Wageningen

Dating ancient polyploidy events in angiosperms,
seed plants and land plants
MSc Biology Thesis
Feia Matthijssen, 921009548030
Chair group: Biosystematics
Supervisors: Lars Chatrou & Setareh Mohammadin
3/25/2016

Summary
Whole genome duplications have taken place multiple times during plant evolution. The oldest of the so far studied
duplication events are before the radiation of angiosperms and before the radiation of seed plants. These duplications
have been studied by Jiao et al.1 using an autocorrelated clock model. Model choices are thought to have an important
effect on the outcome of the calculations. Therefore, in comparison, in this study I used an uncorrelated clock model
to recalculate the age of these duplications using Bayesian statistics.
Orthogroups of protein coding sequences used by Jiao et al. (2011) to estimate the age of these duplications now were
extended to contain sequences of in total 22 genomes. After which each orthogroup was analysed using an
uncorrelated clock model available from the BEAST v2 package2. The age of three distinct genome duplications was
estimated, a duplication in all angiosperms, a seed plant duplication and a land plant duplication.
In total 240 orthogroups showed significant results. In total 69 angiosperm duplications were found with an average
of 309 Ma, 39 seed plant duplications at 353 Ma and 149 land plant duplications at 497 Ma.
This study shows evidence for a possible land plant wide genome duplication. A phenomenon that would most
certainly deserve further investigation.

Introduction
Gene duplications are thought to have an important
role in evolution3,4. When a single gene holds an
important function in an organism, natural selection
does not often permit mutation of that gene. After
duplication these genes can mutate more freely.
Therefore gene duplications may contribute to rapid
speciation and radiation. They may allow for
diversification of the genes, contributing to an increase
in complexity4,5. Changes may contribute to
improvements such as the enhancement of plant
defence6,7. One of the most important gene duplication
events is polyploidy, or whole genome duplication
(WGD). Although our understanding is increasing, there
are still many uncertainties concerning the mechanism
behind evolution after gene duplication8.
Several events of WGD have been studied, indicating
that most plants have at least gone through one such
duplication event8. The oldest of these genome
duplications, one before the radiation of angiosperms
and one before seed plant evolution, have been
indicated by Jiao et al. (2011)1. In their study the age of
the duplications has been estimated around 192±3
(95% confidence interval) and 319±2 Ma (figure 1). In
the same paper, with more species involved in the same
analysis, they already came to older age estimation
(234±9 and 349±3 Ma). This shows that results can vary
greatly depending on the data and methods used.

Figure 1. Several whole genome duplication events in seed plants
(from Jiao et al. 2011)1.

In this thesis molecular dating was used to date ancient
gene duplications, of which the existence has been
previously indicated by Jiao et al. (2011). To determine
the timing of a proposed WGD, a molecular clock can be
used. The molecular clock hypothesis, which was
developed in the early 1960s9,10, remains an important
theory in molecular evolutionary biology. This theory
states that the amount of substitutions is linear with
time: the more two genes differ, the longer ago the
divergence has taken place. This forms the basis of
molecular dating. The theory became an important
factor in the development of methods currently used in
evolutionary studies11. The molecular clock hypothesis
follows from the neutral theory, which states the
importance of neutral substitutions and genetic drift for
evolution12. The rate of change of the genetic code is
relatively unaffected by the magnitude of selection, as

most substitutions that become fixed in the population
are neutral.
Due to technological improvements the amount of
genetic information is vastly increasing; new, faster and
cheaper mechanisms of deciphering genetic material
are being developed13. There is still much to discover
around the mechanisms behind speciation, and the
dating of such events. This vastly expanding pool of data
allows for many more comprehensive studies to be
done. However, even a large amount of data can give
different conclusions, depending in the models used.
This is for example clearly visible in a study by Pirie &
Doyle (2012), where using a relaxed clock model one of
their clades was estimated to be older than their
outgroup14.
Many models have been proposed to calculate the rate
of evolution. This rate can be estimated as an
interaction between time and evolution, often in the
form of nucleotide substitutions. While the amount of
substitutions can be measured, estimation of the rate of
change remains a challenge. It is important to use a
proper model to make a reliable estimation of the
relation between substitution rate and elapsed time, as
well as using proper model calibrations15. Two model
types are used relatively often: uncorrelated and
autocorrelated models15. In uncorrelated (UC) models it
is assumed that rates can be drawn from a probability
distribution, while autocorrelated (AC) models presume
neighbouring branches to follow similar rates, and these
rates can vary greatly between clades. More recently a
random local clock (RLC) model has been proposed16.
This model assumes a strict local clock that can vary
among groups of branches.
Ho (2014) described sources of uncertainty in age
estimations. They stated that with genomic analyses the
age estimation largely depends on the used clock model
and the model calibrations17. Jiao et al. (2011) assumed
autocorrelation in substitution rates1. In a comparative
study by Lepage et al. (2007) it was stated that
autocorrelated models often outperform uncorrelated
models18. Autocorrelation assumes that the primary
determinant of rate variation is heritable19. As most
mutations enter the population through reproduction,
it is expected that the rate of evolution would be
negatively correlated to generation length20. However,
if taxa are only distantly related, the autocorrelation will
be minimal. Therefore the distance between taxa may

influence the effectiveness of AC models. More study is
needed to fully understand this effect21. Uncorrelated
models assume that substitution rates are randomly
distributed. These assumptions may be violated in a
scenario with for example a single woody clade amongst
mostly herbaceous plants. In such a situation the
assumption of rates being randomly distributed may
have important effects on the outcome of the analysis.
It was shown that the UC clock has a strong age bias
when the assumption is violated that rates are
randomly distributed14,22,23. Using a RLC this problem
was not observed22. In calculations where the distance
between taxa is large it may be better to use a method
that uses both UC and AC models21. Unfortunately such
a model is not yet available to general use.
Jiao et al.1 used an AC clock model using the R8S24
software package. Firstly they created phylogenetic
trees using a maximum likelihood method using
RAxML25. In these trees, calibration ages were assigned
on five locations after which they were analysed using
R8S to obtain age estimates for the gene duplication
nodes. Either Selaginella or Physcomitrella, which
diverged before the radiation of seed plants, was
chosen as outgroup. As there is still much uncertainty
around the assumption of autocorrelation, I have
studied these duplications using an UC model. In my
second analysis I have removed the assumption of
Selaginella or Physcomitrella as outgroups, which
allowed for results showing a duplication even before
their divergence. For this an uncorrelated relaxed clock
model using Bayesian statistics available in the BEAST v2
package2 was used.
The aim of this study was to date the whole genome
duplications at the base of seed plants and before the
radiation of angiosperms. The results of this analysis
may give more insight in these ancient duplications, as
well as give more understanding on the effects of model
choice.

Methods
Analysis 1
Rather than analysing the whole genome at once, WGD
studies can benefit from the use of smaller genetic
segments; partial sequence data can be used in a
comparative approach26. In this study the genome

duplications were studied by analysing many gene
duplications separately, and by combining these results.
A dataset containing 799 orthogroups was used, these
are groups of sequences derived from a single ancestral
gene. This data was previously used and made available
by Jiao et al (2011)1,27. These orthogroups were created
using protein coding sequences from fully sequenced
genomes of the following species: two monocots (Oryza
sativa and Sorghum bicolor), five eudicots (Arabidopsis
thaliana, Carica papaya, Populus trichocarpa, Cucumis
sativus and Vitis vinifera), one lycophyte (Selaginella
moellendorffii), and one moss (Physcomitrella patens).
Each group was filtered to contain at least one
monocot, eudicot and Selaginella and/or Physcomitrella
sequence. Among the 7,470 created, Jiao et al found
799 orthogroups containing the proposed duplication
that occurred before the γ triplication1. They then
enriched these orthogroups with sequences from four
basal angiosperms and 16 gymnosperms. I used this
final data set in my studies.
In order to estimate the time at which the WGDs took
place the age of the gene duplications in each
orthogroup was estimated separately. For this I used an
uncorrelated relaxed clock model available in the BEAST
2 software package2,28. Selaginella and Physcomitrella
were chosen as outgroups, assuming monophyly of all
seed plants. One calibration was used, at the divergence
of the seed plant group, with a normal distribution with
an average of 425 and a 95% confidence interval of 400450. This is similar to the calibrations used by Jiao et al
(2011)1,29. Substitution rate and shape were set to
estimate and substitution model was set to GTR, while
leaving other settings at default. The analysis was done
using a chain length of 25.000.000 generations. Using a
custom python script the analysis of these orthogroups
has been automated.
The results were filtered based on statistical support
using Tracer v1.6. Analyses with ESS of <200 in
posterior, prior or likelihood have been omitted, leaving
593 of 799 orthogroups. The outcomes of the analyses
have been combined in order to gain an average age for
the proposed genome duplications.

Analysis 2
Several recently published genomes have been added
to the previously used orthogroups, in order to improve
species coverage. These genomes include the Aquilegia

caerulea v3.1, Fragaria vesca v1.130, Solanum
tuberosum
v3.431,
Volvox
carteri
v2.132,
Chlamydomonas reinhardtii v5.533 and Ostereococcus
lucimarinus v2.034 made available at Phytozome 11, as
well as Phoenix dactylifera35 available from genbank,
and the Pinus lambertiana v1.0 and Pseudotsuga
menziesii v1.0 available from Dendrome. With this
addition the orthogroups consist of sequences of 22
genomes.
In order to add these genomes a consensus sequence
with a conservation threshold of 50% was made for
each of the existing orthogroups. Using BLASTN36 these
consensus sequences were compared with the protein
coding sequences of the previously mentioned
genomes. Sequences with at least 50% overlap, a length
of 0.5x to 2x the original length and an e-value threshold
of 10-7 were added to the orthogroups. The enriched
orthogroups were aligned using MAFFT37. Afterwards
the ends were trimmed using a custom python script.
These enriched orthogroups were calibrated and
analysed using the same settings as in analysis 1 but
without the monophyly constraint on seed plants. The
calibration point was placed on the divergence of
Selaginella or Physcomitrella when Selaginella was not
available. Only orthogroups that converged in the
previous analysis were used. An initial analysis was done
without any calibration point, in order to analyse the
tree topology. This analysis was done using the same
settings as the previous analysis, without monophyly
constraint. The created trees were used to determine at
which nodes the duplication(s) and calibration were
present. After this point three duplications were
recognised: (1) before the radiation of angiosperms; (2)
before the radiation of seed plants; (3) before the
divergence of Selaginella and Physcomitrella, being
before the radiation of land plants.
Only 342 of the 593 orthogroups showed at least one
clear duplication point in addition to a clear calibration
point. Common problems were: there was very low
(<70%) support for key nodes; Selaginella and/or
Physcomitrella was nested within an angiosperm group
making proper calibration impossible; no relevant
duplication was found. Afterwards a second analysis
was done in BEAST 2 with these 342 orthogroups in
order to estimate the age of each of the found
duplications.

Results
In the first analysis 593 orthogroups out of the 799
orthogroups from Jiao et all (2011)1 (ESS>200) had
either a duplication before the radiation of angiosperms
(492 orthogroups) or before the radiation of seed plants
(101 orthogroups). The angiosperm duplication showed
a mean of 339 Ma (95% CI 202 - 438) while the seed
plant duplication showed a mean of 370 Ma (95% CI 276
- 440). Both curves show a very strong left skew rather

than a Normal distribution, with a mode around 400 Ma
(figure 2).
In the second analysis 240 of 342 orthogroups showed
an ESS>200. Among these we found 69 angiosperm
duplications (309 Ma (95% CI 177 – 428)), 39 seed plant
duplications (353 Ma (95% CI 246 – 438)) and 149 land
plant duplications (497 Ma (95% CI 417 – 674)) (figure
3). In only 3 of 149 of the orthogroups with a land plant
duplication Selaginella and/or Physcomitrella is present
in both of the duplication copies.

Figure 2. Relative frequency of age for the angiosperm duplication (492 orthogroups) and seed plant duplication (101 orthogroups), under the
assumption of monophyly for seed plants. A drastically simplified example tree is shown, indicating the position of the duplication nodes.

Figure 3. Relative frequency of age for the angiosperm duplication (69 orthogroups), seed plant duplication (39 orthogroups) and land plant
duplication (149 orthogroups). A drastically simplified example tree is shown, indicating the position of the duplication nodes.

Discussion
The two duplications previously found by Jiao et al.
were clearly present in the final results of this study. The
average age of these duplications (309 for the
angiosperm duplication and 353 for the seed plant
duplication) was slightly different from the age that was
found by Jiao et al. (234 and 349 respectively). The
difference in age for the angiosperm duplication may be
explained by the fact that using my methods it was not
possible to separate seed plant and angiosperm
duplications in orthogroups where seed plants were not
present.
In analysis 1 the data showed a strong skew rather than
a normal distribution. This may have been the result of
assuming monophyly over all seed plants. The results of
analysis 2, where a third duplication was found, also
show that this initial assumption may have been
incorrect. In the second analysis 149 of 240 orthogroups
showed a duplication before the divergence of
Selaginella and Physcomitrella. Assuming monophyly
over seed plants, in these groups the nested Selaginella
and Physcomitrella sequences are forcefully placed as
outgroups. This results in the average difference
between outgroup and duplication copy to become
smaller. Resulting in a duplication age relatively close to
the divergence of the outgroups.
Jiao et al. assumed Selaginella and Physcomitrella as
outgroups to the data and did not find this skew in their
age distribution. The third duplication point was also
not found in their studies. This difference can be
explained by several factors. First they assigned only
one sequence as outgroup, while multiple Selaginella
and/or Physcomitrella sequences can be present in one
orthogroup. As a result only one of these is placed as
outgroup, while the other sequences may still be placed
elsewhere in the tree. This was observed at least several
times. This drastically reduces the effect of the age of
the node shifting towards its ancestral node. It also
makes some trees ambiguous to interpret, as some of
the Selaginella and Physcomitrella are still nested in the
seed plant group while they are assumed outgroup. This
phenomenon was not described in their paper1. A
second possible explanation is that the trees used in
their analysis were made prior to the age calculations.
Afterwards the R8S software assumes the tree topology
correct, and assigns rates and ages to the tree, using
many different calibration points. Due to this it may be
more likely to gain a normal distribution of ages of the
duplication node.

In only few (3 of 149) of the orthogroups with a land
plant duplication Selaginella or Physcomitrella is
present in both of the duplication copies. It is quite
common that only part of the species is present in both
duplication copies, but even that would not explain the
very low number found. It is possible however that
Selaginella and Physcomitrella genes were lost more
often than other genes after duplication. Therefore the
addition of more non-seed plant genomes may give
more insight in this phenomenon. It may also be
interesting to investigate which species retained genes
more often than other species.
In a case with Annonaceae there are two distinct clades,
where there is one clade which showed a much higher
mutation rate than its neighbouring clade14. When this
group is analysed using an uncorrelated relaxed clock
the group with the long branches was placed even older
than the outgroup. To exclude the possibility of this
effect the trees made using the uncorrelated relaxed
clock were compared to the trees published by Jiao et
al., where this model was not used. There was no clear
difference found in the branch lengths between these
methods.
It occurred multiple times that the gymnosperm clade
was placed as sister to Selaginella and Physcomitrella,
rather than as sister to angiosperms. This resulted in a
clade containing Selaginella, Physcomitrella and
Gymnosperms, as a sister to angiosperms. This may be
explained by the very old age of the common ancestor
of land plants, making the evolutionary relation difficult
to reconstruct. This phenomenon may have had an
effect on the estimated age of the land plant
duplications, as proper calibration of the divergence of
Selaginella and Physcomitrella is made more difficult.
Gymnosperms were only available in part of the
orthogroups, while Angiosperms were available in all
orthogroups. In order to maintain consistency in the
calibration of the divergence of Selaginella and
Physcomitrella the calibration has been placed at their
most recent common ancestor with angiosperms rather
than with gymnosperms.
The addition of the three green algae genomes (Volvox
carteri, Chlamydomonas reinhardtii and Ostereococcus
lucimarinus) did not prove useful in this study. In many
orthogroups they were not present. If they were
present they were often nested in other groups, making
their evolutionary meaning ambiguous.

This study has provided results indicating a whole
genome duplication for all or most land plants. To give
more resolution to the dating of the duplications, and at
what point in evolution it has taken place, a future study
may benefit greatly from the addition of more
genomes. Addition of non-seed plants may increase the
understanding of the position of Selaginella and

Physcomitrella in these duplication events. Addition of
Gymnosperms may ease the distinction between the
seed plant duplication and the angiosperm duplication.
It may also be beneficial to investigate these
duplications using other methods to cross validate the
existence of this land plant wide genome duplication.
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