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Abstract. Incomplete lineage sorting (ILS) gives rise to stochastic vari-
ation in the topology of a gene tree and hence introduces false duplication
events when gene tree and species tree reconciliation method is used for
inferring the duplication history of a gene family. We quantify the effect
of ILS on inference of gene duplication by examining the expected num-
ber of false duplication events inferred from reconciling a random gene
tree, which occurs with a probability predicted in coalescent theory, and
the given species tree. We computationally analyze the relationships be-
tween the number of false duplication events inferred on a branch and
its length in a species tree, and the relationships between the expected
number of false duplication events in a species tree and its topological
parameters. This study provides evidence that inference of gene duplica-
tion based on tree reconciliation was affected by ILS to a greater extent
on an asymmetric species tree than on a symmetric one. Our findings also
suggest that the bias caused by ILS in reconciliation-based inference of
gene duplication might not be negligible. Hence, when gene duplication
is inferred via tree reconciliation or any other method that takes gene
tree topology into account, the ILS-induced bias should be examined
cautiously.

1 Background

A gene tree is the phylogenetic tree of a family of homologous genes. A species
tree is the phylogenetic tree of a collection of species. In population genomics
and phylogenetics, it is important to distinguish gene trees and species trees, as
a gene tree reconstructed from the DNA sequences of the given gene family is
sometimes discordant with the species tree that contains it [31I33]. The incon-
gruence of gene trees and species trees can be caused by gene duplication and
loss, horizontal gene transfer, hybridization, or incomplete lineage sorting (ILS)
[I72T129]. Accordingly, the relationships between gene trees and species trees
have been the focus of many studies over the past two decades [10/I8]. Gene
trees have been used to estimate the species trees [RIT2IT9I20122], to estimate
species divergence time [4] and ancestral population size [T1/16/34], and to infer
the history of gene duplication [TI3I5I6IT3123I32].
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One popular approach for gene duplication inference is gene tree and species
tree reconciliation. It is formalized from the following fact: If the descendants
of a node in a gene tree are distributed in the same set of species as one of its
children, then the node corresponds to a gene duplication event [12J23]. Clearly,
this approach takes gene tree topology into account. If incorrect gene trees are
used, duplication events are often mis-inferred [14].

In a species tree, each internodal branch represents an ancestral population;
each internal node represents a time point at which the ancestral population split
into two subpopulations. It is assumed that there was no gene flow between the
subpopulations after split. When the population of each species is large, the DNA
sequences sampled from two species are more unlikely to have their common
sequence ancestor living at the moment that the most recent common ancestor
(MRCA) of the two species split; instead, the time back to the common sequence
ancestor is uncertain and typically longer than the time back to the MRCA of
the species. This evolutionary phenomenon is ILS or deep coalescence. Clearly,
ILS gives rise to considerable stochastic variations in gene tree topology [27U31],
implying that different unlinked loci might have different genealogical histories,
and different samplings might also lead to different gene tree topologies for the
same gene. Consider the two different gene tree topologies in Fig. [Il The gene
topology in red is concordant to the species tree; reconciling this gene tree and
the species tree does not infer any gene duplication events, whereas reconciliation
with the gene tree in green gives one (false) duplication event. Hence, ILS affects
gene duplication inference. To the best of our knowledge, the effects of ILS on
gene duplication inference has not been examined quantitatively although they
have been noticed for long time (see [2I] for example).

The present paper examines quantitatively the effect of ILS on inference of
gene duplication. Here, we assume that no genetic exchange has occurred be-
tween unrelated species and there is no sequence error to facilitate our quantita-
tive study. Notice that the effects of horizontal gene transfer and hybridization
events on gene duplication inference have been studied by proposing general
evolutionary models to coordinate these events or by computational simulation
[219136].

2 Results and Discussion

In our study, we shall consider only gene trees over single-gene families. In other
words, we assume only one gene is sampled from each species. Under such an
assumption, any inferred gene duplication event is a false one, and the gene tree
distribution can be computed using coalescent theory [7I27]. Accordingly, the
assumption greatly simplifies our discussion and allows us to find out crucial
connections between the effect of ILS and species tree topologies.

When calculating the probability that a gene tree is seen in the corresponding
species tree, we consider a simple coalescent model each species has a constant
diploid effective population size N during its entire existence and evolutionary
time of ¢ generations equals T' = t/(2N) coalescent time units [31].
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Fig.1. Schematic view of two different coalescent histories in a species tree.
The species tree (light blue) of three species is given in the left panel. DNA sequences
sampled from different individuals within a species may give different collapsed gene
trees (red and green, right panel) for a gene family. If the green gene tree is used, a
gene duplication event is inferred in the branch entering the species tree root and a
gene loss event is inferred in the lineage leading to C.

2.1 Measuring the Effect of ILS on Gene Duplication Inference

Consider a single-gene family F sampled from a set X of species. Let S be the
phylogeny over X. If no gene duplication occurred to the gene family during the
evolution of the species, the tree of the gene family has the same topology as S.
If ILS events have occurred, however, the gene tree reconstructed from the gene
sequences might be different from S. To quantify the effect of ILS on inference of
gene duplication for a gene family on S, we use the expected number D(S) (or
L(S)) of false gene duplication (or loss) events output from the lca reconciliation
of a random gene tree and S. For a gene tree G, we use cqup(G, S) (0r ¢ 10ss(G, S))
to denote the gene duplication (or loss) cost of the lca reconciliation between G
and S (Materials and Methods). Since cqup(G,S) = c10ss(G,S) = 0if G = S.
D(S) and L(S) are simply:

D(S) =) canp(G, S)Pr[G | 5], (1)
Geg

L(S) = cis(G, S)Pr[G | S, (2)
Geg

where G is the set of all possible gene tree topologies, and Pr[G | S] the probabil-
ity that G is the collapsed gene tree of a coalescent history of the sampled genes
from the species belonging to X (see Fig. [l for an illustration of a coalescent
history and its collapsed gene tree).

Let H(G) be the set of all possible coalescent histories that give the gene tree
G. For each H € H(G), we use Pr[H | S] to denote the probability that H occurs
in S. By definition, we compute Pr[G | S] by:

Pr(G|S]= Y  PrH]|S], (3)
HEH(G)

where Pr[H | S] can be computed efficiently given H and S [7I35].
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2.2 The Case of Four Species

In the case of four species, there are only two different topologies

Sl = ((A, B) : tl, (C,D) Ztg),
S2=(((A,B) : 71,C) : 72, D),

in Newick phylogeny format (Fig. 2]). For the sake of brevity, we use p(z,y) to
denote the parental node of two siblings x and ¥ in each of these two species trees.
In Sy, the evolutionary time of p(A, B) is ¢, generations, whereas that of p(C, D)
is to generations. Let G be an arbitrary gene tree of a gene family. Consider the
lca reconciliation between G and S;. Any gene tree node is mapped to p(A, B) if
and only if its two children are mapped to A and B respectively (Materials and
Methods). This fact also holds for p(C, D). Therefore, false duplication events
can only be inferred on the branch entering the root in Sy. Set T; = t;/(2N) for
i = 1,2. By calculating the distribution of the gene trees [24)27], we obtain:

2

D(Sy) = (e +e™), (4)
2

L(S1) =2(e ™ +e ™) + ge*Tl*TQ) (5)

from Eqn. ([ and (@I). B
Now, we switch to consider Ss. Setting T; = 7;/(2N) for i = 1,2, we have:

2/ s U P S
D(Sz) = (6_T1 +6_T2) - 36_(T1+T2) + 186_(T1+3T2)7 (6)

3
— — 1 — _ — —
L(S2) =2 (e*Tl + eiTQ) — 367(T1+T2) + Ze*(TﬁST?). (7)
Since e < 1 for any = > 0, we have:
1
D(Sl) < ].3 and L(Sl) <4 ;

N = O N

D(Sg) < 1158 and L(SQ) <4

If all branches have equal length (i.e. Ty = To =T}y = To = T), D(S1) > D(S2)
for any T. However, L(S1) > L(S) only if T > 1 In(3/2).

t
t, R

Fig.2. Two topologies S1 (left) and Sa (right) of the species trees of 4 species
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Assume S; and Sy are ultrarrietric _and have the same height. We further
assume that Ty = Ty = 2T and T7 = To = T, implying that 7 + 70 = t1 = ¢
and that A and B diverged at the same time in both trees. Then,

D 1 2
(S1) = ye T and L(Sy) =de T + Je™'T;
4 1

9
5 1 5
— _ 4 -or —2T —4T
D(S2) = 3¢ 3¢ + 18 + e .

e
3 6
Using numerical computation, we obtained D(S1) < D(S2) only if T' > 0.0649,
but L(S1) < L(S3) for any T. This analysis suggests that the effect of ILS is
closely related to species tree structure.

e T and L(Sy) = 4e™ T —

2.3 Effect Analysis on a Drosophila Species Tree

Genome-wide analysis provides strong evidence for the prevalence of ILS events
in Drosophila evolution [25]. Here, we examined the expected number of false
duplication events caused by ILS in the phylogeny of 12 Drosophila species [15],
in which evolutionary time is dated for all branches. Since the effective popula-
tion size N for the Drosophila species is unknown, we considered four different
effective population sizes (2 x 10%,6 x 105,10 x 105, and 14 x 10°) and set the
generation time to be 1/10 years [25]. The expected numbers of false duplication
events caused by ILS for different effective population sizes are plotted (Fig. Bl).
Here, we point out that our conclusion does not depend on the specific effective
population sizes we used.

Since only one gene is sampled from the population of each species, no gene
duplication is inferred on branches connecting to the leaves. In other words,

B
D. sechellia
SSE D. simulans
™ D. melanogaster

D. erecta
D. yakuba
D.

" D. pseudoobscura
Lp. persimillis

A

S3

D. willistoni
D. grimsh
D. mojavensis

Mean gene duplication no.

a 6 8 10 12 14
D. virillis Effective population size N (in million)

Fig. 3. Effect analysis for a Drosophila species tree. (A). A tree of 12 Drosophila
species given in [I5]. All the branches are drawn in proportion to evolutionary time.
False duplication events caused by ILS can only be inferred on seven branches that
enter S0-S6 respectively for single gene families. (B). The expected number D; of false
gene duplication events on the branch entering Si is plotted against the effective pop-
ulation size IV, with the generation time being set to 110 years. Four different effective
population sizes (2 x 10°, 6 x 10°, 10 x 10° and 14 x 10°%) were examined. It shows
that the number of false gene duplication events on a branch correlates largely with its

evolutionary time.
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false gene duplication events can only be inferred on the seven branches that
are denoted by their end nodes Si (0 < ¢ < 6) (Fig. BIA). The expected total
number of false gene duplication events in the tree can range from 0.0534 to
1.7663 for each of the selected effective population sizes. Let D; be the expected
number of false gene duplication events on the branch Si for each i. Although
the exact values of these D; are different for the different effective population
sizes, their relative ranks remain almost the same, correlating well with the
branches’ evolutionary time. For instance, Dy has the largest value for each
effective population size. This is because the branch entering the root is assumed
to be long enough that all the lineages coexisting at the moment that the MRCA
of all the extant species split will coalesce on it. For the longest branch entering
S4, D, is the second largest for effective population sizes of 10 and 14 million,
and the third largest for other sizes.

Another finding is that on the branches close to the root, the expected number
of false gene duplication events is relatively large. For example, for the shortest
branch S1, D; is not the smallest; instead, it is larger than D3, probably due to
the closeness of S7 to the tree root. Similarly, branch S6 is longer than S2, but
Dg is smaller than D for each effective population size because S6 is closer to
the tree root.

We now switch to 6698 gene trees in the Drosophila species tree [14]. We in-
ferred gene duplication events for the corresponding gene families by reconciling
the gene trees and the species tree (Fig. BA). In total, we inferred 10,264 gene
duplication events that are distributed on the seven branches as: 1.8% (S3),
6.5% (S0), 7.4% (S2), 8.0% (S5), 15.1% (S1), 20.5% (S6) and 40.6% (S4). Such
a distribution is not quite consistent with the computational analysis presented
above. The proportion of inferred duplication events on the branches entering
SO and S2 is significantly lower than what the analysis suggests, whereas those
on branches entering S1 and S6 are much higher. Possible reasons for this are ei-
ther because sequence sampling and alignment errors influenced gene tree recon-
struction, leading to incorrect topology for some gene trees, or because effective
population size varies for different ancestral species. At this stage, we are unable
to assess the effect of these factors, as the estimation of ancestral population
sizes remains as a challenging problem.

2.4 The Upper Bound of D(S) and L(S)

To interrogate the impact of species tree topology on the effect of ILS for in-
ference of gene duplication, we considered 10 ultrametric tree topologies over
10 species (Fig. M). In each of the 5 asymmetric species trees, the two subtrees
rooted at the children of the root are linear trees. In each of the 5 symmetric
trees, the subtrees are balanced binary trees instead.

We define the height of a ultrametric species tree to be the coalescent time
of a path from the root to a leaf, measured in coalescent time units. D(S) and
L(S) for these 10 topologies with heights of 2 and 10 units are respectively
presented in two panels in Fig. @ Although each path from the root to a leaf
has the same evolutionary time, the number of branches contained in each path
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Fig.4. D(S) and L(S) for asymmetric topologies (first row) and symmetric
topologies (second row). Branches in each of 10 ultrametric topologies are drawn
in proportion to their length. In the bottom row, the left and right plots are drawn to
different scales for the topologies of heights 2 and 10, respectively. In each plot, the
white and black bars represent L(S) and D(S), respectively.

varies. For each leaf, we define its depth to be the number of branches in the
unique path from it to the root. Although each path from the root to a leaf
has the same evolutionary time, different leaves may have different depths. The
Sackin index of a species tree is defined as the average depth of a leaf in the tree
[28]. The ten tree topologies listed in the figure have the following Sackin indexes:

Tree a b ¢ d e f g h 1 j
Sackin index 5.4 4.7 4.2 3.9 3.8 3.9 3.8 3.5 3.4 34

Hence, our experiments suggest that:

— D(S) and L(S) increase with the Sackin index of a species tree S;
— Asymmetric trees have a larger D(S) and L(S) than symmetric ones of the
same height.

In [7], the authors studied the probability distribution of all the gene trees in
a species tree over 5 species. Since our study focuses the mean duplication and
gene loss costs of a gene tree defined in ([]) and (2)), the facts reported here are
not direct consequences of those reported in [7].
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Fig.5. Regression of D(S) and L(S). Given the size of S, D(S) varies with the
topology of S in a narrow range, whereas L(S) varies in a wide range. For each size,
we generated 20 random species trees in the Yule model.

It is natural to ask to what extent ILS influences gene duplication inference.
To answer this question, we compute the limit of D(S) and L(S) for an arbitrary
ultrametric species tree S by allowing the branches of S to be extremely short.
Fix the effective population size for each branch of S. When all branches of §
become very short, two lineages are unlikely to coalesce in any branch below the
tree root; in other words, there is a high probability that any pair of lineages will
coalesce in the branch entering the root. Therefore, in the limit case, for each
gene tree G:

G| S|~ Y PrH|S],
HEH'(G)

where H'(G) is the set of the coalescent histories of n lineages whose collapsed
gene tree is G in the root branch. Based on this fact, we computed the limit
of D(S) and L(S) for 20 random species tree for each size (i.e. the number of
species) from 4 to 10 (Fig. B). We found that D(S) varies in a narrow range
for each tree size and linearly increases with species tree size. However, L(S)
changes in a different manner. First, L(S) varies in a wide range for a fixed
species tree size. Secondly, although L(.S) also fits a linear function for the tree
size in the range of 4 to 10, it remains unclear if it grows linearly or not because
of its wide range for a fixed tree size.

3 Conclusion

ILS introduces stochastic variation into the topology of the gene tree of a gene
family. For the first time, we have quantified the effect of ILS on gene duplication
inference by examining the expected number of false gene duplication events
inferred from reconciling a random gene tree and the species tree that contains
it. In this preliminary study, we have also analyzed the connection between the
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topological parameters of the corresponding species tree and the effect of ILS on
gene duplication inference.

One of our findings is that inference of gene duplication based on tree recon-
ciliation was affected by ILS to a greater extent on an asymmetric species tree
than on a symmetric one. Considering gene duplication events arising from ILS
on different species tree branches separately, we also found that the longer an in-
ternodal branch is, the more likely gene duplication events are to be mis-inferred
on it. Additionally, gene duplication events are more likely to be mis-inferred on
a branch close to the species tree root.

In analyzing the limit of D(S) and L(S) for a species tree S when its branches
are extremely short, we found that D(S) increases linearly with the species tree
size in the range of 4 to 10. This fact indicates that D(S) increases with |5/,
the size of S in general and hence it is not bounded above. It also raises a the-
oretical problem: D(S) < 0.6]S|? Since L(S) > 3D(S) for a species tree [37],
L(S) is not bounded above by a constant if D(S) is not. Our findings imply that
the bias caused by ILS in reconciliation-based gene duplication inference is not
negligible. Therefore, when gene duplication is inferred via tree reconciliation or
any other method that takes gene tree topology into account, the ILS-induced
bias should be examined cautiously. Alternatively, one may use a unified recon-
ciliation approach that considers gene duplication, loss and ILS simultaneously
[26130).

Finally, we remark that ILS also affect the gene trees for genes which are from
different genera. How much ILS is expected to affect gene duplication inference
for gene families cross different genera is definitely a research topic for future
study.

4 Material and Methods

4.1 Computing the Gene Tree Distribution in a Species Tree

The probability that a gene tree occurs in a given species tree is computed by
Eqn. (3). For the purpose of computing the gene tree distribution in a species
tree, COAL is too slow to be used, although it has many useful features [7]. Our
analysis used a home-made computer program implemented in C. It speeds up
computation via the dynamic programming technique, which had also been used
by Wu in STELLS [35]. Presently, it allows us to examine the effect of ILS on
gene duplication inference for species trees of up to 12 species. For the case of
12 species, one needs to consider about 13.7 billion gene trees for the analysis.

4.2 Gene Duplication Inference

Consider a collection X of extant species. The species tree of the given species
is a rooted tree in which each leaf uniquely represents (and hence is labeled by)
an extant species. Here, we further assume species trees are fully binary and
branch-weighted. Therefore, in a species tree, each non-leaf node has exactly
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two children; each internodal branch represents an ancestral species and has the
evolutionary time of the ancestral species as its length.

For a gene family sampled from X, its gene tree is a rooted tree in which each
leaf represents a gene and is labelled by the species where the gene is found.
Since the gene family is assumed to have one gene sampled from each species,
the gene tree is uniquely leaf-labelled in our study.

Let S be the species tree of X and let G be a binary gene tree for a gene family
F over X. For any two nodes z,y of S, we use lca(x,y) to denote the MRCA
of x and y in S. The lca reconciliation R between S and G is a node-to-node
mapping from V(G) to V(S) defined as:

R(g) = the unique leaf in S that has the same label as g, if g is a leaf;
77 lea (R(g1),R(g2)) , otherwise,

for any gene tree node g, where g; and gy are the children of g.

The duplication history of F can be inferred through the Ica reconciliation R
[12123]. For a non-leaf node g of G, if R(c(g)) = R(g) for some child ¢(g) of g,
then a duplication event is inferred in the branch entering R(g) in S.

The number of the gene duplication events inferred by using the Ica reconcil-
iation is denoted by cdup(G, S). All the inferred gene duplication events form a
putative duplication history of F in which some genes might become lost. The
number of gene loss events assumed in the gene duplication history is computed
as follows.

For any two nodes s and ¢ such that s is below ¢ in S, we write s C h C t to
denote that h is a node in the path from ¢ to s for a node h. We define:

I(s,t)={h €S| sChcCt}.

Note that {(s, t) is equal to the number of lineages off the evolutionary path from
t to s. For a non-leaf node g with children g; and g2 of G, define:

0, if R(g) = R(g1) = R(g2),
I(g) = ¢ l(R(g1),R(g2)) + 1, if R(ly) C R(g) = R(ry),
I(R(g1),R(g)) +1(R(g2), R(g)), if R(g1) C R(g) D> R(g2).

The number of genes that have to be assumed to be lost in the inferred dupli-
cation history is equal to deG [(g), denoted by ¢ 10ss(G, S) and called the gene
loss cost of the lca reconciliation between G and S.

In this work, we used our computer program to compute the gene duplication
and loss costs for a gene tree and a species tree [38].
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