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Conserved syntenies 
suggest that all 
members of the 
group of genes 
were syntenic 
in the last common 
ancestor of the two 
genomes.
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Two consecutive genome duplication 
events, called R1 and R2, occurred in early 
vertebrate evolution about 500 million 
years ago or more.

An additional round of genome duplication 
(R3) occurred at the base of the radiation of 
teleost fish (the crown group of ray-fin fish, 
like zebrafish, tilapia, and pufferfish, distinct 
from basally diverging ray-fin fish, like 
sturgeon and gar). This R3 event generated 
duplicate chromosome segments in teleosts 
corresponding to single chromosome segments 
in humans and other mammals.

Ohnologs Gone Missing
Ohnologs are paralogous genes resulting from a whole genome duplication. The differential loss of genes that 
follows a duplication event can create “ohnologs gone missing” when different paralogous genes are lost in 
different lineages. These losses can cause anciently related homologs to appear to be orthologous - confusing 
weak sequence homology with functional homology and cause some genes to appear novel. The differential 
loss of genes complicates the process of assigning orthology and paralogy to gene families and creates a 
particularly acute problem with BLAST and phylogenetic tree building methods. Below, in (1), we show a typical 
gene tree for two organisms A and B which have undergone two and three rounds of whole genome 
duplication, respectively. In (2), we see the differential loss of genes, with genes A1 lost from the A lineage and 
genes B1a and B1b lost from the B lineage. In (3), we see a typical tree that might be produced from either a 
BLAST-based method or from a phylogeneic tree-building method. This tree is correct in the sense that the 
remaining three copies of the ancient gene are most related, however, it erroneously implies co-orthology 
where there is none.
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We can take advantage of conserved synteny – neighboring genes produced in the same duplication events 
that retain their relative position and ordering on the chromosomes – to infer when genes are truly 
orthologous or paralogous instead of simply being ohnologs gone missing.

The Synteny Database
The Synteny Database is a searchable database of conserved paralogous and orthologus syntenic clusters and 
exists to aid in determining the evolutionary history of a set of genes. As described in the following section, the 
database is produced using an automated pipeline that first detects paralogs within a genome and orthologs 
between genomes using Reciprocal Best Hit relationships defined by BLAST. It then clusters the resulting gene 
pairs to identify conserved clusters. The system allows the user to enter a gene name, specify an organism and 
outgroup, and displays any syntenic clusters found.
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Abstract
An important objective for inferring the evolutionary history of gene families and chromosomal 
segments is the determination of orthology and paralogy for a set of genes. A stepwise approach 
uses BLAST to define coarse relationships between genes followed by phylogenetic reconstruction 
to determine more detailed hypotheses of descent. Events such as full genome duplications, with 
their associated differential loss of genes, introduce noise into this process. Anomalies such as 
ohnologs gone missing can cause anciently related homologs to appear to be orthologous - confusing 
weak sequence homology with functional homology. Conserved synteny is a third approach for inferring 
evolutionary history. By identifying conserved syntenic clusters in different organisms we can associate 
related genes with their proper duplication events to provide a more accurate picture of gene paralogy 
and orthology. We developed an automated system to identify conserved syntenic regions in multiple 
organisms and we apply that system here to the msx gene family. Case Study
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The Muscle Seg-
ment Homeobox 
(Msx) gene family 
members regulate 
transcription during 
development.

What is the evolutionary history of the msx gene family?

The Human (Hsa) MSX1 and MSX2 genes are paralogous and can be found on Hsa chromosomes 4 and 5, respectively, with strong 
syntenic support. MSX3 and MSX4 are ohnologs gone missing in the human lineage, but Msx3 still exists in the mouse (Mmu).

Msx3 is found on Mmu
chromosome 7, which is
paralogous with Hsa
chromosome 10
(data not shown). 

Hsa10 is paralo-
gous with
chromosomes
2, 4, and 10.

Zebrafish (Dre) gene msxe is found to be orthologous to MSX1 with syntenic
support (data not shown) while msxe’s co-ortholog has been lost.

Dre msxa and msxd are co-orthologs of MSX2 and can be found on zebrafish 
chromosomes 14 and 21. The syntenic cluster, as discovered and drawn by the
automated system, is shown below with three additional pairs of genes
orthologous to genes on Human chromosome 5 (Hsa5).

A second syntenic cluster links Dre msxc and msxb with 10 additional pairs of 
genes, however, these genes are orthologous to different regions in Human,
all paralogous to one another.

Dre msxc, shown to the right, is orthologous to a portion of Mmu 
chromosome 7, which includes Msx3.

These data lead to two hypotheses to explain the evo-
lutionary history of the msx gene family. In both cases a 
single msx gene existed in the ancestral chordates (as 
represented by Amphioxus in this analysis) and after two 
whole rounds of genome duplication created four 
copies in vertebrates, with three copies remaining in 
the mouse, and two in human. A third genome duplication 
occurred in the teleost fish with msxe orthologous to MSX1 
and msxf lost in the teleosts; while msxa and msxd remain 
co-orthologous to MSX2. There is strong support that msxc 
is orthologous to Msx3, while in hypothesis one, msxb is co-
orthologous with msxc and in hypothesis two, msxb 
is orthologous to the ohnolog gone missing, MSX4.
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The effects of gene sliding window size when detecting clusters. These clusters were detected while searching among human 
paralogs detected by the analysis pipeline (using Ciona intestinalis as an outgroup). The blue plot shows the number of syntenic 
clusters detected by the pipeline after randomizing pairs of Reciprocal Best Hit (RBH) genes. Each dataset was randomized 100 
times and the mean and standard deviation are plotted. The red plot shows the number of syntenic clusters detected with the 
non-randomized dataset. As the window size increases to 200 genes, the number of large clusters detected by chance alone 
increases.

Combining BLAST results and discarding poor hits, the analysis pipeline builds n-way groups of related genes by
searching for Reciprocal Best Hits (RBHs).

Groups are anchored to their ortholog in 
the outgroup, as deteremined by RBH. This 
causes large groups of genes to be broken 
down into their paralogous groups.


