Probabilistic macrosynteny model

7 SUPPLEMENTARY DOCUMENT Table 2. Symbols in the macrosynteny model and their meanings.
7.1 Comparison with mammalian genome X..—k ©Geneg in non-WGD segmens is assigned to pre-

reconstruction methods N WGD chromosomé:. _ ,

td The d-th ortholog in post-WGD species(of geneg in
As discussed in Introduction, previous researchers have focuse Ys)s =¢  on.weD segmeny) is located on chromosome
on macrosynteny for reconstructing the pre-TGD genome struc- Genes in non-WGD segmentare assigned to pre-WGD
ture (Postlethwaiet al, 2000; Naruseet al., 2004; Jaillonet al., Usk =P chromosomé: with probability p.
2004; Wood<=t al., 2005; Kohret al., 2006; Kasaharat al., 2007; A gene in post-WGD specigs which is orthologous to a
Muffato, 2010; see Muffato and Roest Crollius, 2008 for review).  Vi,k,c =p non-WGD gene assigned to pre-WGD chromosdmés
On the other hand, various approaches have been employed f located on chromosomewith probability p.

Gene g in non-WGD segments has j orthologs on

studying ancestral mammalian genomes: e.g., ancestral karyotypegs9 — ;
ying g 9 yoyp &z,c J chromosome in post-WGD species.

were inferred by chromosome painting (see Ferguson-Smith and
Trifonov, 2007 for review); rearrangement history and ancestral

gene order were discussed using distance-based methods (Bourqlie3 Derivation of the VBEM update formulas

and Pevzner, 2002;Bourqeeal, 2004;Bourquet al, 2004); con-  7.3.1  Variational M-step: First, we fix bothg ¢ andgp and then
tiguous ancestral regions were reconstructed using homology-bas%@ri\,eql*7 = argmax,_ F(gz ). the optimalg; that maximizes

methods (Maet al, 2006; Chauve and Tannier, 2008; Gavran- y,q negative free energy. For this purpose, we define a key quantity:
ovit et al, 2011); and large regions of ancestral genome sequences

were reconstructed at single-nucleotide resolution (Blanckette I(u) = Ellog(pu (w)px|u (X |u))]- (16)

2004; Pateret al.,, 2008; Dialloet al., 2010) by taking advantage ~ ~ PN )
Note that/(U) = E[log(pu (U)px v (X|U))|U]. (If this seems

of a large number of sequenced mammalian genomes. In addition, ] B~
homology-based methods were used in reconstruction of ancestrgP"fusing. see (Durrett, 2013, Example 5.1.5) or (Williams, 1991,

amniote gene order (Ouangraoeal,, 2009; Ouangraouat al,  >¢ction 9.10).) Then, substitutings, x.» as Equation (7) and

2011). 16.2(0,X) = qQ(U)q‘A,(V)q;((X) and extracting terms that are
However, those gene-order-based methods have not been applig@t dependent ofi asc:, we can transform the negative free energy

to the reconstruction of pre-TGD gene order (Muffato and Roesgiven by Equation (9) as

Crollius, 2008; Jailloret al., 2009). There are two primary reas- ~ ~

ons for this limitation: (1) the problem of pre-WGD gene-order Flagx o) =E [I(U) - IOg(qﬁ(U))] ta (17)

reconstruction involves massive duplications and deletions, and _

consequently those gene-order reconstruction methods specifically = KL (qﬁ”‘]) te (18)

designed for non-WGD genomes are not applicable in a straightforwhere we defined functiod (v) = exp(I(u))/ [exp(I(u'))du’

ward manner (see El-Mabrouk and Sankoff, 2012 for review), andand constanty = log( [ exp(I(u'))du’) + c1. It follows from

(2) microsynteny conservation (i.e., conservation of gene order anéquation (18) that the negative free energy is maximizeghat .J,

gene proximity) is substantially weaker in teleost than in mammalsvhich minimizes the KL divergence. Thus, by the definition of the

(Semon and Wolfe, 2007; Huftoet al., 2008; Ravi and Venkatesh, model described in Sections 2.2 and 2.3 and writing the normalizing

2008), partially due to massive gene loss after the TGD, whichconstant ags = — log( [ exp(I(u'))du’), we have

impedes gene-order reconstruction methods that rely on strong con- N _

servation of microsynteny (see Introduction in Gavranati al., log(gg(w)) = I(u) + cs

201]:). In. sum, teleost genomes seem to pe in a particularly chal- _ >, log(pu, (us)) + X2, E [log (pxs,g\Us ()A(s,glus))} toes

lenging situation for gene-order- or gene-adjacency-based methods, b

and this is why we needed to develop the macrosynteny model. NI (s
=3, log 711(25@3 + 30 (@7—1) log (us ) { +ca, (19)
k

7.2 Notation where we defined variational parametaf§’ by

In order to increase the readability of the main text, major symbols &' = op + Zfilq;?s (k). (20)

are explained in words in Supplementary Table 2. Definition of these g

variables can be found in Sections 2.2, 2.3, and 2.4. Since the right-hand side of Equation (19) is a sum of the logarithms
of Dirichlet densities (cf. Equation (1)), we see thatis factorized

7.2.1 Calculation of expectationsLet X be a random variable asqg(u) = ., 95, (=), whereg; is the Dirichlet density with

having pdfg and f be an integrable function witR[| f (X)|] < co. parametersi*).

Then, the expected value ¢f X) is calculated as follows: Second, with a similar argument fgk,, we derivegs,, the optimal
gy that maximized”(q5 ). We have

E[f(X)] = / f(@)q(a)de, as)  1os(ap () = E [log (pv (0)pyixv 41X, 0)| + e
r % ~
=2 {log ((Zﬁ(ﬁ))) +3 (B 1) log(vkyt,c)} + e,
where integration is over all possible values %f See (Durrett, kot [1.T(5e7) ¢
2013) or (Williams, 1991) for more detail. (21)
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where ¢4 is a normalizing constant and we defined variational Newton-Raphson updates as follows:

parameters."" by

ng,t) - (t)JrZg 1Zg 1qug( ngd. (22)

This indicates thajs; is factorized agg, (v) =

Whereq"i/k . is the Dirichlet density with paramete%’”).

7.3.2 \Variational E-step: Similar to the M-step, we fixgs
and gy and derivegy, the optimalgy that maximizeF(qé’;().

Extracting terms that are not dependentfiras ¢s, and factoriz-

ing px|u(z|u) andpy|x v (y|x,v) with respect tos = 1,..., S,
g=1,....,Gs,t=1,...,T,andd = 1,..., D), we have
log(% (x)) = E [log (pxiu (lD)py x.v (e, 7)) | + s
= Zs,g (Asyg + Zt,dBé:z) + c¢s, (23)
where we defined
AS,Q:E[log (pXS,g‘US (xs7g|ﬁs))] , (24)
B =By x, vy, GEEVe))]. (29)

Then, assuming thal/, follows the Dirichlet distribution with
parameter&(®), A, , can be calculated as follows:

Ay = Ellog(Tz, )] = o (@52, ) =00 (TIL,17) , (26)

where ¢, (z) = 2 log(I(x)) = £ FF(% is the polygamma

function. Similarly, writing as = zs,, andc = ybd "9, We have

By = Ellog(Vir.c)] = vo (B4 —vo (S2487) . @D

Taken togethey; (z) is factorized ag%; (z) =

IL 11, a%,  (#s.0),

whereq:  (z5,9) can be calculated as follows with a normalrzrng
constant’
tog (i, (#e.)) = v (652, )+ S0, S0 Bl s, (28)

7.4 Newton-Raphson method for hyper-parameter
estimation

For each iteration, we estimate optimal hyper-parameters values th
maximize the negative free energy as follows. First, focusing on thés<

terms that involve withy and writing the other terms as, we have
Flag ) = L5 [log (pu. (0.)) ] + -
= 2 log (P(SE, o)/ TS, T(ew))

+ 35, T (e = VE [log(T)] + er. (30)

(29)

Then, assuming that, follows the Dirichlet distribution with para-

metersa(®), we obtain the partial derivatives necessary for the

K T«
| Py | 9, . (Vk,e),

(9}7;# S {wo (Zk 1 ak) — o (Oér)}
2L {wo (a17) —uo (i, a17) | aY)
82;;5(18)1]@) =5 {1/)1 (25:1 ozk) — 0;,5¢1 (Oéz)} . (32)

In the same way, partial derivatives with respect to beta parameters
are derived as follows:

(91:8(;?)@) =K {1/10 (chél £t>) — 1o (/Bi(t))}
L o () (£2,7)). e
a;i()?;g = K {n (S 80) = 0w (87) ) 39)

From these equations we calculate the Newton-Raphson updates to
obtain optimal hyper-parameter values (Press, 2007).

7.5 Initialization of the approximate distribution

The VBEM algorithm iteratively updates pqlg - to obtain refined
approximation to the true posterior. The iteration starts from a pdf,
which we initialize by using variance-minimizing clustering of non-
WGD segments.

First, we exclude segments from the shortest one until the total
number of excluded orthologs just excedd® of the total ortho-
logs. We sefl = 10 because short segments tend to become outliers
and affect clustering results. Second, after removing short segments,
individual segments are defined as distinct clusters. Third, we merge
two clusters so that the sum of variance (defined below) over all
clusters is minimized. We have chosen a variance-minimizing clus-
tering algorithm because it is robust to outliers. This step is repeated
until the number of clusters decreases to preassignedebrth, for a
smalle >0andg=1,...,Gs, we setg;_ ( )=1—(K —1)eif
segment is a member of clustet anqu (k) = e otherwise. If
segment was excluded in the first step, we ggt ( ) =1/K for
allg=1,...,Gs. Fifth, a5, andqv are defined to be the Dirichlet
pdfs with parameters given by Equatrons (11) and (12).

The definition of variance is given as follows. For post-WGD spe-
ciest, non-WGD segment is associated with &';-dimensional
vectorn(” = (ngz), . ”§5>ct) Wherents) = Zg_l n;'¢ denotes
the number of genes in chromosomef post-WGD species that
are orthologous to genes in segmentA cluster, denoted bys,

a set of segments and is associated Witkdimensional vector
nt‘s) =D s nffc) We define the distance between the center of
clusterS and segment € S with respect to post-WGD species
by their vector argument:

(5) ( )

In (5)‘ (9)" (35)

di(S, s) = arcsin

where|-| denotes the vector norm. Then we define the variance of
clusterS as

A =3 G, {Zthldt(S, s)/T}2 (36)
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7.6 Convergence criteria forF' (g g) and &,(:) the dataset with universal markers from the nine species. The recon-

The VBEM algorithm iteratively update the variational parametersStruction by PMAG CO”SiSte.d of four large CARs havi@@?l, 767,
until F(q g) converges to a local maximum. For diagnosing con-893, and324 genes, respectively. For assessing the quality of these

vergence, we calculat®(q; g) asF (g5 ) = Fyy + Fy + Fy, CARs, we calculated the proportion of orthologs located on the two

where each term is given by ’ most syntenic medaka chromosomes as discussed in Section 5. The
)N ~ ~ proportions for the four CARs wefe177, 0.181, 0.199, and0.261,
Fg = E[log(pu (U)px v (X|U) /45 (U))] @37) respectively, suggesting that the individual CARs probably consist
s F(ZK ar) K r(a“)) of falsely joined genes from many pre-TGD chromosomes.
= Zl =il Bt . (38) Taken together, these reconstructions confirm the observation
s=1 [Ty Taw) D(Gs + 305, ax) described in Section 5 that gene-order conservation between non-
Fp= ]E[log(pv(\A/)py\X,V(yD?, ‘7)/%(‘7) )] (39) and post-TGD genomes is not sufficiently strong for reliable infer-

ence of large pre-TGD CARs.
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Fig. 6. Reconstruction with' = 13. The top half of this figure is identical to the figure presented in the main text. The bottom half shows ortholog distributions
among post-TGD species (x-axis) and non-TGD species (y-axis). Post-TGD chromosomes were ordered as presented in the top: i.e., Ola24 to Olal7, Gacl
to Gac3, Tnil4 to Tnil5, and Dre20 to Dre2 (left to right). Non-TGD segments were assigned to pre-TGD chromosomes as described in the main text, and
they were ordered along the x-axis from pre-TGD chromosomes 1 to 13 (bottom to top). Most clusters of blue dots distant from the diagonal lines are likely
to indicate inter-chromosomal rearrangements in the post-TGD lineages.
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Fig. 7. Reconstruction with = 12

. The light purple pre-TGD chromosome in the= 13 reconstruction was merged into the purple pre-TGD chromosome.
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Fig. 8. Ortholog distribution among chicken, spotted gar, reconstructed pre-TGD anckstoil 8), and medaka. Black and gray lines indicate boundaries

of chromosomes and conserved synteny blocks, respectively. The chicken chromosomes were ordered along the x-axis from Ggal to GgaZ (left to right). The
spotted gar and medaka chromosomes were ordered from Loc1 to Loc29 and from Ola24 to Olal7, respectively (bottom to top). The pre-TGD chromosomes,
consisting of the 152 human segments, were ordered from chrl to chrl3 (bottom to top), and genes in the human segments were ordered as in the hume
genome. (The pre-TGD genome was represented by human segments and genes in this figure, considering the low coverage of the current version of chicke
and spotted gar genomes.) The plot shows that (1) Olal and Olal4 have orthologs in non-overlapping regions in the chicken genome, and (2) many chicker
microchromosomes retain one-to-one correspondence to the spotted gar chromosomes, but none of them were retained as single chromosomes in the pre-Tc
genome.
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