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ABSTRACT

Summary: We provide the graphical tool BACCardl for the construc-
tion of virtual clone maps from standard assembler output files or
BLAST based sequence comparisons. This new tool has been applied
to numerous genome projects to solve various problems including (a)
validation of whole genome shotgun assemblies, (b) support for contig
ordering in the finishing phase of a genome project, and (c) intergen-
ome comparison between related strains when only one of the strains
has been sequenced and a large insert library is available for the
other. The BACCardl software can seamlessly interact with various
sequence assembly packages.

Motivation: Genomic assemblies generated from sequence informa-
tion need to be validated by independent methods such as physical
maps. The time-consuming task of building physical maps can be cir-
cumvented by virtual clone maps derived from read pair information
of large insert libraries.

Availability: The BACCardl tool is freely available at http://www.
cebitec.uni-bielefeld.de/groups/brf/software/baccardi/

Contact: fm@Cebitec.Uni-Bielefeld.DE

INTRODUCTION

Complete genomic sequences are assembled from numerous short
seguences in a process known as the whole genome shotgun (WGS)
technique (Fleischmann et al., 1995). By summing up the unique
information from redundant, partial sequences, the complete genetic
information of an organism becomes available. To cope with this
task, several computer programs (assemblers) have been devised.
Assemblers in genera use the sequence information generated by
the end sequencing of clones and piece them together into larger
fragments of contiguous sequence information (contigs). The com-
pleteinformation of the contig sequence, the sequence of theoriginal

*To whom correspondence should be addressed.

reads and their position in the contig, together with potential con-
flicts are stored in a standardized output format. This format called
.ace is being used by most of today’s assemblers and a description
can befound at http://www.phrap.org. Since the assemblies are built
on the basis of sequencing overlaps, repetitive elements can consti-
tute amajor problem in the form of assembly ambiguities. Many of
these repetitive sequences cannot be resolved by the assembly tech-
nique using only sequencing reads from short or middle-sized insert
libraries. To overcome these problems, large insert libraries such as
cosmids, fosmids or BACs are needed. In order to anchor these large
insert sized libraries onto the WGS data, endsequencing of these
large clones is performed and the sequencing reads are assembled
together with the sequence information from the WGS phase. The
positional information of each large insert clone end, as has resul-
ted from the assembly process, can therefore be used to compute
a virtua ‘physical map’ or ‘clone map’ that allows to verifiy the
assembly.

Assembly programs such as PHRAP (P. Green, unpublished) or
Cap3 (Huang and Madan, 1999) use the overlap of sequencing reads
to generate contigs by using Smith-Waterman-like algorithms. As
these assembly algorithms are solely based on sequenceinformation,
the programs discard relevant information such as clone size, read
orientation, and read pair information.

Several of the modern assemblers such as ARACHNE (Batzoglou
etal.,2002; Jaffeetal., 2003), Euler assembler (Pevzner etal., 2001),
CELERA assembler (Huson et al., 2001), PHUSION (Mullikin and
Ning, 2003), and PCAP (Huang et al., 2003) make use of the read
pairing information, but PHRAP is still the most widespread in use
for bacterial genome projects. While PHRAP has demonstrated its
robustness and its ability to assemble datain theleast number of con-
tigs (Pevzner et al., 2001), it is particularly susceptible to assembly
mistakes that arise from repetitive regions in a genome. Therefore,
amanual inspection of misplaced reads, which originate from arti-
ficial algorithmic effects of these assemblers, is necessary. Several
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software packages are available that allow the user to visualize the
assemblies represented in .ace files. Most of these packages are
limited to the display of sequence read positions and do not allow
taking advantage of the information arising from read pairs. Thetwo
most commonly used packages that do display read pair information
are Gap4 (Staden et al., 2000) and Consed (Gordon et al., 1998),
with Consed being the only package that allows to display read pair
information on a genomic level and to interface directly with the
PHRAP assembler. In addition to Consed and its tool Autofinish
(Gordonetal., 2001), that areindi spensablein thefinishing phaseof a
project, several other tools have recently been published that address
the need for post-processing of sequence assemblies (Herron-Olson
et al., 2003; Havlak et al., 2004; Tammi et al., 2004; Pop et al.,
2004). However, none of these packages allow the visualization of
a clone map from the assembly data. These virtual clone maps have
been demonstrated to be versatile, not only for the validation of
an assembly and the comparison of related strains, but also for the
integration of other genomic data such as physical maps.

Here, we present the BACCardl tool for generating such virtual
clone maps. The software was devised in away that allowsitsinteg-
ration into most assembly pipelines, as it uses a generic assembler
output format.

SYSTEM AND METHODS

Basic design

In working with the BACCardl tool, three work steps are performed. The
first step is adata pre-processing including the parsing of the input data and
a classification of the clones. Secondly, the obtained data is visualized in
two different ways, a circular genome view and a linear contig view. The
third work step contains functions, e.g., for computing contig scaffolding

and detection of misassemblies. In the following, some of these methods are
described in more detail.

Classification of clones

BACCardl allows the projection of read pair information as obtained from
positioning of end sequences onto the genome assembly.

Upper and lower boundaries for the clone sizes are specified by the user
for eachindividual project. For the current BACCardl version, wedistinguish
between cosmid/fosmid librariesand BAC librariesfor largeinsert size clone
types. The user can state different clone sizeintervalsfor each of these types.
Inlater versions, we plan to hold clonesizeintervalsfor each different library
used in a project. This can be important when more than one BAC library
with different average clone sizes and different standard deviations are used
in the same project. Using BAC libraries for validation also does make sense
only if the standard deviation of the clone sizesis quite smaller than the N50
contig size and thus also depends on the state of the assembly. As cosmids
or fosmids have a defined size interval predetermined by their construction
method, they are often better suited for validating an assembly.

The classification of clones is done using the direction and the distance
of the end sequences of the same clone. Clones are rated ‘ok’ when the
end sequences point towards each other and when the clone size is within
user specified limits. For contig-spanning clones, the exact clone size cannot
be computed. Instead, the size is given as the sum of the distances of the
read positions to the end of the contigs. Clones are ‘ok’ and considered to
‘bridge’ two contigs when their size is below the upper limit. Clones below
thelower sizelimit are still considered ‘ok’ and are used to indicate arelative
order of the contigs. However, the size constraint means these contigs should
not abut. Clones are rated ‘problematic’ when the size is out of bounds or
when the end sequences do not point towards each other. Accordingly, we
distinguish between clones that are ‘too short’, ‘too long’, or ‘incorrectly
oriented’.

fosmid "ok’

--'"”’-

coverage > 1

contig

2,116,355 MB

PCR ?

product

Fig. 1. A virtua large insert clone map built with BACCardl. The circle
displays afosmid map of the 2.1 MB Wolinella succinogenes genome. The
inner circle of alarge insert size clone map represents the contigs of a given
genome assembly. Inthiscase, asthegenomeisalready finished, thereisonly
one contig. For the complete validation of the genome sequence, a number
of PCR products were done at parts with no fosmid coverage. The second
circle showsthe coverage of the contigswith fosmids (or PCR products). The
green parts are covered with more than one, the yellow oneswith exactly one
fosmid. Regions that are not covered by any fosmid would be shown in red.
Thethird layer represents each of the large insert clones classified to be ‘ ok’
asagreenarc. Theouter layersrepresenting clonesclassified as‘ problematic’
are not shown in thisfigure.

Visualization

BACCardl has two principal display modes: (a) the circular mode, repres-
enting awhole genome assembly of aprokaryotic genome, and (b) the linear
mode, allowing a detailed analysis of a specific genomic region.

In the circular mode, BACCardl displays an overview of the genome and
the virtual clone map in six layers (asillustrated in Figs 1, 2, and 4). From
center to outside, layer 1 containsthe contigs ordered asresulting from BAC-
Cardl’sanalysis. Withinthislayer, repeatsaremarkedinred, thushighlighting
potential misassemblies. Layer twoindicatesthecoveragewiththelargeinsert
clonesrated ‘ok’. Thislayer is a summary of the detailed data from layer 4.
Regions covered by at least two clones are considered reliable and are there-
fore colored green. Regions covered by only one clone are colored yellow.
Regionsthat are not covered by any clone are colored red and indicate poten-
tial misassembly points. Layer 4 shows the large insert clones rated ‘ok’
(green) and the large insert clones that are ‘ok’ but bridging gaps between
contigs (red). In between, there are clones where only one end sequence is
known. Such end sequences are represented by triangles pointing to the dir-
ection wherethe other clone end should belocated. Layer 5 showslargeinsert
clones rated ‘problematic’, e.g., large insert clones that are too short (dark
green). Thereare also large insert clones which aretoo long (light green) and
large insert clones where the end sequences do not point towards each other
(blue).

In the linear mode (Fig. 3), the same type of information is represented in
asimilar way. The blue rectangle represents the contigs with repeats, directly
below is aline representing coverage by large insert clones rated ‘ok’. This
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Fig. 2. A misassembled region identified with BACCardl using afosmid map during the finishing phase of the X.campestris pv. vesicatoria genome (ongoing
project). Coloring of the four inner layers correspondsto that in Figure 1. Thefifth layer shows cloneswhich are ‘too short’ (dark green). The sixth layer shows
other clones classified as ‘problematic’ (light green: clones are ‘too long’; blue: the end sequences do not point towards each other). The black circle marks
eight fosmid clones colored in blue. Asindicated by the triangles, the end sequences do not point towards each other.

is followed by a series of lines representing large insert clones rated ‘ok’,
followed by clones where only one end has been sequenced. Problematic
clonesrated ‘too long’ are indicated above the contig by black triangles that
point towardsthe other end. Thus, the arrows point to the direction of apoten-
tial misassembly, facilitating its detection. This providesavery user-friendly
interface allowing a quick overview of the current state of the assembly.

I nteraction with other softwaretools (interfaces)

BACCardl supports different kinds of datainput formats. For constructing a
clone map from a given assembly, the .ace file obtained from the assembly
software is required. Contigs and clone ends, as well as tagged repetitive
elements, are parsed from the .ace file. If the clone ends are not included in
the .acefile, amapping of the clone ends onto the contigs can be performed.
Both the contigs and the clone ends must therefore be supplied to the software
in multiple fasta format.

Another interface to BACCardl is a self-defined flat file containing the
already classified clones in reference to the contigs they are mapped onto
(documented on our website). This file format can be loaded and saved by
the software. This alows programmers to connect their own tools to the
visualization component of BACCardl.

Connecting the BACCardl tool with other tools, e.g., in an assembly
pipeline(Kaiser etal., 2003), we have defined anumber of output formats. For
example, two kinds of Consed custom navigation (.nav) files can be expor-
ted, one for large insert sized clone ends and another for contig consensus

positions. This enables the user to find misassemblies with BACCardl and
view them in the Consed editor.

Contig scaffolding

The clones classified as*bridging’ are used for ordering the contigs obtained
from an assembly. The algorithm BACCardl uses for this scaffolding step is
related to the greedy path merging algorithm described in Huson et al. (2002).
It was slightly modified and simplified for our purpose. One mgjor difference
is due to using the classification step described above, which implies that
instead of the mean and the standard deviation of the members of the large
insert clone library, exact values defining asize interval are used.

As the scaffolding software Bambus provides more sophisticated
algorithms for contig scaffolding, we plan to make future versions of
BACCardl compatible with the Bambus file format.

Finding misassemblies

Misassemblies are commonly linked to clones classified as ‘ problematic’.
There arethree categories: cloneswith acorrect orientation of end sequences
may be ‘too short’ or ‘too long’, but clones may also have an incorrect ori-
entation (‘orient’) of end sequences. Such problems are quite frequent for
individual clones, but a high density of problematic clone ends of the same
or complementary types within asmall region indicates a problematic region
that needs to be further analyzed (Huson et al., 2003).
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Fig. 3. A contig in the early finishing phase of the ongoing S.cellulosum genome project. There are two misassembled regions indicated by lack of covering
largeinsert clones (red in lane 3) and fosmids which are too long. In the BACCardl linear contig view, fosmidsthat are too long are displayed as black triangles
that point towards where the other end is located. As a consequence, these triangles point from both sides to the misassembled region. Displaying them in the

top line facilitates their detection and highlights potential misassemlies.

For each genome region we summarize the number of large insert clones
classified ‘ok’. Regions with misassembly problems usualy stand out by
completely lacking clones classified ‘ok’.

In BACCardl we define a set of problematic clones as a cluster if their
number is higher than a user defined threshold. Using these clustersin com-
bination with the clone coverage of the clones stated as ‘ok’ in the region
they occur, potential misassemblies can beidentified. We call an often occur-
ring scenario the early state misassembly (ESM, Fig. 5), as it occurs in the
early stages of assemblies. It consists of two clusters whose (too long) reads
face each other and that flank a region of no coverage with ‘ok’ clones. The
interpretation of an ESM is that two unrelated genome regions have been
misassembled into one contig. As these regions do not relate to each other,
no clone covers this region. Clusters and ESMs can be highlighted in the
BACCardl visualization. Contigs including ESM regions can be cut to get a
better contig scaffolding (see also Jaffe et al., 2003).

Requirements

The BACCardl software runs on Unix and Linux systems. The CPU and
memory requirements depend on the size of the genome. For the 13 MB
Sorangium cellulosum genome, BACCardl used about 100 MB of memory
on aSolaris system. The pre-processing and classification for an .acefilewas
done in about 10 min for this genome.

RESULTS

We have used the BACCardl tool in our genome assembly pipeline
for several ongoing genome projects. Here, we describe four
applications for the software in different phases of genome projects.

Automatic generation of largeinsert size clone maps

During thefinishing phase of WGS projectsthevalidation of thelatest
assembly is an important task (Kaiser et al., 2003). Figure 1 shows
thelargeinsert clone map for the Wolinella succinogenes (Baar et al .,
2003) genome project at the end of the finishing phase.

The map shows agood verification of the genomic sequence since
every part is covered by at least one fosmid or PCR product.

Finding misassembliesin genome projects

In almost any project known to the authors usually asmall number of
largeinsert clones exist which show contradictory information. This
can be due to a number of reasons: (a) incorrect clone end naming,
(b) incorrect positioning of an end due to bad sequence quality or
becausethe endislocated within arepeat, (c) achimeric clone, or (d)
amisassembled region. As usually some clones with such problems
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Fig. 4. Fosmids of a Xanthomonas genome mapped onto a closely related genome of a different strain of the same species. Layer 4 contains a large number
of green fosmids that are classified as ‘ok’ and indicate synteny between the two genomes. In the layer with problematic clones, fosmids that are too long are
shown in light green and those that are too short are shown in dark green. The regions marked by black circles indicate differences between the two genomes.
In the top |eft region, there is an insertion in the reference genome resulting in fosmids that seem ‘too long’. In the bottom region there is a deletion in the
reference genome resulting in fosmids that seem ‘too short’. Both regions are highlighted by red sections in layer 2, indicating a complete lack of clones that

are‘ok’.

areencountered, asingleproblematic clonea onemay not berelevant
when validating an assembly. If more than one clone indicates that
acontig is problematic, this suggests a misassembly (Fig. 2).

In the ongoing Xanthomonas campestris pv. vesicatoria genome
project with many repeats, anumber of misassemblieswereidentified
during the finishing phase. In the example seen in Figure 2, the
genomehasahigh number of repetitive sequences(>901Selements).
Two of them are 24 kb apart and inverted with respect to each other.
The region between these | S elementsisinverted in the assembly as
indicated by theeight problematic (wrongly oriented) clones(colored
inblue). A comparison of the genome sequence at this stage with the
finished genome sequence has proved this indication to be true.

Intheearly finishing phase, thereare often anumber of problematic
regionsinthegenome. Figure3 showsaBACCardl linear contig view
of apart of the 12 MB S.cellulosum genome (ongoing project) with
two problematic regions. Thetwo misassembliesshownwerederived
from sequencing problems in parts of the genome where secondary
structures (e.g., Rho-independent terminators) occur in combination
with small repetitive sequences.

Using the display of BACCardl to guide the finishing process,
theseregionswerereadily identified and the problemswere resolved.

BACCardl generated anavigationfilefor Consedto allow anin-depth
analysis at read level.

Mapping of largeinsert size clonelibraries onto
related genomes

Comparison of genomic sequences is a very useful albeit costly
method to identify commonalities and differences between two
organisms. We have devised a method that allows the identification
of dissimilar regions in two genomes based on a large insert sized
clonelibrary.

If the genome sequence of an interesting organism is not avail-
able, information can be gained using a large insert size library if
the sequence of acloserelative, i.e., areference genome, is aready
known. Figure 4 shows the clones of afosmid library from a5 MB
X.campestris pv. vesicatoria genome mapped onto the reference
genome from a different strain of the same species. For this applic-
ation, BACCardl does not rely on a co-assembly strategy using the
assembly programs, but rather uses BLAST (Altschul et al., 1997)
as amapping tool.

Asisreadily visiblefromthefigure, large parts of thetwo genomes
appear to be completely syntenic, resulting in a high coverage with
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Fig. 5. Contig scaffolding using a related reference genome. Gene pairs of
the reference genome located close to each other are transformed into virtual
clones. The virtual clone consists of two terminal plus n (a user-specified
number) internal CDS sequences (in the example given, n = 1). The CDS
sequences derived from the reference genome are mapped to the analyzed
genomeusing BLAST at the protein level. When theterminal CDS sequences
map onto the terminal regions of distinct contigs and when the computed
distance of the matching regions complieswith thelength of thevirtual clones
within certain limits, thisistaken to indicate that the contigs are neighbors.

fosmids that are classified ‘ok’. Regions lacking coverage of ‘ok’
fosmidsindicate genomic differences(red col ored areasin the second
layer in Fig. 4). A researcher interested only in differences between
the strains can ignore the green colored regions with some degree
of certainty. Consequently, the regions not covered contain novel
genetic information not present at this side in the already known
strain. Inthe upper left of Figure 4 onefindsaregion lacking fosmids
classified ‘ok’ but having a number of fosmids which seem ‘too
long'. Thisisconsistent with asequenceinsertion with respect to the
reference genome. A probable deletion with respect to the reference
genomeisindicated at the bottom where correct fosmids are lacking
and where all fosmids seem ‘too short’.

Using genomes of related organisms for

finishing purposes

Whilethetechni quedescribed aboveworksfor very similar genomes,
thereisaclear driveto use genomesof rel ated organismsfor finishing
purposes. Theideaof using protein matches to the ends of contigsto
order and orient the contigs was first described in Fleischmann et al.
(1995). We therefore decided to extend the reach of this approach by
‘virtual clone maps'.

For a4 MB genome project, there exist more than one hundred
genes that are lethal in the Escherichia coli host strain used for the
shotgun and cosmid libraries. Thispreventsscaffolding of thecontigs
which result from the assembly using spanning clone information.

This problem is tackled by using the coding sequences (CDSs)
from arelated reference genome. We simulated a large insert sized
(virtual) clone library as follows: The end sequences of a virtual
clone are two CDSs of the reference genome that have a certain dis-
tance. This distance is defined as the number of CDSs that lie in
between the two CDSs. Performing this for every CDS in the ref-
erence genome, we obtain a large number of virtual clones for the
project.

These clones are mapped to the contigs of the analyzed gen-
ome using BLAST at the protein level. When the terminal coding
sequences map onto the terminal regions of distinct contigs and the
distance between the matching regions is within certain limits, the
gene pair indicates that the two contigs are neighbours. This permits

the selection of PCR primers and to close gaps experimentally. In
the actual 4 MB genome project, more than 60 gaps could be closed
by the application of this method.

DISCUSSION

Despite the fact that more than 200 complete genomes are aready
publicly available (see GOLD, Bernal et al., 2001), assembling gen-
omes from WGS data can still be a tedious and demanding task.
Several pathogenic bacteria with a highly flexible genome structure
have been shown to be particularly difficult to assemble from just
WGSreads. Therefore, it has become acommonly accepted strategy
to assemble sequencing reads from DNA clone libraries of differ-
ent insert sizes. The insert sizes have to be adjusted to the size of
the repetitive elements found in a particular genome, but as a gen-
eral rule, fosmid libraries have proven to be particularly useful due
to their narrow size range and their large enough clone insert size.
While several software packages are available that visualize contig
information from the output files of assembly programs, none of
them is capable of generating virtual clone maps.

While the most obvious use of such a clone map lies in the val-
idation and verification of the WGS assembly, it is advantageous at
the same time for the identification of bridging clones, a represent-
ation of the clone coverage in particular areas of the genome, and
the resolution of misassemblies as well as scaffolding the contigs.
The development of the BACCardl tool has become necessary due
to the shortcoming of assembly programslike PHRAPinincorporat-
ing read pair and clone size information and can such be considered
as a tool for the post-processing of the automated assembly step.
Although some of the more recent assemblers like Arachne or the
Celera Assembler make good use of mate pair data, validation of
the results is still very useful. Seamless integration of BACCardl
into existing pipelines was achieved by adhering to well-established
standard formats.

Additional uses of BACCardl comprise genome comparison via
mapping of large insert clone libraries onto related genomes and
finishing support viatheuse of virtual clonelibrariesbased onrelated
genome sequences. By isolating large insert size clones that cannot
be readily anchored or change their size and/or read pair orientation
when mapped onto a related genome sequence, clones of interest
for genomic comparison can be identified. These clones represent
macroscopic changes in the genetic information of the respective
genomes. Using related genomes to guide finishing via scaffolding
contigs based on a virtua clone map generated by using in-silico
clone information can help reducing the number of PCR reactions
that need to be performed to close theremaining gapsin asequencing
project.
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