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ABSTRACT

Phylogenetic patterns show the presence or
absence of certain genes in a set of full genomes
derived from different species. They can also be
used to determine sets of genes that occur only in
certain evolutionary branches. Previously, we pres-
ented a database named PhyloPat which allows
the complete Ensembl gene database to be queried
using phylogenetic patterns. Here, we describe an
updated version of PhyloPat which can be queried
by an improved web server. We used a single link-
age clustering algorithm to create 241697 phyloge-
netic lineages, using all the orthologies provided by
Ensembl v49. PhyloPat offers the possibility of
querying with binary phylogenetic patterns or regu-
lar expressions, or through a phylogenetic tree of
the 39 included species. Users can also input a list
of Ensembl, EMBL, EntrezGene or HGNC IDs to
check which phylogenetic lineage any gene belongs
to. A link to the FatiGO web interface has been
incorporated in the HTML output. For each gene,
the surrounding genes on the chromosome, color
coded according to their phylogenetic lineage can
be viewed, as well as FASTA files of the peptide
sequences of each lineage. Furthermore, lists of
omnipresent, polypresent, oligopresent and anticor-
relating genes have been included. PhyloPat is
freely available at http://www.cmbi.ru.nl/phylopat.

INTRODUCTION

Phylogenetic patterns show the presence or absence of
certain genes in a set of whole genome sequences derived
from different species. These patterns can be used to deter-
mine sets of genes that occur only in certain evolutionary
branches. The use of phylogenetic patterns has been
common practice as increasing amounts of orthology
data have become available. One example is clusters of

orthologous groups (COGs) (1), which included a
Phylogenetic Patterns Search (PPS) and an Extended
Phylogenetic Patterns Search (EPPS) (2) tool, providing
the possibility of querying the phylogenetic patterns of
the COG protein database using regular expressions. The
ortholog database OrthoMCL-DB (3) also offers this pos-
sibility. However, PPS tools have only been available for
querying proteins, and not for querying genes. The PhIGs
(4), Hogenom (5) and TreeFam (6) databases all offer
phylogenetic clustering of genes, but do not have the func-
tionality of phylogenetic patterns, and do not include the
full range of Ensembl (7) species. Moreover, these data-
bases do not provide additional genomic information such
as function and organization of neighboring genes. In
September 2006, we introduced a database named
PhyloPat (8) that offers the possibility of querying the
Ensembl database using any phylogenetic pattern. Here,
we show the newest version of this database, and show
applications of the new functionalities that have been
implemented in the web server, such as a gene neighbor-
hood view, anticorrelating patterns, support of Entrez
Gene (9) IDs and direct sequence retrieval of members
of a phylogenetic lineage.

DATABASE CONTENT AND CONSTRUCTION
Content

A set of phylogenetic lineages was constructed containing
all the genes in Ensembl that have orthologs in other spe-
cies according to the BioMart (10) database. This set
covers all of the 39 (eukaryotic) species available in
Ensembl version 49 (preversions and low coverage gen-
omes not taken into account). First, we collected the com-
plete set of orthologies between these 39 species, consisting
of 741 species pairs, 815452 genes and 19010 478 ortho-
logous relationships. The orthologies within Ensembl v49
consist of 11446546 one-to-one relationships, 4 588 300
one-to-many relationships and 2975632 many-to-many
relationships. These orthologies are determined by
the thorough Ensembl ortholog detection pipeline
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(http://www.ensembl.org/info/about/docs/compara/homo
logy_method.html). This pipeline starts with the collection
of a number of best reciprocal hits [BRHs, proven to be
accurate (11)] and best score ratio (BSR) values from a
WU BLASTP/Smith—-Waterman whole-genome compari-
son. These are used to create a graph of gene relations,
followed by a clustering step. These clusters are then
applied to build a multiple alignment using MUSCLE
(12) and a phylogenetic tree using TreeBeST (http://tree
soft.sourceforge.net/treebest.shtml). Finally, the above
mentioned orthologous relationships are inferred from
this gene tree.

Construction

After the collection of all orthologous pairs, we generated
phylogenetic lineages using a single linkage algorithm.
First, we determined the evolutionary order of the studied
species using the NCBI Taxonomy (13) database. The
phylogenetic tree [phylogram, created by TreeView (14)]
of these species, together with some phylogenetic branch
names, are shown in Figure 1. Second, we used this phy-
logenetic tree as a starting point for building our phylo-
genetic lineages. For each gene in the first species
(Saccharomyces cerevisiae), we looked for orthologs in

Saccharomyces cerevisiae (1)
Caenorhabdiis elegans (2)
Xenopus tropicalis (13)

Tetrapoda

Amniota

FungiMetagoa group

Gallus gallus (14)

the other species. All orthologs were added to the phylo-
genetic lineage, and in the next round were checked for
orthologs themselves, until no additional orthologies were
found for any of the genes. This process was repeated for
all genes in all 39 species that were not yet connected to
any phylogenetic lineage yet. The complete phylogenetic
lincage determination generated 241697 lineages. Please
note that the phylogenetic order that we have determined
here does not affect the construction of the phylogenetic
lineages in any way: changing the order only influences the
numbering of the phylogenetic lineages but not the con-
tents of the lineages. This is due to our clustering algo-
rithm, in which each orthologous relationship is treated
symmetrically. Figure 2 shows the database scheme; the
phylogenetic lineages, gene neighborhood and some map-
ping information have been stored in six tables, and opti-
mized for fast querying.

WEB APPLICATION
Overview

We developed an intuitive web interface (Figure 3) to
query the PhyloPat MySQL database containing these

Ornithorhynchus anatinus (15)

Theria

Monodelphis domestica (16)
Dasypus novemcinctus (17)
Tupaia belangeri (27)

Cavia porcellus (31)
Rodertia Spermophilus tridecemlinestus (30)
Sciurognathi . Rattus norvegicus (28)
Glires Murinae
Mus musculus (29)

Euarchontofiires

Lagomorpha

Oryctolagus cuniculus (32)
Ochotona princeps (33)
Otolemur garnettii (34)
Microcebus murinus (35)

Bilateria

Chordata

Danio rerio (12)

Perc

Ciona savignyi (6)

Ciona intestinalis (7)

Drosophila melanogaster (5)
Diptera Anopheles gambiae (3)
Culicidae
Aedes aegypti (4)

Eutheria

Primates

Macaca mulstta (36)
Catarrhini Pongo pygmaeus (37)
Hominidae Homo sapiens (39)
Homo/PaniGorilla group
Pan troglodytes (38)

Loxodonta africana (26)
Afrotheria

Echinops telfairi (25)

Myotis lucifugus (21)
Bos taurus (18)

Equus caballus (22)
Felis catus (24)
Canis familiaris (23)

Laurasiatheria
Carnivora

Sorex araneus (19)

Erinaceus europaeus (20)

Tetraodon nigroviridis (8)

| r———

1 Tetraodontidae
Takifugu rubripes (9)

Gasterosteus aculeatus (11)

—i Smegmamorpha

Oryzias latipes (10)

Figure 1. Phylogenetic tree of all species present in PhyloPat. This is the unrooted NCBI Taxonomy tree of all species available in Ensembl and
PhyloPat. The numbers are the order in which the species are shown on the PhyloPat results pages. A phylogram version of this tree is available
through the website.



phylogenetic lineages and the derived phylogenetic pat-
terns. As input a phylogenetic pattern is used, generated
by clicking a set of radio buttons or by typing a regular
expression, or a list of Ensembl (7), EMBL (15), Entrez
Gene (9) or HGNC symbols (16). The application of
MySQL regular expressions provides enhanced querying.
The output can be given in HTML, Excel or plain text
format. A link to the FatiGO (17) web interface has been
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is provided, through which each branch can be selected to
view a list of branch-specific genes. This tree can be down-
loaded in PHYLIP (18) format.

Omnipresent genes

An analysis of all lineages with the phylogenetic pat-
tern TITITTTTITITTTIIITIL1IIILI11TII1111111111" (or
MySQL regular expression "1+ $) gives a list of ‘omni-

incorporated in the HTML output, creating easy access to
functional annotation of the genes in the phylogenetic
lineage. Each phylogenetic lineage can be viewed sepa-
rately by clicking the PhyloPat ID (PPID). This view
gives all Ensembl IDs within the phylogenetic lineage
plus the HGNC (16) symbols, FASTA-format files with
the proteins sequences, and the gene neighborhood. The
web interface also provides some example queries, the 100
most occurring patterns, anticorrelating patterns and
numerical overviews of lineages that are present in (i) all
species (ii) almost all species and (iii) only one or two
species. Finally, a phylogenetic tree of all included species

present’ genes, i.e. present in all 39 species. We found 688
omnipresent genes, which most likely have important func-
tions, since they are present in all species. Figure 4a shows
the top 15 of 5th level GO (19) molecular functions for all
2345 human genes within these omnipresent phylogenetic
lineages, generated by FatiGO (17). To compare the
results, we also show the top 15 of 5th level GO molecular
functions for the complete set of human genes (32 584 in
Ensembl v49), in Figure 4b. The GO molecular function
annotation shows that omnipresent genes are more often
involved in adenyl nucleotide binding compared than
random human genes (17.90% versus 12.80%), and less

phylopat_49_lineages phylopat_49_genes phylopat_49_ng
ppid varchar(g) species varchar(4) N species varchar(4)
scer text ens varchar(25) specnr int(2)
cele text bpid varchar(g) chr varchar(25)
agam text 110 varchar(25)
aaeg text ppl10 varchar(g)
dmel text 109 varchar(25)
csav text ppl09 varchar(g)
cint text 108 varchar(25)
thig text ppl08 varchar(g)
trub text 107 varchar(25)
olat text ppl07 varchar(g)
gacu text 106 varchar(25)
drer text phylopat_49_embl ppl06 varchar(g)
wtro text Species varchar(4) 105 varchar(25)
ggal text ens varchar(25) ppl0S varchar(g)
nana text ernbl varchar(25) 104 varchar(25)
mdom text ppl04 varchar(g)
dnov text 103 varchar(25)
btau text ppl03 varchar(g)
sara text 02 varchar(25)
eeur text ppl02 varchar(g)
mluc text 01 varchar(25)
ecab text pplO1 varchar(g)
cfam text center varchar(25)
fcat text ppcenter varchar(g)
etel text phylopat_49_entrez rol varchar(25)
lafr text species varchar(4) pprol varchar(g)
thel text ens varchar(25) ro2 varchar(25)
rnor text entrez varchar(9) ppro2 varchar(g)
mmus text r03 varchar(25)
stri text ppro3 varchar(g)
cpor text r04 varchar(25)
ocun text ppro4 varchar(g)
opri text r0Ss varchar(25)
o0gar text ppros varchar(g)
mmur text r06 varchar(25)
mmul text ppro6 varchar(g)
ppyag text r07 varchar(25)
ptro text ] phylopat_49_hgnc ppro7 varchar(g)
hsap text species varchar(4) / 08 varchar(25)
pattern varchar(39) Yens varchar(25) r ppros varchar(g)
hanc varchar(12) r09 varchar(25)
pprog varchar(g)
ri0 varchar(25)
ppri0 varchar(g)

Figure 2. The PhyloPat database scheme. The database scheme shows all six tables used in the application. Table names are in bold, primary keys
are in italic. Links between fields are shown with arrows. The left side of each column shows the field names, the right side shows the field types.
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PhyloPat :: Menu [

PhyloPat :: Phylogenetic Patterns :: Pattern Search
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Patt s } O+ O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O*O* O*O*O*O*O*O*
©0|®0|®0o|@Do[@0|@0|@0a|Do|@o[@0|Do|@o|Do|Do[@0|@o|De|Do|Do|@0|@o|Do|Do[@o|@o|©o|Do|Do[@o|@o|©e|Do|@o|@o|@o|©o|Do|Do|@o
1D Search all on 1 allon* || allon0
Or define a regular expression:
Top Patterns
e.g. 20*1{5}0*¢ gives all genes that occur only in five subsequent species (help) (examples)
Example Queries
show O 50 ® 100 O 200 O 500 O 1000 O all lineages
Phylogenetic Tree
e [ © 2008 by Tim Hulsen
Polypresent
Omnipresent
Anticorrelating

Figure 3. The PhyloPat web interface (Pattern Search tab). The web interface has the menu on the left and the input/results page on the right. On the
pattern search page, the user can generate a phylogenetic pattern by clicking a radio button for each species. 1 = present, * = present/absent,
0 = absent. The buttons directly below put all 39 species on the corresponding mode. MySQL regular expressions offer the possibility of advanced
querying. The user can choose to show any number of lineages and choose the output format: HTML, Excel or plain text.

often involved in transition metal ion binding (16.11%
versus 23.23%). The genes with G-protein coupled recep-
tor activity seem to be underrepresented in the omnipresent
genes; whereas from the complete human genome 7.85% is
involved in GPCR activity, this molecular function is not in
the top 15 for the omnipresent gene set, with only 0.64%.
This is likely due to the fact that GPCRs are almost absent
in S. cerevisiae and are a class of molecules with highly
specific functions in different organisms (20). However,
this still needs to be proven by experimental data.

Oligopresent genes

The distribution of ‘oligopresent’ genes (genes that exist in
only one or two species) can be used to determine which
species are evolutionary most related, as the number
of shared genes, that are absent in other species, can be
used as a measure for the phylogenetic distance (21). It
is apparent that Ciona savignyi and C. intestinalis are the
closest relatives (1866 oligopresent genes), followed by
Anopheles gambiae and Aedes aegypti (1206 oligopresent
genes) and Rattus norvegicus and Mus musculus (557
oligopresent genes). These results correspond with the cur-
rent view on the evolutionary relationships between these
species. It should also be noted that the incomplete orthol-
ogy information contained in the BioMart database
causes the number of genes present in only one species
to be very high. This will improve with each new
Ensembl release, as orthology information and functional
annotation are expanded and improved in each release.

Polypresent genes

A second measure for evolutionary relatedness is the dis-
tribution of ‘polypresent’ genes: genes that are missing in

only one or two species. Saccharomyces cerevisiae has the
highest number of missing polypresent genes: 552 polypre-
sent genes do not occur in S. cerevisiae only, and 505
polypresent genes are not present in S. cerevisiae and a
second species. When not taking into account the outlier
species S. cerevisiae, both Ciona species have the highest
number of missing polypresent genes: 18 lineages occur in
all species except for C. savignyi and C. intestinalis.

Anticorrelating patterns

Figure 5 gives an overview of anticorrelating pattern pairs,
and the numbers of lineages that have these patterns.
Anticorrelating patterns are defined as patterns that are
exactly opposite (‘0’—‘1" and ‘1’—°0"), and have at least
five Os and at least five 1s. Phylogenetic lineages with anti-
correlating patterns can be functionally completely differ-
ent, but could also be highly similar in function. For
example, phylogenetic lineage PP110132 has the pattern
‘000000000000000010111001111001111110010” (upper
line of Figure 5), while phylogenetic lineage PP004906
has the anticorrelating pattern “1111111111111111010001
10000110000001101°. The PP110132 genes are all anno-
tated by Ensembl as ‘no description’, but some of the
PP004906 genes are annotated as ‘Chromatin modifying
protein 1b> (CHMPIb, in Danio rerio, Gallus gallus,
M. musculus and Xenopus tropicalis). The PP110132 genes
can be analogous to CHMPIb, i.e. performing a similar
function to CHMP1b, without being evolutionary related.

Gene neighborhood

Figure 6 shows the gene neighborhood for PhyloPat
ID PP000255 (ERNI1, ERN2). The human gene
ENSG00000134398 has two predicted orthologs in
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Figure 4. Gene Ontology annotations of (i) omnipresent and (ii) all human genes, created by FatiGO. (a) The 5th level Gene Ontology Molecular
Function annotations for all 2345 human genes in omnipresent lineages. (b) The Sth level Gene Ontology Molecular Function annotations for all

32584 human genes, used as a reference set.

chimpanzee: gene ENSPTRGO00000007893 and gene
ENSPTRG00000009535. However, only the gene neigh-
borhoods of gene ENSPTRGO00000007893 and gene
ENSGO00000134398 correspond, for mnine of the
nearest neighbors. This is called ‘orthologous conservation
of gene neighborhood” and it shows that the two
genes involved are evolutionary related (22). In this
case, we would say that the ‘true’ ortholog of gene
ENSGO00000134398 is very likely to be gene
ENSPTRGO00000007893. Apart from inferring ‘true’
orthology from the genome organization, gene neighbor-
hoods can also be used to infer functional annotation for
genes or build hypotheses about the processes or pathways
that genes might be involved in.

FASTA-format sequence files

Both the pattern search output and the gene neighbor-
hood view contain links to FASTA files of the peptide
sequences belonging to each phylogenetic lineage. We
included two types of files: one with all peptide sequences
(marked by ‘A”) and one with only the longest translation
of each gene (marked by ‘L’).

DISCUSSION AND CONCLUSION

The above examples show that PhyloPat is useful in
orthology detection, evolutionary studies and gene anno-
tation. It builds on and expands the concept of
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phylogenetic pattern tools like EPPS (2), and on gene
databases like PhiGs (4), Hogenom (5) and TreeFam (6).
The originality of PhyloPat lies in the combination of
these two aspects: phylogenetic pattern querying and
gene family databases. In PhyloPat, it is possible to deter-
mine a species set that should be included (1), a species set
that should be excluded (0) and a species set which pres-
ence is indifferent (x). This, and the use of regular

Anticorrelating patterns:

000000000000000010111001111001111110010 | 1 | 111111111111111101000110000110000001101 | 1

000000000000001010111000111001111110010 | 1 | 111111111111110101000111000110000001101 | 2

001111100000000000000000000000000000000 | 16 | 1100000111111311111311113311133311313311111 | 3

011111000000000000000000000000000000000 | 2 | 10000011313333133333333193131333333331333 | 1

011111100000000000000000000000000000000 | 13 | 100000011111111111111121111111131311111 | 9

101111100000000000000000000000000000000 | 2 010000011111111111333313333131111111111 | 16

148

330

Figure 5. Anticorrelating patterns. The anticorrelating pattern page of
PhyloPat version 49. Columns 1 and 3 show the anticorrelating phylo-
genetic patterns, columns 2 and 4 the numbers of phylogenetic lineages
that have these patterns.

expression queries, enables quite complex PPSs and clus-
tering. Furthermore, we aim to provide an easy-to-use web
interface in which the Ensembl database can be queried
using phylogenetic patterns. Users can see which gene
families are present in a certain species set but missing in
another species set. The output of PPSs can be easily ana-
lyzed by the FatiGO tool, like we demonstrated in
Figure 4. Another advantage of PhyloPat is that it relies
on the Ensembl database only. Other gene databases use a
wide range of gene and protein data sets, each with their
own standards and methodologies. By using only the pop-
ular Ensembl database as input, we create a nonredundant
database, through which it is possible to easily study
lineage-specific expansions of gene families. Finally, the
new options of the web application of PhyloPat make it
easier to query the database and to retrieve the sequences
from the lineage of interest. The gene neighborhood view
adds a new level of information: genomic context can help
in locating evolutionary-related genomic clusters of genes,
and in detecting the ‘true orthologs’ within large sets of
predicted orthologs as well as in functional annotating less
well known genes. PhyloPat will be updated with each
major Ensembl release to ensure up-to-date and reliable
phylogenetic lineages. Older versions of PhyloPat (starting
with version 40) are maintained and linked to the corre-
sponding Ensembl archive pages. Future versions of

[ PhyloPat :: Phylogenetic Patterns :: Lineage Information

HUGO gene

for phylogenetic lineage PPO00255

ERN1 ERN2

Peptide sequences for phylogenetic lineage PP000255

Click here for the FASTA file of all peptide sequences, click here for the FASTA file of the longest peptide sequences

Neighbouring genes for phylogenetic lineage PP000255

This table shows the gene neighborhood for phylogenetic lineage PPO00255. The middle (black) column shows the gene belonging to lineage PPODD2SS, with on the left and right the 20

the last part of the Ensembl ID (top) and the PhyloPat ID (middle) are displayed, as well as the HUGO ID(s) (bottom). Clicking on these links will bring you to the corresponding Ensembl,
PhyloPat, and HUGO pages.

genes that are nearest on the genome. Genes that have the same colour are in the same lineage. If a neighbouring lineage contains less than 5 genes, it is coloured white. For each gene,

Species Chr. 10 K] ) 7 % S a 3 2 1 [center] +1 2 +3 v +5 +6 7 8 +9 +10
5162
P 08604 4 36487 07312 | 07314 | 08622 | 73409
beoe LR 17 5777 | 13212 | 59734 | 59734 2734 | 62170 | 20874 | 70725 |5321 Jaeas
[ED] 97N MARCD2 CsHz | GHz €3HL | co79e | scnea | icam2 |GEmINg 222828
[ £8434 | 99795 | 12593 | 92389 66847 |CESSH
ol 16 3ess3 | 22138 | 12593 | o4es 7122 | 7931
[ coG? 228971 | Geaz DCTNS | BLKL
ptro B 6 asass |OIEEE | 534g | 7247 07891 ﬂlﬁlm
(38) 229993 | 2258 | 230477 | 21210 zizz [
M 09523 0805 [ 1os0g | 09531 | 09532 [ osay —
o] & 17 3941 o734 | 33322 | 62170 | 20874 | 23332 .
ODRa2 5H2 CD758 | 5chea
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ppYq e 07194 %ﬁ‘ 063991 2?2;2
() 7122 |G| ssos 21092
19235
""3"';"' £, 20 ‘;é’: 65080
0] AR E4FL
Immul A - 29873 et 11358 | 90573 | 00580 | 14656 29861
(36) 216786 Lo | sovsa | SETE | 2RT2 70725 215021
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e Seneseafold 36853 | 2483 7122 | 3931
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10005 10024 | 10028 | 10040 03952
] G’"ﬁ‘:g“d- 5777 ;gsé: 62170 | 20874 | 70725 3941
[E5] smaRcD2) CD798 | ScNaa |icamz DDX42

Figure 6. Lineage information of PP000255. Lineage information page, including gene

neighborhood, for PP000255 (ERNI/ERN2). The middle

(black) column shows the gene belonging to lineage PP000255, with on the left and right the 20 genes that are nearest on the genome. Genes that
have the same color are in the same lineage. If a neighboring lineage contains less than five genes, it is colored white. For each gene, the last part of
the Ensembl ID (top) and the PhyloPat ID (middle) are displayed, as well as the HGNC symbol(s) (bottom), linking to the corresponding Ensembl,

PhyloPat and HGNC pages.



PhyloPat might contain more features such as a statistical
significance measure for the comparison of multiple phy-
logenetic patterns, and user-defined species sets for the
calculation of orthologous groups.
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