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Constraining Whole-Genome Duplication Events
in Geological Time
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Abstract

The timing of whole-genome duplication (WGD) events is crucial to understanding their role in evolution
and underpins many hypotheses linking WGD to increased diversity and complexity. As such, means of
estimating the timing of the WGD events relative to their macroevolutionary outcomes are of considerable
importance. Molecular clock methods facilitate direct estimation of the absolute timing of WGD events,
integrating information on the rate of sequence evolution between species while accommodating the
uncertainty inherent to the fossil record. We present an explanation of the best practice for constructing
fossil calibrations and estimating the age of WGD events via molecular clock methods in the program
MCMCtree, with an example dataset based on a well-characterized WGD event within the flowering
dogwoods (Cornus). The approach presented herein allows for the estimation of the age of WGD events
and subsequent speciation events, allowing the relationship between WGD and the macroevolutionary
outcomes to be explored. In our example, we show that in the case of flowering dogwoods, the WGD event
long predates the end-Cretaceous mass extinction and that the two events may be independent.
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1 Introduction

Whole-genome duplication (WGD; Polyploidy) has occurred in the
evolutionary history of several major land plant lineages, as well as
in fungi and animals. These events are often invoked as agents of
macroevolutionary change [1], and instances of WGD have been
linked to morphological innovations [2], biogeographic shifts [3],
lineage longevity [4], and increased rates of species diversification
[5]. Each of these evolutionary hypotheses depends on an estimate
of the timing of the WGD event to justify a correlation, let alone
causation. The timing of WGD events can be considered in both
relative and absolute terms. The relative (or phylogenetic) timing of
a WGD event identifies the lineage (branch on a phylogenetic tree)
in which the WGD event occurred, based on identifying which
species do and do not exhibit genomic evidence of that event.
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However, many hypotheses that relate macroevolutionary conse-
quences to WGD events, such as increased rates of diversification or
morphological innovation, are also dependent on the absolute
(geological) timing of the event. Following WGD, the process of
diploidization or fractionation is believed to result in a time lag
between the duplication itself and any proposed macroevolutionary
outcomes [6]. The extent of this lag is important, since a drawn-out
period of diploidization may explain the disparate outcomes of
WGD across sister lineages [7].

Methods of dating WGD events can be categorized as phylo-
genetic and nonphylogenetic. The primary nonphylogenetic
method is to derive the rate of nonsynonymous substitutions (Ks)
among paralogous gene pairs [8, 9]. Across all paralogous pairs, the
distribution of Ks values should exhibit a peak if multiple pairs
duplicated at the same time, as would be the case in a WGD
event. Once identified, this peak can be converted into units of
geological time by selecting an external calibration. However, con-
verting the substitution rate using a single-point calibration is
problematic since it a) assumes a strict rate of molecular evolution
among loci and b) places excessive confidence in the calibration.
Further, these methods are known to fail when dating increasingly
ancient WGD events since saturation in the rate of substitutions can
obscure signal [9, 10].

Phylogenetic approaches rely on the reconciliation of the evo-
lutionary history of genes and species. The most straightforward
phylogenetic approach is to bracket the age of gene duplication
events between relevant species divergences. The WGD must be
older than all of the lineages that underwent the event, but younger
than the divergence of those that did not (Fig. 1). Thus, the
simplest way of estimating the age of a WGD event is to provide a
range between these two ages. However, in order to provide a
reasonable estimate of the age of the WGD, this approach relies
on a few assumptions. First, that the ages of the species divergences
are known and reliably estimated. When characterizing novel WGD
events in lineages that previously lacked genomic resources, it is
possible that the evolutionary timeline will be poorly understood.
Second, that the time between the two species divergences is small
relative to their geologic age. Since this method does not directly
estimate the timing of WGD, species that sit on long evolutionary
branches will only be able to constrain the age of WGD events to
unhelpfully broad intervals. Given these considerable shortfalls, we
outline a means of directly estimating the age of WGD events. This
approach incorporates both phylogenomic data and information
from the fossil record in a molecular clock analysis, capable of
precisely and accurately coestimating the timing of WGD and
subsequent species divergence [11, 12]. To demonstrate this
approach, we provide theoretical and practical examples, including
the estimation of the timing of a WGD event shared by extant
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Fig. 1 Constraining the age of whole-genome duplication (WGD) events. Species
B and C have undergone a WGD event (blue dot) following their divergence from
species A. The timing of species divergence (orange dots) between species B
and C and B+C and A is shown as orange bars representing the confidence
interval. The WGD event is thus constrained by the minimum divergence time
between B and C (10 Ma) and also the maximum divergence time between B+C
and A (30 Ma)

members of the flowering dogwood genus, Cornus [13]. To per-
form the analyses described in this chapter, a dataset and set of
control files can be found at https://doi.org/10.6084/m9.
figshare.16867108.

2 Materials

2.1 Required Data Molecular clock methods integrate the rate of molecular evolution,
measured in substitutions per site of amino acid or nucleotide
sequences, with an external calibration. The external calibration
may vary, but it is typically provided in the form of a temporal
constraint informed by fossil evidence [14]. Therefore, a minimum
requirement is molecular sequence data from all species in question
that contain a signal of the WGD event and a set of fossil calibra-
tions that inform the divergence times of said species.

Molecular sequence data comes in the form of individual gene
families. The most important criterion in selecting a gene family for
the analysis is that it contains a clear signal of the WGD event and
that the species relationships it predicts do not differ overly from
the known species tree. This can be investigated using high-
throughput bioinformatic methods, such as gene tree–species tree
reconciliation programs, or by manually reconstructing the gene
tree and visually inspecting the results.

https://doi.org/10.6084/m9.figshare.16867108
https://doi.org/10.6084/m9.figshare.16867108
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Beyond this, the quality of the molecular data present in a gene
family is measured using the same criterion that is typical of phylo-
genetic approaches. Each gene family should ideally contain one
sequence for each species or paralog in the analysis, though due to
processes of gene loss or transcriptomes with lower coverage, some
degree of missing data may be acceptable. The length of the gene is
not always a reliable indicator of quality, but, in general, longer
genes are more likely to contain useful signal over longer evolution-
ary distances.

Fossil calibrations are established based on the oldest robustly
evidenced member of a clade (see Subheading 2.3). The selection of
species with molecular sequence data and suitable calibrations
should not be considered in isolation; taxonomic sampling that
maximizes information from the fossil record will result in more
accurate estimates of divergence times and, in turn, WGD. Finally, a
phylogeny of species relationships is required. This should repre-
sent the current best hypothesis of relationships among all species as
it is not estimated during these analyses.

2.2 Annotating

Sequences

Unlike in a typical phylogenomic or molecular clock analysis, each
species may be represented more than once in the tree as a result of
a duplication event, forming two or more paralogy groups. Species
need to be labeled so as to identify the species or taxon but also the
paralogy group to which it belongs (Fig. 2). Paralogy groups must
be consistently labeled within gene families, but if multiple gene
families are being used, then the assignment to either paralogy
group between gene families is arbitrary (Fig. 2).

2.3 Constructing

Calibrations

Several criteria are required to construct a fossil calibration follow-
ing best practice [15]. These are outlined in the example below:

1. Node: Cornaceae + Alangiaceae – Curtisiaceae.

2. Fossil taxon: Eydeia jerseyensis [CUPC-1601, Cornell Univer-
sity Palaeobotanical Collection, Cornell University, Ithaca]
from the South Amboy Fire Clay Member of the Raritan
Formation (Turonian), New Jersey, USA [16].

3. Phylogenetic justification: Phylogenetic analysis of morphologi-
cal characters placed the extinct genus Eydeia on the stem of
the NMD Group (Nyssaceae, Davidiaceae, Mastixiaceae), in
turn sister to Cornaceae + Alangiaceae [16].

4. Minimum age: 89.37 Ma.

5. Maximum age: 115 Ma.

6. Age justification: The age of the Raritan formation has been
derived from palynology [17]. The South Amboy Fire Clay
member correlates with the Complexipollenites exigua–Santa-
lacites minor palynological zone [18, 19], which is considered
middle to late Turonian. We follow Atkinson et al. [16] and
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Fig. 2 Annotating sequences across paralogy groups. After duplication (blue dot), each species is represented
more than once in the gene tree. Species should be consistently labeled within paralogy groups (1 and 2),
though between gene families the assignment to either paralogy group is not important (1 vs. 2). However,
inconsistent labeling within paralogy groups (3) is incorrect

conservatively consider it latest Turonian, and thus establish a
minimum age based on the age of the Turonian-Coniacian
boundary of the Turonian, 89.75 0.38 [20].�

The maximum age is derived from the most comprehensive
analysis of angiosperm divergence times to date [21], which
estimated a maximum age for crown group Cornales of
115 Ma.

First, the node on the phylogeny which the fossil is calibrating
is clearly stated, in this case, the divergence of Cornaceae and
Alangiaceae from Curtisiaceae. Second, the specimen on which
the calibration is based, along with where it was collected and
where it is housed, is provided. Next, the fossil’s inclusion within
the stated clade is justified, often based on a formal phylogenetic
analysis or the presence of unambiguous synapomorphies estab-
lished in a previous phylogenetic analysis considering phenotypic
data. Fossils are usually used to inform clade-age minimum con-
straints. Their ages are rarely known directly but, rather, established
through correlations between the rock strata in which they are
found and strata that have been dated directly. This indirect
approach leads to minimum and maximum age interpretations of
the fossil, the youngest of which is taken to establish minimum
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clade-age constraints [14]. These are not sufficient and must be
supplemented by maximum clade-age constraints that are com-
monly established by fitting an arbitrary mathematical distribution
to the minimum clade-age constraint to express some visceral per-
ception of how well the fossil on which it is based approximates the
true clade age [22]. Alternatively, maximum clade-age constraints
can be informed based on evidence of the absence of fossil repre-
sentatives of a clade constraints [23]. In either instance, justification
must be provided for how these ages were derived. Fossil calibra-
tions should be carefully evaluated, and if a full justification is not
presented, then a citation to a relevant paper with such a justifica-
tion should be provided [15].

Different software packages have different means of imple-
menting fossil calibrations, but they are commonly specified as a
probability distribution. Different probability distributions reflect
different interpretations of the fossil record. A uniform distribution
between a minimum and maximum provides a conservative con-
straint, since no greater probability is assigned to any age
[24]. Other probability distributions, such as exponential or Cau-
chy, may specify a greater probability of a certain node age. Such
distributions are commonly applied, yet there is often little justifi-
cation for weighting the probability toward a particular age and so,
though less informative, a uniform distribution is preferable
[24]. The R package “MCMCTreeR” allows the specification and
visualization of multiple different probability distributions and can
be used to produce an input phylogeny with fossil calibrations
annotated to the relevant nodes [25].

When assigning fossil calibrations, it is important to also con-
sider the uncertainty of our assessment of the fossil record. Though
many fossils have been assigned as members of extant lineages,
there is always the possibility of error, especially as hypotheses of
clade membership are not always tested. In MCMCTree, this
uncertainty can be modeled in the form of “soft” constraints,
where a probability tail reflects the possibility that a node may be
younger or older than the provided minimum or maximum
[26]. These are specified as follows:

The “B” specifies that this calibration contains both a mini-
mum and a maximum constraint. When both a minimum and a
maximum are provided, the distribution between them is always
uniform. The first number, 0.8937, specifies the minimum con-
strain, in hundreds of millions of years, followed by the maximum.
The final two numbers represent the probability that either the
minimum and maximum age can be exceeded, in this case 1%.
These soft bounds are especially important when specifying
maximum ages.
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Fig. 3 Cross-calibration. Black bars represent fossil calibrations that can
constrain the divergence of B from C and B+C from A. The calibration that
constrains the divergence of B from C is present twice in the gene tree after the
duplication (blue dot). If this calibration is modeled identically in each paralogy
group, then they are cross-calibrated

When dating duplications within gene families, the same speci-
ation node can be represented more than once within a tree in
different paralogy groups (Fig. 3). In these instances, “cross-cali-
bration” should be employed, where the same calibration with the
same probability distribution is applied to the equivalent speciation
nodes in both paralogy groups [27]. A more powerful implemen-
tation of this approach, “cross-bracing,” has also been proposed,
whereby the equivalent speciation nodes are constrained to be
exactly the same age [27]. To date, this has only been implemented
in the software package BEAST2 [27, 28].

2.4 Examining

the Prior

Within MCMCTree, it is possible to examine the combined prior
probabilities of the underlying tree and the fossil constraints. This is
known as the effective, or joint, time prior, and it can be estimated
by running the molecular clock analysis without the sequence data.
This is a fast and important step in the analysis, since the tree and
fossil priors can interact. For example, the tree topology can trun-
cate the prior for the node ages of some nodes to achieve the
expectation that ancestral nodes are older than their descendants.
It is important to see the effective prior and to make sure that it
does not conflict with the priors that you specified [29]. To run this
analysis, we can run the prior control file (prior.ctl), where
MCMCTree is told to ignore the sequence data:
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Fig. 4 The effective prior, estimated by running the analysis without molecular sequence data. Divergence
times are in millions of years before the presence, as indicated by the top bar. Orange bars represent the 95%
highest posterior density (HPD) for each node, with each paralogy group colored blue or green

You will often observe a truncation of the prior that was speci-
fied. In our example, the node age prior assigned to the Cornaceae
+Alangiaceae node was between 89.37 and 115 Ma, yet the 95%
highest posterior density (HPD) for the effective prior is between
90 and 112 Ma (Fig. 4). This is caused by the interaction between
the node age prior and the underlying tree model. This is also an
opportunity to assess the effect of cross calibration (see Subheading
2.3). On each side of the duplication event, the effective priors on
divergence times should be very similar; otherwise, a calibration
may have been incorrectly specified.

2.5 Running an

Analysis

We will describe a clock analysis using the normal approximation
method in MCMCTree [30–32]. This is a two-step dating
approach, that first estimates branch lengths and allows an approxi-
mation of the likelihood surface in the program codeml or baseml
[30, 32], and then runs the clock model in MCMCTree. This
method is relatively fast and tractable for large datasets. It also
allows a high degree of control over all model parameters, all
specified in a control file. The sequence data is contained in a Phylip
file, consisting of 15 individual gene families that have been
concatenated.



seed = -1

seqfile = alignment.phy

treefile = calibration_tree.txt

mcmcfile = step_1.txt

outfile = step_1.out

ndata = 1

seqtype = 2

usedata = 3

clock = 2

RootAge = U(1.15,0.001)

seqfile = tmp0001.txt

treefile = tmp0001.trees

outfile = tmp0001.out

noisy = 3

seqtype = 2

aaRatefile = jones.dat

fix_alpha = 0

alpha = 0.5

ncatG = 4

Small_Diff = 0.1e-6

getSE = 2

method = 1

usedata = 3 to usedata = 2

Genome Duplication in Geological Time 147

The first step in running the normal approximation method is
to generate a set of temporary files for the program codeml to work
with. This is done in the MCMCTree control file (step_one.
ctl), where the usedata ¼ 3 tells the program to begin the normal
approximation method.

This will generate a set of files named “tmp0001.*”. These are
the temporary files that are provided to codeml. The most impor-
tant is tmp001.ctl, which is a control file. By default, the file
contains instructions to estimate branch lengths according to only a
simple model of molecular evolution. Instead, we must change it to
describe the appropriate model:

Here, we have specified a model file “jones.dat” (the JTT
model [33]) and have allowed the rate to vary across sites, accord-
ing to a discrete gamma distribution with four categories and a
shape parameter of alpha ¼ 0.5 (a JTT+G4 model). Running
codeml will produce a file (named “rst2”) containing branch
length information and the Hessian matrix required for the normal
approximation method. To run the normal approximation, we
must first rename “rst2” to “in.BV.” Then, in the MCMCtree
control file “step_two.ctl” change:



burnin = 2000

sampfreq = 100

nsample = 15000

dated.tree <- MCMCtreeR::readMCMCtree(“FigTree.tre”)

MCMC.tree.plot(dated.tree, analysis.type = "MCMCtree", time.

correction = 100, plot.type = "phylogram",lwd.bar=5, scale.res

= c("Period"), node.method = "bar")
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This is now set up to run the analysis with the branch length
information estimated from the sequence data. We must also spec-
ify some properties of the MCMC, such as the length, sampling
frequency, and amount of burn-in.

The overall length of the chain is the product of the sample
frequency and the number of samples. So, above a sample fre-
quency of every 100 and a total number of samples of 15,000
would specify a chain of length 1,500,000. The burn-in line spe-
cifies the number of samples to run the chain for before being
discarded. Here, 2000 samples would require 200,000 generations,
so the total chain length, including burn-in, is 1,700,000.

2.6 Interpreting and

Visualizing Results

The output of the analysis is contained in two files. The treefile
(“FigTree.tre) contains a Nexus format, and the file “mcmc.txt”
contains information from each sampled generation of the Markov
chain Monte Carlo (MCMC). First, we can check that the MCMC
has run for a sufficient number of generations. The “mcmc.txt” file
can be loaded directly into Tracer [34]. This provides the effective
sample size (ESS) for each parameter in the analysis. Generally, ESS
values greater than 200 are sufficient. The MCMC files from mul-
tiple independent runs can be loaded to further compare the pos-
teriors. If each run has converged, the posterior distributions
between runs should be the same.

Amore intuitive way of looking at the results is to plot the time-
scaled phylogeny. This can be done quickly in any tree visualizing
program. Publication-ready figures can be produced directly from
the MCMCtree output in MCMCtreeR with a set of simple com-
mands [25]:

Here, the nodes within the tree are scaled to the mean esti-
mates, with the option of plotting bars to represent the 95% HPD.
Note that while mean ages are useful for visualizing the tree (the
nodes must be positioned somewhere), they may be a misleading
(inaccurately precise) interpretation of the results that is likely to
exclude the true divergence time [35]. Instead, it is essential to
always report the 95% HPD intervals when presenting divergence
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Fig. 5 The posterior estimates of divergence and duplication times derived from the molecular clock analysis.
Divergence times are in millions of years before the presence, as indicated by the top bar. Orange bars
represent the 95% highest posterior density (HPD) for each node, with each paralogy group colored blue or
green

time estimates and to interpret evolutionary history within the
context of this uncertainty. In the case of Cornus, having run the
molecular clock analysis, we can see that the 95%HPD estimates for
each node are considerably more precise (Fig. 5), showing the
effect of the sequence data on the model. We estimate the duplica-
tion event to have occurred within a 109 to 92 Ma (Albian-
Cenomanian; middle Cretaceous) interval (Fig. 5).

3 Discussion

We have demonstrated a phylogenetic approach to directly infer the
age of WGD events that integrates information from molecular
sequence data and a fossil record. Like any analysis, this approach
is constrained by the quality of the information provided, relying on
a true signal of WGD in the gene families and sufficient information
from the fossil record. A major assumption is that gene families
containing the signal of a duplication event are derived from WGD
rather than local small-scale or chromosomal duplication events.
Previous studies have found instances of high-throughput methods
identifying WGD events that have more likely been local
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duplications occurring at a high frequency [36, 37]. Where possi-
ble, a high contiguity genome sequence will be able to detect
patterns of synteny between duplicate genes and can clarify whether
duplications are derived from small- or genome-scale duplication
events [37].

Without calibration, relaxed molecular clocks cannot differen-
tiate rate and time since the two are confounded [38]. Thus, sys-
tems lacking a reliable fossil record, or those that are particularly
difficult to interpret, may suffer a loss of accuracy. The careful
consideration of suitable calibrations and the presentation of their
provenance is perhaps the most important component of a clock
study, and in their absence, results should be treated with caution
[15]. Crucially, our approach, through the modeling of fossil cali-
brations, allows the uncertainty inherent to the fossil record to be
incorporated into the analysis.

It is also important to consider exactly what event is being
dated given that not all WGD events are the same and their differ-
ent expectations should be considered in experimental design
[10]. During allopolyploidy events, when duplication occurs along-
side hybridization, the paralogous genes may have diverged prior to
the duplication event itself, in which case the divergence time will
reflect the divergence of the two parent species rather than the
duplication. Likewise, autopolyploidy events can be followed by a
period of tetrasomal inheritance, and paralogs only begin to segre-
gate after a period of fractionation [12]. In this case, the dating will
identify the period at which the paralogs diverge, rather than the
duplication itself. The extent to which these discrepancies will
impact the estimation of the timing of WGD events is unclear.
Typically, allopolyploidy occurs between closely related species
(though see [39]), and so the difference between the parent diver-
gence and the duplication will be minimal. Similarly, in salmonids,
it has been shown that post-WGD, the genome retained a state of
tetrasomic inheritance lasting for 17 to 39 million years [40]. The
relative contribution of auto- and allopolyploidy in plant evolution
is an area of active research [41–43], though the outcomes of the
two are predicted to be different [42, 44].

In spite of these caveats, molecular clock methods provide the
best means of estimating the time of WGD and in turn facilitate the
testing of the most fascinating hypotheses linked to WGD. One of
the most prevalent hypotheses surrounding WGD in plants is the
apparent clustering of events around the K-Pg boundary
[45, 46]. It is proposed that WGD could have provided a selective
advantage during the ecological changes in the wake of the mass
extinction event, allowing polyploid lineages to survive [47]. The
WGD event in Cornus is one event that clusters here, originally
estimated to have occurred between 85 and 66 Ma and linked to
mass extinction event [13]. Instead, we find that the WGD event
occurred 109–92 Ma, predating the K-Pg mass extinction event by
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43 to 29 million years. We also find that the crown age of Cornus
also predates the K-Pg mass extinction, as supported by the fossil
species C. piggae from the Maastrichtian/Campanian [48]. While
our results find that the WGD event long predated the K-Pg
boundary, this is still compatible with a model wherein polyploid
lineages showed greater resilience through the end-Cretaceous
mass extinction event.

Another advantage of directly estimating the age of WGD
events using the methods outlined in this chapter is that they
allow the estimation of both the timing of the WGD event and
subsequent speciation events. WGD has been linked to increased
rates of diversification in several plant lineages, though often after a
“lag” period [5, 49]. This lag has been predicted to reflect the
period of diploidization post-WGD, where gene loss, rearrange-
ment, and sub- and neofunctionalization occur [6]. In estimating
both WGD and speciation events, this lag can be directly measured.
In the case of Cornus, we can see that the WGD event predates the
divergence of the crown lineage by between 40 and 5 million years.
The length of this lag period may be important for hypotheses of
causality—estimates of the age of the angiosperm-specific WGD
event suggest that it predates the divergence of crown angiosperms
by 27 to 65 Ma [11, 50], making a causal relationship between
WGD and the success of angiosperms tenuous.

4 Concluding Remarks

We hope to have demonstrated that molecular clock methods
provide a means of more accurately and precisely estimating the
timing of WGD events. The precision they provide scales with the
amount of sequence data available for analysis, and this can be a
limiting factor for ancient WGD event, the phylogenetic footprint
of which has been eroded through biased gene loss, leading to very
few gene families available for dating formative events like the Zeta
spermatophyte WGD event [11]. Nevertheless, even a small num-
ber of gene families can be sufficient to obtain clade-age estimates
with sufficient precision to test macroevolutionary hypotheses.
These include, for example, the role of WGD in the origin of
angiosperms, the relationship between ploidy and the K-Pg mass
extinction, and, indeed, whether the macroevolutionary effect of
WGD events lies, if anywhere, with the co-option of redundant
duplication genes or their differential loss. Hence, we anticipate
that absolute dating methods can support research into the nature,
causes, and consequences of WGD events as a generalized
phenomenon.
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Duchêne S, Fourment M, Gavryushkina A,
Heled J, Jones G, Kühnert D, De Maio N
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