Chapter 8

Evolutionary Rate Change and
the Transformation from Additive
to Ultrametric: Modal Similarity
of Orthologs in Fish and Flower
Phylogenomics
Daniella Santos Muñoz, Eric Lam and David Sankoff

Abstract Branch lengths in a phylogeny may be in units of elapsed time, so that the
nodes have dates associated with them, or in units of evolutionary change, such as the
number of mutations that have accrued between the two endpoints of a branch. Methods to account for the mutational change in terms of an additive tree are generally
incompatible with the ultrametric requirement of time-based tree representations
because of changes in mutation rate. There are some principled ways of converting additive trees to ultrametric form, and these suggest which branches have seen
increased or decreased rates. We spell these methods out and apply them to the rayfinned fishes and the plant families Solanaceae and Malvaceae. The methods based
on nonparametric rate smoothing prove to be more revealing than the Farris transform
methods.
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8.1 Introduction
Phylogenomics, like phylogenetics, attempts to reconstruct evolutionary history by
converting data of various kinds on a set of genomes into a rooted tree whose nodes
represent speciation events, historical points at which one existing lineage is split into
two or more lineages, each of which continued to evolve independently. Accompanying the tree, which is basically a special combinatorial object consisting of vertices
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(nodes) and edges (branches), we usually associate positive branch lengths. These
lengths may be in units of elapsed time, so that the nodes have dates associated with
them, or in units of evolutionary change, such as the number of mutations that have
accrued between the two endpoints of a branch.
Were evolution clock-like, so that the number of mutations during a period of
time was strictly proportional to the duration of that period, the two types of tree
would be congruent. They would both be consistent with the ultrametric inequalities,
with the given genomes assigned the present time. The number of mutations along
each lineage, from the root to each of the present-day genomes, would be the same.
Evolution, however, proceeds at an uneven pace, so that the rate of mutation may
be elevated in one branch and depressed in another. A phylogenetic representation
faithful to the amount of evolution on each branch, such as an additive tree, satisfying only the weaker four-point metric, will not generally be consistent with the
ultrametric inequalities; we cannot assign dates to the nodes in any direct way so that
the mutational change from the root to each of the present-day genomes is the same.
Methods such as neighbor joining (NJ) [29], which produce edge-weighted trees
(and hence additive trees) from a matrix of distances between pairs of genomes, will
not generally output an ultrametric tree. Methods like UPGMA [24], which produce
an ultrametric tree from the same data, will not generally give a good fit to data
that are consistent with a lopsided additive tree and are liable to output a wrong tree
topology in forcing an ultrametric structure on the data.
Inherent in the non-ultrametric nature of additive data is the existence of branches
in the “true” phylogeny that generated the data with very high or very low mutational
rates. This suggests that we could compare the length of branches in an additive
tree and an ultrametric tree for the same set of data. The problem with this is that
methods designed to produce an ultrametric and those generating an additive tree
would generally produce different topologies, so that some of the branches in one
would not exist in the other, so no comparison would be possible. An alternative
would be to adapt an additive tree by stretching or compressing branches in some
principled way so that it assumed ultrametric shape. This is the approach we will
take here, exploring three alternative published techniques for converting an additive
tree to an ultrametric, in order to detect evolution speeding up or slowing down on
specific branches.
Recently a new, uniquely phylogenomic, way of deriving evolutionary distances
was introduced [33, 36, 37], something that has no counterpart in traditional genebased phylogeny or even concatenation-of-many-genes extensions of classical methods. This is based on the distribution of all syntenically validated ortholog similarities
between two genomes. Syntenic validation is assured by software such as SynMap
on the CoGe platform [20, 21]. Whole Genome Doubling events and speciation
events can be separated out by locating “peaks” (local modes) in this distribution.
The most recent (highest similarity) peak is always due to speciation. Although there
may be relatively few pairs of orthologous genes with peak similarity, its accuracy
is buttressed by the hundreds, thousands, or tens of thousands of ortholog pairs distributed in both sides of it on the x-axis. (Our description is phrased in terms of
similarity rather than K s , but either is feasible.) The peak similarities p can be trans-
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formed to estimates of evolutionary divergence using a negative log transform, or
simply by 1 − p.
Since the peaks method depends on no one gene family, and does not require any
single-copy constraint, it is not susceptible to the rapid expansion of gene families or
paralog-based confusion; it is uniquely placed to measure whether entire genomes
have adopted a faster or slower pace of evolution. This motivates the application
of additive to ultrametric transformations to peaks phylogenies in situations where
WGD may muddy the waters when using traditional kinds of distance. The goals of
this paper are thus to apply three transformation methods to distance-based phylogenies based on peaks, and to use these techniques to detect increased or diminished
rates of evolution in three phylogenetic domains.

8.2 Approaches to Transformation
8.2.1 Farris Transform
Originally suggested in [10], the Farris transform is among the early methods for
converting an additive tree metric into an ultrametric. Its original implementation,
however, was to be used in conjunction with UPGMA [24]. The idea was to correct
for the constant evolution rate across all lineages assumption, which may result in
incorrect topologies given an additive tree, through the use of an outgroup [17].
Let X = {1, 2, . . . , n} represent the set of present-day taxa, and T a rooted and
dated phylogenetic tree on X with vertex set VT ⊃ X . Assume that for any two
present-day taxa i, j ∈ X , the genetic distance between them is represented by
D(i, j). Now, consider any vertex v ∈ VT , and any two distinct taxa i, j of v, in
the set X (v) = {k ∈ X : v is an ancestor of k}. The set X (v) contains all present-day
descendants of v in X . Finally, if we let a ∈
/ X (v) be a known outgroup and D(i, j)
be an additive distance matrix for the set of species X , then we have the following
transformation:
D ′ (i, j) = D(a) +
where D(a) =

1
n

n
!

1
(D(i, j) − D(i, a) − D( j, a))
2

(8.1)

D(i, a), which is the average distance between the outgroup and

i=1

all ingroups [17]. An alternative constant that can be used is D = maxi D(i, a), the
maximum distance value between the outgroup and any ingroup from the additive
distance matrix [12].
Theorem 1 ([3]) Let D be an additive distance matrix. If D ′ is the Farris transform
of D, then D ′ is ultrametric.
For more details on the mathematical context of the Farris transform, see [9].
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8.2.2 Nonparametric Rate Smoothing (NPRS)
NPRS [31] is a method that estimates divergence times without assuming evolutionary rates are constant across lineages. The method relaxes the assumption of
the molecular clock by using a least squares smoothing of local estimates of substitution rates. NPRS is dependent on the minimization of ancestor-descendent local
rate changes and is motivated by the likelihood that evolutionary rates are autocorrelated in time. It also estimates divergence times for all unfixed nodes. Sanderson’s
paper [31] demonstrates that NPRS-produced divergence time estimates are more
consistent with paleobotanical evidence than tests using clock-based estimates.
The main idea of Sanderson’s method was to construct an estimate of the evolutionary local rate of each branch in a tree while minimizing the difference between
that estimate and the local rate estimates of their immediate descendants.
A simple local estimate of rate is
r̂ =

b
t

(8.2)

where b is the length of branch and t is its temporal duration.
All branches on the path between the root and a terminal node are directed away
from the root. We denote by r̂k the rate on the unique branch directed to node k and
D(k) to the set of nodes immediately descended from node k. Now, for each internal
node k of the tree, we define
" #
#
#r̂k − r̂ j #2
wk =
(8.3)
j∈D (k)

Thus, an overall function to be minimized is then attained by summing the terms
over all internal nodes as defined by
"
W =
wk
(8.4)
k∈internal nodes

A reasonable estimator of local rate will take into account the unknown time endpoints of the branches and some function of the distance matrix, D. Hence, we can
rewrite the function W as the function W (t1 , t2 , . . . , tm |D), where m is the number
of internal nodes and {ti } are the unknown times of internal nodes. The minimization
of W over these unknown times can then give estimates of those divergence times
(comparable to nonparametric regression techniques). The objective is to smooth the
local transformations in rate as the rates change over the tree. Equation (8.3) is a
minimization of changes in rate from an ancestral lineage to its descendant lineages.
Sanderson [31] estimates the root branch local rate as the mean of all the estimated
descendant rates throughout the tree and then constructs an expression similar to
Eq. (8.3) for the root node. The mean estimated rate is defined by
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r̂k
n k
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(8.5)

where n is the number of branches. Thus the objective function to be minimized, W ,
should also include the term
" #
#
#r̂r oot − r̂ j #2 .
wroot =
(8.6)
j∈D (r oot)

8.2.3 Penalized Likelihood
Penalized likelihood [32] is a semiparametric smoothing method. It features a tradeoff between a parametric model having a different substitution rate on every branch
with a nonparametric model which penalizes the model more for rapid rate changes on
a tree. This is controlled by an optimality criterion, namely the log likelihood minus
λ times a roughness penalty, where λ is the “smoothing parameter.” As smoothing
values increase, the variation in rates are smoother and the model is reasonably clocklike; whereas for small values of smoothing, the parametric component dominates and
rates heavily vary among branches. Optimal values of the smoothing parameter can be
determined by performing cross-validation, a resampling procedure that successively
removes each terminal branch and estimates the remaining parameters of the reduced
tree using penalized likelihood [11].
Consider a rooted phylogenetic tree with n taxa and m internal nodes, where the
root node is labeled by a, the remaining internal nodes are labeled by {1, . . . , m − 1}
and the leaf nodes are labeled by {m, . . . , m + n − 1}. Branches are labeled by the
node they are directed away from, as in the NPRS method. Let node k have an age
tk and its ancestral node, called anc(k), have an age tanc(k) . The branch defined by
these two nodes has a duration in time given by tanc(k) − tk .
In a clock-like (CL) model, the rate parameters are the same for every branch,
r̂k = r̂ . In a saturated model (SAT), each branch can have a unique
$ rate, r̂k . The known
%
parameters
of
each
model
can
be
written
respectively
as
θ
=
ta , . . . , tm−1 ; r̂ and
CL
$
%
θSAT = ta , . . . , tm−1 ; r̂1 , . . . , r̂m+n−1 , for m + 1 or 2m + n − 1 free parameters.
x
)
Next, let P(x|ξ ) = ξ exp(−ξ
be the usual probability that an observation x is taken
x!
from a Poisson distribution with parameter ξ . Then, the log likelihood of θ for the
saturated model is
log L (θSAT |x1 , . . . , xm+n−1 ) =

m+n−1
"
k=1

&
'
()
log P xk |r̂k tanc(k) − tk

The following penalized likelihood to be maximized is given by:

(8.7)
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&
)
Ψ (θSAT |x1 , . . . , xm+n−1 ) = log L (θSAT |x1 , . . . , xm+n−1 ) − λΦ r̂1 , . . . , r̂m+n−1
(8.8)
where Φ is a roughness penalty and λ is the smoothing parameter previously discussed above. The roughness penalty Φ should be chosen to reflect change in rate
between neighboring branches of the tree. Following the NPRS method above, this
penalty was chosen to penalize squared difference in rates between ancestral and
descendant branches and the variance in rate between the branches descended from
the root node:
" &
)
)2
&
)
&
r̂k − r̂anc(k) + Var r̂k : k ∈ D(a)
(8.9)
Φ r̂1 , . . . , r̂m+n−1 =
k ∈a
/

*

D (a)

where D(k) is the set consisting of the descendants of node k. The summation
extends to all internal nodes except the root node and the descendants of the root.
The second term compares the branches descended from the root node and minimizes
the variances of their rates [32].
The choice of λ will affect the estimated rates and times. We use cross-validation
[11] to assist in choosing the value for this parameter.
We drop each leaf successively, leaving its ancestral node in place and repeat the
analysis with the remaining tree, using the ape package [26] in R [27]. For the ith
leaf, the following is calculated:
m−1
"
j=1

+
,2
t j − t −i
j
tj

(8.10)

where t j is the estimated date for the jth node with the full phylogeny, t −i
j is the
estimated date for the jth node after removing leaf i from the tree, and lastly, m is
the number of internal nodes.

8.3 Pipeline
The data for this study were collected from the genomes stored on the CoGe platform
[20] for the fish genomes and for some of the others, and from the NCBI genome
website for many of the flower genomes; the latter were stored in a private account
in CoGe. The SynMap [22] tool in CoGe was used to compare the CDS versions of
each of the pairs of the genomes included in the fish, Solanaceae and Malvaceae data
sets. Histograms of measures of dissimilarity (1 − p), K s (also written as Ds , the rate
of synonymous substitutions in the coding sequence) and log10 K s were compiled for
the syntenically validated orthologous gene pairs detected by SynMap, and examined
to obtain the location of “peak” frequencies of these measures. These locations were
arrayed as a genome distance matrix for each data set, and was used as input to
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UPGMA to derive an ultrametric tree and to the NJ algorithm to create an additive
tree.
To apply the transformations, we first derived the branch matrix from the NJ
results, containing the sum of the branch lengths on the path through the tree for each
pair of species. We applied each of the transformations: Farris, NPRS and penalized
likelihood, to the branch matrix. Then, NJ was repeated on the transformed data to
produce an ultrametric tree for display purposes.

8.4 Applications
8.4.1 Fish
Fish phylogeny has long been controversial, particularly in the classification of the
perciforme genomes due to the numerous speciation events that have occurred within
a relatively short time span. Previously, some groups of perciformes were thought to
be monophyletic, but are now considered polyphyletic [5, 13]. To help resolve these
issues, we set out to construct a peaks-based phylogeny of 15 fish species, distributed
among 10 orders of ray-finned fishes including five perciforme orders, as well as a
shark (a cartilaginous fish) and a coelacanth (a lobe-finned fish) (Table 8.1).
Figure 8.1 illustrates the use of histograms derived from SynMap analyses. The
use of a log scale for the K s value helps separate the various peaks. In the salmon-

Table 8.1 Species included in the study
Order
Species
Chimaeriformes
Coelacanthiformes
Semionotiformes
Characiformes
Cypriniformes
Esociformes
Salmoniformes
Pleuronectiformes
Perciformes
Gasterosteiformes
Tetraodontiformes

Cyprinodontiformes

Callorhinchus milii [35]
Latimeria chalumnae [1]
Lepisosteus oculatus [6]
Astyanax mexicanus [23]
Danio rerio [14]
Esox lucius [28]
Salmo salar [19]
Cynoglossus semilaevis [8]
Oreochromis niloticus [7]
Gasterosteus aculeatus [16]
Takifugu rubripes [2]
Tetraodon nigroviridis [15]
Mola mola [25]
Poecilia reticulata [18]
Xiphophorus maculatus [34]

Common name
Elephant shark
African coelacanth
Spotted gar
Mexican tetra
Zebrafish
Northern pike
Atlantic salmon
Tongue sole
Nile tilapia
Three-spined stickleback
Torafugu
Spotted green pufferfish
Ocean sunfish
Guppy
Southern platyfish

182
Fig. 8.1 Distribution of
log K s of duplicate gene
pairs in salmon-platyfish,
tilapia-stickleback and
torafugu-pufferfish
comparisons, showing a
common WGD before
speciation. Arrows indicate
speciation peaks and WGD
peaks. Peaks at far right
represent noise (gene
fragments, common domains
in unrelated genes, etc.)
accumulating in
exponentially larger
intervals, as well as earlier
vertebrate WGDs

D. Santos Muñoz et al.

8 Evolutionary Rate Change and the Transformation from Additive to Ultrametric …

183

platyfish comparison, we can identify the speciation peak at log10 K s = 0.25 and a
WGD that, being pre-speciation, is shared by both genomes, with log10 K s in the
range of 0.76–0.81. The salmonid WGD, occurs later than this speciation, and so
does not show up as a peak. The visible peak is the “teleost WGD” at the root
of the ray-finned fish radiation, and is confirmed in the other two comparisons,
with tilapia versus stickleback (log10 K s range 0.75–81) and torafugu versus pufferfish (diffuse peak for log10 K s between 0.68 and 1.0), respectively. More important
for our purposes are the more precisely defined speciation peaks: salmon-platyfish,
tilapia-stickleback, and torafugu-pufferfish at log10 K s = 0.25, −0.15, and −0.4,
respectively.
& )
We use the matrix of speciation peak locations (in K s terms) in all 15
= 105
2
comparisons as the input to UPGMA and a Java-implemented NJ algorithm. We
filled in the one missing data point, for the northern pike-spotted gar comparison
(due to very sparse K s information) with the salmon-spotted gar value, since salmon
and northern pike paralleled each other in all the other comparisons. The ultrametric
tree produced by UPGMA and the additive tree output by NJ, as well as two of its
transforms, are depicted in Fig. 8.2. The Farris transformation analysis failed, for
reasons explained in Sect. 8.5 below.
The tree produced by UPGMA is a good illustration of why we avoid dating
evolutionary events by directly producing an ultrametric from a distance matrix.
The topology of the tree should first be determined by methods less sensitive to
violations of the constant rate condition. Adjusting the branch length while retaining
the topology produces a more meaningful timing of event history. The fish UPGMA
produces a biologically thoroughly implausible sister group to the ray-finned fishes
consisting of the elephant shark and the coelacanth, while it also scrambles aspects
of perciform evolution.
The NJ tree and its transforms, on the other hand, are in complete accord with
the current understanding of fish phylogeny. This is true of every branching in the
tree, although the tongue sole should probably be grouped with tilapia, guppy and
platyfish, rather than as an outgroup to these and the tetradontiform/stickleback clade
[4, 5, 30].
The ratios of transformed branch lengths suggest conservative evolutionary tendencies in the earliest branching fish species (elephant shark, coelacanth and spotted
gar), since these branches need to be multiplied by a relatively large factor in the
transition to ultrametric, although the lineage represented by the internal branches
leading through the ray-finned fish (including spotted gar) to the teleosts (including
the remaining ten species) underwent rapid evolution, since these branches need to
be multiplied by a very small factor in the transformation to an ultrametric representation. Salmon and guppy both seem much more conservative than their sister
species, northern pike and platyfish, respectively, although the common ancestor of
salmon and pike also appears to have been conservative.
Compared to nonparametric rate smoothing, the roughness penalty in the penalized likelihood method attenuates somewhat the discordance between salmon and
pike and between guppy and platyfish.
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Fig. 8.2 UPGMA tree, NJ tree and its transformations by nonparametric smoothing and penalized
likelihood methods, for the fish data. “Ratios” summarize transformed branch lengths versus original
NJ values. Ovals surround regions of UPGMA tree that contradict accepted biological knowledge
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Fig. 8.3 Solanaceae Whole Genome Doubling (WGD) and speciation peaks

8.4.2 Solanaceae
The Solanaceae family, here represented by tomato, potato, eggplant, pepper, tobacco,
and petunia, descends from two whole genome triplications events, the first one, 120
million years ago affecting all core eudicots, and the second one, specific to this
family [37], dating from around 40 ± 10 million years ago. The distributions of gene
pair similarities thus have three peaks, two dating from the ancient polyploidization
events, and one from speciation, as seen in Fig. 8.3. As seen in the previous section,
more recent peaks tend to be less dispersed. This holds not only within each comparison, but also for the speciation comparisons, where potato is the most closely
related to tomato, and petunia is the most distantly related.
As with the fish data, Fig. 8.4 shows an error in the UPGMA tree, this time for
our sample of plants from the Solanaceae family; petunia and tobacco are grouped
together separately from pepper and the Solanum species: tomato, potato, and eggplant. The NJ tree and its transforms correctly place tobacco as branching from the
other species after petunia does.
The branch length ratios indicate that evolutionary change has accelerated in the
Solanum, though not dramatically. This trend emerges most clearly in the nonparametric rate smoothing and penalized likelihood methods. All three methods show
that after the speciation event leading to petunia, the ancestor of the other genomes
underwent rapid evolutionary change.

8.4.3 Malvaceae
Genomes that have been sequenced in the Malvaceae include cacao, monkey cacao,
jute (two species), durian, hibiscus and cotton (two species). Once again, there is a
discrepancy between the UPGMA tree and the NJ tree. Figure 8.5 shows that durian
branches after jute in the lineage toward cocoa in the UPGMA tree, and before jute in
that lineage in the NJ tree. In this case, however, it may very well be that the UPGMA
tree is correct, and that the NJ tree results from statistical fluctuations involving the
cotton genome [36]. In any case, there is as yet no consensus in the literature about
the placement of durian.
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Fig. 8.4 Ultrametric, NJ tree and its transformations by the Farris, nonparametric rate smoothing and penalized likelihood methods, for the family Solanaceae and outgroup grape. “Ratios”
summarize transformed branch lengths versus original NJ values
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Fig. 8.5 Ultrametric, NJ tree and its transformations by the Farris, nonparametric smoothing and
penalized likelihood methods, for the family Malvaceae and outgroup agarwood. “Ratios” summarize transformed branch lengths versus original NJ values
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In examining the branch length ratios, there is little that emerges that is consistent
across all three methods, except that G. raimondii is somewhat conservative. Nonparametric rate smoothing and penalized likelihood both have differential rates of
evolution at the origin of the two main clades, but they differ on which side is more
conservative, with nonparametric rate smoothing pointing to the cacao side, and with
penalized likelihood suggesting the cotton/hibiscus clade. In addition, the ancestor
of the jute species appears to have undergone accelerated evolution.

8.5 Discussion
Preliminary to the evaluation of the transformation protocols, we demonstrated in all
three evolutionary domains that the NJ with the peaks approach recovers the correct
topology for the phylogenetic tree, and that the UPGMA was not able to. (Although
the correct topology is not known for the Malvaceae, we do know that the UPGMA
result was not consistent with the additive results.)
In applying the three transformations, the two that incorporate smoothing between
coincident branches were clearly preferable to the Farris method. In addition, penalized likelihood stood out as being able to achieve ultrametric status with the least
stretching or contracting of branches.
The Farris transform displaces much of the rate variation to the branch leading to
the outgroup. In the case of the fish phylogeny in Fig. 8.2, this could not be achieved
because the outgroup was too conservative, and other branches could not be shortened
enough by the transformation without becoming negative.
Finally, we have demonstrated that the non-ultrametric status of additive trees,
at least on these data sets, may be resolved by identifying one or two branches on
which evolutionary rate has clearly slowed or accelerated. It would be useful to be
able to confirm these cases with data on individual gene trees.
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