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Abstract. To reconstruct the gene orders of the constituent genomes in
an ancestral pangenome, we propose an analysis of raccroche maxi-
mum weight matching output of contigs based on adjacency pairs from
phylogenetically disparate genomes. The key idea is to use the multiple so-
lutions to the matching optimization as a sample of the set of constituent
genomes. We identify those gene-order contigs present in all the solutions
as the “core” of the pangenome, and those absent in some of the solutions
as the pangenome “shell”. Different cliques of mutually compatible shell
contigs identified different constituent genomes. A significant proportion
of shell genes in each pangenome was inherited from the set of shell genes
in its ancestor pangenome. As a hint to the chromosomal structure, we
performed hierarchical clustering on the combined set of contigs based on
the number of solutions shared by each pair of contigs, in the search for
chromosomal fragments, large clusters present in many ancestors, and
some limited but clear results were obtained.

1 Introduction

Pangenomes aim to represent all the variation found in the genomes of a set
of related organisms [1] — populations, species, genera — which we call the
constituent genomes. There are two main approaches to the formal study of
the gene complement of pangenomes. One is identification of the “core” genes
(or ortholog group) present in all constituent genomes, versus the “accessory”
or “shell” genes, present in a sizable subset of the constituent genes, and the
“unique” or “cloud” genes, present in a single genome. (The meanings of terms
like accessory and cloud vary in the literature.) The core may contain fewer than
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10% of the pangenome genes, as in the case of some bacteria [2,3], from 30− 70%
for many plants and animals [4,5,6], or over 95% for humans [7].

The second gene-centric approach to the pangenome is that of “pangenome
graphs”. Here, genes (or ortholog groups) are represented as vertices. Adjacent
genes in a chromosome of a constituent genome are connected by an edge, often
a directed edge. The massive redundancies and conflicts inherent in the resulting
raw structure are then reduced by various algorithms to acyclic or locally acyclic
graphs. Many types of graph are used to represent the output of these algorithms,
but most of these focus on sequences, where full analysis of the gene content is
secondary or absent, e.g., de Bruijn graphs [8], cactus graphs [9]. A number of
primarily gene-centric pangenome-graph algorithms and packages are, however,
available [10,11,12].

One topic almost never broached in the pangenome literature is the phylogeny
of pangenomes. But in the context of the phylogenetics of a number of species or
genera, each represented by a pangenome, why settle for simply reducing each
pangenome to a linear, or at least locally acyclic, order and then proceed with a
traditional phylogenetic analysis of these linearized genomes? After all, it is not
a new idea that an ancestral population may be more or less heterogeneous with
respect to the genomes of individuals or groups. This is explicit in the modern
recognition of incomplete lineage sorting [13], but it was understood earlier, such
as in the description of species as clouds or quasispecies of more or less closely
related individuals [14]. In this paper, then, following previous suggestions [15],
we develop a “small” phylogenetic analysis of pangenomes, where the inferred
ancestors are also pangenomes. We apply this analysis to flowering plants, with
representative genomes from each of the major angiosperm clades, as in Figure 1.

Our analysis is based on an earlier gene-order inference of ancestral genomes:
the raccroche pipeline [16,17]. This analysis generates a non-unique optimal
solution. In this paper, we capitalize on the non-uniqueness property to reconstruct
the constituent genomes of the pangenome for each of the ancestors, as in Figure 2.
Note that this preservation and exploitation of the non-uniqueness of raccroche
solutions is a complete antithesis of the traditional goal of reducing the ambiguity
inherent in multiple solutions to arrive at a single ancestral genome.

2 Data and Methods

Source data. The original data were 16 high-quality genomes reported in [18] and
depicted in Figure 1. Indicating the ancestral node of each clade with boldface
numbers, we use the nuclear genomes of
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Tulip tree (Liriodendron chinense) [23,24]
Aristolochia fimbriata [25]

Monocots 5
Asparagus (Asparagus officinalis) [26]
Pineapple (Ananas comosus) [27]
Yam (Dioscorea alata) [28]
Acorus americanus [29]

Ranunculales 8
Poppy (Papaver bracteatum) [30]
Columbine (Aquilegia coerulea) [31] (Eudicots),

Proteales 11
Lotus (Nelumbo nucifera) [32]

Buxales 10
Boxwood (Buxus austroyunnanensis) [33]

Core eudicots 9
Grapevine (Vitis vinifera) (NCBI RefSeq assembly: GCF_030704535.1)
Lindenbergia philippensis[34]
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Fig. 1. Angiosperm phylogeny. The goal is to reconstruct the 14 ancestral pangenomes
associated with the numbered nodes, based on the 16 extant genomes.
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Fig. 2. Protocol for ancestral pangenome construction

The matching. The initial analysis was carried out using the raccroche pipeline
[16,35,36,17,18]. All adjacencies and near-adjacencies1 identified by ortholog
groups in all these genomes were assembled as an input graph to a maximum
weight matching (MWM) algorithm, with specific “phylogenetic validation” restric-
tions as in Figure 3 pertaining to each of the various ancestors. For an adjacency
X to appear at an internal vertex associated with an ancestral pangenome of a
binary branching phylogenetic tree, X must appear in at least two trees subtended
by the internal vertex.

For each ancestor, 101 distinct replica solutions of the MWM algorithm were
generated by varying the data input order. Since the matching algorithm ensured
that each gene in an adjacency was matched to at most one gene in another
adjacency, the output for each replicate solution was a set of disjoint “contigs”
representing linearly ordered fragments of the chromosomes of the ancestor.
Combining the results from all the replicates provided the summary under
“contigs” in Table 1. Most of these contigs (from 85% to 92%) for each ancestor,
containing from 90% to 95% of the genes, were in all replicates.

Accessory contigs analysis. In order to examine contigs that are not part of the
core (shared) genome, we constructed an overlap graph represented by a binary
matrix in which each entry (i, j) is set to 0 if contigs i and j share no genes, and
1 otherwise. Under our evolutionary model, ancestral genomes are monoploid
[36] and thus free of paralogy; consequently, any two contigs that share one or
more genes are incompatible and cannot co-occur within the same constituent
genome. In contrast, contigs with no shared genes are mutually compatible.

Algorithm 1 identifies compatible contig sets by iteratively extracting maximum
subsets of pairwise compatible contigs. Specifically, it searches for a maximum
clique in the complement of the overlap graph—that is, a largest set of vertices
connected exclusively by 0-entries, corresponding to contigs that are mutually

1 All pairs of genes in a window size 3 in the gene order of a chromosome. Because of
frequent single-gene inversions, the orientation of genes was ignored.
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Fig. 3. Phylogenetic validation of adjacencies [15]. Necessary condition for adjacencies
to appear at an internal vertex associated with an ancestral pangenome of a binary
branching phylogenetic tree. Light shaded adjacency (small square) appears in all
three trees (triangles) subtended by the internal vertex (circle). Dark shaded adjacency
appears in only two of the trees. Unshaded adjacency appears in only one subtree so
does not affect internal vertex. The shaded adjacencies are “phylogenetically validated”
with respect to the internal vertex. The unshaded one is not validated.

non-overlapping in gene content. Once such a clique is identified, the associated
contigs are removed from the graph, and the procedure is repeated on the
remaining contigs until the graph is exhausted. This iterative extraction yields a
partition of the contigs into sets that are internally compatible and can therefore
represent candidate constituents of accessory genomes.

Algorithm 1 first constructs the compatibility graph on the set of contigs,
in which two contigs are adjacent if they do not overlap in gene content. A
clique in this graph therefore represents a set of pairwise compatible contigs. At
each iteration, the algorithm identifies a maximum clique, removes its vertices
from the graph, and repeats the procedure on the remaining contigs until no
vertices remain. This greedy sequential extraction yields an ordered partition
of the contigs into internally compatible sets. Maximum cliques were computed
exactly using a branch-and-bound–type algorithm with pruning, as implemented
in the NetworkX library [37], following standard approaches to the maximum
clique problem [38,39,40].

With this type of algorithm, no polynomial time guarantee is available. But
for the moderate size data sets under study, the time complexity is no hindrance.

Inheritance of shell genes. Because each ancestor and its descendants are re-
constructed independently by the MWM procedure, we examined whether the
resulting reconstructions nonetheless exhibit signatures of inheritance across
successive ancestral nodes. To this end, we focused on shell genes and quantified
the extent to which the shell gene set of a given ancestor is inherited from its
immediate predecessor. Specifically, we calculated the proportion of an ancestor’s
shell genes that are shared with the shell gene set of its parent ancestor.

Chromosomal fragments. The core of the pangenomes contains, by definition,
the set of genes that are present in all constituent genomes, excluding any genes
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Algorithm 1: Sequential extraction of compatible contigs
Input: A set of contigs C = {1, 2, . . . , n} and an overlap matrix M , where

Mij =

{
0, if contigs i and j share no genes (compatible),
1, if contigs i and j share at least one gene (incompatible).

Output: An ordered partition P = (K1,K2, . . . ,KT ) of C into pairwise
compatible contig sets.

Construct an undirected graph G = (V,E) with V ← C;
for i < j with i, j ∈ C do

if Mij = 0 then
add edge (i, j) to E;

P ← ∅;
while V ̸= ∅ do

K ← a maximum clique of G;
append K to P;
remove all vertices in K from G;

return P;

that are absent from any of them. These core genes are distributed across a
large number of contigs, which are not ordered relative to one another. However,
because evolutionary breakpoints are far less frequent than genes, substantial
fragments of chromosomes are expected to be conserved across multiple ancestral
genomes.

Accordingly, as in Algorithm 2, we quantify the co-occurrence of pairs of genes
within the same contig across all 14 reconstructed ancestors. We then apply a
clustering analysis to these co-occurrence patterns to identify groups of genes that
are likely to have resided on the same chromosome during the evolution of the
pangenomes. Complete-link clustering was performed using MATLAB’s linkage
implementation, which uses optimized nearest-neighbor chain–type methods with
quadratic time complexity.

3 Results

3.1 Replicates

One hundred and one replicate runs, produced 101 different ancestral genomes
for each of intermediate ancestors.

3.2 The core

Most of the 597-750 contigs for each ancestor,including all the longest contigs,
containing an even greater proportion of the 3834-6073 genes, were part of every
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Algorithm 2: Search for conserved chromosomal fragments
Input: Set A of ancestor pangenomes;

for each a ∈ A: partition of gene set G into contigs

Output: Genes clustered by co-occurrence frequency in ancestral contigs

Initialize co-occurrence matrix M ∈ R|G|×|G| with zeros;

foreach ancestor a ∈ A do
foreach contig c in a do

foreach pair of genes (gi, gj) in c where i < j do
M [gi][gj ]←M [gi][gj ] + 1;
M [gj ][gi]←M [gj ][gi] + 1;

Convert to distance matrix: D[i][j]← |A| −M [i][j] for all i, j;

Perform complete-linkage hierarchical clustering on D;

foreach k ∈ {0, 1, . . . , |A| − 2} do
Extract clusters at tree level k;
// Genes in each cluster co-occur in ≥ (|A| − k) ancestors

return All clusters for k ∈ {0, 1, . . . , |A| − 2}

replicate solution, as is clear from the small numbers listed under “shell” in Table
1.

We hypothesize that genes in the great majority of these contigs
form the core of the ancestral pangenome. Those counted under “shell”
would form part of the accessory portion or a unique portion of the
pangenome since they are present in at least one replicate, but not all.

3.3 How many constituent genomes make up a pangenome?

Do the clique sizes reveal anything about the structure of the ancestral genomes
in terms of these constituent genomes? Table 2 reports the maximum clique
sizes and the results obtained by successively removing previously identified
cliques. Because cliques are mutually incompatible, each maximum clique must
correspond to a distinct constituent genome within the pangenome. This is a
minimum, however, since each clique could potentially be subdivided into many
smaller sets, each of which might determine a separate constituent genome.
Nevertheless, these results provide the first evidence for the presence of distinct
constituent genomes in our analysis.

3.4 Inheritance of shell genes

Table 1 shows that shell genes make up approximately 5% to 10% of the gene
complement in each ancestral pangenome. Importantly, Table 3 shows that
these shell genes are not randomly drawn from the ancestor’s full gene set:
up to 29% (average 16%) of them are inherited from the shell genes of the



8 D. Sankoff et al.

Table 1. Number of contigs and genes in ancestors, partitioned by core and shell
membership.

contigs genes
ancestor core shell total core shell total

2 557 (85%) 97 (15%) 654 4961 (90%) 557 (10%) 5518
1 593 (92%) 54 (8%) 647 4293 (95%) 216 (5%) 4509
14 549 (85%) 98 (15%) 647 5410 (91%) 557 (9%) 5967
5 627 (91%) 65 (9%) 692 4742 (95%) 264 (5%) 5006
4 633 (87%) 93 (13%) 726 4083 (92%) 362 (8%) 4445
3 638 (86%) 101 (14%) 739 3514 (92%) 320 (8%) 3834
13 518 (87%) 79 (13%) 597 5578 (92%) 495 (8%) 6073
7 594 (87%) 89 (13%) 683 5277 (93%) 377 (7%) 5654
6 624 (88%) 86 (12%) 710 5120 (93%) 394 (7%) 5514
12 570 (88%) 81 (12%) 651 5522 (92%) 468 (8%) 5990
8 593 (90%) 68 (10%) 661 4547 (94%) 292 (6%) 4839
11 577 (88%) 75 (12%) 652 5612 (94%) 357 (6%) 5969
10 618 (88%) 85 (12%) 703 5391 (93%) 386 (7%) 5777
9 688 (92%) 62 (8%) 750 4888 (95%) 247 (5%) 5135

immediately preceding ancestor, clearly exceeding the 5%-10% that would be
expected from random (Table 1). This indicates the presence of a detectable
evolutionary signal from ancestors to descendants. This enrichment demonstrates
that a distinct evolutionary signal is encoded within the pangenomes, reflecting
non-random transmission of gene content from ancestor to descendant. Recall
that each ancestor pangenome is reconstructed independently using different sets
of of phylogenetically validated adjacencies as input to the MWM algorithm,
indicating that the observed evolutionary signal is inherently embedded in these
adjacency patterns and is systematically propagated along evolutionary lineages.

3.5 Chromosome structure of the core

All the constituent genomes of a reconstructed pangenome ancestor share the
same core, containing the same genes organized within the same contigs (in
our construction). However, there is currently no information or constraint that
allows us to determine the relative order of these contigs within any constituent,
and the same is true of the shell contigs.

Nevertheless, we can assume that each constituent genome of a pangenome
possesses a chromosomal architecture, in which genes are partitioned and ordered
along some number of chromosomes. During evolution, as a pangenome gives
rise to its descendants, the chromosomes of its constituent genomes undergo
various genome rearrangements. These include inversions of long or short seg-
ments, transpositions of segments to new positions along the same chromosome,
translocations involving exchanges of segments between chromosomes, and seg-
mental duplications. Despite these rearrangements, the number of breakpoints in
chromosomes remains approximately two orders of magnitude smaller than the
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Table 2. Sequentially identified maximum-weight cliques. For each ancestor, we show
the number of cliques; then the ordered list of (clique size (contigs), number of genes).

ancestor number of cliques number of (contigs, genes)
1 3 (32,212),(21,192),(1,9)
2 3 (52,552),(44,533),(1,10)
3 4 (58,305),(40,278),(2,12),(1,5)
4 4 (51,353),(37,319),(3,19),(2,7)
5 3 (34,260),(30,248),(1,4)
6 4 (45,389),(35,368),(4,50),(2,29)
7 4 (49,373),(38,353),(1,15),(1,15)
8 2 (38,285),(30,269)
9 2 (36,241),(26,223)
10 9 (40,380),(34,363),(3,31),(2,30),(2,29),

(1,20),(1,20),(1,8),(1,4)
11 4 (36,512),(36,512),(2,66),(2,66)
12 3 (37,565),(36,563),(3,33)
13 3 (29,366),(28,362),(1,9)
14 4 (38,219),(38,219),(1,7),(1,3)

Table 3. Number and proportion of genes inherited by ancestor j from ancestor i,
partitioned by core and shell membership.

lineage core i shell i
ancestor i ancestor j in core j in shell j in core j in shell j

2 1 3635 (96%) 169 (4%) 398 (93%) 32 (7%)
14 5 4149 (96%) 189 (4%) 415 (87%) 61 (13%)
5 4 3422 (93%) 270 (7%) 186 (83%) 37 (17%)
4 3 3009 (93%) 224 (7%) 234 (77%) 71 (23%)
14 13 4749 (92%) 423 (8%) 497 (93%) 40 (7%)
13 7 4664 (94%) 290 (6%) 381 (84%) 72 (16%)
7 6 4539 (95%) 264 (5%) 250 (71%) 101 (29%)
13 12 4700 (94%) 309 (6%) 331 (73%) 121 (27%)
12 8 3993 (94%) 255 (6%) 364 (93%) 27 (7%)
12 11 4902 (95%) 268 (5%) 383 (86%) 62 (14%)
11 10 4858 (94%) 310 (6%) 264 (80%) 67 (20%)
10 9 4228 (96%) 191 (4%) 287 (88%) 39 (12%)

total number of genes. Consequently, we can expect some chromosomal fragments
to survive intact from one pangenome ancestor to its descendants, providing
continuity in the genomic structure over evolutionary time.

To detect signals of gene retention across ancestors, we examined all pairs
among the 8150 genes appearing in all the ancestors. We counted how many
times they co-occurred in the same contig of an ancestor, from 0 co-occurrences
to 14.

The co-occurrence matrix thus constructed was subjected to a complete-link
clustering analysis, from which we could extract clusters of genes that consistently
co-occurred with each other across contigs. Specifically, we could extract clusters
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Fig. 4. Maximum number of occurrences of genes clusters of each size.

that co-occurred in just one ancestor pangenome, in two ancestor pangenomes,
and so on, thereby quantifying the degree of retention of the cluster across the
ancestral pangenomes.

Figure 4 shows, for each number A of ancestor pangenomes, from 2 to 14, how
large is the largest cluster of genes co-occurring in A ancestors. Thus for any
group of seven ancestors, the maximum cluster of genes contained ten genes. For
wider co-ocurrence, such as 11 ancestors, the maximum cluster size is only 5.

4 Discussion

Our analysis demonstrates the first methodology for reconstructing gene orders
of ancestral pangenomes by leveraging the multiple solutions generated by rac-
croche. By distinguishing core contigs (those consistently present across all
solutions) from shell contigs, which are variably present, we provide a systematic
method to identify conserved versus variable genomic components. Grouping
mutually compatible shell contigs into distinct constituent genomes reveals the
modular architecture of ancestral pangenomes, whereas hierarchical clustering of
core contigs highlights chromosomal fragments and large, evolutionarily conserved
gene clusters.

As the first approach to the reconstruction of ancestral gene-order pangenomes,
this work is based on a number of assumptions that could be explored or relaxed
in further work. Perhaps the most contentious may be the identification of the
alternate solutions to the MWM optimization output as potential constituent
genomes of the pangenome. This is not, however, the arbitrary interpretation of
combinatorial algorithmic choices. Signals present in the complete input genomes,
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reflecting differences among ancestral constituent genomes, would be carried
through the adjacencies to the MWM analysis, and can be captured by the
optimization process. This is supported by the observation that the proportion
of inherited shell contigs and shell genes is markedly larger than that of the core,
indicating a meaningful signal.

We have previously justified our working assumption of ancestral monoploidy
in the context of the raccroche gene-order reconstruction of unique ancestral
genomes. This assumption is particularly important when partitioning shell genes
among the constituent genomes of a pangenome.

The reliance on a single history of evolutionary divergence, in the context of
the small phylogeny problem, could be controversial, given that the origin of the
major angiosperm clades is not settled.

We have determined that there are generally at least two constituent genomes
each containing approximately equal numbers of shell contigs and shell genes,
with one to seven additional constituent genomes with fewer shell elements. These
numbers should be considered lower bounds for each ancestor, as the data are also
consistent with larger numbers of constituent genomes. Further research could
refine these estimates, potentially by extending our heritability-based approach
together with chromosome-level searches.

The discovery of a few sets of genes suggestive of conserved chromosomal
fragments is encouraging, although it does not yet provide a detailed picture of
the rate of angiosperm pangenome evolution. Several strategies could increase
the sensitivity of this search: for example, using alternative clustering approaches
such as average-link, k-means (our use of complete-link clustering may be overly
stringent); examining whether smaller clusters are concentrated in specific clades,
which could indicate genome rearrangement events at the founding of these
clades; or identifying clusters of genes that are mutually exclusive in terms of
co-occurrence patterns.

Together, this approach not only refines our understanding of ancestral
pangenome organization but also offers a scalable methodology for studying
pangenome evolution, structural variation, and lineage-specific innovations across
larger phylogenies.
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