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Abstract—Polyploidy can have a huge impact on the evolution of species, and it is a common occurrence, especially in plants.
The two types of polyploids—autopolyploids and allopolyploids—differ in the level of divergence between the genes that
are brought together in the new polyploid lineage. Because allopolyploids are formed via hybridization, the homoeologous
copies of genes within them are atleast as divergent as orthologs in the parental species that came together to form them. This
means that common methods for estimating the parental lineages of allopolyploidy events are not accurate, and can lead to
incorrect inferences about the number of gene duplications and losses. Here, we have adapted an algorithm for topology-
based gene-tree reconciliation to work with multi-labeled trees (MUL-trees). By definition, MUL-trees have some tips with
identical labels, which makes them a natural representation of the genomes of polyploids. Using this new reconciliation
algorithm we can: accurately place allopolyploidy events on a phylogeny, identify the parental lineages that hybridized to
form allopolyploids, distinguish between allo-, auto-, and (in most cases) no polyploidy, and correctly count the number
of duplications and losses in a set of gene trees. We validate our method using gene trees simulated with and without
polyploidy, and revisit the history of polyploidy in data from the clades including both baker’s yeast and bread wheat. Our
re-analysis of the yeast data confirms the allopolyploid origin and parental lineages previously identified for this group. The
method presented here should find wide use in the growing number of genomes from species with a history of polyploidy.

[Polyploidy; reconciliation; whole-genome duplication.]

Polyploidy as a result of whole-genome duplication
(WGD) can be a key evolutionary event. At least two
ancient WGDs have been postulated at the origin of
vertebrate animals (Ohno 1970; Dehal and Boore 2005),
with yet another occurring before the radiation of
bony fishes (Amores et al. 1998; Van de Peer 2004).
Polyploidy events are far more common in plants. It is
estimated that approximately 25% of extant angiosperms
have experienced a recent polyploidization, while 70%
of angiosperm species show signs of a more ancient
event (Barker et al. 2015). In fact, it is estimated that
between 15% and 30% of speciation in angiosperms
results from polyploidy (Wood et al. 2009; Mayrose et
al. 2011). The prevalence of these events combined with
the success of flowering plants suggests that WGDs
must confer some advantage, possibly by increasing
speciation rates (Werth and Windham 1991; Lynch and
Force 2000; but see Mayrose et al. 2011; Muir and Hahn
2015), by decreasing extinction rates (Crow and Wagner
2006), or by providing species with a large amount of
genetic material from which novel phenotypes can arise
(Adams and Wendel 2005; Soltis and Soltis 2009; Edger
et al. 2015).

Because of their importance in adaptation and
speciation, multiple methods have been employed to
study polyploidy events. The goals of these methods
vary and can include: identifying polyploidy events,
placing events in a phylogenetic context to identify
the lineages on which they took place, or counting
gene duplications and losses in the presence of
polyploidy (Table 1). When placing polyploidy events
in a phylogenetic context, either relatively or absolutely
in time, care must be taken to distinguish between

the two types of polyploidy. Autopolyploidy occurs
when an individual inherits sets of chromosomes from
parents of the same species. Genes duplicated as the
result of autopolyploidy are paralogous. Following
Glover et al. (2016), we will refer to these as ohnologs,
although this term was originally used to describe
a gene arising from any type of WGD event (Wolfe
2000). Allopolyploidy occurs when an individual
inherits sets of chromosomes from parents of different
species through hybridization. Genes duplicated as
the result of allopolyploidy are called homoeologs.
The term “homoeolog” was originally applied to
relationships between chromosomes in allopolyploids
(Glover et al. 2016), and seems most appropriate
as a descriptor of the genealogical relationships of
homologous genes within allopolyploids: not quite
orthologs and not quite paralogs (Glover et al,
2016). Recognizing that homoeologs have relationships
differing from those occurring between homologous
genes within autopolyploids is key in preventing the
mis-classification of allopolyploids as autopolyploids
(cf. Doyle and Egan 2010).

There are many different methods used to identify and
study polyploidy events. Non-phylogenetic methods,
such as synteny and karyotyping, have long been
used to identify polyploid species and will not be
discussed further here (for review see Barker et al. 2015;
Kellogg 2016). Phylogenetic methods (Table 1) use the
relationships of genes between closely related species
to identify and place polyploidy events on a phylogeny.
One common approach is to build phylogenies of low-
copy genes and to treat the resulting gene trees as species
relationships (see Supplementary Table S1, available on

1007


mailto:grthomas@indiana.edu
mailto:journals.permissions@oup.com

1008

SYSTEMATIC BIOLOGY

VOL. 66

TaBLE1.  Phylogenetic methods used to study polyploidy
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Dryad at http://dx.doi.org/10.5061/dryad.pp837, for
a summary of studies that have used each method).
Because these are low-copy genes, only polyploid species
should be represented with multiple copies, in which
case each copy represents either an ohnolog or a
homoeolog. If the polyploid species or clade in question
is an autopolyploid, the ohnologs will be sister to each
other in the genome tree (topology in Fig. 1a); if they are
allopolyploids, the homoeologs will be sister to different
diploid taxa (as long as these lineages are sampled;
topology in Fig. 1b). These diploid taxa are either
the direct progenitors of the allopolyploid species (the
parental species) or the extant taxa most closely related
to the progenitors (the parental lineages; Supplementary
Fig. S1, available on Dryad) if the direct progenitors
are extinct or were not sampled. Such methods can
benefit from including more species closely related to the
parental lineages of the polyploids in order to separate
multiple WGDs close in time. Incongruence caused by
error in gene tree inference or incomplete lineage sorting
(ILS) can be addressed by sequencing more genes (e.g.
Brassac and Blattner 2015), or by comparing nuclear loci
to genes in the mitochondria or chloroplast (e.g. Popp
and Oxelman 2001), and methods have been devised to
make consensus phylogenies from sets of gene trees (e.g.
Huber et al. 2006; Marcussen et al. 2012, 2015). However,
the use of low-copy genes is only applicable for more
recent polyploidy events, as additional paralogs created
by gene duplication (and the loss of homoeologs) are
not considered by these methods (Marcussen et al. 2012;
Jones et al. 2013).

In order to identify previously unknown polyploidy
events, Ks-based, least common ancestor (LCA)
reconciliation, and count-based methods are used
(Table 1; Supplementary Table S1, available on Dryad).
Ks-based methods start by identifying pairs of duplicate
genes within a species of interest, then measuring
the synonymous divergence, or Ks, between them.

Ks True and inferred
polyploidy

A XyzzyxC D

Inferred polyploidy

K

S
A A True polyploidy

AxyzBCzyxD

FIGUREL. Methods toidentify the placement of WGD in a phylogeny.
a) Ks-based methods can correctly date cases of autopolyploidy. Here,
the peak in the distribution of Ks values between paralogs in a single
species (shown as a density plot on the left) corresponds to the
duplication node in the tree. b) Ks-based methods incorrectly date
cases of allopolyploidy. Here, a hybridization event occurred between
species B and C resulting in the allopolyploid lineage that gave rise to
the XYZ clade. In cases like this the peak in the distribution of K for
a single species corresponds to the most recent common ancestor of
the two parental lineages, rather than the timing of the WGD. Similar
results would be found using LCA reconciliation methods discussed
in the text.

In a species that has not experienced polyploidy, the
expectation is that most duplicates will be very recent—
and have a low Ks—while very few pairs will have high
Ks (Lynch and Conery 2000). However, in a lineage
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Representation of allopolyploid clades. Given that a hybridization event occurred between species B and C resulting in the

allopolyploid lineage that gave rise to the XYZ clade, species relationships can be represented in three ways. a) Most species tree reconstruction
methods represent each species with a single label. This is not correct for polyploid species as these singly labeled species trees incorrectly
represent each polyploid species with a single label, showing only one of the two possible topologies. b) Phylogenetic networks correctly display
the species-level phylogeny by showing hybridization events. ¢) Multi-labeled trees (MUL-trees) are genome-level phylogenies equivalent to
networks, and therefore both sub-genomes of the polyploid species are represented and it is easy to identify the parental lineages involved in
the hybridization event. The relative placement of hybridization in the phylogeny is implicit in this representation as the point at which both

sub-genomes originate.

in which polyploidy has occurred, peaks observed in
this distribution are said to correspond to a burst of
duplications from the WGD, though this is not always
the case (see below; Lynch and Conery 2000; Blanc
and Wolfe 2004). Peaks observed in a single species are
placed on the tip branch of a species phylogeny, while
peaks of Ks shared among multiple species are placed
on internal branches (e.g. Cui et al. 2006; Barker et al.
2008, 2009).

LCA-based methods consider the topology of gene
trees, and attempt to map duplication events onto
an accepted species phylogeny via gene tree-species
tree reconciliation (Goodman et al. 1979; Page 1994).
Gene duplications on each branch of a species tree
can be counted, and branches with an unusually large
number of gene duplications per unit time can indicate
a polyploidy event (Cannon et al. 2015). Often LCA
reconciliation is carried out on simplified gene trees
(Bowers et al. 2003; Jiao et al. 2011; Li et al. 2015), but the
inferences remain the same. Finally, recent likelihood-
based “count” methods use gene copy-numbers to
identify branches with more gene duplications than
expected without polyploidy (Rabier et al. 2014; Tiley
et al. 2016). Neither gene trees nor pairwise distances are
calculated among homologs, and instead the number of
gene copies in each genome is used as a character that
evolves across a species phylogeny. Ks, LCA, and count-
based methods can be used for analysis of polyploidy
events at any depth in time, though they are most
commonly used for more ancient events where one or
both parental lineages are extinct.

However, the Kg and LCA methods described above
do not give a full picture of the evolutionary history of
a polyploidy event, and may be positively misleading
about multiple aspects of WGDs. This is because these
methods do not take into account the difference in
the degree of divergence between duplicate gene pairs
in the two types of polyploidy. Specifically, Ks- and
LCA-based methods fail because they treat the two
homologous copies of a gene arising from polyploidy
as paralogs regardless of their mode of origin—that

is, homologous genes related by a duplication event
at their most recent common ancestor (Fitch 1970).
However, for allopolyploids, these two genes are
more akin to orthologs, as they are actually related
by a speciation event at their most recent common
ancestor (Glover et al. 2016). While these methods will
work for autopolyploids—since the divergence time of
ohnologs is the true timing of the WGD (Fig. 1la)—for
allopolyploids they incorrectly identify the most recent
common ancestor of the species that hybridized to
form the polyploid as the time that the WGD occurred
(Fig. 1b) (Doyle and Egan 2010; Kellogg 2016). When
using LCA-based gene tree methods, WGDs due to
allopolyploidy can also lead to incorrect inferences of
many additional gene duplications and losses when
none have occurred (see Materials and Methods).

One major issue shared by Ks-based, LCA, and gene
count methods when used to study polyploidy is that
the typical bifurcating, singly labeled representations
of species relationships (henceforth referred to as
singly labeled trees) only represent one of the multiple
homoeologous sub-genomes (sets of chromosomes) in
any allopolyploid species (Fig. 2a). Species networks
are the correct representation for allopolyploids as they
can highlight both the parental lineages involved and
the relative timing of the hybridization event (Fig. 2b)
(Linder and Rieseberg 2004; Huber and Moultan 2006;
Jones et al. 2013). However, networks represent species
relationships, and therefore can be less practically
useful for analyses involving multiple individual genes
in allopolyploid genomes. An alternative and fully
equivalent representation to the species relationships
in networks uses multi-labeled trees (MUL-trees,
sometimes referred to as “genome trees” in this context)
to represent genome relationships for polyploidy events
(Fig. 2¢) (Huber et al. 2006; Lott et al. 2009). MUL-trees
are trees in which the tip labels are not necessarily
unique (Huson et al. 2006); this allows one to represent
all sub-genomes in an allopolyploid as descendants of
different parental lineages (Fig. 2c), or as descendants
of the same lineage for autopolyploids (e.g. Fig. 1a).
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Here, we have adapted the LCA algorithm for use
with MUL-trees, implementing this method in the
software package Gene-tree Reconciliation Algorithm
with MUL-trees for Polyploid Analysis (GRAMPA). This
representation and algorithm allows us to correctly
infer gene duplications and losses in the presence of
polyploidy, and to identify the most likely placement
of polyploid clades and their parental lineages. In most
cases, it should also be able to infer whether or not a
polyploidy event has taken place. We demonstrate that
thisnew method works on simulated data, and we revisit
two different data sets that include allopolyploid species,
confirming a newly presented conclusion on the parental
lineages leading to the clade that includes baker’s yeast.

MATERIALS AND METHODS

Algorithm

Although the problem of reconciling gene trees
to reticulated phylogenies has been explored before
(Yu et al. 2013; To and Scornavacca 2015), we have
devised an LCA mapping algorithm that reconciles
gene phylogenies to genome relationships represented
as MUL-trees, a natural representation of polyploidy
events. The LCA mapping algorithm is a method that
identifies and counts duplication and loss events on a
gene tree given an accepted singly labeled species tree
(Goodman et al. 1979; Page 1994). It can also be used
for species tree inference by searching for the species
tree that minimizes the total number of duplications
and losses inferred given a set of gene trees (Guigoi
et al. 1996). The main hurdle in applying LCA mapping
to MUL-trees is that, when reconciling to a MUL-
tree, some nodes have more than one possible map. In
particular, some tip nodes cannot be initialized with a
single map (because tips are necessarily not uniquely
labeled), which subsequently allows internal nodes to
also have more than one possible map. We side-step this
problem by trying all possible combinations of initial tip
maps and applying the parsimony assumption—that the
correct map will have the lowest score.

In standard LCA mapping each internal node in the
gene tree, 71, is defined by the set of species at the tips
below it in the tree. The same node is also associated
with a node in the species tree, 15, through a map,
M(ng). M(ng) =ns, where ns is the node in the species
tree that is the LCA of the species that define ng. For
example, in the gene tree depicted in Figure 3a, node
1G is defined by the tips Al and B1. These tips map
to species A and B, respectively, and the first node in
the singly labeled species tree (going from tips to root)
that includes species A and B is 1S (Fig. 3b). Therefore,
M (1G)=18. This process is repeated for every internal
node in the gene tree until all nodes are mapped. For
each ng there is a single possible node in the species
tree to which it can map; however, nodes in the species
tree can have multiple nodes map to them. Nodes in the
gene tree are said to be duplication nodes when they

map to the same species tree node as at least one of their
descendants (e.g., nodes 3G and 4G in Fig. 3b).

When the mapping of a gene tree (T) is performed,
nodes in the gene tree are classified as either duplication
or speciation nodes, based on the procedure described
above. The number of duplications that occur in the gene
tree (Dr,.) is then just the number of duplication nodes.
Losses along a branch in the gene tree, bg subtended by
ng are counted as the difference in the depth of the maps
of a node in the gene tree and its ancestor (Durand et al.
2006):

Ip, = (depth (M (1g)) — depth (M (ancestor (1g))) —1)
+IsDup (ancestor (1))

Where IsDup is a function that returns 1 if the ancestor
of ng is a duplication node and 0 otherwise. The depth of
a node refers to its distance from the root in the species
tree. The node at the root has a depth of 1, with each
node farther down the tree having depth +1 from its
ancestor. For example, in Figure 3b, node 3S (the root)
has a depth of 1, node 1S has a depth of 2, and nodes A
and B each have a depth of 3. The total number of losses
that occurred on the gene tree (Lt,,) is simply the sum of
the number of losses on all branches, Lt = Z?:l Iy, and
the reconciliation score (St) for this gene tree is:

St.=D7,+Lt,

Many reconciliation algorithms do not count losses in
cases where the root of a gene tree does not map to the
root of the species tree. This happens because there are
no nodes in the gene tree mapping to entire branches
of the species tree, and therefore no calculations can
be performed. In these cases (when ng=root) we add

depth (M (ng) —1) to Ly, because the most parsimonious
solution is simply a single loss of each branch above this
node in the species tree

The entire reconciliation process hinges on the fact that
the mapping function is initialized with the tips of the
gene tree mapped to their corresponding species label in
the species tree. Ina MUL-tree, repeated clades represent
the sub-genomes of the polyploid species, and their
placement in the MUL-tree defines parental lineages
of the polyploid event (Fig. 2c, Supplementary Fig. S1,
available on Dryad). Given a gene tree, we proceed with
the LCA mapping algorithm as described above, except
that any tip that maps to a polyploid species now has
two possible initial maps: to either of the sub-genomes
represented in the MUL-tree (species “B” in Fig. 3c).
This leads to unresolved internal maps and the inability
to classify nodes correctly. To solve this problem, we
run LCA mapping with a tip within a polyploid clade
initialized to one sub-genome first, and then we run
LCA mapping again with that same tip initialized to
the other sub-genome, giving us two maps and two
reconciliation scores for the single gene tree. We then
apply the parsimony principle for these two possible
maps: whichever initial mapping results in the lowest
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Gene tree
a)
4G
3G
1G 2G
Al Bl Ci1 B2 D1
b) ¥ c) X
3S 4M
Node  Maps to Node Maps to
’s 16 1S M 6 m
1s 63 M 2M 26 2Mm
3G 3s 36 M
4G 3s
A B C D A B C B D 46 aM
Reconciliation to singly-labeled species tree Reconciliation to MUL-tree
Score = 2 duplications + 5 losses Score = 0 duplications + 0 losses
A BC DA BC DA BC D
Reconciled gene tree
FIGURE 3. Reconciliation with a gene tree from an allopolyploid lineage. a) A representative gene tree is shown, with every homolog

labeled, including the two homoeologs from allopolyploid species B. Internal nodes are also labeled to understand the mappings below. b)
Top: Reconciliation to a pre-defined singly labeled species tree, with maps between gene tree nodes and species tree nodes shown (species tree
nodes are labeled 1S, 2S, and 3S). In this case, genes Bl and B2 are treated as paralogs and extra duplications and losses are inferred, and the
duplications are placed ancestral to the actual parental lineages (A and D) of the allopolyploid. Bottom: The reconciled gene tree showing the
duplications (circles) and losses (dashed branches) inferred. c¢) Reconciliation to a pre-defined MUL-tree, with both allopolyploid sub-genomes
represented, with maps between gene tree nodes and MUL-tree nodes shown (MUL-tree nodes are labeled 1M, 2M, 3M, and 4M). In this case,
genes B1 and B2 are treated as homoeologs and using our algorithm no extra duplications or losses are inferred.

score is the correct map. If there is more than one gene in
the gene tree from the polyploid clade we try all possible
combinations of initial maps. In cases where multiple
different mappings are all tied for the lowest score, we
report all possible mappings.

The MUL-tree reconciliation algorithm is applicable
for any number of genes in any number of polyploid
species, but the algorithm becomes very slow for
large polyploid clades because of the large number of
combinations of initial maps to consider. Given that
a gene tree has m genes represented from polyploid
species, the run time for mapping this gene tree is

O(2™n), since the mapping algorithm itself is linear for
a tree with n nodes (Zmasek and Eddy 2001) and we
perform 2" maps (Supplementary Fig. S2b, available on
Dryad). A similar brute force method was devised by
Yu et al. (2013) when mapping alleles in a gene tree
to a species tree in order to infer hybridization. In the
context of polyploidy, we devised several methods to
expedite the process of choosing the correct map by
using context within both the gene tree and the MUL-
tree. If any genes from different polyploid species form a
clade within the gene tree, then the most parsimonious
solution will always have them mapping to the same
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sub-genome in the MUL-tree. We group these nodes
together, essentially treating the clade as a single tip of
the tree, and try both maps on the group as a whole
rather than on each tip individually (Supplementary
Fig. S2c, available on Dryad). We also consider the
species sister to the polyploid clades in the MUL-tree.
If we observe clades in the gene tree that include only
polyploid species and these sister species, then the most
parsimonious initial map for that group is guaranteed
to be the one in the MUL-tree with the corresponding
sister species. The algorithm therefore fixes the maps of
these nodes before proceeding (Supplementary Fig. S2d,
available on Dryad). This method gives a reconciliation
score for mapping a single gene tree to a single MUL-
tree, and can be applied to a set of gene trees to obtain
a total reconciliation score for a MUL-tree Even with the
speed-ups described above, some gene trees can still take
an exorbitant amount of time to reconcile. We therefore
place a cap of 15 on the number of groups that can be
considered for a given gene tree. This limits any gene

tree to at most 215 =32,768 possible maps. Gene trees
over this cap are skipped. The number of groups in a
gene tree can vary for different MUL-trees. To ensure
consistency when comparing scores between MUL-trees,
we first calculate the number of groups for each gene
tree/MUL-tree combination and filter out gene trees that
are over the cap for any MUL-tree.

Thus far we have assumed that the placement of the
polyploidy event is already known, since a single MUL-
tree represents a single polyploid scenario. When it is not
known, we have implemented a search strategy to find
the most parsimonious placement of a polyploidy event,
given a singly labeled species tree. We define two nodes
of interest in a singly labeled species tree that we use to
build a MUL-tree. Node H1 defines the location of the
sub-genome for the polyploid species represented in the
singly labeled species tree (as in Supplementary Fig. S3a,
available on Dryad). Node H2 defines the location of the
second parental lineage and unrepresented polyploid
sub-genome (Supplementary Fig. S3a, available on
Dryad). When H1 is specified, the sub-tree that is rooted
by it and the branch that it subtends are copied and
placed on the branch that is subtended by H2. Our
modified LCA mapping algorithm is then run on the
resulting MUL-tree, and a total reconciliation score is
obtained by summing across scores for all gene trees.
The algorithm can be limited to a specified pair of H1
and H2 nodes, or only a specified H1 node (searching
for H2), or no nodes specified (searching for both H1
and H2). The MUL-tree defined by a particular H1 and
H2 with the lowest total reconciliation score reveals the
location and type of the most parsimonious polyploidy
event. Placement of H1 and H2 as sister to different
lineages indicates allopolyploidy, while placement of
H1 and H2 on the same node in the species tree
represents an autopolyploid event. We also perform LCA
reconciliation to the input singly labeled tree. In many
instances, if no polyploidy has occurred in the sampled
lineages, the singly labeled tree will return the lowest
score.

GRAMPA’s search strategy guarantees that it will
be able to distinguish between allo-, auto-, and no
polyploidy in most cases (see Results). However, there
are circumstances in which the complete extinction of
both parental lineages of an allopolyploid would lead
us to incorrectly infer autopolyploidy. The distinction
between parental lineages and parental species is
important when discussing allopolyploids. We define
a parental lineage of an allopolyploid as the clade of
species more closely related to one sub-genome than
the other (Supplementary Fig. S1, available on Dryad). A
parental lineage can include the direct parental species
that hybridized to form the allopolyploid (if they are
extant), and also can include species closely related
to the parents. For example, in Supplementary Figure
Sla, available on Dryad, the true network shows that
the species A’ and B’ hybridized to form the polyploid
lineage P.If both parental species are extant and sampled,
it is clear that we will recover the proper placement
of the hybridization event (Supplementary Fig. Sla,
available on Dryad). However, both of these parental
species also have sister species (A and B), which are
part of the two parental lineages. Even with extinction
of one (Supplementary Fig. S1b, available on Dryad) or
both parental species, our method will still be able to
identify the parental lineages, and therefore correctly
infer allopolyploidy. These two cases (Supplementary
Fig. Sla,b, available on Dryad) are sometimes referred to
as “neopolyploidy” (Mandakova et al. 2010). Similarly,
in the case of the complete extinction of one parental
lineage (Supplementary Fig. Slc, available on Dryad;
referred to as “mesopolyploidy”), our method will still
implicitly identify such a lineage via the placement of
H1 or H2 on an internal node of the singly labeled
tree. The only instance in which our method leads to
an incorrect inference of the type of polyploidy is in
the case of the complete extinction of both parental
lineages (Supplementary Fig. S1d, available on Dryad;
sometimes referred to as “paleopolyploidy”), in which
case autopolyploidy will be inferred. These definitions
of neo-, meso-, and paleopolyploidy are based on
genealogical context alone and differ from those based
on cytology (e.g. Mandékova et al. 2010).

Simulations

We first checked that our modified LCA mapping
algorithm counted the correct number of duplications
and losses by manually reconciling a small set of 25
gene trees onto 8 MUL-trees and 1 singly labeled
tree to represent varying cases of gain, loss, and
polyploidy. We generated our MUL-trees by starting
with a single arbitrary singly labeled species tree
topology (Supplementary Fig. S3a, available on Dryad)
and specifying a node as H1. With that node as H1 we
tried every possible placement of node H2 to construct
the MUL-trees (one example is shown in Supplementary
Fig. S3b, available on Dryad). Gene trees were made
by randomly adding or removing branches from these
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a) b)
n3
n3
n4
nll
nll
9
n5 n5
KLE Z T BY BY O KLE z T BY @)
Extinct/unsampled Extinct/unsampled
lineage sister to ZT lineage sister to KLE,
ZT,and BY
FIGURE4. The inferred MUL-tree and species network for the baker’s yeast data. BY: baker’s yeast clade, Z: Z. rouxii, T: T. delbrueckii, KLE: KLE

clade, O: Outgroups. See Supplementary Figure S3, available on Dryad, for full tree and all node labels. a) The optimal MUL-tree inferred when
searching for both H1 and H2. H1 was confirmed to be on the branch leading to the baker’s yeast clade (as normally represented in a species
tree; specified by node n5), while H2 was inferred to be ancestral to the KLE, ZT, and BY clades (n3). b) The optimal MUL-tree as a network.
This representation highlights the two parental lineages of the allopolyploid event: an extinct or unsampled lineage sister to the ZT clade, and

an extinct or unsampled lineage sister the KLE, ZY, and BY clades.

nine trees. Our method always agreed with the expected
counts for each type of event (Supplementary Table S2,
available on Dryad).

Next, we used gene trees simulated in the
GuestTreeGen program within JPrIME (Sjostrand
et al. 2013) with varying levels of gene gain and loss
and ILS to test the search feature of our algorithm.
Specifically, we want to know if, given sets of gene
trees simulated under conditions of allo-, auto-, or no
polyploidy, our algorithm correctly identifies the type of
polyploidy that has occurred and the parental lineages
involved in the polyploidization event (Supplementary
Fig. 54, available on Dryad). To simulate scenarios with
polyploidy, we started with an arbitrary MUL-tree
with one clade represented twice, indicating both sub-
genomes of a set of polyploid species (Supplementary
Fig. S4a,b, available on Dryad). JPrIME does not accept
MUL-trees as input, so we added temporary marker
labels to species within one of the polyploid clades.
JPrIME then generated 1000 gene trees with this labeled
MUL-tree as input. Gene trees were simulated under
five scenarios of gain and loss rates and three scenarios
of ILS, giving us 15 sets of 1000 gene trees each for each
starting tree of allopolyploidy (Supplementary Fig. S4a,
available on Dryad), autopolyploidy (Supplementary
Fig. S4b, available on Dryad), and no polyploidy
(Supplementary Fig. S4c, available on Dryad). We
removed the marker labels from the gene trees and
used them as input for our algorithm, along with a
singly labeled tree in which only one of the polyploid
clades is represented. We then searched for the Hl
and H2 nodes that minimized the reconciliation score.
For the simulations of allopolyploidy, we also gave as
input to our algorithm in a separate run the alternate
singly labeled topology with the other polyploid clade
represented. In all, this resulted in 45 simulated data
sets and 60 inferences by our algorithm.

Yeast

The yeast data came from the study of Marcet-Houben
and Gabaldoén (2015). We use the species tree topology
depicted in their supplementary figures with all 27
species present (Supplementary Fig. S5, available on
Dryad). We downloaded the set of 5,402 gene trees
used by Marcet-Houben and Gabaldén (2015) from
PhylomeDB (Phylome ID: 206). These were the main
inputs to our algorithm, along with the baker’s yeast
clade set as the H1 node (node n5 in Fig. 4a and
Supplementary Fig. S5, available on Dryad). We then let
our algorithm search for the optimal placement of H2,
which would allow for identification of parental lineages
of this polyploidy event.

Several steps were required to prepare the gene trees
for our program. 779 trees consisted of labels that were
either identical to or a subset of another tree. These 779
trees were removed. Notung version 2.8 (Durand et al.
2006) was used to root the gene trees and to perform
bootstrap rearrangement with a 0.7 bootstrap threshold.
Bootstrap rearrangement ensures more accurate gene
trees by finding the most parsimonious (with respect to
duplications and losses) topology around nodes with
low bootstrap support by finding the lowest scoring
topological ordering of affected taxa. Finally, we capped
our algorithm to consider at most 10 collapsed groups
(Supplementary Fig. S1, available on Dryad). This step
cut out an additional 636 trees leaving us with a final
set of 3,987 gene trees to reconcile. We followed a similar
procedure for the set of 963 trees containing “ohnologs”
obtained from Marcet-Houben and Gabaldén (2015)
(http://genome.crg.es/~mmarcet/yeast_hybrids/
phylome_table.htm), resulting in 505 usable gene trees.
Analysis of these trees containing homologs believed to
be due to WGD yielded identical results as those of the
whole data set.
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Wheat

We downloaded 55,519 gene trees from Ensembl
Plants v31 (ftp:/ /ftp.ensemblgenomes.org/pub/plants
/release-31/emf/ensembl-compara/homologies/)
(Kersey et al. 2016). We also obtained the species tree that
Ensembl uses for its analyses (Kersey et al. 2016). Both
gene trees and species trees were pruned using Newick
Utilities (Junier and Zdobnov 2010) so that they only
included 10 Poaceae species, including the hexaploid
bread wheat species, Triticum aestivum (Supplementary
Fig. S6, available on Dryad). These species, along with
all three bread wheat sub-genomes, are depicted in
Supplementary Figure S6, available on Dryad. Because
the D sub-genome of T. aestivum may be the result of
homoploid hybridization between the A and B sub-
genomes (Marcussen et al. 2014), its placement in the
singly labeled species tree is somewhat arbitrary. We
chose to place the D sub-genome and its related species
Aegilops tauschii as sister to the A sub-genome and its
related species, Triticum urartu, in our representation of
the species tree. The gene trees were filtered so they only
contained between 5 and 100 tips. This left 9,147 gene
trees on which to run our algorithm.

We proceeded by removing one of the three sub-
genomes (A, B, or D) from the species tree and pruning
all genes that originated from that same sub-genome
from the gene trees. For the remaining genes, we masked
all labels that specify their sub-genome of origin. We
then gave our algorithm this set of gene trees along with
a singly labeled species tree with only one of the two
bread wheat sub-genomes represented. We allowed our
algorithm to search for H1 and H2 with the expectation
that the optimal MUL-tree will correctly represent both
wheat sub-genomes.

REsULTS

Performance of Algorithm

Our algorithm is implemented in the software
package (GRAMPA; available at https://github.com/
gwct/grampa). The main inputs of the program are a
species tree (singly labeled or MUL) and a set of gene
trees. If a singly labeled tree is input, possible polyploid
lineages may be specified (H1 nodes; Supplementary
Fig. S3, available on Dryad) along with possible
placements of the second parental lineage (H2 nodes;
Supplementary Fig. S3, available on Dryad). With
H1 specified, GRAMPA will search for the optimal
placement of the H2 node. If no H1 and H2 nodes are
defined, GRAMPA will generate MUL-trees based on
all possible H1 and H2 nodes. In either case, GRAMPA
will return a reconciliation score for each MUL-tree
considered (as well as for the original singly labeled
tree), including the total number of duplications and
losses for each individual gene tree. If a MUL-tree is
input (i.e. H1 and H2 specified), GRAMPA will return
a total reconciliation score for the tree and individual
duplication and loss scores for the gene trees.

We checked that our modified LCA mapping
algorithm counted the correct number of duplications
and losses by manually reconciling a small set of 25
gene trees onto 8 MUL-trees that represent varying cases
of gain and loss (Supplementary Table S2, available on
Dryad). Our method always agrees with the expected
counts for each type of event. GRAMPA's search method
was then validated using larger sets of gene trees
simulated using JPrIME (Sjostrand et al. 2013) with
varying rates of gene gain and loss, and varying amounts
of ILS. In every simulation scenario with polyploidy that
we tested GRAMPA returned the expected MUL-tree,
indicating that we can correctly distinguish between allo-
and autopolyploidy, and that in cases of allopolyploidy
we can correctly identify the parental lineages that
gave rise to the polyploid species (Supplementary
Table S3, available on Dryad). For example, when
GRAMPA was given a set of gene trees simulated
from an allopolyploidy event (Supplementary Fig. S4a,
available on Dryad) and a corresponding singly labeled
species tree with only one sub-genome represented,
it always found the correct MUL-tree. Similarly, given
a set of gene trees simulated from an autopolyploidy
event (Supplementary Fig. S3b, available on Dryad),
GRAMPA always returns the correct autopolyploid
MUL-tree. These results remain true regardless of gene
gain and loss rates or levels of ILS, though with
increasing ILS rates we observe inflated counts of gene
duplication and loss, as expected with an LCA-based
algorithm (Hahn 2007). We also assessed GRAMPA's
performance when given a singly labeled species tree
(Supplementary Fig. S4c, available on Dryad) and gene
trees simulated from that species tree; in this scenario
no polyploidy has occurred. Reconciliation to the input
singly labeled species tree correctly resulted in the lowest
score, indicating that we are able to identify when no
polyploidy has occurred.

Distinguishing between allo-, auto-, and no
polyploidy simply based on gene-tree topologies is
possible because of the penalties that naturally arise
when reconciling to the incorrect species topology.
For instance, if allopolyploidy has occurred most gene
trees should have two copies of the polyploid species
present, inducing a penalty of at least one duplication
and one loss when reconciling to a singly labeled tree
with only one copy represented (Supplementary Fig.
S7a, available on Dryad). This penalty is increased by
one loss with each additional lineage between the two
polyploid clades (Supplementary Fig. S7a, available
on Dryad, gene tree 1). Asymmetric gene loss between
the two homoeologous sub-genomes can also provide
a signal of allopolyploidy, with extra duplications and
losses inferred for gene trees in which homoeologs are
present only in the sub-genome that is not represented
in the singly labeled tree (Supplementary Fig. S7a,
available on Dryad, gene trees 2 and 3). Additional
polyploid species make asymmetric gene loss more
easily detectable, increasing power to detect polyploidy.
A similar penalty occurs when reconciling gene trees
resulting from autopolyploidy to a singly labeled tree


ftp://ftp.ensemblgenomes.org/pub/plants/release-31/emf/ensembl-compara/homologies/
ftp://ftp.ensemblgenomes.org/pub/plants/release-31/emf/ensembl-compara/homologies/
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(Supplementary Fig. S7b, available on Dryad), though
this penalty is less pronounced since there is only one
possible singly labeled tree, making asymmetric gene
loss indistinguishable.

Analysis of Baker’s Yeast

We revisited the interesting case of the WGD
occurring in the ancestor of Saccharomyces cerevisiae
(baker’s yeast), a well-known example of polyploidy
(Wolfe and Shields 2007; Kellis et al. 2004). Although
early authors were circumspect about whether this
WGD was an auto- or allopolyploid (Wolfe and
Shields 2007; Kellis et al. 2004), Marcet-Houben and
Gabaldon (2015) recently postulated that this clade
(labeled as the “BY” clade in Fig. 4) was the result
of an allopolyploidy event. These authors detected a
mismatch in the timing of duplications inferred by count
methods and reconciliation, as would be expected given
allopolyploidy. This led to the conclusion that an ancient
hybridization occurred to create an allopolyploid. This
hybridization was inferred to have been between an
ancestor of the ZT clade (Fig. 4) and an extinct lineage
sister to the KLE, ZT, and BY clades (node n3 in
Fig. 4). However, the phylogenetic methods employed
by the authors to identify the parental lineages of the
allopolyploid could not naturally deal with reticulation
in an allopolyploidy event, and thus may have been
misled by problems similar to those outlined in the
Introduction.

We used 3,987 gene trees (after filtering, see Materials
and Methods) across 27 yeast species (Supplementary
Fig. S1, available on Dryad) from Marcet-Houben and
Gabaldon (2015) to reinvestigate the polyploid history
of baker’s yeast using GRAMPA. We observed that
the optimal MUL-tree inferred by GRAMPA has a
reconciliation score of 144,166. We then compared this
score with the scores of MUL-trees representing three
alternative hypotheses. First, we wanted to confirm
that we could detect the WGD by comparing the
reconciliation score of the lowest scoring MUL-tree to
that of the singly labeled tree—this tree had a score of
169,031. The fact that allopolyploidy scored much lower
than no polyploidy indicates that enough phylogenetic
signal remains in these species to differentiate the
two scenarios. This signal is enhanced by the fact
that there are 12 polyploid species represented in the
gene trees, meaning that asymmetric gene loss between
sub-genomes is more likely to be detected. We also
compared scenarios of auto- versus allopolyploidy. The
autopolyploid MUL-tree had a score of 179,636, and
because the optimal allopolyploid MUL-tree has a score
much lower than this, we confirm the result from Marcet-
Houben and Gabaldén (2015) that the modern baker’s
yeast clade is the result of a hybridization event.

We confirmed that GRAMPA’s optimal MUL-tree
also corresponds to the specific allopolyploid scenario
proposed by Marcet-Houben and Gabaldén (2015;
Fig. 4a). These results suggest that the most probable
parental lineages are an extinct lineage sister to the clade

formed by Z. rouxii and T. delbrueckii (the so-called ZT
clade) and an extinct lineage sister to the KLE, ZT, and
the modern BY clades (Fig. 4). The next lowest scoring
MUL-tree had about 1,000 more duplications and losses,
and would have placed the second parental lineage as
an extinct lineage sister to only the ZT and modern BY
clades. Ourresults therefore support the claim of Marcet-
Houben and Gabaldén (2015) for an allopolyploid origin
of the clade including baker’s yeast, and further confirm
their inferred parental lineages of this clade.

Analysis of Bread Wheat

We also applied GRAMPA to 9,147 gene trees from
the clade including the hexaploid species, T. aestivum,
commonly known as bread wheat. This species is the
result of three hybridization events, two leading to
a WGD (Petersen et al. 2006) and one resulting in
a homoploid hybrid species (Marcussen et al. 2014).
Analysis of this clade is an especially useful example
to demonstrate the accuracy of GRAMPA because the
relationships between sub-genomes are known, and
genes have been assigned to their sub-genome of origin.
With genes labeled according to sub-genome, standard
reconciliation can be performed in an approach similar
to ours but with a pre-labeled MUL-tree (Altenhoff et al.
2015; Bolser et al. 2015). It also presents an interesting test
because the current implementation of our algorithm is
only designed to map one WGD per tree.

To show that GRAMPA is able to recover the correct
MUL-tree for the clade including T. aestivum and nine
other Poaceae species (Supplementary Fig. S6, available
on Dryad), we started by analyzing genes from two sub-
genomes at a time and removing all labels associating
genes with sub-genomes. When we allowed GRAMPA
to search for the optimal MUL-tree, we recovered
the one with correct sub-genome relationships every
time (Supplementary Fig. S8 and Supplementary
Table S5, available on Dryad). We also investigated
GRAMPA’s results without removing genes from
any of the three sub-genomes. Interestingly, when
presented with a singly labeled tree with only one
sub-genome represented (Supplementary Fig. S9a,
available on Dryad), GRAMPA’s two lowest scoring
MUL-trees were those in which the other two un-
represented sub-genomes were identified as the H2
clades (Supplementary Fig. S9b and c, available on
Dryad). This behavior is especially useful because it
implies that GRAMPA could be used to search for
multiple allopolyploidy events.

DiscussioN

We have developed a method, GRAMPA, to accurately
identify whether a polyploidy event has occurred and
to place it in a phylogenetic context. This allows
us to identify the parental lineages of the polyploid
species resulting from hybridization in the case of
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allopolyploidy. Our method also allows us to accurately
infer the number of duplications and losses in a clade
containing an allopolyploid. Although reconciliation
methods on reticulated phylogenies have been explored
before (Yu et al. 2013; To and Scornavacca 2015), this
is the first general method that we know of that
performs these types of analyses in the context of
polyploidy and is applicable in a wide variety of
contexts. Using our method to re-analyze the neo-
allopolyploid bread wheat, the results of our algorithm
always align with the accepted relationships between
sub-genomes. Application to the WGD in the baker’s
yeast clade has also confirmed both an allopolyploid
origin and the parental lineages inferred previously
(Marcet-Houben and Gabaldon 2015). Our method
works because it considers the genes duplicated during
polyploidization in all possible genealogical contexts:
as paralogs in the case of no polyploidy, as ohnologs
in the case of autopolyploidy, and as homoeologs in
the case of allopolyploidy. Ks- and standard LCA-based
methods fail because they do not make these distinctions
(Table 1).

There are cases where our method may incorrectly
report that no polyploidy has occurred, even when it has.
The most likely situation in which this will occur is when
so many of the ohnologs or homoeologs from the WGD
have been lost that the singly labeled tree has the lowest
reconciliation score. This scenario is challenging for all
methods that attempt to identify WGDs (Table 1). For
genes without any sort of homolog in the same genome,
reconciliation to MUL-trees requires a gene loss. Because
of this cost, it may seem intuitive that the point at which
one can no longer infer a WGD is when more than
half of all genes duplicated have returned to single-
copy. As there are only ~550 homoeologs remaining
in the S. cerevisine genome (Byrne and Wolfe 2005),
it may therefore be surprising that we correctly favor
allopolyploidy over no polyploidy in our analysis of
yeast genomes. The key factor in our statistical power
to reject a history without WGD appears to be the fact
that there are distinct homoeologs lost or preserved
in different lineages (cf. Scannell et al. 2007). It is the
sum total of these homoeologs that enable us to infer
an allopolyploid history, such that the large number of
polyploid species included in our analysis has helped to
support this inference. We caution users of our method
that any conclusions concerning the presence or absence
of polyploidy is therefore dependent on many factors,
including the age of the polyploidy event, the rate of
duplicate gene loss (and the asymmetry of loss between
homoeologs), and the number of polyploid lineages
sampled.

Importantly, errors in gene tree reconstruction or
incongruence caused by biological phenomena such
as ILS are problems in any tree-based analysis of
polyploidy, and methods to both quantify and account
for them have been established in other contexts
(e.g. Jones et al. 2013; Zwickl et al. 2014). Gene
tree incongruence is also a problem for reconciliation
algorithms (Hahn 2007), though solutions have been

proposed to deal with incongruence due to ILS (e.g.
Vernot et al. 2008; Rasmussen and Kellis 2012; Yu et al.
2013). In the future it will be valuable to implement a
similar solution for the case of reconciliation applied to
WGDs, or a solution based on ILS in species networks
(Jones et al. 2013). Methods that do not rely on gene tree
reconstruction are also viable alternatives for very recent
polyploidy events (Roux and Pannell 2015).

The algorithm and associated software presented here
should allow researchers to re-examine many published
cases of polyploidy, in order to determine whether these
events were auto- or allopolyploidy. While many clades
of plants often have multiple WGD events within them,
our re-analysis of the wheat data gives us confidence
that our method can be expanded to identify multiple
polyploidy events in the same tree. For cases with
only a single WGD, our method provides accounting of
duplication and loss, as well as the placement of these
events in a phylogenetic context.
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