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Abstract

Motivation: In the last years more than 20 vertebrate genomes have been sequenced, and the rate at which

genomic DNA information becomes available is rapidly accelerating. Gene duplication and gene loss events

inherently limit the accuracy of orthology detection based on sequence similarity alone. Fully automated methods

for orthology annotation do exist but often fail to identify individual members in cases of large gene families, or

to distinguish missing data from traceable gene losses. This situation can be improved in many cases by including

conserved synteny information.

Results: Here we present the SynBlast pipeline that is designed to construct and evaluate local synteny infor-

mation. SynBlast uses the genomic region around a focal reference gene to retrieve candidates for homologous

regions from a collection of target genomes and ranks them in accord with the available evidence for homology.

The pipeline is intended as a tool to aid high quality manual annotation in particular in those cases where auto-

matic procedures fail. We demonstrate how SynBlast is applied to retrieving orthologous and paralogous clusters

using the vertebrate Hox and ParaHox clusters as examples.

Software: The SynBlast package written in Perl is available under the GNU General Public License at http:
//www.bioinf.uni-leipzig.de/Software/SynBlast/.

Introduction

Conserved synteny is the (local) maintenance of gene
content and order in certain chromosomal regions of
related species. Several studies on chromosome evo-
lution [1–5] demonstrated that conserved synteny ex-

ists not only between closely-related species but also
over very long evolutionary timescales. Long-range
conserved synteny is a particularly frequent feature
around developmentally important genes [5], demon-
strating that rearrangements are not an unbiassed
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random process in genome evolution.

Conserved synteny is, however, not only of inter-
est as a phenomenon in genome evolution, but pro-
vides valuable practical information for the analysis
of families of homologous genes. It is a long-standing
problem in comparative genomics to identify or-
thologs, i.e. pairs of genes from two organisms that
are separated from each other by a speciation event.
In general, the task to distinguish true orthologs
from paralogs cannot be solved based on pairwise
comparisons. Gene loss, differences in evolutionary
rates [6], and convergent evolution often distort the
sequence similarities to an extent that makes it im-
possible to determine orthology from the gene tree.
Genomic linkage with genes whose orthology rela-
tionships are clearer (i.e. which are more conserved
across species and have fewer in-species paralogs)
than others can be exploited because linked genes
likely share their duplication history. Local/tandem
duplications place new copies into a new genomic
context, large-scale duplications coordinately dupli-
cate the genomic context and gene loss becomes ob-
vious if it leaves large parts of the genomic context
intact while erasing the gene of interest. Therefore,
conserved synteny information may demonstrate the
loss of a particular copy of a gene and hence puts a
restriction on which extant gene copies are poten-
tial orthologs. If the genomic context of duplicated
genes has sufficiently diverged prior to a speciation
event, synteny can even provide direct evidence for
or against orthology.

There are three basic approaches towards auto-
mated orthology identification.

1. Similarity-based clustering methods including
the popular reciprocal pairwise best hit ap-
proach and refinements (such as Inparanoid

[7–9]).

2. Phylogenomics-based methods (such as the
tree-based Ensembl Compara [10] pipeline).

3. Methods utilizing conserved synteny to in-
fer true orthology between relatively re-
cently diverged species. Methods range from
whole genome alignments to combinations
with similarity- and phylogenomics-based ap-
proaches. Examples are the commercial
“syntenic-anchor” approach from Celera [11],
or the former Ensembl Compara pipeline (prior
the June 2006 release).

Despite substantial improvements in this area, the
automatically generated results are far from being
perfect, and the annotation provided by databases
such as Ensembl Compara [10] or OrthoDB [12] are
neither sufficiently complete nor sufficiently accurate
for many applications. For instance, an in-depth
study of lineage-specific differences in a family of
transcription factors requires not only the complete
complement of family members in each species, but
also a flawless gene phylogeny (which implies a cor-
rect orthology assignment).

The SynBlast tool is designed to assist the man-
ual curation of such data. In contrast to most ap-
proaches to orthology annotation, it does not oper-
ate on pre-determined gene (proteome) sets but it
searches the entire target genome. Hence it does
not exclude possible homologs only because they are
missing from annotation tracks. It then provides
the user with a rank-ordered list of putative target
regions that share synteny with the query region.
Web-based graphical overviews that can easily be
compared with one another help the user in evalu-
ating the individual candidates and in singling out
putative orthologous regions.

Theory

Overview of the SynBlast pipeline

SynBlast is a “semi-automatic” pipeline that is im-
plemented as a suite of Perl scripts (SynBlast pack-
age). In order to allow automatic retrieval of pro-
teins from syntenic regions and comparison of assign-
ments with existing annotations the Ensembl system
and databases [10] were chosen as standard refer-
ence sources. Therefore, the pipeline scripts make
use of the Ensembl Perl API to retrieve reference
annotation and sequences from the Ensembl Core

databases as well as homology annotations (for com-
parison only) from the Ensembl Compara database.

The workflow is summarized in Figure 1. It starts
from a focal protein coding gene of interest whose
homologs are to be detected.

Step 1, in order to include synteny information,
the adjacent protein coding genes within a certain
genomic distance (flanking size, e.g. 1 Mb up- and
downstream) are added to the reference set. The
system requires both the sequences and positional
information (orientation and (relative) start and end
positions) of the reference genes. This information
can be provided manually by the user in form of
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Figure 1: SynBlast pipeline steps.
(1) A focal protein coding gene of interest and its surrounding genes
(within a certain flanking size) are selected as reference set. Protein
sequences and genomic positional information are either compiled manu-
ally or retrieved from Ensembl using the tool getEnsemblProteins.pl.
(2) tblastn searches of all reference proteins are performed against se-
lected target genome databases.
(3) The resulting blast hit tables are scanned for regions of possibly
conserved gene content. These regions are stored in separate blast hit
tables.
(4) The resulting sets of possibly syntenically conserved blast hits are
evaluated based on their sum of blast bit-scores obtained by means of a
gene loci order alignment to the reference set.
The final decision on orthology or paralogy of ranked syntenic blocks is
left to the user.

a text file containing tab-separated entries of gene
identifiers and their genomic coordinates, see the
SynBlast tutorial (online supplemental material1)
for details. Alternatively, the corresponding files
can be generated using the getEnsemblProteins.pl
script which retrieves sequences and annotation in-
formation from Ensembl databases.

Step 2 consists of translated-blast searches us-
ing all reference proteins as queries on a selection
of genome databases as targets. Resulting blast
hits are expected to be in tabular (NCBI BLAST)
format for further processing. Again this step can
be performed manually using any program that
creates blast-like tabular output, including NCBI

BLAST [13], WU-BLAST (http://blast.wustl.edu), or
BLAT [14]. When the genome data is available locally
in NCBI BLAST format, the script doBlastJobs.pl

automatizes this step using local NCBI BLAST. It is
needed to include the reference species as target
genome as well in order to enable the subsequent
normalization of blast scores and to detect possible
paralogous clusters that the user should be aware of
when interpreting final pipeline results. Those par-
alogous regions of the reference set should be used
as reference in a subsequent pipeline run as well to
avoid false positive orthology assignments.

In step 3, we search for potential regions of con-
served synteny (syntenic target blocks). To this end
we collect blast hits that are located within regions
of limited size on the target genome. The purpose of
this filtering step is to extract candidate subsets of
blast hits (or HSPs, high scoring pairs) that can be

treated separately in the following. At this stage we
do not consider gene order, but gene content infor-
mation, i.e. a user-specified number of query-specific
hits must be contained at minimum in each candi-
date subset. The procedure is implemented in the
script doSyntenyFilter.pl, and is described in de-
tail in the following section.

In step 4, all detected candidate regions of con-
served synteny from step 3 are evaluated w.r.t. their
agreement with the reference gene order. The tech-
nical details of the doSyntenyAlignment.pl proce-
dure are described below. The candidate syntenic re-
gions are sorted according to a scoring scheme that
combines sequence similarity, synteny information,
and orthology versus paralogy information. The re-
sults are presented as HTML files in a web browser
together with graphical representations of gene or-
der alignment matrices and paths. Graphics such
as those shown in Figure 2 allow the user to readily
identify small-scale rearrangements such as translo-
cations or inversions.

Extraction of syntenic target blocks —

doSyntenyFilter.pl

A region of one of the target genomes is considered
as a candidate for a syntenic target block if it con-
tains blast hits from at least N different proteins of
the query set within an interval of length at most L.
The parameters N and L are set by the user, both
either directly or indirectly (relative to the reference
set). They reflect the expected rate of gene loss and

1http://www.bioinf.uni-leipzig.de/Publications/SUPPLEMENTS/08-002/
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Figure 2: Dotplot graphic (top) and detailed alignment graphic (bottom). The dotplot visualizes the content
of the alignment scoring matrix used to calculate the global alignment with free endgaps where the refer-
ence loci (p) and target loci (q) are arranged in rows and columns, respectively. Brightness of green color
indicates the relative score value (rscore) for a particular locus match. The dotted squares correspond to
the optimal alignment path that was chosen. Swapped orientation of a single target locus (w.r.t. a matching
reference locus and the cluster orientation) is indicated in both drawings. Orientation of the aligned target
loci cluster (set of green bars in alignment drawing) on the target genome (here 5’→3’ and same as reference)
is recognizable, too. The focal reference gene is highlighted and each reference locus area is linked to the
appropriate position within the alignment table.

the expected structural similarity. The maximal re-
gions of contiguous blast hits fulfilling these criteria
are extracted separately for each target sequence.
Depending on the status of the genome assembly,
the sequence can be on a chromosome, a scaffold, or
a contig. Small scaffolds or contigs pose a problem
for this step as a target block syntenic to the query
region may be mapped to several different scaffolds.
In this case, SynBlast reports two or more separate
syntenic regions and/or misses parts of the regions if
less than N query proteins map to some of the scaf-
fold regions. Note that for some genomes allelic vari-
ants are assembled into different scaffolds. SynBlast
then reports all these scaffolds and it is left to the
user to recognize this.

In its current implementation, the candidate sub-
sets of blast hits are found by a sliding window ap-
proach. In addition to the number of query proteins
≥ N that have blast hits within a sequence window
of size ≤ L also the sum of all maximal HSP bit-
scores for these proteins is recorded. This yields a
convenient measure to prefer the higher-scoring sub-

sets when there are overlapping intervals (in partic-
ular if L and N are too small). We currently use a
greedy approach that selects a specified number of
target block intervals in decreasing order of the score
sum and skips all intervals overlapping a previously
selected interval by more than a specified threshold.

Evaluation of syntenic target blocks via gene order

alignment — doSyntenyAlignment.pl

In the fourth step of the pipeline, each of the syn-
tenic target blocks (subsets of blast hits), resulting
from step 3, is analyzed separately in comparison to
the query region. This part of the pipeline consists
of several sub-components, which we discuss sepa-
rately, see also Figure 3.

(i) The set of reference proteins is linearly ordered
(by start/end or mean positions) into so-called
query loci. If the query region contains overlap-
ping proteins, these are combined into a single
query locus. Thus, a query locus may comprise
more than one query protein.
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Figure 3: Hypothetical example for the evaluation of target blocks via gene order alignment: The reference
region contains a sequence of syntenic query loci (green), each representing one or more (overlapping) query
proteins (i). Target blocks (synteny regions) are visualized at the level of individual blast hits (HSPs; in
yellow). These are first chained (ii) into approximate protein models each corresponding to its query protein
within a target locus of limited size (small open boxes) whereas groups of HSPs on the two strands are
treated separately. An individual HSP can be excluded from a certain chain for several reasons: (1) if it
exceeds the locus size limit, (2) if it is inconsistent w.r.t. collinear query/target positions, (3) if it overlaps
in its coordinates of the query interval by more than a specified threshold (adjacent HSP coordinates may
overlap on a few amino acids). The resulting consistent HSP chains for all query proteins are grouped (iii)
into non-overlapping target loci (big open boxes). Exclusion of an individual target locus before or during
the grouping procedure happens if (4) it scores below the loci score threshold (bit-score cutoff), or if (5) it
is grouped with another but higher-scoring locus for the same query. Resulting target gene loci are used to
compute a gene order alignment of query and target loci (iv), final assignments are shown in dark-shades of
grey. The alignment score is used to rank the region among other (syntenic) target regions.

(ii) For each query protein we chain all correspond-
ing HSPs into models of target loci. Each
HSP consists of an interval α = [a′, a′′] on the
query sequence and a corresponding interval
β = [b′, b′′] on the target sequence. These inter-
vals are linearly ordered for both query and tar-
get based on their coordinates. Intervals on the
two strands of a target are treated separately.
We furthermore take into account that HSPs
must not be too far appart from each other,
i.e. the maximal genomic extension is restricted
to either an absolute or query gene dependent
length (locus size limit). Again, groups of in-
tervals that are too far appart from each other
are treated separately.
For each group of HSPs with common ori-
entation we compute an optimal “alignment”
of these lists of intervals using a variant of
the Needleman-Wunsch algorithm, similar to
Ref. [15]. The query and target intervals of the

HSPs, respectively, are considered as charac-
ters within the alignment in which a match oc-
curs if both intervals belong to the same HSP.
The score of the match is its bit-score. Pairs
of (query/target) intervals that do not corre-
spond to the same HSP are considered as mis-
matches with score −∞. Small negative scores
are given to insertions and deletions, endgaps
are treated as free. The resulting alignment
then defines a consistent chaining of collinear
HSPs, here called a target locus. It represents
an overall hit for the respective query protein
(approximate gene model) with a group score
equal to the sum of bit-scores of all HSPs of
the chain. A score threshold can be specified to
eliminate spurious hits, which otherwise might
lead to incorrect groupings of adjacent loci in
the next sub step. Each target locus is further-
more characterized by a start, end, and mean
position.
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(iii) As in sub step (i), we now define a linear order
of target loci by grouping them according to
start/end or mean positions, see Figure 3. If
there are target loci that both reside within the
same group (i.e. have overlapping positions)
and belong to the same query protein, only the
top-scoring target locus is kept. Thus, we fi-
nally end up with linearly ordered target loci
blocks each containing one or more (overlap-
ping) query-specific target loci.

(iv) As in sub step (ii), we use a variant of the
Needleman-Wunsch algorithm to obtain a max-
imum weight sequence of collinear pairs of
query and target loci. As before, mismatches
are prohibited. Matches are scored as the
arithmetic mean of the scores of all matching
individual query proteins that belong to the
same query locus. Formally, for each pair (q, t)
of query and target locus let νqt be the number
of matching query proteins between the pair of
loci. The corresponding similarity score is

s(q, t) =







1
νqt

∑

s∈q

b(s, ts) , if νqt ≥ 1

−∞ otherwise
(1)

where b(s, ts) is the bit-score of query protein
s with its match ts on the target genome as
determined in sub step (ii). In contrast to step
(ii), we do not exclude matches between items
of different orientation. Instead, we use only a
fraction of the score b(s, ts) (adjustable param-
eter) to penalize those matches.
In addition to this absolute scoring we also
compute relative weights b(s, ts)/b(s, qs) where
the absolute bit-score is scaled by the score ob-
tained by matching the query protein s back
to its genomic locus qs within the reference
genome. The value b(s, qs) is a good approx-
imation for the maximal tblastn score of a
given query protein. The relative score is then
used as match score during the gene order
alignment. This ensures that the matches to
each reference locus are scored relative to the
information content of the locus.
Since match scores are defined directly between
loci we can conveniently combine the vizual-
ization of the alignment path and the scoring
matrix, see Figure 2.

(v) Finally, all evaluated target regions are com-
piled in a ranked list in browsable HTML for-

mat including graphical overviews of loci scor-
ing matrices (dotplot) and alignments as well
as an alignment table displaying additional in-
formation for assigned loci.
The ranking can be based on the gene order
alignment score (roughly the sum of (weighted)
bit-scores for assigned target loci) or the
(log)RatioSum score, which is calculated as the
sum of (the logarithm of) intra-inter-score ra-
tios of assigned target loci. This score ratio,
which is described in detail in the “Materials
and Methods” section, measures the ambiguity
of orthology between two loci based on the ex-
istence of close paralogs within the reference.
It has proven useful in the process of identi-
fying true orthologs. In combination with the
gene order alignment score this score makes it
easier to distinguish between putative ortholo-
gous and paralogous hits or clusters.
If reference and genome data are taken from
Ensembl databases, SynBlast optionally re-
trieves the Ensembl Compara homology anno-
tations and the Ensembl Core protein coding
gene annotations overlapping the target loci
identified by SynBlast, for comparison.

Applications

As a real-life test of SynBlast, we consider here
the genomic clusters of vertebrate Hox and ParaHox
genes. These genes code for homeodomain transcrip-
tion factors that regulate the anterior/posterior pat-
terning in most bilaterian animals [16,17]. Hox and
ParaHox genes arose early in metazoan history from
a single ancestral “UrHox gene” [18]. After a few
tandem duplication events, a large scale duplication
lead to ancestral Hox and ParaHox clusters. While
the ancestral ParaHox cluster remained largely un-
changed, the evolution of its Hox counterpart was
dominated by a series of tandem duplications. As
a consequence, most bilaterians share at least eight
distinct paralogous groups (8 in arthropods, and 13
or 14 in chordates) which retained high sequence
similarity at the homeobox. Both Hox and ParaHox
genes are usually organized in tightly linked clus-
ters [19].

The modern vertebrate genome arose from an an-
cestral chordate by means of two rounds of whole
genome duplication [20, 21]. Teleost fishes have un-
dergone an additional round of genome duplication
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Table 1: Synblast results for Danio rerio, Ensembl release 46 (Zv7), with the human Hox clusters as query.

DrAa DrAb DrBa DrBb DrCa1 DrCa2 DrCb DrDa

chr.19 chr.16 chr.3 chr.12 chr.23 chr.23 chr.11 chr.9
Reference 10.5M 16M 23M 26.5M 33.7M 35.2M 0.6M 2M

HsA 2.58 3.29 -0.76 -0.39 -1.98 -1.98 -0.4 -0.74
HOXA9 5581 4073 4690 2119 3322 3318 1490 3269

chr.7 2/1 1/3 7/2 3/7 9/4 10/5 4/8 6/6

HsB -1.14 -0.01 3.13 0.42 -1.66 -1.69 -0.64 -0.48
HOXB9 2702 1342 6201 1647 3008 2982 1003 1678

chr.17 6/4 3/7 1/1 2/6 7/2 8/3 5/8 4/5

HsC -0.89 -1.51 -0.26 -0.34 6.44 7.58 0.22 -2.51
HOXC9 2361 2323 3108 1346 8687 6537 4150 3798

chr.12 7/6 8/7 5/5 6/8 2/1 1/2 3/3 9/4

HsD -0.92 -0.63 -0.85 -0.6 -0.41 -0.41 -0.71 1.76
HOXD9 2799 1811 2660 871 3017 3013 1303 4326

chr.2 8/4 5/6 7/5 4/8 3/2 2/3 6/7 1/1

The logRatioSum score, the gene

order alignment score, and the

corresponding ranks are given.

Putative orthologs are depicted

in bold. In combination, the two

scores provide the best means

to rank orthologous loci at the

top. In most cases, identifcation

of orthologous regions is unam-

biguous. For completeness we

list both copies of the artifactu-

ally duplicated DrCa cluster of

chr.23.

Table 2: Incomplete and erroneous Ensembl Compara orthology annotations for vertebrate Hox cluster loci.

Ref. cluster Genes Clusters
∆ β n M N

HoxA 11 2 148 5 16
HoxB 25 2 118 12 16
HoxC 11 2 88 6 10
HoxD 20 7 113 13 16

We list the total number n of Hox and Evx genes in the dataset; the

number ∆ of Hox and Evx gene orthology assignments (see Appendix)

that are well-supported (query coverage > 30%) by SynBlast but that

are missing in the Compara annotation; the number β of well-supported

assignments with incorrect annotations in Compara (paralog). We fur-

thermore list the number M of the NHox clusters in the dataset which

contain apparently missing and/or erroneous Compara annotations. All

data refer to Ensembl release 42 (Dec 2006).

[22,23]. Substantial loss of duplicated genes was the
consequence of these duplication events. In the case
of Hox clusters there is little doubt about the orthol-
ogy relationships among the Hox genes of tetrapoda.
In teleost fishes, however, the relationships of the
duplicated Hox clusters between zebrafish and fugu
have long been controversial, see [24] for a discus-
sion, and have only recently been resolved using a
dense taxon sampling [21]. It is well known that
the relative order and orientation of Hox genes in
their clusters have been highly conserved in verte-
brate evolution, albeit there is substantial gene loss.
The Hox clusters thus are an excellent test case to
demonstrate the gene order alignment functionality
of SynBlast.

Vertebrate Hox clusters

We used the four human Hox clusters as refer-
ence and searched the vertebrate target species with
SynBlast. We consider here a diverse set of verte-
brate genomes which contains both tetrapods (with
4 paralogous Hox clusters) and teleosts (with 8 par-

alogons). The cluster locations, gene inventories,
and SynBlast scores are listed in the Appendix.
In case of genomes with complete assemblies, the
correct assignment of cluster orthology and the cor-
rect assignment of Hox gene identity is straightfor-
ward by visual inspection of the SynBlast cluster
alignments, see Table 1 for an example. Here, both
the gene order alignment score and the logRatioSum
score is suitable to assign cluster identity to the tar-
get loci in the zebrafish genome. However, the lo-
gRatioSum score clearly out-performs the gene order
alignment score in case of the Danio Bb cluster. In
combination, the two scores provide the best means
to rank orthologous loci at the top. The zebrafish
Zv7 assembly contains two inparalog copies DrCa1
and DrCa2 of the zebrafish HoxCa cluster. This is,
however, certainly an assembly artifact and contra-
dicts all of the existing literature, see e.g. [25] and
the references therein. SynBlast correctly retrieves
both copies with comparable scores.

In the case of incomplete assemblies, only par-
tial clusters can be obtained. For instance, individ-
ual Hox loci of oppossum and chicken are located on
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Figure 4: Schematic representation of genes flanking the Cdx gene locus in the human ParaHox clusters.
Only linked genes relevant for the interpretation of the SynBlast output are shown.

small separate scaffolds. For the duplicated genomes
of the five teleosts in our data set, we obtained all
7 Hox genes-containing paralogous clusters in agree-
ment with the literature, see [24, 26, 27]. Since our
query consisted of the Hox cluster only, we could
of course not retrieve the 8th zebrafish paralogon,
which is completely devoid of homeobox genes [28].

Several artifacts of preliminary genome assem-
blies further complicate the analysis: In the fugu
HoxAa cluster we readily detected the artifactual
breakage of the cluster into two fragments on scaf.12
and scaf.346. In the older Zv6 assembly of the ze-
brafish genome, some Hox clusters contained local
rearrangements and obviously duplicated gene loci,
in particular the HoxBb and HoxCb clusters. Most of
these problems have been resolved in the most recent
Zv7 assembly, while the Ca artifact has been newly
introduced. Table 2 summarizes the discrepancies
of the Ensembl Compara annotation for the orthol-
ogy assignments obtained using SynBlast, the latter
conforming to the recent literature.

The very well-understood example of the Hox
gene cluster demonstrates that the true orthology
and paralogy relationships can be determined rather
quickly and easily by means of a manual analysis
with the assistence of SynBlast. Automatic or-
thology annotation pipelines, on the other hand,
still produce unsatisfactory results despite recent
progress.

Teleost ParaHox clusters

The ParaHox clusters of teleost fishes have long been
used to contradict the whole genome duplication sce-
nario because of a mainly unduplicated repertoire

of ParaHox genes compared to other vertebrates.
Even after the teleost-specific genome duplication
had been broadly accepted, the small number of
ParaHox genes in each cluster and the large amount
of gene loss at this locus complicated attempts to de-
cipher their duplication history. Knowledge about
the number of paralogous Cdx genes and their as-
signment to paralogous groups is a good starting
point for such a reconstruction. Two studies based
on publicly available genome sequences arrived at
different scenaria for the history of this particular
ParaHox gene in teleost fishes [29, 30]. While Pro-
haska et al. [29] proposed the existence of a Cdx2
gene copy (at least for fugu and tetraodon), Mulley
et al. [30] concluded that both copies of Cdx2 were
lost and suggested that this loss was compensated
by two copies of Cdx1. A more recent analysis that
uses additional sequence data [31] settles the dis-
crepancy in favour of [30], supporting the retention
of two Cdx1 genes in cichlids. The analysis of [31] in
part excludes zebrafish because of problems with the
available genome assemblies. Here we demonstrate
how SynBlast can be used to facilitate retrieval of
candidate Cdx loci and cluster assignments in the
zebrafish genome.

In an intact ParaHox cluster, the Cdx gene is
flanked by two ParaHox genes, i.e. Gsh and Pdx,
and a number of genes of other gene families. Ac-
cording to [31], the ancestral gnathostome ParaHox
genes are organized in four clusters, designated A,
B, C, and D in analogy to the Hox clusters (see Fig-
ure 4). The Cdx gene of the C cluster has been lost
soon after the 1R/2R duplications [30]. No organism
with a fourth Cdx paralog resulting from this dupli-
cation event has yet been found. Therefore, only
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Table 3: SynBlast results for Danio rerio, Ensembl release 46 (Aug 2007), Zv7 assembly with the human
ParaHox clusters as query. The logRatioSum score, the gene order alignment score, and the corresponding
ranks are given. Putative orthologs are depicted in bold. In combination, the two scores provide the best
means to rank orthologous loci at the top. Numbers in parentheses indicate that the target region (column)
is only approximately matched, and/or that only a single query gene was found. See text for more detail.

DrA1 DrA2 DrB DrB1 DrC1 DrC2 DrD1? DrD1? DrD1 DrD2 DrD2?
chr.24 chr.5 chr.7 chr.14 chr.20 chr.1 chr.14 chr.14 chr.14 chr.21 chr.21

20M 60M 50M 37M 20M 10M 53M 22M 25M 43M 36M
Reference pdx1 gsh1 cdx4 gsh2 cdx1a CDX1

HsA/C1 2.49 0.25 0.52 0.05 -0.65 - - - 1.3 - (0.13)
CDX2 8343 2291 1605 1537 1922 - - - 1757 - (1112)
chr.13 2/1 7/2 5/5 9/6 40/3 - - - 3/4 - (8/8)

HsB/C2 (-0.41) (-0.7) 2.53 0.47 (-0.04) -0.02 - - -0.75 -0.14 -
CDX4 (237) (139) 2934 1192 (114) 669 - - 543 183 -
chr.X (19/25) (31/38) 1/1 3/2 (7/41) 5/7 - - 34/10 12/32 -

HsC/C3 -1.47 -1.56 -0.33 -2.52 3.23 0.91 - - -0.46 - (-0.37)
GSH2 1478 507 1424 1595 4756 1880 - - 469 - (488)
chr.4 54/4 55/7 19/5 56/3 1/1 3/2 - - 26/9 - (23/8)

HsD/C4 -0.6 (-2.77) (-3.57) -3.44 -3.31 (-0.06) 0.79 0.03 -0.41 0.18 5.27
CDX1 439 (254) (2238) 953 940 (991) 1796 1514 846 1107 2550
chr.5 13/41 (24/57) (42/2) 41/12 37/13 (7/11) 2/4 6/5 11/16 4/9 1/1

three of the four ancestral clusters each retained a
Cdx gene: Cdx2 (cluster A), Cdx4 (cluster B), and
Cdx1 (cluster D). As a consequence of the teleost
genome duplication we would expect to find 8 Para-
Hox clusters, two A clusters (A1, A2), two B clusters
(B1, B2) etc. and up to 6 Cdx genes in the 6 clusters
A1/2, B1/2, and D1/2.

We start our SynBlast search in the zebrafish
genome with the four human ParaHox cluster re-
gions. Table 3 shows the scores for all pairs of the
four human query loci with the 11 high-scoring tar-
get loci of zebrafish. The assignment of true or-
thologs is more challenging than in the case of Hox
clusters but still revealing.

One copy of ParaHoxA retained 13 of 24 genes
flanking the Cdx2 locus even though Cdx2 itself was
obviously lost. This is a case where gene loss can re-
liably be distinguished from missing data based on
well-conserved synteny information (see Figure 5).
The second copy retained only 5 of the 24 flanking
genes. In line with the analysis of [30,31], we observe
that the Cdx2 gene has been lost from both copies.

We also observe that one of the two ParaHoxA
contains the only copy of Gsh1 which is located at
DrA2 (Chr.5), while the only copy of Pdx1 is lo-
cated at DrA1 (Chr.24). Note that this informa-
tion independently confirms the assignment of the
two zebrafish ParaHoxA paralogs to the ancestral A

cluster.

SynBlast reports additional syntenic regions in
the zebrafish genome that contain homologs of some
of the genes of the HsA query. These are located
on chromosomes 7, 14, 20, and 21, and can be as-
sumed to be orthologs of the ParaHox B, C, and
D clusters. In order to confirm this assumption, we
also consider the remaining three human ParaHox
regions as queries.

The query with human ParaHoxB yields only
poorly conserved synteny information. This can be
due to the reorganization of this locus when it got
translocated to the mammalian sex chromosome X,
see [29, 32] for details. Nevertheless, we obtain suf-
ficient information from the linkage of the Cdx loci
with chic1 to see that zebrafish has one Cdx4 lo-
cus, DrB1 (Chr.14). With the human ParaHoxC
cluster, which contains the Gsh-2 gene as a query,
two paralogous regions in the zebrafish genome can
be identified. DrC1 on Chr.20 containing the only
surviving copy of Gsh2, while a putative DrC2 lo-
cus on Chr.1 contains three high-scoring reference
loci (fip1l1, chic2, and clock) and both neighbors of
Gsh2, i.e. chic2 and pdgfrA, but is devoid of home-
obox genes.

Note that “empty” parahox clusters are not ex-
ceptional. Teleost fishes have also lost all homeobox
genes in one of the HoxD paralogs (zebrafish, [28]) or
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Query Best ParaHox candidate regions

Cdx2
HsA/C1

DrA1
Chr.24
1st (2nd)

DrA2
Chr.5
2nd (7th)

Cdx4
HsB/C2

DrB
Chr.7
1st (1st)

DrB1
Chr.14
2nd (3rd)

Gsh2
HsC/C3

DrC1
Chr.20
1st (1st)

DrC2
Chr.1
2nd (3rd)

Cdx1
HsD/C4

DrD2
Chr.21
1st (1st)
9th (4th)

DrD1
Chr.14
4th (2nd)
5th (6th)
16th (11th)

Figure 5: Example Application. SynBlast was used to determine the four pairs of paralogous regions
generated by the fish-specific genome duplication from the four gnathostome ParaHox regions. We show
alignment dot-plots for the high-ranking hits (according to the gene order alignment score and logRatioSum
score (in brackets)) of the four query regions against the zebrafish genome (Zv7, Ensembl release 46, Aug
2007). Parameters for the synteny filtering step were N = 1, L = 2. See text for more details.

one of the HoxC paralogs (pufferfish, [29]), respec-
tively. Loss of a gene of interest can nevertheless be

identified due to the retention of neighboring genes
given sufficient conserved synteny.
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The assignment of orthologs to cluster HsPara-
HoxD is difficult. Conserved synteny information is
relatively rare and only locally given, i.e. the orthol-
ogous hits for those query regions are scattered more
or less across the target chromosome or even genome,
which is probably due to extensive rearrangements.
Nevertheless, one Cdx locus is linked to pdgfrB, a D
cluster gene. SynBlast detects multiple fragments
that map to two distinct zebrafish chromosomes. A
plausible hypothesis is to interpret the three hits of
Chr.14 at 22M, 25M, and 53M as remnants of one
dissolving cluster DrD1, while the two fragments of
Chr.21 at 36M and 43M constitute the other DrD2
paralog.

In summary, we have located the three re-
tained Cdx genes in the highly fragmented zebrafish
genome assembly, and we conclude that three Cdx
genes were lost in the aftermath of the fish-specific
genome duplication. Due to synteny information,
the three Cdx genes can unambiguously be assigned
to the paralog groups Cdx4 (one copy, B cluster) and
Cdx1 (two copies, D clusters).

Discussion

The SynBlast tool was developed to assist in the in-
teractive preparation of high-quality orthology anno-
tations. It uses synteny in addition to sequence sim-
ilarity. A major difference to most other tools is that
it does not operate on a “proteome set”. Instead, it
uses tblastn and a two-level alignment procedure
to retrieve the homologs of a set of reference pro-
teins. As a consequence, it is independent of gene
predictions and annotations of the target genomes.
Known or predicted protein sequences are required
only for the query genome.

A major advantage of the synteny-based ap-
proach is that we also find fairly diverged homologs
in a conserved context that would otherwise be dis-
carded due to insufficient sequence similarity, see
also [33]. This allows the user to find supporting in-
formation for highly diverged genes or gene loss and
to distinguish it from the failure to detect sequence
similarity. As a consequence, we find that SynBlast
is particularly useful to retrieve homologous regions
in the presence of high rates of gene loss, such as af-
ter the teleost-specific genome duplication. Syntenic
regions are found and gene losses can be identified
even when the focal genes are lost from one or more
paralogons. As demonstrated in the ParaHox clus-

ter example, information on such loci is readily ac-
cessible using SynBlast and can be instrumental in
deciphering complex duplication/loss scenaria. This
is the case in particular when homologous genes that
arose through several distinct duplication events are
of interest, as in the case of homeobox clusters.

To distinguish orthologous and paralogous re-
gions, SynBlast provides two scoring schemes: one
that attempts to evaluate the overall similarity of
two syntenic regions (gene order alignment score),
and alternatively the relative similarity in compar-
ison to the most similar within-reference paralog
((log)RatioSum score). However, the SynBlast sys-
tem was designed to aid a careful manual evalua-
tion rather than to provide an automatic pipeline.
Hence, it produces extensive graphical and tabular
output of all regions in the target genomes that are
potentially syntenic to the query region in the form
of HTML pages, which also integrates the existing
Ensembl Compara homology annotation for compar-
ison.

Materials and Methods
The vertebrate genomes were taken from Ensembl

(release 42, Dec 2006). In case of the ParaHox
application and also the Danio Hox example the
new assembly version for zebrafish (Zv7, Apr 2007
from Ensembl release 46, Aug 2007) was used.
The new Danio assembly was scanned with lo-
cal WU-BLAST (tblastn, version 2.0MP-WashU, 04-
May-2006). All other BLAST searches were performed
with local tblastn (blastall version 2.2.15 of the
NCBI BLAST suite). Genome databases were used in
repeat-masked form, and the minimum E-value was
set to E = 10−5 or E = 10−4. The maximal size of
the target cluster was restricted to twice the size of
the reference cluster for all applications. The cutoff
for the target locus score was set to 100. All scripts
were written in Perl (v5.8.8) and executed on PC
hardware running Linux.

The intra-score is calculated once for each query
protein s, and describes the relative difference of
the best and the second-best hit onto the reference
genome (i.e. for the closest-related paralogs). This
is approximated by their bit-score differences, i.e.

Sintra(s) =
b(s, qs1) − b(s, qs2)

b(s, qs1)
(2)

where qs1 and qs2 are the two top-scoring target loci
within the reference genome. The more distant the
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closest paralogs in the reference, the more reliable is
the assignment of orthologs from the target species.

The inter-score is calculated for each assigned
target locus ts within a target genome, defined as
its relative bit-score difference to the best reference
hit locus qs1:

Sinter(ts) =
b(s, qs1) − b(s, ts)

b(s, qs1)
(3)

Hence, the inter-score expresses how “bad” a puta-
tive ortholog hit to the target genome is w.r.t. the
maximally expected score b(s, qs1).

The ratio of intra-score and inter-score,
Sintra/Sinter, quantifies the quality of an inter-species
(potentially orthologous) hit in relation to the sim-
ilarity between paralogs in the reference genome.
Therefore, it serves as a measure for the confidence
in the orthology of the query and target locus.

The (log)RatioSum score is defined as the sum of
the (logarithms of the) intra-inter-score ratios of all
target loci assigned within the gene order alignment.
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Appendix

Table 4: Vertebrate Hox clusters. Overview on pipeline results and manually extracted orthologous cluster positions and
identities, using human as reference cluster. Unless otherwise indicated, positions correspond to assigned blast hits’ intervals
from Hox1 to Hox13/Evx hits in gene order alignment. Cluster orientation is w.r.t. human reference clusters, which are
HOXA9 ENSG00000078399 5e5; HOXB9 ENSG00000170689 2e5; HOXC9 ENSG00000180806 3e5; HOXD9 ENSG00000128709 5e5. Unas-
signed loci from the reference may be due to overlaps of chained HSPs. A ‘∗’ indicates loci that are absent in agreement
with the literature [34]. Data for Ensembl release 42 (Dec 2006).
cl. species rscore logRatioSum chr/contig start end ori remarks

A

Hs 17000 69.29 7 27 100 587 27 252 566 + -A1 -A2 -A3 -A4 -A5 -A6 -A7 -A9 -A10 -A11 -A13 +Evx1

Mmul 12923 39.03 3 98 980 072 99 131 580 − no A4
Mmus 12736 36.2 6 52 086 320 52 246 674 +
Cf 11893 26.62 14 43 224 741 43 377 670 +
Bt 5933 15.23 4 37 098 097 37 159 206 − only A1-A7 (missassembly)
Bt 5201 14.53 4 40 097 176 40 179 376 − only A9-Evx1 (missassembly)
Md 10929 18.72 8 293 153 229 293 354 376 −

Xt 9118 9.35 scaffold 56 1 323 527 1 481 226 −

Gg 7735 7.02 2 32 513 673 32 659 744 +
Tr-a 4511 1.44 scaffold 12 2 318 841 2 382 351 + no A6, no A7∗ assigned; no Evx1 (scaffold end)
Tr-a 2379 1.81 scaffold 346 186 282 226 444 − only A5,A13,Evx1
Ol-a 6577 3.84 11 10 492 587 10 572 561 + A6 not assigned (overlap?)
Ga-a 6508 3.65 groupX 9 855 280 9 936 730 + A6 not assigned (overlap?)
Tn-a 5915 2.95 21 2 978 001 3 053 406 − A6∗,A7 not assigned
Dr-a 4687 1.55 19 13 885 840 13 954 135 − A10 not assigned; A2 weak; (A6,A7)∗ not assigned
Dr-b 3874 3.15 16 21 167 725 21 201 582 − no (A1,A3-A7,Evx1)∗
Ga-b 3356 2.25 groupXX 9 710 597 9 734 368 − no (A1,A3-A7,Evx1)
Tr-b 3220 1.78 scaffold 48 1 056 655 1 085 990 + no (A1,A3-A7,Evx1)∗
Tn-b 3198 1.76 8 6 606 129 6 627 504 − no (A1,A3-A7,Evx1)∗
Ol-b 3184 1.7 16 13 115 192 13 137 443 − no (A1,A3-A7,Evx1)∗

B

Hs 12998 52.47 17 43 961 911 44 160 954 + -B1 -B2 -B3 -B4 -B5 -B6 -B7 -B8 -B9 -B13

Mmul 11658 32.53 16 32 758 430 32 953 359 +
Cf 10240 26.34 9 28 119 786 28 287 966 +
Mmus 9660 24.67 11 96 010 533 96 183 226 −

Md 7560 10.78 2 201 105 049 201 365 724 + add. hit betw. B3/4?; B8 not assigned
Bt 4007 1.39 19 31 195 622 31 242 559 + no B1-B3; B13 not assigned (slice inverted)
Bt 2532 4.02 19 30 587 810 30 608 457 + B1-B3 (separated due to size constraint)
Dr-a 5955 2.8 3 22 929 837 23 046 057 +
Xt 5242 2.2 scaffold 334 486 967 589 462 + no B13
Tr-a 4398 -0.97 scaffold 41 501 893 661 535 − no B1
Tn-a 4290 -0.11 Un random 38 028 407 38 178 153 + no B7
Gg 3940 2.52 27 3 518 760 3 641 313 − B4,B6,B7 not assigned
Ol-a 3779 -1.11 8 24 280 265 24 441 965 − no B7∗
Ga-a 3714 -1.1 groupXI 1 524 249 1 740 602 − B8 not assigned
Dr-b 2440 0.54 12 34 648 802 34 673 873 + only (B5,B6,B8)+ add. inv. duplication; dupl. B1
Ol-b 1925 -0.2 19 17 578 478 17 594 165 + only B1,B5,B6 well assigned
Tr-b 1921 -0.17 scaffold 130 627 432 642 255 − only B1,B5,B6 well assigned
Tn-b 1819 -0.41 2 1 421 789 1 437 034 + only B1,B5,B6 well assigned
Ga-b 1145 -0.78 groupV 4 598 424 4 613 708 + only B1,B5 well assigned

C

Hs 13892 50 12 52 618 958 52 735 253 + +C13 +C12 +C11 +C10 +C9 +C8 +C6 +C5 +C4

Mmus 13295 36.52 15 102 749 222 102 864 023 +
Mmul 12914 33.3 11 51 036 974 51 154 580 +
Cf 12209 30.56 27 4 211 935 4 324 857 − no C9
Bt 11686 31.94 5 16 729 786 16 874 969 − no C10
Ol 7720 2.83 7 12 836 622 12 906 049 +
Tr 7467 3.06 scaffold 66 126 560 194 602 −

Ga 7243 0.98 groupXII 11 575 429 11 648 707 +
Tn 7224 1.67 9 4 183 940 4 253 228 +
Xt 7062 10.24 scaffold 226 280 901 464 312 + missing flanking hits
Dr-a 7050 4.13 23 35 634 466 35 713 874 + inversion at flanking 3’end
Dr-b 1914 1.83 11 1 379 049 1 406 538 − only C6,C11,C12; (C11,C12) inverted
Md 977 3.33 Un 106 218 114 106 219 621 + isolated C6
Gg 829 1.12 Un random 20 045 123 20 048 409 − isolated C9
Gg 740 0.81 Un random 11 038 119 11 048 409 − isolated C11
Gg 579 0.31 Un random 4 242 275 4 245 456 + isolated C13

D

Hs 14000 56.7 2 176 653 084 176 763 113 + -Evx2 +D13 +D12 +D11 +D10 +D9 +D8 +D4 +D3 +D1

Mmus 10726 25.99 2 74 456 458 74 565 225 +
Mmul 10283 26.1 12 39 720 761 39 831 755 +
Md 9379 14.91 4 187 417 681 187 538 614 +
Cf 8278 12.88 36 22 914 522 23 023 340 +
Bt 8093 20.14 2 16 934 939 17 086 630 − no D11
Xt 6880 6.81 scaffold 163 534 709 664 035 − no D12∗
Gg 5683 3.28 7 17 361 528 17 447 372 −

Dr-a 4111 1.89 9 1 553 343 1 621 062 − no (D1,D8)∗
Tr-a 3930 1.93 scaffold 100 339 085 380 283 − no (D13,D8,D1)∗
Ga-a 3922 1.99 groupXVI 9 792 262 9 840 010 − no (D13,D8,D1)∗
Tn-a 3743 1.51 2 11 075 386 11 118 889 − no (D13,D8,D1)∗
Ol-a 3778 1.68 21 24 590 614 24 637 174 + no D13,D8,D1
Dr-a2 2764 1.12 2 12 067 419 12 108 344 − no D8-D1; duplicate of Dr-a
Ol-b 1586 0.45 15 4 350 793 4 374 607 − D9,D4; only D4 strong
Tr-b 1570 0.42 scaffold 39 584 702 598 598 + D9,D4; only D4 strong
Ga-b 1758 1.21 groupVI 16 162 358 16 182 596 + D9,D4; only D4 strong
Tn-b 1192 0 17 9 576 378 9 594 639 + D9,D4; only D4 strong
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