computational methods based
on whole genome sequences may be more useful for
identification of small changes among genomes.

The existing computational approaches used for
identification of the diverged sites and regions between
genomes are bhased on complete genome alignment.
Several algorithms have been developed for alignment
of large sequences. These can be categorized as local
alignment and global alignment-based methods. Anchor
identification is the first step in global alignment-based
methods, such as DIALIGN (23), DBA (24), LAGAN
(25), GLASS (26) and AVID (27). While GLASS and
AVID use exact k-mers as anchors, substitutions or
mismatches are allowed in DIALIGN and LAGAN.
The consecutive anchor pairs are then aligned. These
methods are not able to identify genomic rearrangements,
such as inversions and translocations (28). On the other
hand local alignment techniques, such as MUMmer (29),
WABA (30), BLASTZ (31) and SSAHA (32) are able
to locate translocations and rearrangements. These
methods also use anchor-based strategies employing
slightly different approaches for anchor identification.
While MUMmer identifies exact matches, WABA allows
mismatches at the wobble positions. The local alignment-
based tools fail to identify short repeat expansions as
these are either shown as overlapping regions ( MUMmer)
or the two overlapping regions are merged (WABA).
Many of these methods are not suitable for analysis of
a pair of diverged sequences as the anchors are not
identified properly or very few anchors are identified.
Therefore, there is a need for new genome comparison
tools that can analyse both closely related and diverged

genomes with capability to find indels, repeat expansions
and rearrangements, and other mechanisms contributing
to genome diversity.

In this article, we present a new method anchor-based
whole genome comparison (ABWGC) for identifica-
tion of divergent regions between penomes. We have
tested our method on different strains of a pathogen
M. tuberculosis. We have also analysed two different
species of mycobacteria to show that this method can also
identify divergent sequences, a feature not available in
many other comparative genomic tools. Based on the
comparison with other alignment tools we conclude
that ABWGC is a preferred method for finding small
changes in genomes such as small repeat expansion,
indels, rearrangement between closely related genomes
and analysis of divergent genomes.

METHODS

Let § (the query) and T (the target) be two genomes of
length N and M, respectively. We first select some random
positions on the query genome. Each of these positions
would be starting points of the anchors. The anchors are
of fixed length m and we require that these anchors be
non-overlapping. As such we need to ensure that there
was a minimum distance, L, between two successive
random positions, where L =m. We obtain this as
follows.

Logt: ay e iy vy be a random permutation of the
numbers 1.2,..., N, where each permutation is equally
likely to occur. This random permutation is obtained by
the Mersenne Twister programme (http,//www.math.sci.
hiroshima-u.acjp/ m-mat/MT/emt. html). The random
positions of the anchors are constructed according to
the following iterative scheme,

let y) = x3;

and y» = xp,, where by = min{j = 1, | x; — » = L};

having defined y; and &;_; let

Yipl = Xy

where

Lforalll<i).

We terminate this iterative scheme when it is not
possible to define any further y. Let {y, ya.. .., ¥u} be the
set of all possible y's obtained by the above scheme.
We note here that yp, y, ..., ¥, need not be in either an
increasing or a decreasing order. However, with a slight
abuse of notation assume that yy, pm,..., ¥y are in an
increasing order.

Let %, denote the nucleotide at the position y; + in
the query genome S. Thus, for example X = A4 if the
nucleotide at the (y; + /th position in the query genome §
is A, etc. The string

ki=minff = ki1, | —w |=

represents the string consisting of m consecutive nucleo-
tides of the genome § starting at the yith position.



The strings  A(1), A(2),..., A(n) represents our
anchors at position ¥, pya, ..., ¥y on the penome S.
The choice of y/s ensure that these anchors do not
overlap.

Based on these anchors we obtain a set of strings
Bily, Bi2)...., B(n) from the target genome T. The string
Bii) is that segment of T which gives the highest BLAST
score when compared with the siring A(i) of the query
genome 8.

To fix notation, let the string B(i) start from the
position #; of the target genome T. Letting ) denote
the nucleotide at the position ; + f in the target genome,
we have

; | R -1
E{‘g} = Jhps fiyeees ”:_H 2

We note that 8(iys may be overlapping, and
although A(i)’s are arranged in an increasing order
according to their position in the genome 5, B(i)'s need
not preserve that order.

Let
pi=¥mi—yi+1
and

-'rj' =i!1'+| . !J'I +1~

i.e. p; is the inter-anchor distance in the § genome
{including the end points) and /; is the distance between
the corresponding BLAST hits (the absolute wvalue
taken so as to ignore inversions in location of the hits).
The positions of the anchors were recorded in order
to find inversions. In case of duplications there will
be multiple hits in the target genome T for an anchor
A(i+ 1). The expected position of B(i+ 1) is estimated
by adding p; of the homologous anchor in the § genome
with the position of B(i). If an anchor is present
in multiple copies, there would be a number of hits with
nearly equal mismatch scores. The anchor, whose position
is close to the expected computed position, is chosen
for analysis.

Mismatch score calculation

The proportion of mismatches between the strings A({)
and B(i) was calculated between these strings. The
mismatch score is based on a binary scheme, a nucleotide
match between the string A({) and B(i) was given a value
of 1 and a mismatch was given as (). The sum of these
Is and 0s normalized with the length of the anchor
was a mismatch score of the anchor. More formally,
the mismatch score is given by the quantity CNS
{cumulative normalized score) given below. Let

m—1

" i
8A(D, B(D) = — D dh 1)

!J'=ﬂ'
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where
iy o) =g
ks, pr) = I 1 otherwise.
The mismatch score is
1 i
CNS =- (A, B().
n; (A(i). Bi))

where s is the total number of anchors.

Estimation of anchor order

The gene-order approach used depends on the conserva-
tion of the genes (33), based on the same approach the
anchor order was estimated as follows,

’ PO 1 ify = fip = figa
o(A(i), B(D)) = 0 otherwise,
where o A(i), B(i)) is 1 if the anchor order is preserved
and it is 0 if there is a breakpoint in the synteny of the
two genomes. This of A7), 8(1)) is used instead S04(7), Bii)
to obtain an equivalent CNS.

Identification of variable regions

All the p, and /; where the difference between them was
=10 bp were extracted from genome § and genome T,
respectively. The extracted sequences were then globally
aligned to obtain the exact position of the insertion,
deletion and duplication. The position were then mapped
with the penome to get the coordinates of these events.
For identification of divergent regions due to nucleotide
alterations, a clustering approach was used. High scoring
anchors above a threshold were clustered and a sampling
procedure was carried out in the entire clustered region.
If the samples also followed the high scoring criteria
then the whole clustered region was a divergent region.
The divergent region flanking an anchor its boundaries
were extended in both the direction till a low scoring
region was reached. To know the precise boundaries
of the divergent region, the homologous regions from
both the § and T genomes were aligned globally. The
parameters such as gap open penalty and gap extension
penalty were changed according to divergence between
the genomes. The indels and duplications were then
subsequently identified.

Data

The full genome sequences of M.  tuberculosis
strain CDC1551, H37Rv and M. avium subsubspecies
paratuberculosis K-10 strain were obtained from NCBI
{http,//www.nchinlm.nibh.gov/genomes/lproks.cgi).  The
three strains of M. twhercwlosiv F11, C and Haarlem
have been isolated from South Africa, New York City and
Metherland, respectively and the complete genome
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sequences are not yet available. The partial genome
sequence were obtained from Broad Institute (hitp,//
www _broad mitedu/annotation/genome, mycobacterium-
tuberculosis-spp,/ MultiDownloads html). Three simulated
data sets were also prepared in order to quantify the
performance of ABWGC. The first simulated data set was
a DNA sequence of 3 kb extracted from the genome of
M. wherculosis HITRv inwhich 1 kb region was randomly
mutated. Another data set for simulation consists of
two DNA sequences which contains five and six copies
of a tandem repeat, respectively. In the third simulated
data set in a DNA sequence, two foreign sequences were
inserted with a gap of 10nt between the inserted regions.

Availability

The set of programmes which constitute ABWGC and
detailed instruction of their use can be obtained from the
corresponding author on request (anchalviggmail com,
av1363a stndents jnu.ac.in, alok(0200i mail jnu.ac.in).

RESULTS
Description of ABWGC

Random sampling and  determination of optimal anchor
length. The approach described here was based on
random sampling of fully sequenced penome sequences.
Short sequences of predefined fixed length were extracted
from random positions of a given genome (8) with
some restrictions as described in the Methods section.
These samples were used as anchors. BLAST algorithm
was used to get the homologous regions for each of the
anchors in the target genome T. A score was calculated
for each anchor, based on sequence mismatch with target
anchor and a cumulative normalized score (CNS) was
then derived encompassing all the anchors as described
in the Methods section. The CNS is essentially the average
score of all the anchors reflecting the level of diversity
at the nucleotide sequence level. Detailed analysis has
also shown that the final CNS score was independent
of sampling (data not shown).

To determine the optimum length, anchors varying
from 25 to 300nt from M. fuberculosis strain H37Rv
(S genome) were extracted and compared with M. avium
(T genome). Figure 1 shows the change in CNS at every
sampling point for an indicated anchor size. The value of
CNS changed with increase in the number of samples
eventually reaching a plateau after about 3000 samples.
Sampling from a genome involved ~10% of the total size
in terms of nucleotides. For all analysis, the value of
CNS used was the one obtained when the curve reached
a plateau. The value of CNS was similar if the anchor
lengths varied from 100 to 300 nt. However, there was a
marked difference in the score when the anchor size was
less than 100 suggesting that 100 nt could be the optimum
size of the anchor for determining divergence between
ZENOMmes.

nlg T T T T T T T T
Anchor 25
Anchor 50
mw 'Iw ....... o}
0.6 |- Anchor 200
Anchor 300
07 4

Curnulative nommalized soore

DE' 1 1 1 1 1 1 1 L
LI] 500 1000 1500 2000 2500 30 2500 4000 4500 S0DD

Mumbsr of random samples

Figure 1. Cumulatve normabized score of different sized anchors.
Anchers, ranging [rom 25 o 300l were extracted [rom random
poesitions of M. twhercdosis HY7Ry genome. The homolegous anchors
[rom M. aviem were identified by BLAST. The mismatch score of each
anchor pair was used 1w caleulate CMNS. The anchor numbers represent
anchors that have been extractad sequentially in terms of the pesition
in the genome

fdentification of diverged regions at the level of nucleotide
sequence. Anchors with high score in any pairwise
comparison correspond to divergent DNA segments.
For analysis of the diverged regions, the mismatch
score of each anchor was plotied in order to obtain the
overall distribution (Figure 2a). When two strains of
M. tuberculosis were compared, most of the anchors
had score less than 20 suggesting a high degree of
identity (Figure 2a and c¢). A few anchors had high
scores, suggesting that these may lie in diverged regions.
The boundaries of the diverged regions were identified
by clustering the neighbouring anchors with scores
abowve a threshold. The threshold value for the identifica-
tion of the diverged regions was obtained by the distri-
bution analysis of the scores of anchors obtained when
M. tuberculosis genome was compared with a randomly
generated sequence of the same length and base composi-
tion (Figure 2b and d). None of the individual anchor
score was less than 70. A threshold score of 20 was used
for subsequent analysis involving closely related organ-
isms, such as strains of M. twberculosis H37Rv and
CDC1551. More sampling was carried out from the
entire clustered segment. If the anchors derived from this
sampling were also found to have high scores above
the threshold, then the entire clustered region was
considered to be the divergent region. To find a divergent
region around an anchor {a high score anchor flanked
by anchors with low scores) sampling was carried out in
its flanking regions. Sampling was stopped when a low
scoring region was reached on both sides of the divergent
anchor. Precise boundaries were then obtained by
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Figure 2. Distributon of individual mismatch score. For every randomly picked ancher and its homelogeus sequence in the trgel genome ().
a mismalch score was compuled as described in the Methods section. The individual scores were plotted against anchors that have been exiracted
sequentally in terms of position in the genome (5). Homolegous anchors on positive strand are shown by plus () and those in complamentary
strand by cross (=), {a) Mycohacieriom theroulosis CDCL551 (8 and M. tshercdosis HITRy (T (b) M. whercidosis CDOCL551 (5 and random
genome {(T). The [Fequency distribution plot of the scores of anchors {e) M. whercwdosis CDOI351 (8) and M. tshercwdosis H3TRy:

(d) M. twhercntosis CDCLIS51 (S) and random genome (T

aligning the putative divergent regions using a comhina-
tion of both local (Smith and Waterman alignment) and
elobal alignment (Needle and Wunsch) methods (34.35).
Apart from large variations it s also possible to find
small changes (for example SNP) in nucleotide sequences.
If an anchor mismatch score is above 0 it indicates
sequence mismatches. Precise location of SNP was
obtained by alignment of homologous anchors. As, the
number of anchors used in the analysis covers 10% of
the genome, the number of SNPs identified may be

a fraction of the total numbers present. Increasing the
number of samples would increase the detection rate.

Insertion, deletion, recombination  and  inversion. Inter-
anchor regions were extracted and anchor order was
determined from the nucleotide positions of the respective
anchors in the two genomes. All these measures were then
used to determine indels, duplications and disruption in
synteny. The differences in the lengths of inter-anchor
regions of § and the lengths between the corresponding
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M. tubercwlosis H37 Rv
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0 1000 2000 3000 4000 5000 &000
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Figure 3 The inter-anchor length distribution. The anchors were
extracted [rom M. twherculosis CDCE551 randomly as described in
the Methods section. These anchors were ordered in terms of thear
position in the genome. The homoelogous of these anchors were [rom
M. twhercudosis HATRv. The distance belween bwo conseculive anchors
were compuled lor both genomes. These inter-anchor lengths of two
genomes  were  then  ploted. The deviation from  the  diagonal
represents Lhe dilference between the inter-anchor length of a pair of
hemolegous anchors,

anchors of T genome were indicative of these events. The
plot of the distribution of inter-anchor lengths of two
closely related organisms is expected to contain most
points on or around a diagonal, reflecting small or no
change in the distance. The few points scattered around
the diagonal line depict small changes. Large alterations
can be identified as the points away from the diagonal
{Figure 3). The inter-anchor length distribution analysis
showed that =97% of the anchors were within 10 ni.
Therefore, a threshold of 10 nt was used to identify those
inter-anchor regions selected for further processing.
The selected inter-anchor sequences were extracted from
both § and T genomes and aligned using a global
alignment method to identify the indels. Both the strands
of the genome were taken into consideration while
extracting homologous inter-anchor regions. All the
indels obtained by ABWGC were checked again using
a BLAST analysis against the target genome for their
absence or presence in the target genome.

fdentification of repetitive sequences. An insertion event
would result from the addition of a stretch of nucleotides
or an increase in the number of repeats of a repetitive
sequence. In order to determine the nature of an insertion,
the inserted region was extracted and BLAST analysis was
carried out against the inter anchor region where the
insertion was originally found. The presence of repetitive
elements is indicated by multiple BLAST hits. Number
of hits is equal to the number of copies of the repetitive

sequence present in the region. The consecutive multiple
hit depicts tandem repeats. The results were confirmed by
tandem repeat finder {36).

Analysis of two M. tubereulosis strains

ABWGC was applied to catalogue the genomic differ-
ences between the two strains of M. ‘tuberculosis.
The strains H37Ry and CDCI155] were used as § and
T genomes, respectively. The majority of the anchors
displayed scores in the range of (-10 confirming a close
evolutionary relationship between the two genomes.
However, high scores, that is more mismaiches, were
observed for some of the anchors, suggesting that these
anchors correspond to regions of divergence (Figure 2a).
The anchors (17) that map to the complementary
strand of the T genome reflect flipping of the sequences.
The number of such events was found to be five between
these two strains (Table 1). The two strains of
M. tuberculowis H37Rv and CDC1551 are 99% identical
in nucleotide sequence. Only two divergent regions were
obtained by our analysis which mapped to MT1499 gene
in M. tuberculosis CDCL551 and Rv3343c in H37Rwv.
These genes code for PE-PGRS and PPE, respectively.
We also identified SNPs that map to the anchors. Eight
of these SNPs have not been reported before though
the SNPs observed by our analysis at the default
level of sampling, that is 10% of the genome, is ~6.5%
of that identified by MUMmer (Table 2). Inability of the
MUMmer to identify these eight SNPs may be due to
their locations in regions not aligned by MUMmer.

Analysis of the inter-anchor regions helped to
identify 104 indels between the two strains. The majority
of the variations (~85%) were restricted to the 5" or the 3/
end of the coding regions. Only a small fraction (13%) of
the insertions in M. tuberculosis H37Rv was mapped to
the intergenic regions. Among the protein-coding genes
(37), PE-PGRS and PPE genes accounted for the largest
family (17) of proteins affected. Previous studies have
shown that a number of large indels { = 500 nt) are due to
insertion elements, such as 156110 (37). 1S elements are
not included in the results as these are easier to identify.
Eight non-15 elements-derived indels were also detected.
For example, an insertion of 653bp in M. tuberculosis
H37Rv was located in Rv1091 gene, a member of
PE-PGRS family. Similarly, an insertion of 2273bp
spanning the genes Bv2123 and Rv2124 was also found
in M. tuberculosis H37Rv. These changes are likely to
alter the functions of the genes.

The nature of the indels was identified by a detailed
analysis as described bhefore. The resulis revealed that
many of the observed indels were actually due to an
increase in copy number of small tandem repeats
{Table 3). In M. twherculosis H3TRv, 22%, (10/435) of the
insertions were due to the increase in copy number of
small repeats and ten such expansion of repeats were
identified in M. tuberculosis CDC1551. Some of these
alterations do not change the reading frame of the
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Table 1. M. mhercwlosis CDCL551 anchors that mapped Lo the complementary strand of M. tshercdosis H3TRy

Anchor starl posilion Anchor end position Score Strand CDhs Function

674519 674487 67 Minus Rv578c PE-PGRS

ITRE224 ITRE125 ] Minus Rv 1587 Partinl REPI3EL2 repeal protein
1787345 1787256 ] Minus R 1580c Probable phiRvl integrase
1787238 1787139 ] Minus Rv1586c Probable phiRvl integrase
1786632 1786533 0 Minus Rv 1585 Possible phage phiRvl
1786225 1786126 0 Minus Rv 1583 Possible phage phiRvl
1785044 1785845 i Minus Rv 1582 Possible phage phiBvl
1785225 1785126 0 Minus Rvl1582¢ Possible phage phiBvl
1785007 1784908 i Minus Rv1582¢ Possible phage phiRvl

1 783666 1783567 ] Minus Bvl5Mc Possible phage phiRvl

1783 M6 1783247 0 Mlinus Rv15Me Possible phage phiBvl
1782637 1782538 ] Minus lies in inlergenic region
1781837 1781737 i Minus Rv 1576 Possible phage phiRvl
1781292 1781193 0 Minus Rv 1576 Possible phage phiRvl

1 780682 1 7RO587 5 Minus Rvl576c Possible phage phiBvl
1532953 1532854 0 Minus Rvllble PPE FAMILY PROTEIN
1469637 1469538 0 Minus Rvl3l3e POSSIBLE TRANSPOSASE

Table 2 Unique SMNPs of M. wheroulosis H37Ry and M. tuherculosis
CD 551

SMP posilion SNP SMP posilion
in H}7Rv in CD{CL551
17RO 8 T-C 1780353
1789513 G-A 1780418
2266507 -~ 2267858
2266511 A-T 2267862
2266515 T- 2267806
2266520 G-T 2267871
2266522 C-G 2267874
2338775 G-A 2341102

gene, resulting in a small insertion in the protein. For
example, an 18-mer repetitive element was present in
M. tuberculosiy CDC1551 as two tandem copies. Three
tandem copies of the same element was found in
M. tuberculosiv H3TRv (Figure d4a). Since the repetitive
motif (18) is a multiple of 3 the reading frame is
maintained. Deletions in M. ‘tuberculosis CDC1551
involving PPE  and PE-PGRS family (Rv0747,
Rv(}1818c, Rv3343, Rv2741) followed an interesting
pattern. The deletions involved a stretch of nucleotides
containing repetitive sequences (Figure 4b), suggesting
that recombination between the repeats may have been
instrumental in the process of deletion. Some of the
differences between the two strains of M. mberculosis,
reported here, were not identified by any previous study
(Tables 51 and 52 in Supplementary Data). All the small
repeats identified by ABWGC were essentially confirmed
by tandem repeat finder (Table 4). The differences were
minor due to doubling of the size of the repetitive
sequences predicted by ABWGC and mismatches allowed
in tandem repeats by tandem repeat finder.

An analysis was carried out with M. tuberculosis
strains F11, C and Haarlem to check if the variations
observed between the strains H37Rv and CDC1551 are

also seen in other strains. Since strains F11, C and
Haarlem are not fully sequenced, detailed analysis using
ABWGC was not possible. In this analysis anchors
defining all the known insertions of H37Rv and
CDC1551 (8) were used as query sequences against
sequences of strains F11, C and Haarlem (T'). The inserts
from CDC155]1 genome were extracted and the presence/
absence of the 46 inserted regions were observed in all the
3 T'genomes. Twenty seven deletion sites were identical in
size between H37Rv and F11 and variation was observed
at two sites (Table 5). Strain C and Haarlem showed 18
and 15 identical deletion sites, respectively. This suggesis
that F11 is closest to H37Rv compared to other strains.
This was further confirmed by taking inserted regions
from H37Rv and comparing with the three strains.

Alteration in anchor order. Recombination events lead to
reorganization in genomes which can be observed as
conservation of genic synteny (38.39). Anchors can also
be used to determine reorganization in genomes. The
disruption in anchor order can easily be computed in
a pairwise comparison. The anchors which map directly
within transposable elements have been excluded from
the analysis. The results presented clearly showed that
such events occurred in mycobacterial genomes (Table 6).
In CDC1551, the breakpoints in anchor order were due
to transposable elements. Four breakpoints in anchor
order in H37Rv were found in comparison to CDC1351.
These regions map to genes Rv13lee, Rv2020¢ and
Rv3in20c. All of these genes contained repetitive
sequences. Homologous recombination between these
repetitive sequences may be responsible for the changes
in anchor order (Table 6).

Analysis of the anchors in H37Rv and CD(C13551
revealed a rearranged region in H37Rv. This region
contained a phiRvl prophage within the biotin operon
(10). There is a repetitive element REPI3IEL2 flanking
the rearranged region. Biotin is required as the growth
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Table 8. Partial list of insertions sites (size more than ) in M. twbercwdosis H3TRy and M. aviem identified by ABWGC and MUMmer

H37TRy (ABWGOC) M. avitm {ABWGC)

HY7 Ry (MUMmer) M. aviem (MUMmer)

274317274819 -
2T4RTR-2T5039 -

400011400242 -
4011a7-401445 -

44906 59490760 -

S0 1R(R-56241 1 -
502459562728 -
921821921921 OEI450-081552
GEI619-6RITT0

274206275017 AT5151-4075297

¥a2al 401994 427937342811 16

4742490852 4341052434491

561712-562821 H2540E- M 25T

19347923827 0f NEE-HEAT4H

due to changes in the number of repetitive sequences
compared to other currently available methods.

The resulis of analysis of M. rfuberculosis strain
H37Rv and M. avium are shown in Table 8. Only indels
= 100nt are reported for comparison. The alignment of
the two genomes by MUMmer is represented as clusters of
MUMSs. The regions between consecutive clusters are
those which MUMmer failed to align. ABWGC was able
to align these regions and identified probable positions of
differences. For example, an indel of 990 nt was identified
by MUMmer when H3ITRv (starting from 399261)
was aligned with M. avium (starting from 4279373).
Our results showed two separate insertions in H37Rv
of sizes 231 (PE family) and 278 (13E12 family). In
addition to these genes, this region encoded aspartate
aminotransferase gene in both genomes (percent identity
of 87%). A partial list of some of the differences between
the predictions from the two methods is given in Table 8.
Owerall it appears that ABWGC is a method of choice
when divergent genomes have to be compared.

On  simulated  sequences. The results presented so far
suggest that ABWGC is a better method for comparative
analysis of genomes for finding indels, particularly in
diverged genomes. This was further confirmed using
a set of simulated sequences. The first simulation data
contained DNA sequence of 3kb in which 1 kb region
was mutated randomly to make a divergent region.
MUMmer identified the divergent region as an indel
when the simulated data set was compared with the
original sequence. In another simulated data set, six
tandem copies of a repetitive motif was inserted at a given
position. This sequence was compared with the same
sequence but containing five copies of the repeat.
MUMmer failed to identify the tandem copy correctly.
Both the sequences were correctly analysed by
ABWGC. In the third simulated example, two foreign
sequences were inserted with a gap of 10nt. MUMmer
reported it as one large insertion whereas ABWGC
reported as two insertions. The results confirmed that
ABWGC is likely to be a better method for comparing
genomes in order to find and characterize indels and
expansion of repeats.

DISCUSSION

ABWGC fixes anchors randomly, followed by processing
of the anchor coordinates to get comparative identifica-
tion of diverged regions in terms of indels, repeats,
inversion, etc. Many genome alignment tools also use
anchors as the starting step. However, ABWGC differs
from other methods in terms of the way anchors are
generated and further processing of anchor information.
Though the method is not capable of identfication
of all SNPs, it helps in identification of some of the
SNPs that map within an anchor region. In this study,
anchors totaling 10% of the total genome were sampled.
Increasing the amount of sampling will increase coverage
of the genome and it will be possible to find more SNPs.
Our preliminary results have shown that some of the
measures in ABWGC can be used to get a distance
estimate befween genomes (manuscript in preparation).
Pairwise distance estimates can then be used to draw
genome trees, a feature not present in any other genome
alignment tools.

The results presented here using both real and
simulated data clearly show that ABWGC is a method
of choice in finding specific differences among genomes
compared to other genome alignment methods. The
nature of the indels is deciphered by further processing
of the data wsing global alignment tools. Since random
anchors usually flank indels, the alignment tools are able
to find correctly the indels and their positions unlike in
other methods. ABWGC is also useful in finding changes
in genomes due to increase or decrease in the number of
short repetitive sequences. MUMmer, AVID and GLASS
use exact matches for finding anchors. 1t is difficult to find
exact matches in diverged sequences. The problem is more
serious for non-coding regions which are more divergent
than coding regions. Since ABWGC allows mismatches
it is possible to identify homologous anchors in a pair
of diverged genomes.

Previous studies have indicated that SNPs and indels
have played a significant role in the evolution of
M. tubercwlosis strains (40-46). Indels were found to be
mainly due to insertion elements (10,47). The major
finding of this study is the identification of all the
indels varying from one to hundreds of nucleotides.
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In this study, detailed analysis of indels of < 10 nt was not
included. But our limited analysis has shown that,
like SNPs these are important for overall functional
diversity of an organism. For example, one nucleotide
insertion in coding region can change the reading frame
unless compensated otherwise. A large fraction of the
indels was due to expansion of short repetitive motifs.
The amplification/deletion of the repeat sequences is
thought to be due to replication slippage or unequal
recombination events or by single-stranded annealing
pathway (47). These processes may be responsible for
the observed repeat expansion. Presence of additional
copies of these motifs would in principle change the
proteome of mycobacterial cells as many of this map to
the coding regions and have a subtle effect on clinical
features. The surprising finding of this study is the large
number of variations found in the two strains of
M. tuberculosis. Since the strain M. tuberculosis H37Rv
is being cultivated for a long time and the strain
M. tuberculosis CDC1531 is relatively a new isolate, the
variations may be due to long-term in vitro cultivation of
M. tuberculosis H3TRv. In order to rule out this
possibility, the strain M. fuberculosis H37TRv was com-
pared with the recently cultivated isolates M. tuberculosis
F11, € and Haarlem and results showed that
M. tuberculosis H3TRv is much closer to M. tuberculosis
F11 compared to M. tubercidosis CDC1551. Therefore,
the observed indels in the strain M. fuberculosis H37Ry
were not due to long-term cultivation.

A number of experimental and a few computational
studies have been carried out to find genetic variations
in different strains and solates of M. fuberculosis (10).
ABWGC was not only able to find all the reported
differences but also a number of other variations that have
not been reported so far. It will be interesting to see the
distribution of these variations among a number of clinical
isolates from patients with different clinical manifesta-
tions. Our studies agree with published results which
clearly show that M. tubercwlosis undergoes penomic
changes characterized by SNPs, indels, repeat expansion,
etc. These can explain the level of phenotypic diversity
seen among clinical isolates (46 48). A number of studies
in prokaryotes have shown that multiple copies of tandem
repeats play critical role in the evolution of bacterial
genome. Occasionally, these changes can be correlated
with the phenotypic properties of the organism. For
example, the analysis of multiple locus variable number of
tandem repetitive sequences showed that the Dutch
Bordetella pertussis strain rapidly changed in late 1990s
(49). The change in repeat number has given a clue of
evolution. These changes influence antigenic variation
leading to altered virulence (49). Such tandem repetitive
elements have also been reported in Francisella tularensis
(300 and Neisseria meningitidiv (51). Therefore, it appears
that changes in the number of tandem repeats may
be a general mechanism by which organism evolve.
Our findings about M. tuberculosis may be part of an
overall sirategy for bacterial evolution. Identification of
such differences can help in identifying new diagnostic
markers and targets for wvaccine and drug discovery.
In conclusion, our results show that ABWGC can be

a useful tool in comparative genomics, providing features
that are not available in other genome analysis tools.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR online.
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Table 3. Partial list of genomic alterations between M. twhercdosis CDOCL551 and M. thercdosis H3TRy

CDs Function

Intergenic region {2)

MTOI 32 PE PGRS mily protein (1)

MT413 1S6l10 (2)

MTiM 14 1Sal 10 {2)

MTHI5 Hypothetical protein (2)

MTO550 PE-PGRS Tamily protein (1)

MTO676 Glyveosyl hyvdrolase, Tamily 5 (1)

MTO7 30 505 ribosomal protein L23 (2

MTO731 505 ribosomal protein L2 (2)
Intergenic region {2)

MT 1006, 1 PE PGRS mily protein {2)

MT 1008 PE PGRES mily protein {2)

MT 1033 Hypothetical protein (1)

MT 1097 PE-PGRS Tamily protein (1)
Intergenic regionf 1)
Insertion lies in the inlergenic region( 2)

MT 1360 Adenylate cvelase (1)

MTI1479 Hypothetical protein (1)

MT1497.1 PE-PGRS [amily protein (1)

R(20c Hypothetical protein (2)

Rv00249 Hypothetical protein (1)

RT3 Probable conserved mee associated

membrane protein (1)

Rv1278¢ PE-PGRES Tamily protein (2)

Rv(1279¢ PE-PGRES Tamily protein (2)

R1355¢ PPE lamily protein (2)

B335 PPE lamily protein (2)

Rw487 Hypothetical protein (2)

Rv488 Probable conserved inlegral

membrane protein (2)

Rv0747 PE-PGRS [amily protein (1)

Rvl0R7 PE-PGRES Tamily protein (2)

Rvl(@l PE-PGRS Tamily protein (1]
Insertion lies in the intergenic region
Insertion lies in the inlergenic region

RvlBl8c PE-PGRES Tamily protein (1)

Rvlg29 Hypothetical protein (2)

vl 830 Hypothetical protein (2)

Rvl9l7c PPE lamily protein (2)

Mature of evenl Start position Sizet
(A M. twherentosis CDCLSA1 compared o M. twhercufosis H3TRy
Insertion 7152 36
Insertion 150882 179
Insertion 4E1384 1357
Inserticn 4E1354 1357
Insertion 4E1354 1357
Insertion (24048 83
Insertion 744075 532
Insertion Bl401 215
Insertion Bi401 215
Insertion GHN65 105
Insertion 1094076 Il
Insertion 10961 83 1§
Inserticn 21702 14
Insertion 191499 192
Insertion 121383 44
Insertion 1442915 55
Insertion 1480513 1674
Insertion 1612508 21
Insertion 1632400 26
{B) M. mherculosis HYTRy compared 1o M. tuherowdosis CDCL551
Expansion ol repeal 24704 18(2)
Inserticn 32351 36
Insertion 26R12 56
Expansion ol repeal 335812 18 (%)
Insertion 337806 32
Expansion ol repeat 427312 15{4)
Expansion of repeal 42E188 5943
Inserticn 577286 57
Insertion 577286 57
Insertion 0167 47
Insertion 1212109 77
Insertion 1217495 653
Inserticn 1267172 57
Insertion 1805353 13
Insertion 26203 89
Inserticn 274 3 It
Insertion H7H 3 1
Expansion of repeal 2163731 69 (3)
Reportad by

{1} Flaschman e¢ af., 2002,

(21 ABWGC.

“Mumber of copies is shewn in brackets.

supplement in some strains of M. fubercwosis. Horizontal
gene transfer may have played a role in the integration
of the prophage and this event may have occurred before
M. tuberculosis became intracellular (40). The prophage
intergration may be the cause of rearrangement of the
genomic region in H37Rv. This region was also identified
as a flipped region where the homologous anchor mapped
to the complementary strand.

Analysis of iwo divergent species M. tuberculosis
and M. avium

In order to find out if homologous anchors can be
unambiguously identified in divergent penomes the
method was applied to two different species of Mycobac-
terium, namely M. fuberculosis H37Rv and M. avium.
The results of the analysis are shown in Figure 5.

The majority of anchor scores were above 10, showing
that the two genomes were not closely related. The
analysis revealed presence of 1811 indels in H37Rw
of size = 100nt. Moreover, four inverted regions were
identified. Some of the results are shown in the Supple-
mentary Table 53 It is clear from the analysis that it is
possible to apply anchor-based method to the analysis of
genomes of different species.

Evaluation of Performance

Myeobacterial genomes. A number of tools for comparing
genomes have been reported. These include DIALIGN
(23), DBA (24), LAGAN (25), GLASS (26), AVID (27),
MUMmer (29), WABA (30), BLASTZ (31) and SSAHA
(32). Out of all these MUMmer has been extensively used
to align closely related bacterial genomes, such as strains



Nucleic Acids Research, 2007 9

(&)
H37Hv 335774 CCOGCCAGOGCOGCOGEOGCOGCOETTGCOGATGAGCCCGCCGECGCCGCCGTTG

CDC1551 335888 CCOGCCAGOGCOGCOGEOECOGCOGTTGCOGATGAGC - - - - - -~~~ -~~~ -~~~

CCGCCGGCGCCGCCETTECCGCCEECECOECCETTEACGCCGRCC
RARRRARRRRARARARE RRRRRRRR

COGCOGGOGCOGCOGTTGCOGCCGGOGCOGCCETTGACGCOGECC

(b)
H37 Rwv 840102 GTGEETTTGECAGCCCOGCTGEEECTGEOGGGAT CGGCGEGECAGETGGGRAACG

CDC1551 842201 GTGEGEETTTGGECAGCCCOGCTGEEECTGEOGGGAT CGGCGGGECAGETGGGAACG

GCOGEGECTETTCEECECCEECEEEACCEEOGEEECCGGCGEEGGAAGCACCCTCG

COGGCEECECCEECEEEECEEECGECARACEEOGEGCTEGTTCGGCGCCGGECGGECA

- - - - OEGECGECOGEEOGEEHEGOGEGOGGECAACGGOGEGCTETTCGEOGCOGGEOGECA

Figure 4. Variation in repetitive motils in M. taherenfosis H3TRy in comparison with M. wbercafosis CDCLS5 1 Homologous inter-anchor regions of
M. tubercwlosis CDOCLASL and M. tubercwiosis HITRy were aligned. Repetitive motils were identified automatically. (a) The [E-mer repetitive motil is
highlighted in red and blue colour; (h) Deletion of segment of nuceotides containing repetitive elements. Repetitive elements are highlighted in blue
colour.

Table 4. The tandem repeats identified in M. mwberculosis CDOCL55] by Table 5. Presence of indels in different strains of M. tuberculosis
ABWGO and tandem repeat finder

Gzt HITRv Fil C Haarlem
ABRWGC Tandem repeat finder
(A0 Insertion present in M. twherculosis CDC1551
Indices Size  Copy Indices Size  Copy INTI53) M
number number LRO{ 1508E2) MA
103{424203)
1207031121718 15 4 217021121771 15 4.7 BHE24648)
1612487 1612508 21 2 6124261612545 21 5.7 S33(744075)
1946383 1946440 5T 2 9463831946530 57 2.4 260401
1974051-1974207 78 & 1973745-1974339 78 7.6 L0G{ 960065
2143312-2143357 45 2 24330220406 45 2.0 L2 1094076
JIA0G45-2160921 69 8 JIG0645-216 1098 69 6.6 12010961 83)
ITMR4I-ITI0RSG 18 2 FR2T-ITIORTS 9 54 L5(1121703)
I040714-3940750 3 2 WA0RS0-3940756 18 59 119(1191499)
041039-9410114 75 2 W4I039-3941193 75 2.0 45121 3836)
4149054 4149113 59 3 4149054-4149281 59 19 SO 1442915)
21{ 161 2487)
26 LRI2401) A A
207( 1633340
S 1644353)

of M. tubercwdosis (10). The alignments can then be used to 10 1 88.5207)
identify and document the differences, such as SNPs, ST 1940354)
indels, duplications and inversions. The results obtained LS6( 1974210)*

using ABWGC were compared with those obtained by ?:;‘lﬁ;gzﬁziﬁ]
LAGAN and MUMmer. For this, different M. tubercu- 4521433 ﬁ;

{osix strains and species were used. The results are shown 276(2160446)*
in Table 7. MUMmer was used with default settings (run- SO00{ 2266038 )
mummer 3 was used for the analysis). While it identified ;j{éﬁ:@;‘;;;

86 indels in the strain H37Rv (10), ABWGC and LAGAN 767(2633468)
(25) located 104 such events, which included the indels 20T 14)
identified by MUMmer. MUMmer identifies indels as the 676( 2RA2694)
regions between two consecutive MUMs that cannot be  332985372)
aligned. When two strains of M. tuberculosis were aligned
by MUMmer, some overlapping MUMs were observed.

B = = = = = = = = = = = = = = = = = = = = = = =
= e === e = A = =N A A A =R A e == = = = = = e A

TRENVEEZVEZ VWV IZZ IV ZZZEFZENERN TR EZZVREZZ
EE LM R A A AR N EAE TR EEL TR ETNREELREETESE

{continued)
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Table 5. Continued

Size® H37 Ry Fil C Huarlem
TH3 4712 P P N N
S3331026) P P P P
68218973 p p p N
21483524 160) P P P N

4059 370527 3%) P M N P

1837 30860 P P P P
78(3733427) p N p N

TH 32661 8) P P NA NA

1 53928764 P P NA NA
15(3040688) p p NA NA
753940715 P P NA NA
117(3942726) p p p p

| B 4086509 P P P NA
Sized CDCI1551 Fll = Haarlem

() Insertion present in M. mherodlosis HITR
LB 24699 P
F32351) P
ST 2068 12) P
LR(333R1L) P
3N 33TRO5) P
L5(427311) P
H42E1ET) P
SR(577280) P
AR(E40L66) P
BT4(RROS41) P
T L2012 108) P
H54(121 7454 P
Q206202 3) P
TH216532T) P
2H2IB0MT) P
P
P
P
P
P
P
P
P
P
P
P
P
P
P

=
=

= o=
=

=

52372437
22THIEL4LL)
499(2704307)
213(3054706)
S43171467)
32(3501334)
63 M66IR26)
3197(3732759)
46(393541 1)

| 592739700
9M1)
3N WMETL)
H40{395 5464
L84359 134)

=
ERZZZZZEZTNZZVZZZVETZZZZ™

=
Z
=

PN R E N U RN AR AT L AR L AR A A ET AT EET
e

PEZLZZZ LRIV EZZZZT EZT R ZZZT R T ZZZT®

Insertion sites used in this analysis were defined by pairwise analvsis of
Lhe two strains H37Rv and CDCIS5L.

Slnsertion site.

P: The presence of deletion.

M: Absence ol deletion.

MNA: Data not available,

*: M. wherculosis HY7Ry and M. twhercudosis F1L differ in deetion
pallern.

These overlapping MUMs correspond to  repetitive
elements, and exact position could not be located.
The output from LAGAN and MUMmer could not be
processed to reveal that the insertions, were due to change
in copy number of small tandem-repetitive motif. The
local alignment tool BLASTZ was also used to test its
performance. The indels identified by BLASTZ were
fragmented as many short indels rather than a single
large indel. For example, an insertion of 180 nt at 150882
in M. tuberculosis CDCL1551 was identified by ABWGC
and MUMmer but not by BLASTZ.

Table 6. Alteration in anchoer order in M.

compared with M. mberoulosis CDCLS5L

tuhercidosis HYTRy as

Preceding anchor in

CDCL551 (H3T Ry

Anchor in
CDCIS51 HAT Ry

Succeeding anchor in

CDCI551 H3TRy

4811731481632
2265308 2208165
2029407 2033562
I8ETal | 3R9ITTR
42444934 4252021

[482 1R S 1480870
2207841 2206488
2631401,/2633513
IRERG39/] 532953
4245184/ 1 409037

483200 [482045
22T TRE 22004002
2034602/ 2637271
IR0 IR IROAIR0
4245791425 M0k

CDCU551 — M. twhercufosis CDC1S51
HYTRv — M. twhercwlosis H3TRv. The numbers represent position in
the respective senome.

?D T T T T T T T T T =

GO
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40

D 1 1 L 2: 1 1 1 1 L 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Mumber of random samples

Figure 5 Distribution of individual mismatch score of anchors of
M. tuherculosis HYTRy compared Lo M. aviem. For every randomly
picked anchor from M. twhercwlosis HATRv (57 and is homoelogous
sequence in the M. aviem (T, 2 mismatch score was computed as
described in the Methods section. The individual scores were plotted
against anchors that have been extracted sequentally in erms of
position in the genome (5). Homoelogous anchors on positive strand are
shown by plus and thoese in complementary strand by cross.

Table 7. Repeats detected by ABWGC but not by MUMmer and
LAGAM. Data represent comparison of M. tubercalosis H37Ry with
M. tuberculosiz CDCL551

Mumber of
coples present

Site of repeat Size of repeat

24609 I8 2
335812 I8 3
427312 15 4
428188 il 2
2163731 i 5
2165328 75 3
2347415 58 3
7407 54 2
33663826 63 2
J4RT53 613 2

For closely related genomes such as H37Rv and
CDC1551, complete analysis by ABWGC took <3 min
on Pentium IV 3GHz CPU. The results clearly showed
that ABWGC is better in finding indels particularly those
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