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Abstract. To reconstruct the gene orders of the constituent genomes
in an ancestral pangenome, we propose an analysis of RACCROCHE
maximum weight match output based on adjacency pairs from phyloge-
netically related genomes. The key idea is to use the multiple solutions
to the matching optimization as a sample, or resample, of the constituent
genomes. This preservation and exploitation of the non-uniqueness of
the matching solutions is complete reversal of the traditional goal of
reducing by various means the the ambiguity inherent in multiple solu-
tions to arrive at a single ancestral genome. 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
genome. The next task was to decompose the core into chromosomes. We
performed hierarchical clustering on the combined set of contigs based on
the number of solutions shared by each pair of contigs, and used a cutoff
to decompose the entire set. We compared average-link and complete-link
methods. We report dendrograms for each ancestor-method pair and a
cophenetic correlation analysis; the latter is plotted against cluster cut
size K to emphasize its invariance to cutting.

1 Introduction

Pangenomes aim to represent all the variation found in a the genomes of a
set of related organisms — 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 the 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
accessible, cloud and dispensable vary in the literature.) The core may contain
fewer than 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].
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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 in
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].

Fig. 1. Angiosperm phylogeny

In this paper, then, following previous suggestions [15], we develop a “small" phylo-
genetic analysis of pangenomes, where the inferred ancestors are also pangenomes.
We apply this analysis to the flowering plants, with representative genomes from
each of the major angiosperm clades as in Figure 1.
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Our analysis is based on a previous 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.

2 Data and Methods

Source data The original data were 16 high-quality genomes reported in [18] and
depicted in Figure 1. references?

The matching The initial analysis was carried out by the RACCROCHE pipeline
[16,19,20,17,18]. All the adjacencies and near-adjacencies 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” re-
strictions as in Figure 2 pertaining to each of the various ancestors. For each

Fig. 2. Phylogenetic validation of adjacencies. 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. Adapted from
[15]

ancestor, 101 distinct replicate solutions of the MWM algorithm were generated,
by varying the data input order. The output for each replicate 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 96.5% to 98.5% check)
for each were in almost all of the replicates.
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Accessory contigs analysis. We constructed an overlap graph matrix with 0’s
for each pair (i, j) if the two contigs shared no genes, and 1’s otherwise. Given
that ancestors in our evolutionary model are monoploid [20], excluding paralogy,
contigs sharing genes are incompatible, meaning they cannot not appear in a
single constituent genome, Looking for sets of compatible contigs, we calculated
the maximal clique of 0’s, removed them, calculated the the maximal clique of
0’s on the remaining contigs,and so on until the graph was empty.

Inheritance of shell genes. Given that that each ancestor and its descendants
are calculated independently by the MWM procedure, we ask whether there is a
signal in the data indicating a degree of inheritance from one ancestor to another.
We focused on the shell genes and calculated what proportion of an ancestor’s
shell genes own ancestors’s shell genes.

3 Results

Replicate matchings One hundred and one replicate runs, produced 101 different
ancestral genomes for each of intermediate ancestors. But most of the 6533-8194
contigs for each ancestor, including all the longest contigs, were part of every
replicate solution, as is clear from the small numbers uner “shell” in Table 1.

We hypothesize that the genes in the great majority of these ∼ 7500
contigs form the core of the ancestral pangenome. Those counted under
“shell” would form part of the accessory portion or unique portion of
the pangenome since they are present in at least one replicate.

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

contigs genes
ancestor core shell total core shell total

14 8027 78 8105 11935 219 12154
13 6475 58 6533 11788 366 12154
3 6584 89 6673 11679 475 12154
2 6887 112 6999 11736 418 12154
1 7054 104 7158 11726 428 12154
12 6500 76 6576 11589 565 12154
6 7567 80 7647 11887 267 12154
5 8054 140 8194 11762 392 12154
4 8632 151 8783 11828 326 12154
11 6560 76 6636 11642 512 12154
7 7708 92 7800 11841 313 12154
10 6579 94 6673 11774 380 12154
9 6826 95 6921 11747 407 12154
8 7471 84 7555 11905 249 12154
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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 4 (50,428),(49,427),(3,50),(2,29)
2 4 (54,418),(54,418),(2,16),(2,16)
3 4 (42,475),(42,475),(3,55),(2,18)
4 4 (74,326),(74,325),(2,10),(1,5)
5 4 (67,392),(67,391),(4,17),(2,7)
6 4 (39,267),(39,267),(1,4),(1,2)
7 2 (46,313),(46,313)
8 2 (42,249),(42,249)
9 9 (43,407),(43,407),(3,33),(1,29),(1,26)

(1,25),(1,24),(1,21),(1,8)
10 2 (47,380),(47,380)
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 2 gives the maximal clique size and the results of successively removing
previous cliques.

Do the clique sizes reveal anything about the structure of the ancestral
genomes in terms of the constituent genomes? Each clique is incompatible with
the others so there must be a distinct constituent genome in the pangenome for
each clique. This is a minimum of course - each clique may be broken up in a
number of pieces, each of which might determine a distinct constituent genome.
Nevertheless, these results are the first evidence of distinct constituent genomes
in our analysis.

Table 3 shows that whereas shell genes make up from 2% to 5% of the gene
complement of an ancestor, these are not randomly selected from the genes
of its ancestor; around 20% of them are inherited from the shell genes of its
ancestor. This is much more than the 2-5% expected from random. This means
that there is some evolutionary signal from an ancestor to its descendants. The
ancestors are constructed independently of each other, i.e., based on different sets
of adjacencies output by MWM, so that the evolutionary signal resides already
in these adjacencies and is transmitted through evotionary lineages.

3.1 Next: chromosome structure of core
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Table 3. Number 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

14 13 11573 362 215 4
13 3 11394 394 285 81
3 2 11375 304 361 114
2 1 11424 312 302 116
13 12 11297 491 292 74
12 6 11387 202 500 65
6 5 11535 352 227 40
5 4 11520 242 308 84
12 11 11139 450 503 62
11 7 11374 268 467 45
11 10 11341 301 433 79
10 9 11436 338 311 69
9 8 11538 209 367 40
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