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Whole Genome Duplication in Plants: Implications
for Evolutionary Analysis
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Abstract
The recurrent cycle of whole genome duplication (WGD) followed by massive duplicate gene loss (fractionation) differentiates plant evolutionary history from that of most other phylogenetic domains, where
WGD has occurred relatively rarely, even on an evolutionary time scale. We discuss the mechanism of WGD
and its biological consequences. We survey the prevalence of WGD in the flowering plants. We outline some
of the major kinds of combinatorial optimization problems arising in computational biology for analyzing
WGD. Fractionation and its consequences are the subject of mathematical modeling questions and further
combinatorial algorithms. A strong connection is made between WGD in phylogenetic context and the
theory of gene trees and species trees. We illustrate the analysis of WGD with studies involving a large
number of sequenced plant genomes, including grape, the crucifers and other rosids, the asterid tomato,
the eudicot Nelumbo nucifera and pineapple, a monocot.
Key words Angiosperm, Genome halving, Genome aliquoting, Fractionation, Rearrangement,
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Introduction
In nature, the genomes of most eukaryote species are diploid, in
that the cell nucleus contains a single maternal and a single paternal
copy of each chromosome. Polyploidization arises as an accident, or
series of accidents, of meiosis, whereby a viable zygote emerges
containing two or more intact genomes, called subgenomes, in a
single nucleus. The subgenomes in an allopolyploid must be highly
compatible, similar enough to allow coherent cellular function to
proceed, but should be sufficiently different so that subsequent
meioses proceed without mistaken alignment of maternal and
paternal chromosomes from different subgenomes (homeologous
chromosomes). The two or more subgenomes in an autopolyploid
are identical, at least in initial generations, containing two
(or more) copies of maternal and paternal chromosomes. Meiosis
in this case is risky due to the potential alignment not of pairs of
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parental chromosomes, but of three or four chromosomes at a
time, setting up a high probability of failure of segregation and of
the production of functional gametes.
Despite the accidental nature of either an allo- or autopolyploidy
event, and the great likelihood that, if one occurs, it will not lead to a
population of fertile and hardy descendants, it is nevertheless known
to have occurred in certain species, especially plant species, where the
sheer number of seeds that can be produced compensates for the low
probability of successful individual polyploidization occurrences.
Indeed, many plant species remain polyploids over long periods of
time, with double, triple, etc. the number of chromosomes as the
ancestral diploid, and maintaining the separation between homeologous sets of chromosomes during meiosis. Some polyploids can
coexist with diploid forms of the same species in the same or neighboring populations, and great variability in ploidy characterizes
certain plants. Human activity has resulted in the induction or
maintenance of polyploidy in some species because of the desirable
agricultural or horticultural properties they may have.
On the evolutionary timescale polyploids may transition back to
diploidy. The initially identical or nearly identical DNA sequences of
pairs or triplets of genes on homeologous chromosomes diverge by
random mutation and selection, while non-coding sequences may
diverge even faster. The two, three or more copies may diverge in
function (neofunctionalization or subfunctionalization) or some
copies (but not all) may be lost completely through pseudogenization or excision. This loss process, called fractionation, affects all
subgenomes though generally one retains more genes than the
other(s), a tendency known as subgenome dominance. A slower
process, genome rearrangement, results in fusions of chromosomes
from the same or different subgenomes and transfer of large chromosomal fragments from one chromosome to another, irrespective
of the subgenome identity of the donor or receiving chromosome.
It becomes meaningless to say that such-and-such a chromosome
belongs to one subgenome rather than the other, and the only trace
of the polyploidization is the presence of a small set of duplicate gene
pairs with the same degree of divergence, suggesting an early event
creating many duplicate pairs. We say the genome has rediploidized
or simply diploidized.
For historical reasons, the term Whole Genome Duplication
(WGD) is generally applied in the context of studying an extant
species that is thought to have originated in polyploidization followed by rediploidization. Though cumbersome as a term, it is not
less preferable than the tongue-twisting coinage paleopolyploid.
WGD is sometimes used to refer to a true (not rediploidized)
polyploid or to refer to ancient triplications and higher order
polyploidization.
In this chapter, we first discuss the prevalence of WGD in
the angiosperms, the flowering plants, in Subheading 2.
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This establishes the great importance of analyzing WGD in any
chromosome-level study of genome evolution.
Next, we review a number of theoretical topics inspired by
WGD. These are mostly, but not exclusively, framed in terms of
the theory of genome rearrangements, and deal with evolution on
the level of karyotypes and gene order on chromosomes, rather
than DNA sequences or proteins. One problem is that of genome
halving (Subheading 3), the problem of reconstructing the gene
order on the chromosomes of an ancient tetraploid (two subgenomes), based on an extant genome containing the same pairs of
genes, but scattered in any order and orientation on some set of
chromosomes. The solution to this is outlined in Subheading 3.1.
The potential of non-uniqueness of genome halving solutions
prompted the guided halving approach, which we sketch briefly in
Subheading 3.2. For higher order polyploids—hexaploid, octaploid, etc.—genome halving becomes genome aliquoting and this
non-trivial extension to halving is described in Subheading 3.3.
In the next section, we propose some models and inference
questions involving whole genome duplication and fractionation.
In Subheading 4.2 we set up a purely mathematical question about
the statistical properties of alternating “visible” and “invisible” line
segments, inspired by the deletion of chromosomal fragments by
fractionation. In Subheading 4.3, we address the problem of
recovering some of the gene order information lost during fractionation, in trying to answer questions about genome
rearrangement.
Subheading 5 introduces the notion of “event trees.” The idea
is to use the distribution of similarities among duplicated gene pairs
as they are generated by speciation and WGD to reconstruct
phylogenies.
In Subheading 6, we survey empirical treatments of various
flowering plants. Since real genomes are far more complex than
the models assumed by the combinatorial algorithms presently
available, analyses of plant genomes tend to be more robust but
less generalizable and less ambitious in their goals.

2

Prevalence of WGD in the Angiosperms
The hypothesis that a given species has been subject to a whole
genome duplication event during its evolution is based on the
discovery of numerous pairs of syntenic regions on two different
chromosomes (or regions of a single chromosome) within the same
genome, covering a high proportion of the genome. Such evidence
for WGD events has shown up across the whole eukaryote spectrum, from the protist Paramecium [1] to brewer’s yeast [2], all
flowering plant lineages [3], several insects [4, 5], early vertebrates
[6], fish [7, 8], and amphibians [9]. In mammals, reports of WGD
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Fig. 1 Distribution of WGD events across the angiosperm phylogeny. Open dots represent triplication events
(hexaploidization). The α, γ, ρ, σ, and τ events mentioned in the text are labelled

in the octodontids [10] remain controversial [11], pending
genome sequencing [12]. The widespread distribution of WGD
in the flowering plants is illustrated in Fig. 1. Indeed two instances
of WGD occurred in the plant lineage leading up to the angiosperms, one just before the emergence of these flowering plants, and
an earlier one pre-dating all the seed plants [13]. The first angiosperms sequenced all showed evidence of WGD events: the Arabidopsis thaliana genome [14–16], the rice genome [17, 18], and the
poplar [19]. The fourth sequenced plant, the grapevine [20],
revealed a whole genome triplication, called “γ, that engendered a
far-reaching radiation of the “core eudicots” that includes over
150,000 extant species. Moreover, the rice genome turns out to
share three WGD events in its ancestry in common with the other
cereals [21], the earliest of which, the “τ” event, is also ancestral to
most other monocots, some 60,000 in number.
In fact, as illustrated in Fig. 1, WGD events occur scattered
across the entire angiosperm phylogeny. Though the earliest
branching flowering plant, Amborella trichopoda [22], escaped
any subsequent WGD, all the sequenced monocots, and both of
the sequenced basal eudicots, have at least one WGD since
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branching off from the other angiosperms, while all sequenced
genomes within the core eudicot asterid clade, except coffee, also
have at least one WGD. The rosid clade contains many genomes
with no WGD since γ, but each of these is also closely related to
genomes that have experienced one, two, three, or more since that
event. The selection of genomes in Fig. 1 is not a random choice,
but was deliberately configured to reflect the intermingling of
lineages with and without WGD.

3

Genome Halving and Related Problems

3.1 The Halving
Problem

The Genome Halving problem asks, given a genome T with two
copies of each gene, distributed in any manner among the chromosomes,
L to find the ancestral “perfectly duplicated” genome, written
A
A, consisting of two identical halves, i.e., two identical sets of
chromosomes with one copy of each
that the
L gene in each half, such L
rearrangement distance d(T, A
A) between T and A
A is
minimal. Note that part of this problem is to find a labelling as “1”
or “2” of the two genes in a pairL
of copies of T, so that all n copies
labelled “1” are in one half of A
A and all those labelled “2” are
in the other half. The genome A represents the ancestral genome at
theLmoment immediately preceding the WGD event giving rise to
A
A.
For reversal and translocation distance, a linear-time solution
was discovered in 1999 [23]. For reversal distance, these results
have been reformulated [24] using an alternative representation of
the breakpoint graph. There are also versions for DCJ [25, 26] and
for breakpoint distance [27].
Generalizations of the algorithms to doubled genomes with
missing gene copies have also been developed [28, 29].
A harder problem is to find the distance between a tetraploid
with no rearrangements and an arbitrarily rearranged genome with
the same doubled set of genes—the Double Distance problem [27].

3.2

A problem with genome halving is that there
Lare usually many, very
different, perfectly duplicated genomes A
A leading to a minimum distance with T. For biological purposes it would be preferable to be able to use some additional, or external, information to
choose amongst these solutions. Thus the Guided Genome Halving
problem [29–31] asks, given a genome T, as well as another
genome R containing only one copy of each of L
the n genes (a non-duplicated outgroup), find A so that d(T, A
A) þ d(A, R)
is minimal. The solution A need not be a solution to the original
halving problem. The reversals and translocations version and the
DCJ version of this problem are NP-hard [27].

Guided Halving
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Guided halving using the heuristic pathgroups approach [32]
extends naturally to gene order reconstruction in phylogenies containing WGD events [33].
3.3

4

Aliquoting

The Genome Aliquoting problem [34] is the problem of finding a
genome with one copy of every gene given a genome with exactly
k copies of every gene, where k  3, such that the distance between
the given and resulting genomes is minimized according to some
distance metric. More precisely, given a genome T with k copies of
each gene, distributed in any manner among the chromosomes, we
wish
L to find the ancestral “perfectly k-tupled” genome, written
A   A, consisting of k identical disjoint parts, i.e., “k” identical
sets of chromosomes with one copy of each
Lgene in each part, such
that
the
rearrangement
distance
d(T,
A
  A) between T and
L
A   A is minimal. Note that part of this problem is to find a
labelling as “1”, “2”, . . .,“k” of the k genes in the k copies
L of T, so
that all n gene copies labelled “1” are in one part of A   A, all
those labelled “2” are in another part, and so on. The genome
A represents the ancestral genome at the moment immediately
L
preceding the polyploidization event giving rise to A
  A. If
we allow k ¼ 2, this becomes the Genome Halving problem.
The breakpoint distance version of Genome Aliquoting has a
polynomial time algorithm, while it remains an open problem
whether or not a polynomial time algorithm for the case of DCJ
distance exists.

Modeling Fractionation

4.1 The Fractionation
Process

The repeated alternation of WGD and periods of fractionation in
the flowering plants necessitates the excision of excess non-coding
DNA [35, 36], including genes that have been inactivated by
pseudogenization or other processes. Fractionation, the process
following WGD, whereby one of the genes in most duplicate pairs
is lost, in a random or partly random manner, is thus the focus in
this section. This process may cause more gene order disruption
than classical chromosomal rearrangements such as reversal or
reciprocal translocation, as illustrated in Fig. 2. In genomics, this
process was hypothesized by Wolfe and Shields, who discovered the
ancient tetraploidization of Saccharomyces cerevisiae [2], and further studied through the comparison of the S. cerevisiae gene order
with that of related diploid yeasts [37, 38].
In general, fractionation inflates the apparent number of reciprocal translocations, greatly seriously exaggerating the overall
amount of chromosomal rearrangement that has taken place in
two sister genomes, one of which has undergone a WGD, as illustrated in Fig. 3.
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Fig. 2 Fractionation leading to different adjacencies in WGD descendant and
unaffected genome. All the adjacencies in the WGD descendant are not found in
the ancestor and are caused by fractionation. The adjacencies between 6 and
1 and between 3 and 7 in the unaffected genome are caused by three reversal
rearrangements, but because of the fractionation in the WGD descendant the
rearrangement distance (DCJ) between the two descendant is actually seven—a
combination of reversals, fission, fusions, and translocations. Ignoring
fractionation would thus lead to the inference of more than twice as many
rearrangements as actually occurred to account for the different sets of
adjacencies in the two genomes

Fig. 3 The effect of fractionations in terms of extra adjacencies (a proxy for rearrangement distances) in both
genomes of length n. For each fixed level of rearrangement r, the number of extra adjacencies (over the n þ 2r
expected) increases dramatically as the number of genes deleted during fractionation increases. Original
number of genes n ¼ 24, 000
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4.2 A Model
for Fractionation

The process of fractionation gives rise to an interesting mathematical model. Though not very realistic, it nevertheless captures
important biological aspects of fractionation. Mathematically, it
gives rise to a simple, but previously unexplored way of generating
alternating black and white segments as continuous analogs of runs
of 1s and 0s.
We model the fractionation process in terms of a number of
successive sweeps, at times t ¼ 1, 2, . . ., of a point process with
parameter ν on the positive reals, representing one copy of the
WGD genome. At the origin, t ¼ 0, we say that all points of this
genome are “visible.” A deletion event, rendering a segment of
exponentially (mean μ) distributed length “invisible,” occurs at
each point determined by the point process. Though our description will be in terms of the three parameters, only μν and t are
meaningful for purposes of inference.
The second copy of the genome remains undisturbed throughout and retains a 1-to-1, length preserving, correspondence with
the fractionating copy, without regard to any disruption caused by
invisibility. This biologically inspired property is what makes the
model more than just a curiosity. The origins of the construction lie
in more realistic discrete models, whose mathematical development
is still incomplete [39–42]. Still more realistic are “two-sided”
models [43], which allow deletion to affect either of the two
duplicate genomes. This is more difficult because the exponential
deletion process sometimes has to be truncated to avoid two-sided
invisibility, a biologically undesirable situation.
During the first sweep, illustrated at the top of Fig. 4 at time
(or step) t ¼ 1, the first deletion point x1 is determined by sampling
from the exponential distribution
1 x
e ν , x  0,
ð1Þ
ν
with mean ν. Then a deletion length a1 is chosen from another
exponential distribution
ρðx Þ ¼

1 aμ
ð2Þ
e , a  0,
μ
with mean μ. The segment (x1, x1 + a1) is “deleted,” or is designated as invisible. The next deletion point x2 is chosen by sampling
0
0
x2 from the first exponential distribution (mean ν), so that x2 ¼ x2
+ x1 + a1. Then the length a2 of the second deleted segment is
determined by sampling from γ again. The process continues in this
way to find x3, a3, . . . Concatenating only those segments that are
still visible, we see that x1, x2, . . . are points determined by a point
process with parameter ν. Associated with each of these points x is
an “event counter” C(x). Initially, each C(x) ¼ 1. We define a
function π t(i), i ¼ 1, . . . measuring the proportion of event
γ ða Þ ¼
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Fig. 4 Processes pertinent to first sweep and t-th sweep. Solid horizontal bars represent the visible regions of
the genome. Grey curves represent invisible regions. Dashed markers represent deletion points, solid markers
represent end of deletion segments. ν and μ are the means of the deletion point spacing and deletion segment
length variables, while λt1 is the mean space between visible deletion points after the t  1-st sweep

counters registering i events at time t  1. Thus π 1(1) ¼ 1 and π 1( j)
¼ 0, for all j > 1.
At times t ¼ 1, 2, . . ., the second, third, . . . sweeps begin, all
independent of the first sweep and each other, and each applied to
the concatenated visible segments only. We sample x1(t) and a1(t) in
the same way as x1 and a1 according to ρ and γ, respectively, to
determine a deletion interval [x1(t), x1(t) + a1(t)).
If the interval [x1(t), x1(t) + a1(t)) contains no previously defined
deletion point, a new event counter at C(x1(t)) is set at 1. If
[x1(t), x1(t) + a1(t)) already contains j > 1 deletion points
z1, . . ., zj, the event counter at C(x1(t)) is set at 1 þ ∑i ¼ 1jC(zi).
The j deletion points z1, . . ., zj become invisible, along with the rest
of the segment [x1(t), x1(t) + a1(t)) that contains them.
0
We find the next deletion point by sampling x2(t) from ρ, and
0
setting x2(t) ¼ x1(t) + a1(t) + x2(t) . We continue the t sweep, adding
visible deletion points and making others invisible. Some deletion
points from the earlier sweep will remain unchanged, i.e. are still
visible. The xi(t) by themselves define a point process with parameter ν on the concatenated visible segments. But the xi(t) and the
additional deletion points remaining from the earlier sweep define a
process with mean λt, a parameter that decreases with t, as the
undeleted segments are interrupted by more and more deletions.
This parameter is important as it is directly inferable from the
observed genome at time t.
Extensive simulations reveal λt to follow an exponential distribution, while the total accumulated lengths of invisible segments at
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time t follows a more general Gamma distribution [44]. Analytical
results are available on C(t), but this does not correspond to
anything observable in the genome; nothing distinguishes an invisible segment generated by five deletion events from one generated
by ten.
At each sweep, more and more of the genome becomes invisible. Since each concatenation of visible segments still extends to the
positive reals, we cannot observe directly how much the genome
has been reduced in absolute terms. But thanks to the lengthpreserving isomorphism between the second copy of the genome
and the fractionating one, for any large finite interval we can
observe the proportion of the genome
that

t is left by time t. Since
this should be of form similar to 1 þ μν , involving quotients of
exponentials, standard formal inference processes may be unavailable, but whether there is enough information in the statistics of
λt and of the parameters of the Gamma distribution to allow some
inference about μν and t is an open question.
4.3 The
Consolidation Problem

5

As mentioned in Subheading 4.1, fractionation inflates the apparent amount of chromosomal rearrangement that has actually taken
place in two sister genomes one of which has undergone a WGD.
Here we discuss how to computationally detect, characterize, and
correct for this impediment to the study of evolution [45, 46].
The method is based on the identification and isolation of
“fractionation intervals,” regions in both the WGD descendant
and its unaffected sister genome that may have been rearranged
internally, but have (so far) been unaffected by rearrangements
exchanging genes from within the interval and genes external to
the interval. This is followed by a procedure for the consolidation of
the two fractionated regions in the WGD descendant that correspond to a single region in the unaffected genome. These are then
represented by a single “virtual” gene, identical in the unaffected
genome and in two copies in the WGD descendant, removing the
cause of excess rearrangement in the comparison of the two genomes. Figure 5 shows how this completely corrects for effect of
fractionation in inflating the rearrangement estimates (cf. Fig. 3).
The running time of the latest version of the algorithm [46] is
asymptotically linear in the genome size. It can handle whole
genome triplication (ancient hexaploidy) and higher multiplicity
events.

Species Trees and Events Trees
The investigation of gene trees and species trees furnishes a genuinely genomic perspective on evolution insofar as it requires a
complete inventory of the paralogs of the orthologously related
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Fig. 5 Solid lines: Apparent amount of rearrangements after application of consolidation algorithm and taking
into account adjacencies within fractionation regions. Dashed lines: Before algorithm

genes in the species under study. However, gene trees and species
trees are each based on a tiny portion of the genome.
In the context of WGD in flowering plants, we can take the
gene-tree/species tree approach to another level, to a more comprehensive kind of genomic data than the usual
  one-gene-at-a-time
focus. Specifically, we can study the set of N2 þ N gene similarity
distributions within and across N species where WGD has affected
one or more of these species. This typically involves many
thousands of genes in finding a single “events tree,” rather than
finding a compromise among thousands of single-gene gene trees.
Though there are statistically more elaborate ways of identifying the distributions [47], we can nonetheless proceed with our
gene-tree
 approach by simply identifying local modes or “peaks” in
all the N2 þ N similarity distributions, and translating these into
phylogenetically related paralogous and orthologous entities. We
have developed a rapid algorithm to resolve these in the case of ideal
instances where no data are missing and all data are mutually
compatible [48].
There are two principles underlying our method for reconstructing the species tree and the events tree from a perfect set
(i.e., no events are undetected in any distribution where they
“should” be visible) of inter- and intra-genome comparisons:
l

each intra-genome distribution of similarities only has peaks due
to all the WGD in its direct lineage, and
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l

each inter-genome distribution contains only one peak due to
speciation, i.e., at the date of the most recent common ancestor
of the two species, as well as all the peaks due to the WGDs in
common to the two species, i.e., WGDs pre-dating the speciation event.

The first principle may be seen as a special case of the second,
considering that there are zero speciation events separating a
genome from itself.
Assuming that we can infer the age of an event simply by
identifying one or more “peaks” of the similarity distribution it
engenders, without recourse to other estimation procedures, foregoes any attempt to pick out events only visible as “shoulders” of
other events on the similarity distribution. It also makes it potentially difficult to test whether peaks in different comparisons result
from the same or different event. In practice these two problems
can be circumvented. This may be seen in the detailed application of
these principles illustrated in Subheading 6.5 below. And it opens
up the problem of how to extend the formal method to data less
than perfect, which our algorithm currently requires.

6

A Survey of Some WGD Events
Among the techniques used to detect and characterize WGD events
in practice are syntenic dot plots, distributions of gene duplicate
similarities (including all-position similarities, Ks, and 4dTv
[49, 50]) and aliquoting based on frequent paralogy between subgenomes but not within subgenomes. We illustrate these general
approaches to a number of flowering plant genomes.

6.1

Core Eudicots

The core eudicots are all descendants of an ancestral hexaploidization approximatively 125 Mya, leading within a few million years to
a remarkably diverse radiation into many orders, most of which are
grouped into the rosid and asterid subclasses. Among the
sequenced core eudicot genomes that have been published, the
grapevine Vitis vinifera [20], a rosid, is perhaps the most conservative, from the viewpoints both of sequence mutation rates and gross
chromosomal structure. From the latter, the original hexaploid
structure can be inferred to have involved the tripling of seven
chromosomes, the grapevine conserving most of this with a handful
of chromosomal fusions and fissions reducing the 21 ancestral
chromosomes to 19. Figure 6 shows the results of applying a
“practical aliquoting” algorithm to grapevine genome paralogy
data [51].
Syntenic dot-plots (omitted here) for the self-comparison of
both grapevine and of cacao clearly show a pattern of pairwise
homologies falling largely into 21 groups according to the
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Fig. 6 Partitioning of grape genome into three subgenomes by the aliquoting algorithm. Arcs making up the
circumference of each circle represent grape chromosomes. Lines within circles represent paralogies
established at the time of hexaploidization. Note that between circles defined by the algorithm, hypothesized
to reflect the seven pre-hexaploid core eudicot chromosomes, there are virtually no paralogies, and within
circles, no paralogies within subgenomes, and many paralogies between subgenomes. Note also that
chromosomes 4, 7, and 14 appear in two circles each, reflecting chromosomal fusions in the grape lineage,
while one circle is labeled by four chromosomes: 3, 4, 7, 18 because of the incorporation of fissioned parts of
an ancient chromosome into chromosome 4 and 7

Fig. 7 Distribution of similarities in gene pairs. Duplicate genes in seven genomes, showing triplication peaks
between 67% and 73%. Poplar WGD peak at 91%

chromosomal location of the two homologs [20, 52]. This is also
true to a lesser extent for peach and is even more obscured in
strawberry and other more highly rearranged genomes.
Turning to the detection of WGD through duplicate gene
similarity distributions, Fig. 7 shows how intra-genome duplicate
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similarities are distributed in seven rosids in a parallel way all
showing strong evidence of the triplication. All of the genomes
show a clear peak at 70  3% sequence similarity. In addition,
poplar showed a larger peak at 91%, reflecting the more recent
WGD it underwent as indicated in Fig. 1.
6.2

Nelumbo

Nelumbo nucifera is of great interest because it is the only
sequenced and published [53] eudicot that branched off from the
core eudicots before the γ triplication. There was some question of
whether the γ event was really two events, since geneticists do not
usually observe hexaploidization as a single step. It was thought
that perhaps the first step, a tetraploidization, occurred before the
divergence from Nelumbo and the second step, a combination of
the doubled genome with a closely related diploid, soon after. To
investigate this possibility, we carried out a “practical halving” of
Nelumbo, a special case of practical aliquoting [54]. In comparing
the two subgenomes thus discovered with each other and with the
three subgenomes of grape (see Fig. 8), we could discard the possibility that there was any WGD before the speciation giving rise to
the two genomes.
Both grape and Nelumbo have rather conservative genomes, so
that it is relatively easy to pair chromosomal regions in Nelumbo and
to match triple of regions in grape. This gives rise to a reconstruction of the ancestral form of each before γ and before the Nelumbo
WGD. This is depicted in Fig. 9, which suggests elements of a
common eudicot ancestor.

6.3

Tomato

The publication of the tomato genome [55] included the first
evidence and affirmation of a triplication in the Solanaceae lineage.
The data and analysis presented, however, was difficult to decipher
as proof that the entire ancestral genome had been triplicated. We
used an aliquoting algorithm to confirm this in tomato and in the
genus Capsicum [51, 56].
In Fig. 10, we have colored each set of tripled regions red, blue,
and green according to which contained the largest, second largest,
and smallest number of genes. The differential between the red
regions and the others is far too great to be attributed to multinomial sampling with equal probabilities, and is reminiscent of the
situation of other flowering plant WGD descendants [57], where
subgenome dominance survives despite rearrangements breaking
up and reassembling the chromosomes irrespective of their WGD
origins. Thus the red regions in Fig. 10 would all or mostly originate in the same subgenome at the time of hexaploidization. The
dominant subgenome, early in this process, by means of regulatory
and epigenetic mechanisms, depresses the expression level of the
genes in the other subgenomes and facilitates their loss during
fractionation (cf. the discussion in [57]).
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Fig. 8 Comparison of inferred pre-duplication chromosomes in Nelumbo ancestor and pre-triplication regions in
the core eudicot ancestor. Yellow chromosomes and paralogy edges: Vitis. Violet chromosomes and paralogy
edges: Nelumbo. Black edges: orthologies between three Vitis subgenomes and two Nelumbo subgenomes

This is a likely explanation, but does not account for another
aspect of the pattern in Fig. 10. We might expect, all things being
equal, that the largest region be distributed among more tomato
chromosomes while the smallest regions be found on only one
chromosome. In fact we observe the opposite, with the smallest
regions, colored green, being spread over 1.8 chromosomes, on the
average, with the regions colored red being confined to 1.4 chromosomes, and the blue-colored regions in between (1.53). This
observation is consistent with the hypothesis that all the red regions
originate with a single subgenome that joined an original tetraploid
(reflected in the blue and green regions), already considerably
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Fig. 9 Reconstructed Nelumbo ancestral chromosomes and Vitis ancestral chromosomes (not to scale),
showing common blocks and conserved block adjacencies. Each block contains the label of a Nelumbo
chromosome pair in the original halving solution, followed by the Vitis chromosome triplet number, and the
number of orthologs. Heavy outline surround blocks adjacent in both ancestral genomes, and undoubtedly in
their common eudicot ancestor

Fig. 10 Aliquoting of tomato genome into three subgenomes. Note that between circles, which reflect the
15 hypothesized pre-hexaploid Solanaceae chromosomes, there are virtually no paralogies, and within circles,
no paralogies within subgenomes, and many paralogies between subgenomes. Note also that several
chromosomes each appear in more than one circle, reflecting chromosomal fusions in the Solanaceae
lineage, and that most circles are labeled by more than three chromosomes because of the assorted
amalgamation of fissioned parts of ancient chromosomes

fractionated and rearranged. However, the blue-green tetraploidization would not have been an autopolyploidy event since the
average sequence similarity blue-green paralogs is not significantly
greater than that of red-blue or red-green paralogs.
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6.4

Pineapple

6.5 The
Brassicaceae
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Besides its intrinsic interest as an important food crop, pineapple
offers an opportunity to study the early evolution of the order
Poales, which also contains the Poaceae family, but whose early
evolution has been obscured by the so-called ρ WGD. Since the
family Bromeliaceae, containing pineapple, diverged from the Poaceae before ρ, it provides a window into the earlier σ and τ WGDs
shared by all Poales. Fractionation reduces the number of
WGD-generated paralogous pairs to single copy rapidly, so that
while it is often straightforward how to do genome reconstruction
after a WGD, it is relatively difficult to study evolution prior to a
WGD based only on paralogs. Since there is a built-in redundancy
in the orthologous pairs generated by speciation, before or after a
WGD in either or both of two genomes, more orthologous pairs
are available for reconstruction. To take maximum advantage of this
fact, and to optimize the amount of information input to the
reconstruction of an ancestral Poales genome, we looked for multiple orthologous syntenic regions in pineapple to a published outgroup genome, pirodela polyrhiza (duckweed), or to overlapping
Spirodela regions. Within each set of pineapple regions thus produced, we then searched for quadruples of paralogous regions
made up of two pairs or regions. Each pair was required to have
average similarities clustered around a recent mode of the distribution. The similarities across the two pairs of regions had to be
clustered around an earlier mode of the similarity distribution.
The quadruples that emerge from this search should correspond
to the chromosomes produced by each round of WGD, though this
may be obscured by rearrangement and fractionation. Figure 11
shows the remarkably clear pattern that was derived by this method
applied to the pineapple genome [58], with duckweed providing
the outgroup genome. This result was of special interest because
the two WGD σ and τ are shared by the Poaceae crops wheat, rice,
maize, etc., but the early history of these is scrambled by the more
recent WGD ρ. Thus the pineapple analysis allowed us to resolve
the controversial ancient history of the Poaceae.
In
N Subheading 5, we introduced the systematic study of peaks of
2 þ N distributions of duplicate gene similarity in the context of
gene trees and event trees.
To illustrate this discussion, we draw on six published genomes
in the Brassicaceae family, three in the genus Brassica: B. rapa
(turnip, Chinese cabbage) [59], B. oleracea (cabbage, cauliflower)
[60] and Raphanus sativus (radish) [61], two in the genus Arabidopsis: A. lyrata (rock cress) [62] and A. thaliana (thale cress,
mouse-ear cress) [14], and one in the genus Sisymbrium: S. irio
(London rocket) [63]. Figure 12 shows the phylogenetic relationship among the six species:
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Fig. 11 Accessing the cereal ancestral genome through analysis of pineapple WGD

whole genome triplication

B. rapa
B. oleracea
R. sativa
S. irio
A. lyrata
A. thaliana
whole genome duplication

Fig. 12 Phylogenetic relationship of six species in the family Brassicaceae,
showing lineages affected by WGD and triplication events
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We extracted genomic data from these species using the database in CoGe [64, 65]. We then used the SynMap routine (with
default parameters)
on this platform to compare the gene orders of

each of the 62 ¼ 15 pairs of genomes. This procedure implicitly
validates the identification of orthologs produced by speciation by
detecting collinear arrays of several duplicate pairs in two species
with approximately the same divergence: “syntenic blocks.” Similarly, we did a self-comparison of five of the six genomes; the sixth
one, the Sisymbrium genome, not having enough closely spaced
duplicate pairs for SynMap to produce paralogous syntenic blocks.
The distributions of similarities calculated are shown in Fig. 13.
The peaks found in each genome are tabulated in Table 1.
From Fig. 13 and Table 1, we note that the data are not quite
“perfect”; the earliest duplication, detected at 79–80% in the Arabidopsis self-comparisons, shows no peaks in the other self-comparisons—there is a shoulder or heavy tail in the appropriate place in
the Brassica self-comparisons, but this is swamped by the later
triplication. The triplication itself is visible in all three Brassica
self-comparisons and in the comparison of B. oleracea and
B. rapa. In the comparison of the latter two with Raphanus, this
peak is barely visible as a shoulder to the Raphanus speciation
distribution.
More interesting is that the peaks at 90% reflecting the Sisymbrium speciation, known to occur before the Brassica triplication,
suggest that speciation is more recent, since the triplication peak is
at 89%. This apparent conflict is clearly ascribable to a slower rate of
evolution (lower λ), since the divergence of Arabidopsis from Sisymbrium also seems to occur more recently (88%) than the divergence
of Arabidopsis from the Sisymbrium sister genus Brassica (86%).
Note that the small differences between peak similarities are not
insignificant, given the many thousands of gene pairs involved in
these comparisons.
Were we to fill in the missing “α” peaks, and correct the
Sisymbrium times to account for slower evolution, the data set
would be perfect and our algorithm would convert it to a species
tree with duplication times indicated. This could be then displayed
in the form of Fig. 14. This events tree represents a general template for gene families evolving through WGD and fractionationbased gene loss only. The gene tree for any particular gene family
would have exactly the same form, but with losses of various
lineages.

7

Conclusion
In the history of extant flowering plants, there are many whole
genome duplications and triplications, and these are not confined
to one or two phylogenetic domains. This presents a challenge for
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Fig. 13 Gene similarity distribution between 15 pairs of genomes in the Brassicaceae and 5 self comparisons.
Local modes (“peaks”) are indicated. Only one of each comparison is shown for Arabidopsis, the other is
superimposed and indistinguishable

Table 1
Peak similarity level, by genome
Genome

Peak
number

Description

BR

BO

RS

SI

AL

AT

1

α duplication [66]

np

np

np

np

80

80,79

2

Divergence of genus Arabidopsis

86

86

86,87

88

88–86

88–86

3

Whole genome triplication

89

89

87

–

–

–

4

Divergence of genus Sisymbrium

90

90

90

90

–

–

5

Divergence of genus Raphanus

93

93

93

–

–

–

6

Speciation of Arabidopsis T & L

–

–

–

–

95

95

7

Speciation of B. rapa & B. oleracea

97

97

–

–

–

–

np: no peak, but one could be found by mixtures of distribution methods. –: no peak expected. Note peak 3 occurring
before peak 4 due to slow evolutionary rate (λ) of Sisymbrium

Fig. 14 Event tree for the Brassicaceae. Boldface numbers indicate WGD or triplication. All families of genes
descended from the various genome WGD or WGT without any additional duplications must be formed from
this tree with truncations of appropriate lineages
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the combinatorial analysis of evolution and phylogeny in the
angiosperms. We survey a series of new combinatorial optimization
problems and models proposed to investigate WGD, and the fractionation process that WGD engenders. This is illustrated through
a description of a diverse set of genomes whose evolution we have
studied. In particular, we have pointed out connections between
gene-tree/species-tree theory and the study of whole genome
duplications in a phylogeny.
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