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In this supplementary document, we provide a detailed account of the algorithm for

reconstructing CARs and of the reconstruction accuracy analysis.

1 The algorithm of inferring CARs

Given information about adjacencies between conserved segments in each modern
species, our goal is to infer segment order in the ancestral genome. To get a clean and
precise statement of the problem we formalize it using graph theory. The algorithm iden-
tifies a most-parsimonious scenario for the history of each individual adjacency, though
the whole-genome prediction is not guaranteed to optimize traditional measures like the
number of breakpoints. We introduce weights to the graph edges to model the reliability
of each adjacency. Finally, we use a greedy heuristic algorithm to find a set of paths in the
graph that cover maximum total weights. These paths correspond to contiguous ancestral
regions (CARs).

Here, we explain the algorithm using a detailed example.
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Figure 1: The phylogeny of genomes A, B, C. Our target ancestor is E, and O is the outgroup.
The bullet symbol, e, separates chromosomes. Branch lengths are above each branch.



Figure/l shows the phylogeny of genomes A, B, and C. We want to reconstruct CARs
in E with O as an outgroup.

The predecessor graphs of A, B, and C can be obtained directly from the leaf genomes;
see Figure (2, (3, and [4 There are two special nodes representing the beginning and the
end of a chromosome. The predecessor graphs of internal nodes D and E are as shown in
Figure 5 and [6. The predecessor graph of root F is shown in Figure[7] Figure [8 is the
result after E being adjusted by F. The corresponding successor graph for E is shown in
Figure 9. Then we create the intersection of the predecessor and successor graphs in (8
and [9] giving the graph in Figure 10. Note that in this step we do not intersect edges
connecting the beginning or the end of the chromosome.

In Figure [10] there are ambiguous cases for node 7, 8, 9, 10. We then assign weights
to edges recursively using the approach discussed in the Method section. For example,

w(7,8) = ( 8 —7) = 0.54. We have wx4(7,8) = 0, wp(7,8) = 1, wc(7,8) = 0, and

wp(7,8) = 53508 3+08 = 0.72. So wg(7,8) = %g%foo_gg = 0.54. Note that edges of weight 1 are

not shown in the picture.

Then we sort all the edges by weight and add them to the graph until every node in the
graph has a unique predecessor and successor. The final edges are indicated by the dark
edges in Figure[11. The paths come in pairs, which corresponds to the two orientations of
each CAR. We select one path from each pair, obtaining for example CARs (1234 —5 6)
and (78 —910 — 11 12).

Figure 3: Predecessor graph of B






Figure 10: Intersection of the predecessor graph and successor graph of E
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Figure 11: The resulting CARs



2 Probabilistic reconstruction accuracy analysis

Breakpoint distance between multichromosomal genomes

Suppose genomes A and B share n conserved elements, located in p chromosomes, and
g chromosomes, respectively. Then, there are a total of n + p adjacencies in A and n + ¢

adjacencies in B. Using ¢ to denote the beginning and end of a chromosome, we assign a

score ¢, (k=1,...,n+p) to every adjacency (a;a;) in A:
0 if (aaj) or (—a; — a;) is in B;
cx = c(a;, a;) = % if a; = ¢ or a; = ¢ and both (a;a;) and (—a; — a;) are not in B;
1 otherwise.

Then the breakpoint distance between A and B is defined as:

n—+p

d(A,B) =) (1)
k=1
For example, A =[1 203 —4 5] and B =[5 3e1e2 4] (the bullet symbol, e, separates
chromosomes). In A, we have c(¢,1) = 0, ¢(1,2) = 1, ¢(2,¢) = 0.5, ¢(¢,3) = 0.5,
c(3,—4) =1, ¢(—4,5) =1, ¢(5,¢) = 0.5, therefore d(A, B) = 4.5.
Assume each conserved element i (except ¢) in the genome g has a predecessor py(i)
and a successor s4(i). We set P(A, B) to be the number of i where pa(i) # pp(i), and
S(A, B) to be the number of i where s4(i) # sp(i). We can see that:

P(A,B) + S(A, B) = ~d(A, B)

1
2
Since P(A,B) = P(B,A) and S(A, B) = S(B, A), it follows that d(A, B) = d(B, A).

Furthermore, using the breakpoint distance, we can estimate the probability that the
successor (or predecessor) of i is different between genome A and B, i.e.
d(A, B)

n

Prlsa(i) # sp(i)] ~

(2)

The estimation will be used in the analysis of reconstruction accuracy.

The extended Jukes-Cantor model

We extend the Jukes-Cantor model for analyzing breakpoints. Here we assume that
a genome 7 with n elements has evolved through a series of rearrangement events with
unknown proportions. Then, for any element f in the genome m = ...fg..., its succes-

sor g is changed to h over a time unit with the same probability « for all h # f,—f, g



[Sankoff and Blanchette, 1999]. Hence, there are 2n — 3 such changes possible. The prob-
ability that ¢ remains as the successor is 1 — (2n — 3)«

Suppose 7 evolves into 7 along a branch with time ¢t. We use Pr;[s(f) = g| to denote
the probability that s(f) = g, i.e. ¢ is the successor of f after time i, for g # f,—f,

i=0,1,...,t Then for any i, we have,
Pripi[s(f) = gl = (1 = 2n = 3)a) Pri[s(f) = g + a(1 — Pri[s(f) = g])
Equivalently,
Prip[s(f) = gl = Pri[s(f) = gl = a = a(2n — 2) Pri[s(f) = g]

If we approximate the discrete-time process by a continuous model, we can rewrite the

above equation as:

dPry[s(f) = gl

% =a—a2n—2)Pry[s(f) = ¢

We solve the above first-order linear differential equation,

1

Pri[s(f) =gl = 35—

# (Prls(h) =) - gy ) e D

Therefore, using s, (f) = g to denote the event that the successor of f is g in 7, we have,

_ 1 + 2n — 36—(2n—2)cxt
2n—2 2n—2 ’

Pris:(f) = glsz(f) = g]

since Pro[s(f) = g] = Pr[s:(f) = g] = 1.

Similarly, for any h # f, —f, g in genome T,

1 1 —(9n—9)a
PT[ST(f):h|Sﬂ(f):g]:2n_272n_26 (2n=2)at

Reconstruction accuracy analysis

We reconstruct the CARs in the boreoeutherian ancestor using genomes of human,
mouse, rat, dog, opossum, and chicken. The reconstruction is based on the phylogeny
shown in Figure in which chicken and opossum are the outgroups. The ancestor
genome we want to reconstruct corresponds to E in the phylogeny. This phylogeny is
derived from the phylogeny in Figure 8 in the manuscript.

Under the extended Jukes-Cantor model for breakpoints, the probability of correctly

reconstructing a join in the boreoeutherian ancestor E is equivalent to the probability

P = Pr[g is predicted to be the successor of f|g is the successor of f in F]



C o D M R H
Figure 12: Phylogeny over human (H), mouse (M), rat (R), dog (D), opossum (O), and

chicken (C). The branch lengths are t¢c=0.453876, top=0.190537, ¢ po=0.365507, t p=0.271214,
trp=0.206169, t5N=0.023260, t N r=0.260327, t p1,=0.072818, t1r=0.081244, t ;r=0.140987.

On a branch zy, we set

1 2n—3 _iop_ o
Pay = Prlsy(f) = glsa(f) = 9] = 5 + 5 —e e (3)
1 1 —(2n—2)tzyaz
QIy:PT[Sy(f):glsm(f)#g]:2n_2_2n_26 vy (4)

where t,, denotes the length of branch xy and oy, the successor substitution rate on the
branch xy. Note that (2n — 3)gey = 1 — pay-
The algorithm, without the help of an outgroup, will uniquely connect f and g in the

output if and only if the following conditions are satisfied:

(U1) g is the successor of f in D; and

(U2) g is the successor of f in H, M, or R. Restriction: if the successor of f in H is not
g, it should not be identical to the successor of f in both M and R.

The restriction above is to exclude the cases that are caused by parallel neighbor
changing. For example, in common ancestor F, sg(f) = g, and in leaf genomes, sp(f) = g,
sr(f) =h, sp(f) =g, sa(f) = h, then, the algorithm will not reconstruct g correctly at
L.

The probability that (U1) holds is

1 2n — 3
—(2n—2)
on—2 ' 9n_2°

tEpaED

PED =



The probability that (U2) holds is

Prisu(f) =gV su(f) =gV sr(f) =glse(f) =g
— Prlsm(f) = g A sr(f) = su(f) # glse(f)
— Prsp(f) = g A smu(f) = su(f) # glse(f) = g]

1= Prisu(f) # g Asm(f) # g A sr(f) # glse(f) = 4]

= 1-((1=pe~n)1—qvu) (gvr(1 = prm)(1 —prr) + (1 —qnr)(1 — grum)(1 — qrR))

gl

Q

+pEN(1 = pyE) (PNF(L — prv)(L — prr) + (1 = pnrE)(1 — qrar) (1 — qFR)))

since parallel neighbor changing rarely occurs. In fact, numerical analysis shows that,

when n is larger than 1000 as in our case,

Prisy(f) =g A sr(f) = su(f) # glse(f) =gl

and

Prisg(f) =g Asu(f) =su(f) # glse(f) =g
are about 0.00001.

Overall, the accuracy without the outgroup information is the product of the proba-
bility that (U1) holds and the probability that (U2) holds. If we define

Pyg = Prisu(f) # g Nsu(f) # g A sr(f) # glse(f) = 4] ()
then the overall probability of (U1) and (U2) can be written as:
PED(1 = Pgy) (6)

For Z = P,E,N, F, we use CSz(f) to denote the set of the successor candidates con-
structed at Z by the algorithm. With the outgroups C' and O, the algorithm reconstructs

g correctly if the following conditions are true:

(X1) The successor of f is g in chicken (C) or opossum (O); and

(X2) The set CSg(f) of the successor candidates constructed at E is a multiple set con-

taining g.

In the following discussion, we also ignore the probability that parallel changes occur.



The probability for (X1) is, since our model is reversible,

Prsc(f) =gV so(f) = glse(f) = 4]
= Prlso(f) =glse(f) = g]+ Priso(f) # g Asc(f) = glse(f) = 4]
= Prso(f) =glse(f) =4
+ Priso(f) # g A sc(f) = glsp(f) = g]Pr[sp(f) = glse(f) = g
+ Prlso(f) # g Nsc(f) = glsp(f) # glPrlsp(f) # glse(f) = 4]
= pro +pepr(l —ppro)ppc + (1 —pep)(1 — qro)qrc-

Define
Prenizg = Prisy(f) =gAsr(f) =su(f)#glse(f) =gl
Py—nzg = Prisr(f)=gAsmu(f)=su(g) # glse(f) = gl.
The probability that (X2) holds is:
Prisp(f)=gng & CSn(f)lse(f) =gl + Prlsp(f) # gNg € CSN(f)|se(f) = 4]
— Prisp(f) #gNsp(f) € CSn(f) Ng € CSn(f)Ise(f) = g]
~ Prisp(f)=gNg & CSn(f)Ise(f) =gl + Prisp(f) # 9N g€ CSn(f)lse(f) = 4]

= pED(Pgg+ Pr=pzr + Pru=nzg) + (1 —pEp)(1 — Prg — Pr=tizg — Pr=n+g)
= 1=pep — Pzg — Py—p#g — Pretg + 2pED(Pzg + Pry—H2g + Pr=tizg)

%

1 —pEp — Psy+2pEpPysy

In the above calculation, we also ignore Pr—p+4 and Pyj—p+4 because both of them tend
to be extremely small. So the probability that both (X1) and (X2) are true is:

[pEO + PEP(1 — pPO)PPC + (1 —PEP)(1 — qPO)9PC| (1 — PED — Pty + 2pEDP2) (7)

From (6) and (7), the overall probability of accurately reconstructing a join in the

ancestor is:

P~ pep(l— Pyy)
+ [pro + peP(1 — pPo)pPc + (1 — PEP)(1 — 9PO)4PC]
X (1 =pep — Pzg + 2pEpP2g) (8)

In order to calculate P, we also need to estimate o, for each branch in the phylogenetic

tree. For simplicity, we assume that apy; = apr and agp = agy = ayg = apg =

10



apo = agp = agc. Since

Prism(f) =sr(f) =gl= Y Prlsu(f) = glsr(f) = h|Prlsr(f) = glsr(f) = I]
h#f,—f
= pruMPrR+ (2n —3)qrMmqrr

— < 1 2n — 36(2n2)tF1\/1apM> < 1 2n — 36(2n2)tFR01FR>

2n—2+2n—2 2n—2+2n—2
4 (2n _ 3) < 1 1 e—(?n—2)tp1wa’FM> ( 1 1 e—(2n—2)tFROéFR>

Mm—2 2m—2 Mm—2 2m—2

_ 1 20 — 3 _on-2)(trattrr)aru
Thus,
2n—3 —(2n— @
Prlsas(7) # sn()] = 1~ Prisa(f) = sn(f)] = o2 (1 o~ (n-2)(trarttrn) FM>

This implies

1 2n — 2
= - In(1-— P
e (2n —2)(tppm +trR) " < 2n —3 rlsu(f) # SR(f”)
1 2n — 2 M
¥ T n =2t + ¢ )1n<1_2n 3’d( ’R)) (9)
(2n — FM T1FR n— n
Similarly, we have
1 2n—3 _(g9,_ N
Prisp(f) =su(f)] = 53 + S (2n=2)(tep+tEn+tNm)arD
and
U Ao — 1 1n(1_2n—2 d(D,H)) (10)
po (2n —2)(tep +ten +tNH) 2n — 3 n
Also,

Prisu(f) =su(P) = > Prisu(f) =glsn(f) = hPrlsa(f) = glsn(f) = h]

h?éfv_f
= pNuDPNM + (2n — 3)gnHqNM
1 2n —3 1 2n —3
— —(2n—2)tNgany —(2n=-2)(tnFoaNFHtFEMOFM)
<2n—2+2n—26 ><2n—2+2n—26 )
1 1
o — 3 _ —(2n=2)inganH | «
+(2n )<2n—2 om —2°
1 _ 1 e*(Qn*Q)(tNFOéNFthFMOAFM)
2n—2 2n—2

1 2n—3

— —(2n=2)(tngaNgHNFANFHEFMOFNT)

2n—2+2n—2
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Hence, we have

ANF =T o — 2 on — 3 n

1 ( 1 ln<1_2n—2'd(H,M)
INF

> +tNH04NH+tFM05FM> (11)

In our reconstruction, we have n = 1338 conserved segments. According to we also
have d(M, R) = 727.5, d(D, H) = 452.5, d(H, M) = 564.5. Based on (9)(10)(11), we can
calculate apyr = 19.0576 x 1074, app = 4.1693 x 10~%, anp = 0.2875 x 10~%. Using the
branch lengths shown in Figure [12 we can calculate p,, and ¢, following equations (3)
and (4). Finally, the overall probability in is estimated as P & 0.9018.
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