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Supplementary Methods

Identification of ohnologs

We used a gene-content based approach to detect the 2R-WGD retained sister regions
having ohnologs, called synteny blocks, between a pair of outgroup (invertebrate) and
paleopolyploid (vertebrate) genomes (Figure 1). Each vertebrate genome was compared
to six outgroup genomes (outgroup comparison), to itself (self-comparison) and to the
other vertebrate genomes. A flowchart summarizing our algorithmic approach is depicted
in Figure 2.

Input genomes (Figure 2A)

We identified ohnologs from early vertebrate 2R-WGD in six amniote genomes, namely,
human (Homo sapiens), chicken (Gallus gallus), dog (Canis lupus familiaris), pig (Sus
scrofa), mouse (Mus musculus) and rat (Rattus norvegicus), by integrating multiple
comparisons of content-based synteny conservation of each vertebrate genome relative to
six invertebrate outgroup genomes, namely, one lancelet (cephalochordate): Amphioxus
(Branchiostoma floridae), two tunicates (urochordates): Ciona intestinalis and Ciona
savignyi, an echinoderm: sea urchin (Strongylocentrus purpuratus), and two basal
bilaterians: fly (Drosophila melanogaster) and worm (Caenorhabditis elegans), Figure

S4.

Protein coding genes and their genomic coordinates

We limited the analysis to protein coding genes. Except for sea urchin and Amphioxus,
protein coding genes and their genome positions were obtained from Ensembl version
70 [33] using BioMart. Sea urchin and Amphioxus genes and their genome coordinates
were downloaded from Ensembl Metazoa [34] and DOE Joint Genome Institute (JGI) [17]
respectively. We further excluded genes belonging to unassembled scaffolds or haplotype
regions in the vertebrate genomes. Each outgroup and vertebrate genome was then
represented by a list of gene identifiers sorted on the basis of their start positions on
their respective chromosome.

Orthologs and paralogs and duplication timing

Using unidirectional pairwise BLASTp (E-value < 107°), we selected, for each vertebrate
gene, its best orthologous match in a given outgroup genome. We then identified
vertebrate genes sharing the same ortholog in this outgroup genome and considered them
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as the only gene duplicates in the vertebrate genomes, for this specific outgroup-vertebrate
synteny comparion.

The duplication timing of these paralogous genes within the vertebrate genomes were
obtained from Ensembl compara [35] using BioMart. We noticed, however, ambiguities
in duplication times and associated nodes in successive Ensembl versions. This is because
Ensembl compara assesses duplication times by constructing gene families through
clustering, and then reconciles gene trees for each family with the species tree. Therefore,
as new organisms are added in updated versions, duplication nodes of paralog pairs can
change. For example, the duplicate pair RalGDS — RGL/ has been annotated to Eutheria
in Ensembl v66, Bilateria in v67, again to Eutheria in v68-69 and to Euteleostomi in
v70.

Therefore, rather than using just one node at the base of vertebrates, we considered
paralogs from four duplication nodes at the base of vertebrates (Chordata, Vertebrata,
Euteleostomi and Sarcopterygii), as candidate ohnologs with acceptable duplication
time, before filtering them further based on synteny criteria (see below). For the human
genome, we further took the consensus of 6 Ensembl releases (v65-v70) and collected
paralog pairs whose duplication times were annotated to one of these four nodes in the
majority of these Ensembl releases, taking the version v70 in the case of ambiguities.
Figure S3 lists the number of genes, orthologs and paralogs for all the analyzed genomes.

Identification of synteny blocks and anchors (Figure 2B)

A content based synteny block is defined as a region between an outgroup and a vertebrate
genome (Figure S5A), or between two regions within the same vertebrate genome (Figure
S5B) having multiple homologous gene pairs. Between the genomes of two species such
blocks represent conserved genomic regions descended from their last common ancestor.
Within the genome of the same organism, synteny blocks represent duplicated sister
regions, provided the duplication time of the genes residing on such blocks is the same.

Vertebrate WGDs are among the oldest known genome duplications and the con-
servation of gene order or collinearity is limited [17]. However, conservation of macro-
or content-based synteny can be observed between genomic regions, where there is a
statistical enrichment of orthologs, even after more than 500 million years of independent
evolution since the divergence between vertebrates and invertebrates [17,31].

We used a window based approach to detect such regions between outgroup and
vertebrate genomes extending earlier similar approaches [3,32]. Any two regions between
an outgroup and a vertebrate genome were considered to be candidate synteny regions
(necessary but not sufficient condition), if there were at least m orthologous gene pairs
between them, within a window of size W, where 2 < m < W. We scanned the genomes
of invertebrate and vertebrate organisms by placing a symmetric window around the
ortholog genes in each genome in such a way that there are W/2 genes upstream and
downstream (Figure S5A). Hence, the ortholog partner under consideration is at the
center of the windows in each genome. All such blocks were identified genome-wide
and were labelled by the ortholog pair at the center of the blocks, referred to as the
anchors, e.g. O7 — V7,07 — Vi in Figure S5A. At the chromosome boundaries, we kept
the window size fixed by making it asymmetric around the anchor gene to avoid biasing
the calculation of synteny P-values described below.

The procedure was repeated between regions in the same genome to perform the
self comparison of vertebrate genomes and to identify all vertebrate-vertebrate anchors,
e.g. Vo — Vil in Figure S5B. While comparing two regions within the same vertebrate
genome, we only considered paralogs duplicated at the base of vertebrates for each of
the vertebrate genome according to Ensembl compara as detailed above.
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Calculation of P-value to rule out spurious synteny (Figure 2C)

Since we resort to content based synteny for different value of W and m, it is important
to establish that the observed synteny is not just by chance especially for large W and
small m. We detail below the estimation of the P-values for the observed content-based
synteny between a vertebrate and a invertebrate windows of the same size W. The
same approach can be readily applied to assess content-based synteny by self-comparison
within the same vertebrate genome.

Given the ortholog pairs and their locations on the outgroup and vertebrate genomes,
we calculate the probability of finding at least k other orthologous gene pairs by chance
between the same windows (Psj = P — value) for all identified anchors, as follows.

For any gene O; in the outgroup window (e.g. O; = O : Og; Figure S6), we first
calculate the probability P; of finding at least one ortholog of gene O; by chance in a
random window of the same size W 4 1 in the vertebrate genome, as,

1_ZNFW)
ZC(NC - W)

where, N, is the total number of genes on the vertebrate chromosome ¢ and, I, the
length of the segments s of consecutive genes in the vertebrate genome without any
ortholog of the outgroup gene O;. Hence, > (I; — W) is the number of windows of size
W + 1 in the vertebrate genome without any ortholog of the outgroup gene O; (i.e. blue
segments of length W + 1 on the vertebrate genome between ortholog of Og in Figure
S6).

We calculate the probabilities P; for all the genes O; in the outgroup window having
ortholog(s) anywhere in the vertebrate genome (Figure S6). These probabilities are then
used to estimate the P-values (Psy) of finding at least k& other orthologous gene pairs
by chance between the same windows.

This is illustrated on the example of Figure S6 with three additional ortholog pairs
(green) between the two windows (boxes) in addition to the central anchor pair (red).
Therefore, the P-value for the observed synteny is the probability that we find by chance
3 or more other orthologous genes in the same window of the vertebrate genome. In
principle, we can directly calculate the probability of finding any combinations of 3, 4,
5,... genes in a given window by chance. However, for realistic window sizes (100 to
500), this becomes computationally unfeasible, as the number of combinations increases
super-exponentially with the number of orthologs. Therefore, we resort to a faster
mean field computation, assuming that the probabilities P; in the block are comparable
and can be averaged over all outgroup genes with orthologs in the vertebrate genome
(i.e. Pos, Pos, Pog in the example of Figure S6) excluding the anchor (i.e. Po7 in Figure
S6), as,

P, =

No

og(P) = 1 Y. log(P)

i#anchor

where P is the geometric average of P; (excluding the anchor) for the window under
consideration. The probability of observing > k genes where k is the observed orthologs
between the two windows can then be estimated using the following binomial formula.

No

Psp = ; [( ]\]],0 ) x P x (1—P)N“J}
_1Zl<?)xﬂxummﬂ
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where, N, is the number of outgroup genes in the outgroup window having at least one
ortholog somewhere in the vertebrate genome (excluding the anchor pair).

This content-based synteny probability, P~j, can be interpreted as the P-value,
Po_v, assessing our confidence on the synteny of the outgroup and vertebrate synteny
regions around the anchor pair, O — V. The same approach can be readily adapted to
compare two windows within the same vertebrate genome for self-comparison synteny
identification (see below).

Identify putative ohnolog pairs (Figure 2D)

Due to the two rounds of genome duplication in the vertebrate genome, each synteny
window in the outgroup genome should ideally correspond to up to four windows in the
vertebrate genome, however, only a minority of ohnologs are in fact retained in more
than 2 copies (see final counts in Table 1 & Figure S2 for numbers).

To search for ohnolog pair candidates, we identify anchors in the vertebrate genome
that share the same outgroup gene (e.g. O7 — V7 and O7 — Vi in Figure S5A). Vertebrate
genes with such overlapping anchors define the initial ohnolog pair candidates. Yet, the
duplication time of these ohnolog candidates may not correspond to the base of vertebrates
(in particular for very relaxed synteny criteria). Such initial ohnolog candidates, that are
not duplicated at the correct time according to Ensembl, are excluded from our list of
ohnolog pair candidates. The remaining ohnolog pair candidates are then further filtered
by combining their P-values relative to the different outgroups, as detailed below.

By contrast, for vertebrate genome self-comparison, since we have restricted the
analysis to paralogs from the base of vertebrates, each anchor pair can be directly taken
as ohnolog pair candidate (e.g. V7 — V7 in Figure S5B), before its statistical significance
can be assessed as described below.

Define g-scores by combining P-values from anchors (Figure 2E)

For outgroup comparison, candidate ohnologs correspond to two anchor pairs sharing
the same orthologous gene in the outgroup genome. Thus, the statistical confidence of
each candidate ohnolog pairs must a priori consider two P-values corresponding to each
anchor. For example, for the ohnolog candidate pair V7 — V/ in Figure S5A, we obtain
two P-values, Po,—v, and Po,_v;, from each anchor. These two P-values can be very
different as they depend on different genomic contexts in the vertebrate genome. In the
following, we have taken the largest P-value from the least conserved synteny block as
quantitative synteny assessment or g-score, QQ v_y__, for each ohnolog pair candidate,

og’
Qv-vr,, =max(Po_v, Po_v)

Note that this ¢-score definition is more stringent than a standard P-value by biasing the
quantitative synteny assessment of ohnolog pair candidates towards the largest P-value
of the two synteny comparisons. However, the smallest P-value corresponding to the
most conserved synteny block may solely reflect shared ancestry without WGD between
the two lineages.

Similarly, for self comparison, because synteny comparison is directional, we also get
two P-values (e.g. for Vz — VI and Vi — V7 comparisons in Figure S5B), each block
being alternatively chosen to play the role of the outgroup region to calculate a P-value
as above. We take the geometric mean of these two P-values as quantitative synteny
assessment for self comparison, @Q y_v- for each ohnolog pair candidate (e.g. for
Vz — V7 in Figure S5B),

self ?

(log(Py—v) +log(Pyrv))

|~

IOg(Q V—V’se1f) =
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Sample genomes with multiple window sizes (Figure 2F,G)

Typically, window based approaches for inferring synteny only consider a single window
size [3,32]. However, there is a priori no optimum size of the window. Since we have a
quantitative assessment of the statistical significance of content-based synteny, we have
repeated and integrated the above procedure using multiple window sizes (i.e. steps
A-E in Figure 2). We start with a relatively small window size of 100 and sample each
genome with increasing window sizes of 200, 300, 400 and 500, with a minimum of k = 2
orthologs/paralogs required between each windows (including the anchor).

If an ohnolog pairs is identified by multiple window sizes, w, we obtain an effective
g-score, Q, for that pair using the geometric mean of the g-scores, @,,, from all the
window sizes by which the pair is identified,

log(Qa) = > loa(Qu)

where n,, is the number of window sizes by which the pair can be identified. We
compute the average g-scores and store all the ohnolog pairs for each outgroup (Qw,,)
and self (Qw,,,,) comparison.
For self comparison, these average g-scores (Pg.,,
statistical confidence of the content based synteny,

Qself S5 Qﬁself

whereas the average g-scores for outgroup comparison (Pyg,,) will be further improved
by integrating multiple outgroup comparisons to enhance the statistical confidence of

the content-based synteny, as detailed below.

) can then be directly used to assess

Combine g-scores from all outgroups (Figure 2H)

We perform comparison of each vertebrate genome with six different outgroups to
overcome lineage specific rearrangements in the different outgroups. In addition, if an
ohnolog pair is identified by multiple outgroups, it strengthens our confidence that the
pair is a ‘true’ ohnolog. Therefore, we assess the likelihood of ohnolog pairs from multiple
outgroups by multiplying their g-scores from all outgroups,

all outgroups

Qoutgr = H Qﬁog

og

This amounts to assume that the synteny conservation is independent for different
outgroups due to lineage specific rearrangements since their divergence more than 500
MY ago. In fact, comparisons with randomized genomes, Figure S7, confirmed limited
spurious identification of false positive ohnologs due to outgroup genome correlations.
All in all, using multiple outgroups improves the statistical significance of the inferred
ohnolog pairs in each vertebrate.

Average g-scores over amniote genomes (Figure 2I)

In addition to rearrangements in outgroup genomes, lineage specific rearrangements in
vertebrate genomes can also hinder the identification of ohnologs. To circumvent this
difficulty, we took advantage of ohnolog pairs identified in multiple amniote genomes. We
then took the geometric average of their g-scores over amniotes sharing these ortholog
pairs in Ensembl.

In case of multiple such ohnolog pairs due to lineage specific SSD, we used the best
ohnolog pair having either minimum g-score from outgroup synteny, or self synteny,
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or having maximum outgroup support in the genome with multiple pairs. We then
calculated the geometric mean of g-scores for self and outgroup synteny comparisons
and assigned them to each consensus ohnolog pair.

This yields the final averaged q-scores for outgroup (Qouter) and self-synteny (Qseir)
comparisons, for all ohnolog candidate pairs identified in at least one amniote genomes.
Using averaged g-scores improves the statistical significance of the inferred ohnolog
pairs by circumventing some recent lineage specific rearrangements in amniote genomes,
while taking into account their long common evolutionary history since divergence from
invertebrate outgroups. The integration allows us to identify genes that are no longer in
significant synteny in a particular vertebrate genome, but are ohnologs with very high
confidence in other vertebrates.

Filter ohnolog pairs to remove false positives (Figure 2J)

For each pair that is identified by both the outgroup and self comparisons, we obtain
two g-scores. Any custom criteria can now be used to filter high confidence ohnologs.
Three different synteny criteria, combining g-scores from both outgroup comparison and
self-comparison, have been used throughout this study,

e Strict: Qouter < 0.01 AND Qserr < 0.01
¢ Intermediate: Qoutgr < 0.05 AND Qgerr < 0.3
* Relaxed: aoutgr <0.05 or (@outgr<0-5 AND @self<0-01)

These three statistical criteria represent decreasing confidence in the ohnolog status of
the identified ohnolog pairs. In principle, the relaxed criteria may also include a number
of paralogs from large scale segmental duplicates from the origin of vertebrates, as paralog
pair candidates have been filtered with duplication time at the base of vertebrates (see
above).

Construction of ohnolog families (Figure 2K)

Ohnolog families are built from the filtered ohnolog pairs from strict, intermediate and
relaxed criteria, above. Due to the two rounds of WGDs, we expect that most of these
ohnolog families should be of size 2, 3 and 4. However, SSDs and large scale segmental
duplicates may lead to family sizes larger than four. All paralogs from Ensembl compara
which could not be identified as ohnologs were assumed to be SSD duplicates. These
SSD duplicates correspond to duplicates from all ages, including before and after the
2R-WGD.

To construct ohnolog families, we start with an ohnolog pair and use a depth first
search algorithm (DFS) [36]. DFS is an algorithm used for traversing a tree or graph
structure. Starting from ohnolog pairs, we identified separate sets of connected ohnolog
pairs corresponding to different ohnolog families. To construct such ohnolog families
for all the pairs using DFS, we started with any ohnolog pair as the root node and
recursively explore all branches until no new ohnologs can be found. We marked the
ohnologs already visited to avoid traveling along the same path again and backtracked
to follow new ohnolog branches iteratively until no additional ohnologs can be identified
in each ohnolog family. However, ohnolog families constructed using this exhaustive
approach may contain gene pairs, G; and Gs, which are SSD with respect to each other
but are ohnolog partners of a third gene, G, in the family. We identify and display such
SSDs with different separator symbols depending on their duplication time relative to
the 2R-WGD.
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e i) G1|G3: correspond to old SSD paralogs, duplicated before or around the same
time of the 2R-WGD and lying less than 100 genes (smallest window in our analysis)
apart on the same chromosome.

e ii) G1,G5: correspond to more recent SSD paralogs, duplicated after the 2R-WGD
and lying less than 100 genes apart on the same chromosome.

Therefore, the final ohnolog families consist of ohnolog partners along with the
information on recent and/or old SSD if the ohnolog has undergone additional duplication
episodes according to Ensembl family trees, see e.g. the human EMRS3 family in Figure
S13.

Comparison with randomized human genome

To verify that our algorithm inferring ohnolog pairs, based on the multiplication of
outgroup g-scores, incorporates only a limited number of false positive ohnolog pairs, we
performed the same analysis after randomizing the gene order in the human genome. To
this end, we shuffled the human genome to place each gene on a random chromosome
at a random position. Keeping chromosome size, ortholog and paralog relations fixed,
we then repeated our approach to identify ohnolog pairs and calculate their combined
g-scores for windows of size 300 genes in the randomized human genome and the original
outgroup genomes.

We then compared the g-scores obtained with the original and shuffled human
genomes. The g-score distributions (25 bins) for both scenarios are depicted in (Figure
S7).

In Figure STA, we have first restricted the outgroup g-score estimates to the four
least distant outgroup genomes by excluding the two basal bilaterians (fly and worm).
We observed that there is hardly any enrichment of g-scores in the lower probability
bins after random shuffling of the human genome, by contrast with the sharp increase
observed with the actual human genome (corresponding to the inferred ohnolog pairs in
the actual human genome).

In Figure S7B, all six outgroups have been included for the estimation of outgroup
g-scores and we observe a limited enrichment of gene pairs in the lowest g-score bins
after human genome shuffling, compared with the original human genome. This small
enrichment in the lowest g-score bins is related to the abundance of lineage specific SSD
duplicates that occurred in fly and worm (this leads to a large initial number of human
orthologs in these genomes, Figure S1).

Hence, all in all, these comparisons between shuffled and original human genomes
demonstrate that our g-score estimates, combining content based synteny from several
outgroups, improve the statistical identifications of ohnologs, while incorporating only a
limited number of false positive ohnologs in the resulting ohnolog dataset.

Collection of cancer, disease and autoinhibitory genes

The genes mutated in cancers were obtained from multiple databases including COSMIC
(v64) [40], as described in [5]. We divided all cancer genes into two subsets: core and
putative cancer genes. Core cancer genes either had experimental evidence of mutations
in cancers or were highly mutated in the COSMIC database (> 5 non-synonymous
mutations). Putative cancer genes are either from COSMIC (non-synonymous mutations
> 1 and < 5) or from text search in multiple databases [5]. Specific mutations in cancer
genes from the core dataset are either known or strongly suspected to drive cancer
progression, while the causal link is more uncertain for genes in the putative dataset. In
total, we obtained 8,899 cancer genes with 2,743 Core and 6,156 Putative cancer genes.
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We obtained 5,172 human disease genes from Gene Cards [43] database. Using the
inheritance patterns from OMIM, we could obtain 679 and 888 genes that were unam-
biguously described as autosomal dominant and autosomal recessive genes respectively.

A first set of 461 genes with autoinhibitory protein folds were obtained as described
in [5]. Namely, we performed literature search in PubMed with keyword “autoinhibitory
domain” and retrieved relevant genes through a careful manual curation of the articles.
We also searched “auto/self-inhibit*” in various databases (OMIM, SwissProt, NCBI
Gene and GeneCards), and identified additional candidates after manual curation of
the list of genes [5]. Finally, we ran a Hidden Markov Model (HMM) search against
Pfam database [42] to identify domains in all the human genes using HMMER [41],
and included the genes having known domains frequently implicated in autoinhibition
(i.e. SH3, DH, PH, CH, Drf and Eth domains). This led to a total of 881 genes with
autoinhibitory protein folds.

Gene Ontology (GO) enrichment analysis

GO enrichment analysis was performed using DAVID [39], with the ohnologs from the
relaxed criteria for each organism. For dog and pig ohnologs, no significant enrichment
was obtained due to lack of proper GO annotations for these organisms. Bonferroni
multiple correction was used to analyze enrichment.
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Supplementary Figures

Ohnolog Pairs for Window Size

Comparison 100 200 300 400 500 Total Ohno Pairs
Human  Amphiozus 1325 2245 2713 2997 3187 3230
Human Ciona intestinalis 1378 4528 5755 6225 6343 6705
Human Cliona savignyi 1481 3956 4890 5422 5729 5861
Human Drosophila 1314 5613 7281 7626 7625 7891
Human Sea Urchin 584 971 1195 1348 1455 1464
Human Worm 960 3848 5900 6674 6884 6974
Human  Human 10200 12757 14041 14344 14204 15054
Total Ohnologs 15107

Figure S1. Number of human ohnologs identified by outgroup and self comparison before
applying any quantitative filter for content-based synteny.

Organism Criteria Ohno  Individual Ohnolog Family Sizes % of families with
; ‘ Pairs  Ohnologs Families 2 3 4 =295 size <4

Strict 1621 2489 1072 871 171 28 2 99.8%
Chicken  Intermediate 2702 3726 1543 1189 290 52 12 99.2%
Relaxed 4282 5228 2051 1522 402 85 42 98.0%
Strict 2429 3303 1314 931 302 73 8 99.4%
Dog Intermediate 4422 5165 1924 1269 477 149 29 98.5%
Relaxed 7490 7424 2552 1549 633 253 117 95.4%
Strict 2688 3562 1382 974 316 85 7 99.5%
Mouse Intermediate 5269 5569 2013 1324 481 172 36 98.2%
Relaxed 9590 7917 2620 1599 639 269 113 95.7%
Strict 2509 3165 1155 873 223 52 7 99.4%
Pig Intermediate 4482 4898 1685 1180 366 117 22 98.7%
Relaxed 7258 6950 2225 1446 510 177 92 95.9%
Strict 2890 3657 1366 960 313 85 8 99.4%
Rat Intermediate 5476 5829 2000 1309 480 174 37 98.2%
Relaxed 9708 8296 2604 1520 648 276 160 93.9%

Figure S2. Individual ohnologs, pairs and families for the three quantitative criteria in the
five non-human amniote genomes analyzed.
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A. Vertebrates

Organism Total  *Total *Candidate Ortholog pairs

genes  paralogs paralogs B. flor C.int C.sav S. purp D.mel C. eleg
Homo sapiens 20415 127981 36775 16462 14746 13955 15807 14165 13135
Canis lupus fam. 19574 103380 31402 16424 14731 13857 15756 14051 13011
Gallus gallus 15310 48334 16688 12006 10841 10201 11522 10359 9590
Mus musculus 22571 273095 48737 17707 15693 14795 16927 15053 13998
Rattus norvegicus 22865 218224 48678 18750 16635 15593 17998 16004 14832
Sus scrofa 19429 121315 29930 16414 14413 13544 15715 13744 12626
B. Invertebrate (Outgroup)
Protein coding genes 50817 16658 11604 28525 13924 20505

* The numbers correspond to number of pairs

Figure S3. Number of protein coding genes, orthologs and paralogs for the analyzed
vertebrate (A) and invertebrate (B) genomes.
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Figure S4. Schematic tree for the paleopolyploid and outgroup organisms with duplication
nodes taken from Ensembl Compara [33-35]. Gray nodes are not part of Ensembl.
Paleopolyploid vertebrate genomes included in this study are highlighted with a red box and
invertebrate outgroups (for the 2R-WGD) are highlighted by a green box. Photographs of
organisms are taken from Ensembl website [33].
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Figure S5. Comparison of genomic regions to identify anchor pairs (in red) and ohnolog
candidate pairs (dashed red). Each block represents a gene labeled by O; on the outgroup
genome and V; on the vertebrate genome. Duplicated regions in the vertebrate genome are
marked by V{ — V,,. Other orthologous (A) and paralogous (B) relations are depicted by green
lines.

(A) Identification of synteny anchors between an outgroup window and two windows in the
vertebrate genome. Using a window of size 8(+1) centered around the O7 — V7 and O7 — V¥
orthologous pairs, we observe 4 and 3 additional gene pairs between the outgroup and the
vertebrate regions 1 and 2, respectively. Hence, O7 — V7 and O7 — V¥ are two anchors sharing
the same outgroup ortholog O7. Hence V7 — V7 are inferred to be an ohnolog pair candidate,
which will be further filtered with quantitative statistical significance criteria or g-score, Qoutgr,
see text.

(B) Identification of ohnologs between two regions in the same vertebrate genome. The anchor
V7 — V4 having four additional paralog pairs between the windows, it is directly taken as an
ohnolog pair candidate, to be further filtered with quantitative statistical significance criteria
or g-score, Qself, see text.

12/18



PLOS

Vi Vo V3V, Vs Vg V; Vg Vo Vi Vi Vi Vig Vi Vis Vig Viy Vig Vio Voo Vau Vay Voz Vas Vos Vog Viy Vag Vag Vi Vi Vip Vag Ve Vss

.. ‘
0, 0O, O O, Oy O O; Oy Og 0,5 Oy; Oy, Oy

Figure S6. The calculation of P; for an outgroup gene O;. Illustration of the likelihood

calculation, P;, for an outgroup gene Og to have an ortholog gene in the vertebrate window

(Vig — Vao) defined by the anchor pair (O7 — Vig). Os has 5 orthologs in the vertebrate genome:

Vi, Vs, Vig, Vas and Vaa. There are 12 possible window locations (highlighted in blue) without

any of these orthologs in the vertebrate genome. P; for this anchor then becomes

1—12/31 = 0.6, where 31 is the total number of possible windows on this schematic vertebrate

genome (N — W).

A g-scores combined from 4 outgrups B .
excluding drosophila and worm g-scores combined from all 6 outgrups
35 T T T T T T T 35
Original human genome Original human genome
30 Randomized human genome 30 Randomized human genome |
£ c
£ £
c 25 { 22 1
% [5}
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£ 20 c 20 g
(2] 2]
D [e2]
3 15 3 15 1
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5 H 5
0 1 1 1 1 n 1 n 1 0 1 1 1 1 n n
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Bins of combined g-score Bins of combined g—score

Figure S7. Comparisons of the global g-score distributions from the original (blue) and
randomized (red) genomes; (A) without worm and fly outgroups; (B) with all six outgroup
genomes (see Supplementary Materials).
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Figure S8. A six-way Venn diagram showing the distribution in numbers of the 7,715 human
ohnolog pairs identified by at least one outgroup and predicted from the relaxed criteria, see

text.
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Figure S9. Comparison of our human ohnolog prediction for the three quantitative criteria
(strict, intermediate and relaxed, see text) and the ohnolog dataset from [3]
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Figure S10. A six-way Venn diagram showing the distribution in numbers of the ohnologs

identified in at least one amniote and predicted from the relaxed criteria, see text.
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Figure S11. A six-way Venn diagram showing the distribution in numbers (A) and
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percentages (B) of the ohnologs identified in at least one amniote and predicted from the strict

criteria.
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OHNOLOGS

A Repository of Genes Retained from Whole Genome Duplications in the Vertebrate Genomes

Home | Search  Browse/Download  Help  Contact

Gene Search

Human (Homo sapiens) v Keyword or Symbol or Ensembl or GO Id

Generate Ohnolog Families
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=3 oo

v P-Value for Self Synteny Less Than 001

Figure S12. Search Page on the ‘Ohnologs’ server
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OHNOLOGS

A Repository of Genes Retained from Whole Genome Duplications in the Vertebrate Genomes

Home Search Browse/Download Help Contact

Ohnolog Families for EMR3 (ENSG00000131355) gene of HUMAN

g-score Criteria Ohnolog Family
Strict ELTD1 | LPHNZ EMR2 | LPHN1 , EMR3
Intermediate ELTD1 | LPHN2 EMR1 , EMR2 | LPHN1  EMR3
Relaxed ELTD1 | LPHNZ EMR1, CDS7 | EMR2 | LPHN1 , EMR3 GPR144 LPHN3

Ohnolog Families for Orthologs of EMR3 (EN $G00000131355) gene in other Vertebrates

An
Chicken (Gallus gallus) a Dog (Canis famitaris) h
&

Human(Homo sapiens) e Mouse (Mus musculs)

Pig (Sus scrofa) Rat (Rattus norvegicus)

Details of These Genes and Their Association with Diseases

GeneCards Database: cDS7 ELTD1 EMR1 EMR2 EMR3Z GPR144 LPHN1 LPHMZ LPHN3
Cosmic Database: cDS7 ELTD1 EMR1 EMR2 EMR3 GPR144 LPHN1 LPHM2 LPHN3
UniProt Database: cDS7 ELTD1 EMR1 EMR2 EMR3 GPR144 LPHN1 LPHN2 LPHN3
NCBI aene Database: cDS7 ELTD1 EMR1 EMR2 EMR3 GPR144 LPHN1 LPHNZ LPHN3

Figure S13. Ohnolog Family Page on the ‘Ohnologs’ server. The result page of the ohnolog
family search for the human EMR3 gene is depicted. Families from all three quantitative
criteria are displayed, see text. Using the strict criterion, a family of size 2 is generated where
ELTD1 € LPHNZ2 are ohnologs with EMR2, EMRS € LPHNI. Relaxing the g-score to the
intermediate criteria results in an additional ohnolog in this family, EMTR1; and to the
relaxed criteria results in a family of size 4. Ohnolog partners for the families are displayed in
different columns. Genes within the same cell are small scale duplicates e.g. ELTD1 — LPHN2.
We use two different separators for SSDs: a comma (,) to distinguish if it is a recent SSD (after
2R-WGD), and a pipe (|) for an ancient SSD (before or around the same time as the
2R-WGD). Hence, ELTD1 | LPHN2 have been duplicated by an old SSD, while EMR1, EMR2
and LPHNI1, EMRS8 have been duplicated by recent SSDs. It implies that the entire region
having ELTD1 | LPHN2 genes was duplicated by the genome duplications. Duplication time
are taken from Ensembl Compara. A link to the corresponding ohnolog family in other
vertebrates has also been provided for each gene request, along with the association with
human diseases from GeneCards [43] and COSMIC [44] databases.
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