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Abstract

A pangenome is the complete set of genes (core and accessory) present in a phylogenetic clade. We hypothesize that a
pangenome’s accessory gene content is structured and maintained by selection. To test this hypothesis, we interrogated
the genomes of 40 Pseudomonas species for statistically significant coincident (i.e., co-occurring/avoiding) gene patterns.
We found that 86.7% of common accessory genes are involved in�1 coincident relationship. Further, genes that co-occur
and/or avoid each other—but are not vertically inherited—are more likely to share functional categories, are more likely
to be simultaneously transcribed, and are more likely to produce interacting proteins, than would be expected by chance.
These results are not due to coincident genes being adjacent to one another on the chromosome. Together, these findings
suggest that the accessory genome is structured into sets of genes that function together within a given strain. Given the
similarity of the Pseudomonas pangenome with open pangenomes of other prokaryotic species, we speculate that these
results are generalizable.
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Introduction
The mechanisms governing the existence of the pange-
nome—the totality of genes across a given set of genomes
(Tettelin et al. 2005)—have been debated, with evidence be-
ing presented for both neutral and selective processes
(McInerney et al. 2017a, 2017b; Shapiro 2017). Some evidence
suggests that the accessory gene content within pangenomes
has arisen as a consequence of extensive horizontal gene
transfer (HGT) coupled with large effective population size
and thus evolve neutrally (Andreani et al. 2017). In contrast,
others argue that accessory genome evolution is dominated
by selective pressures, and that diversity is maintained by
selection acting on gene gain by horizontal acquisition, as
well as gene loss (McInerney et al. 2017b; Bobay and
Ochman 2018; Goyal 2018). Gene content changes therefore
enable and are facilitated by population differentiation and
niche adaptation (McInerney et al. 2017b; Goyal 2018).

Within, we argue that one way to determine the evolu-
tionary pressures at play on the pangenome is to focus on
gene–gene relationships within the accessory genome. If the
pangenome is governed by neutrality, we would expect any
observed structure in the accessory genome—including, for
example, the co-occurrence of cofunctional genes—to have
arisen by chance and thus to be rare. In contrast, if the ac-
cessory gene content is primarily or substantially shaped by
natural selection, we would expect the accessory genome to

be structured into groups of genes that work well together.
Similarly, it would be reasonable to expect, at least in some
cases, that genes whose interaction would be detrimental to
the host to avoid being in the same genome. In this way, we
expect that genes, which consistently co-occur or avoid each
other across a large pangenome to be under selective pres-
sures to maintain these patterns. As such, we use gene pair
information to ask whether a portion of the accessory gene
content is governed by selective pressure.

To answer this question, we use a previously published
software called Coinfinder (Whelan et al. 2020) to focus on
gene–gene association (i.e., co-occurrence) and dissociation
(i.e., avoidance) patterns, collectively referred to as coincident
relationships. We argue that, if evolving neutrally, we would
not expect to see more coincident genes in the pangenome
than would be expected by chance. In contrast, selective
pressure would manifest as a significant proportion of the
pangenome consisting of coincident gene relationships. In
this case, we might further ask whether the assigned func-
tionalities, gene expression patterns, and known protein–pro-
tein interaction partners of these genes also suggest co-
selection. To conduct these analyses rigorously, we exclude
genes that are vertically acquired. Coincident genes that are
clade-specific (i.e., lineage-dependent genes) are likely to be
coincident because they have remained within a single clade
for the duration of their evolutionary history. Similarly, we
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exclude coincident gene pairs that share significant physical
linkage (i.e., are colocalized on the genome) in order to ensure
that the analysis is not focused on genes, which form func-
tional units such as operons. Removing both of these types of
genes provides us with a stringent set of lineage-independent
coincident gene pairs with which to answer our research
question.

In this paper, we focus on the genus Pseudomonas.
Although pangenome analyses are typically conducted at
the species-level, the Pseudomonas genus shares properties
with other well-studied open pangenomes, including the abil-
ity to persist in a variety of niches (Stanier et al. 1966) and
containing ample accessory gene content (approximately
81% in Pseudomonas aeruginosa;Kung et al. 2010; Ding et al.
2018). For example, although estimates vary based on data set
size and analysis method, the accessory gene content (i.e.,
percentage of accessory vs. core genes across a genome set)
of Escherichia coli is estimated to be between 86–91% (Ding et
al. 2018; Decano and Downing 2019), Streptococcus pneumo-
niae 68–90% (Ding et al. 2018; Hiller and S�a-Le~ao 2018), and
Bacillus subtilis 86% (Ding et al. 2018; Wu et al. 2021). In our
analysis, we use coincident genes to ask whether the abun-
dant accessory gene content of this microbial pangenome is
maintained by selection. We identify coincident gene pres-
ence–absence patterns that deviate from random expecta-
tion and build network representations of the data to identify
sets of coincident genes. We find that 86.7% of abundant
accessory genes form�1 significant gene association/dissoci-
ation relationship. Co-occurring gene pairs are more likely to
share functionality, be transcribed together, and to encode
proteins that interact with each other more often than ran-
domly paired accessory genes. Together, these results provide
consilient lines of evidence supporting the hypothesis that
selection on genome content drives the evolution of the
abundant accessory pangenome of this prokaryote.

Results

Species and Gene Distribution in the Pseudomonas sp.
Dataset
Two hundred and nine complete assemblies of Pseudomonas
species were obtained from pseudomonas.com (accessed
March 1 2019). The genomes were distributed across 40
Pseudomonas species, the most prevalent of which were P.
aeruginosa (n¼ 81), P. putida (n¼ 18), Ps. fluorescens
(n¼ 15), P. syringe (n¼ 13), and P. stutzeri (n¼ 10) (supple-
mentary fig. 1a, Supplementary Material online). Twenty-five
species were represented by a single genome within the data
set. Furthermore, a total of 22 genomes were included that do
not have a species identification.

Across these 40 species, we identified a total of 96,694
orthologous gene clusters (supplementary fig. 1a,
Supplementary Material online). Of these, only 1,365
(1.41%) were identified in�90% of strains (i.e., “core” genes).
The mean number of genes per genome was 5,530, meaning
that in a given strain, an average of 24.9% of its genes are core.
PAO1—a commonly studied P. aeruginosa lab strain
(Klockgether et al. 2010)—was found to contain 5,601 genes

(compared with 5,688 as annotated on pseudomonas.com),
of which 1,494 are core genes. A total of 88,792 (91.8%) genes
were found in � 15% of genomes (supplementary fig. 1a,
Supplementary Material online). Although the number of
accessory genes varies across strains, the number of core
genes is remarkably stable (supplementary fig. 1b,
Supplementary Material online).

The Pseudomonas Pangenome Contains an
Abundance of Coincident Gene Relationships
Using the gene annotations provided by pseudomonas.com
and gene clusters identified with Roary (Page et al. 2015), the
96,694 orthologous gene clusters (herein referred to as gene
clusters) were used to identify coincident gene relationships
within the pangenome. Any gene cluster that was considered
core or present in � 5% of strains were culled from coinci-
dent analyses, leaving 13,864 gene clusters across 209
genomes for testing. From these analyses (detailed in the
Materials and Methods), we identified a significantly associat-
ing dataset comprised of 293,123 co-occurring gene pairs. We
build a network representation of the gene pairs such that
each gene is represented by a node, which is connected to
another gene if those genes co-occur with each other. In this
way, we identify 433 connected components or gene sets (fig.
1a). The 433 associating gene sets are well dispersed across
the Pseudomonas spp. core gene phylogeny and none are
species-specific, indicating the effect of culling lineage-
dependent genes from the analysis (supplementary fig. 2,
Supplementary Material online). Similarly, we determined
the significantly dissociative dataset that contains 421,080 dis-
sociative gene pairs organized into 13 connected components
(fig. 1b).

Of the 13,864 accessory gene clusters identified in�5% of
Pseudomonas strains (i.e., the abundant accessory genes
tested by Coinfinder; Whelan et al. 2020), 8,007 (57.7%)
were lineage-independent (see Materials and Methods, sup-
plementary fig. 3, Supplementary Material online). Of these
8,007 clusters, 6,329 and 3,589 formed associating and disso-
ciating relationships, respectively (fig. 1c and supplementary
fig. 4, Supplementary Material online). Accounting for the
genes involved in both types of relationships, a surprising
6,948 (86.7%) of abundant lineage-independent accessory
genes were involved in �1 coincident relationship.
Although gene dissociations were identified across all three
noncore gene categories, gene associations were only identi-
fied in the two more rare gene categories (Cloud and Shell
genes; fig. 1c). Similar results were found when both lineage-
independent and -dependent genes were considered (supple-
mentary fig. 5a, Supplementary Material online).

Of the 6,329 genes forming coincident relationships iden-
tified, 2,970 (46.9%) are involved in both association and dis-
sociation relationships, meaning that they both co-occur
with, and avoid other genes in the pangenome (fig. 1d; black
nodes). These 2,970 dual-relationship genes account for
268,647 (91.6%) of all gene–gene associations and 418,698
(99.4%) of all gene–gene dissociations (fig. 1d). That is to
say that almost half of the coincident genes account for the
majority of coincident gene relationships. On average,
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associating genes form relationships with 94 and a median of
18 other genes (fig. 1e). However, the distribution is uneven,
with 24.3% of genes forming fewer than five connections to
other genes (1,542 genes < the 25th percentile; fig. 1e). The
624 association hubs (i.e., genes with >1.5� the upper

interquartile range) each have �290 gene associations and
account for 50.8% of the total observed gene association
patterns. In contrast, dissociations in the Pseudomonas pan-
genome are driven by a small number of dissociation hub
genes (n¼ 3) that each form �1,110 gene dissociation

(a) (c)

(b)

(e)

1486

74

6771

88363

2859

3470

18

3193

378

18

3451

3479

32

3548

4427

1e+00

1e+03

1e+06

1e+09

1e+12

All genes Associating Dissociating
Gene cluster type

C
ou

nt
s

(lo
g1

0)

Core genes

Cloud genes

Soft core genes

Shell genes

Abundant
accessory

Coincident

(d)d)

FIG. 1. Network of coincident relationships in the Pseudomonas spp. accessory pangenome. Relationships between significantly associating (a) and
dissociating (b) gene pairs are shown as gene–gene networks. Only nodes with a D��0.4 (i.e., sufficiently lineage-independent) are displayed.
Nodes (i.e., gene clusters) are connected to other nodes if-and-only-if there is a significant coincident relationship between them. Nodes are
colored by the connected component which they belong to; in other words, nodes are colored by significantly coincident gene sets. The size of the
node is proportional to the D-value of the gene cluster (the larger the node, the more lineage-independent the gene is); the thickness of the edge is
reversely proportional to the P value associated with the coincident relationship. (c) The counts of the genes present in the pangenome, the
abundant accessory subset, as well as those which associate, dissociate, or form either type of relationship (i.e., are coincident). (d) A gene–gene
network of all lineage-independent coincident gene relationships. Edges are colored by association (red) and dissociation (blue) relationships.
Genes which form both association and dissociation relationships are represented by black nodes, genes which only associate by white, and genes
which only dissociate by yellow. (e) The distribution of gene–gene relationships across genes. Boxplots display the first and third quartiles, with a
horizontal line to indicate the median, and whiskers extend to 1.5 times the interquartile range. Associating and dissociating “hub” genes are
colored.
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relationships. Among the associating and dissociating hub
genes are a diversity of functions including transcriptional
regulators, transporter subunits, metabolic enzymes, and an
abundance of hypothetical proteins. Interestingly, for those
genes that were found to have both types of coincident
relationships, no gene acts as both an associating and disso-
ciating hub (fig. 1e). The number of hub genes increases when
lineage-dependent genes are included in these analyses (sup-
plementary fig. 5b, Supplementary Material online).

Colocalization of Coincident Genes
HGT and differential gene loss are the main contributing
factors to pangenome formation (Azarian et al. 2020). If func-
tionally related gene pairs are found in close proximity on a
genome, then they may have been acquired in a single HGT
event, and their co-occurrence pattern might be a conse-
quence of the HGT process, and not a consequence of natural
selection. However, many known protein interactions occur
between genes that are dispersed across the genome (e.g.,
proteins produced by genes crr and ptsG form the EII complex
in enteric bacteria and are not in close proximity on the
genome; Deutscher et al. 2006). To explore whether colocal-
ization and the simultaneous transfer of genes are responsible
for gene association relationships in the pseudomonads, we
compared the mean syntenic distance of associating genes,
versus the mean syntenic distance of abundant accessory
gene pairs chosen at random. The average chromosome
length across the data set is 6.2 Mbps; which, in addition to
the chromosome being circular, means that the furthest away
two genes could be from each other is�3.1 Mbps. The mean
syntenic distance between randomly paired abundant acces-
sory genes is bell-shaped that fits our expectation of randomly
dispersed genes. In contrast, associating gene pairs more often
share significant localization (fig. 2a); however, only 8.6% of all
co-occurring gene pairs have a mean syntenic distance of
<150 kbp. This suggests that a proportion of, but not all,
gene–gene co-occurrence is due to colocalized genes.

In order to ask whether the colocalization patterns of gene
pairs generalize to that of gene sets, we next considered gene
associations in terms of their connected component (i.e., as-
sociating gene set; fig. 1a). We observe 41 gene sets (26%) that
are composed of pairs of genes with a mean pairwise syntenic
distance of � 150 kbp (fig. 2b). We used PPanGGOLiN
(Gautreau et al. 2020) to generate pangenome graphs of
Pseudomonas spp. (supplementary fig. 6, Supplementary
Material online) and the P. aeruginosa subset (fig. 2c) to vi-
sualize the genomic context of colocalized gene sets. For ex-
ample, the P. aeruginosa pangenome graph includes a set of
neighboring co-occurring genes associated with flagellar as-
sembly (fig 2c, box 1). Interestingly, these genes are all
encoded on the same strand, and this path in the pangenome
graph bypasses a set of 16 genes, which also show homology
to flagellar assembly genes (supplementary table 1,
Supplementary Material online). A given genome may con-
tain one but not both of these sets of genes, indicating pos-
sible redundancy of this function within the pangenome. We
also observe gene sets that share very little physical linkage,
such as a set of three unnamed genes involved in outer

membrane permeability (fig. 2c, box 2; supplementary table
1, Supplementary Material online). Still, other gene sets have
mixed levels of colocalization amongst their membership. For
example, a subset of P. aeruginosa strains contains three
neighboring genes (encoded on the same strand) that co-
occur with a fourth gene sharing no physical linkage with
the other three and encoded on the opposite strand (fig.
2c, box 3). These four genes likely co-occur because they all
function as components of the methionine salvage pathway
(supplementary fig. 7 and table 1, Supplementary Material
online).

Coincident Genes Share Functionality
The association (or dissociation) of genes alone does not infer
a biological interaction between them (i.e., correlation does
not infer causation; Blanchet et al. 2020). If the accessory
genome is influenced by selection, we could expect that co-
incident genes might be more likely to act together—for ex-
ample, toward a shared functional goal—for the benefit of the
host. Alternatively, genes might act together toward their
own selection (e.g., in DNA secretion; Draghi and Turner
2006) or integrative conjugative elements (Wozniak and
Waldor 2010). Using Gene ontology (GO) annotations as a
proxy for gene functionality, we calculated the functional
overlap of each coincident gene pair in comparison to ran-
domly paired abundant accessory genes, indicating some
structure in the accessory pangenome (fig. 3a). We identified
a greater overlap in GO annotations between coincident gene
pairs then randomly paired accessory genes. Specifically,
71.1% of associating and 69.4% of dissociating gene pairs
shared GO annotations when compared with only 50.6
(60.1)% of randomly paired accessory genes (fig. 3a). This
indicates that coincident genes share function with each
other more often than would be expected by chance. The
percentage of shared GO annotations amongst associating
genes increased to 74% when only nonsyntenic genes were
considered (supplementary fig. 8, Supplementary Material
online). Given these results, we calculated whether particular
GO terms were more likely to share annotation in a coinci-
dent gene pair compared with the expected term-sharing
frequency (fig. 3b). One hundred and fifty GO terms were
found to be overrepresented in gene–gene associations, in-
cluding pilus assembly (GO:0009297; P¼ 1.41e�05), type II
protein secretion system complex (GO:0015627;
P¼ 1.35e�08), and antibiotic biosynthetic process
(GO:0017000; P¼ 4.84e�10) (fig. 3b, red points, supplemen-
tary table 2, Supplementary Material online). In contrast, 60
GO terms were overrepresented in dissociation relationships,
including ATP-binding cassette transporter complex
(GO:0043190; P¼ 4.96e�52), and drug transmembrane
transport (GO:0006855; P¼ 2.16e�07) (fig. 3b, blue points,
supplementary table 2, Supplementary Material online).

A subset of GO annotations were enriched in both asso-
ciating and dissociating gene pairs (fig. 3b, purple points; sup-
plementary table 2, Supplementary Material online). This
appears counterintuitive, but may correspond to, for exam-
ple, two multigene functional units that dissociate from one
another but whose genes within the unit strongly associate
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accessory gene pairs on Pseudomonas spp. chromosomes. (b) Twenty-six percent of all sets of associating genes (i.e., connected components of
genes which share co-occurrence patterns) do not share significant physical linkage as defined by the mean syntenic distance between all genes
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with each other. For example, gene pairs annotated with
transmembrane transporter activity (GO:0022857) were
enriched in association (P¼ 8.39e�06) and dissociation
gene relationships (P¼ 3.01e�28; fig. 3c). Although some
genes formed independent co-occurring cliques or solitary
dissociation patterns (not shown), the majority of genes clus-
tered into groups of associating genes (supplementary fig. 9a,
Supplementary Material online) that dissociated from each
other (fig. 3c). Some of these cluster avoidance patterns ap-
pear to be largely due to species boundaries (e.g., clusters 7
and 15; supplementary fig. 9b, Supplementary Material on-
line) but most are independent of phylogeny and syntenic
relationships (supplementary fig. 9b and c, Supplementary
Material online). Although many of these genes are hypothet-
ical or only loosely annotated, there are, for example, genes for
an efflux pump (Resistance-nodulation-division family trans-
porters) in cluster 2 that dissociate from genes for a different
efflux pump (glutathione-regulated potassium-efflux system
protein, KefB) in cluster 3 (supplementary table 3,
Supplementary Material online), indicating a possible exam-
ple of functional redundancy or niche partitioning within this
system. We also identify gene–gene association patterns be-
tween genes with known biological interactions such as bfmS
and bfmR that form the BfmS/R two-component system
(cluster 9; Cao et al. 2014) and cynS and cynT that are in-
volved in cyanate decomposition (cluster 11; Guilloton et al.
1993; Luque-Almagro et al. 2008).

The above calculations of intersecting GO annotations rely
on known gene information. Although Pseudomonas is a well-
studied genus with well-annotated genomes, many of the
identified coincident gene pairs involve interactions between
hypothetical proteins or genes without a known GO associ-
ation. 51,531 (17.6%) and 23,168 (7.9%) of the associating and
dissociating gene pairs, respectively, involve at least one hy-
pothetical gene (fig. 3d). Specifically, 95% of coincident gene
pairs involving hypothetical genes are between hypothetical
and annotated genes. Given our finding that many annotated
coincident gene pairs share function, coincident relationships
between hypothetical and annotated genes can help us gen-
erate hypotheses concerning the role these hypothetical pro-
teins play in the Pseudomonas sp. pangenome. A subset of
GO terms was found to be statistically more likely to be
coincident with hypothetical genes when compared with
the annotated coincident gene pairs (supplementary table
4, Supplementary Material online). For example, the “beta-
lactamase activity” (P¼ 1.86e�06; GO:0008800) GO annota-
tion was assigned to two genes that collectively associated
with 120 annotated and 33 hypothetical genes. In particular,
42% of the genes that associate with an ampC homolog (most
closely related to PDC-8; Rodr�ıguez-Mart�ınez et al. 2009) were
annotated as hypothetical proteins, and only seven had a
gene name annotation in�1 genome (fig. 3e, supplementary
table 5, Supplementary Material online). This gene association
cluster (including ampC) is present in �4 Pseudomonas spe-
cies (4 named, 6 unnamed strains), and does not share con-
siderable colocalization across the pangenome
(supplementary fig. 10, Supplementary Material online).
Similar investigations of the remaining hypothetically-

annotated gene pairs may yield further hypotheses concern-
ing the role of hypothetical proteins in this pangenome.

Gene Co-occurrence Is Associated with Co-
transcription and Protein–Protein Interactions
Using publicly available RNA-Seq transcription data, we ex-
amined how often associating gene pairs were transcribed
together compared with randomly paired accessory genes.
Due to limitations on the availability of good quality publicly
available gene transcription data, we restricted our analysis to
P. aeruginosa (81 of 209 genomes). Across the P. aeruginosa
pangenome, we calculated the frequencies with which a given
gene pair was transcribed together compared with that of
only one of the two genes in a pair. We report this ratio of
gene expression, such that a ratio of 1.0 indicates that—across
the P. aeruginosa pangenome—it is as likely to see both genes
transcribed together as it is for only one of the pair to be
transcribed (fig. 4a). Across samples and experiments, associ-
ating gene pairs were more often co-transcribed than were
randomly paired abundant accessory genes (fig. 4a), indicat-
ing a possible shared function or interaction between these
genes. This result holds when only nonsyntenic gene associ-
ations are considered (supplementary fig. 11, Supplementary
Material online). Similar analyses of cotranscription could not
be performed on the dissociating gene pairs as these pairs are
not present within the same genomes.

Given the rate of co-transcription of associating genes, we
asked how often coincident genes are involved in known
protein–protein interactions. Using the STRING database
(Szklarczyk et al. 2019), we first identified the number of
protein–protein interactions between randomly paired acces-
sory genes as 1.4 (60.03)%. This percentage may seem low;
however, we expect that documented protein–protein inter-
actions are more likely to involve well-studied, abundant
(likely core), house-keeping proteins, or those which share
evolutionary histories with each other, which are precisely
the genes that are excluded in our analyses of lineage-
independent accessory genes. However, we identified pro-
tein–protein interactions between 9.4% of associating gene
pairs (11.4% of all annotated associating pairs; Figure 4b).
These data represent 2.5% of all known protein–protein inter-
actions within P. aeruginosa; that is to say that—even when
excluding core or vertically inherited genes—associating gene
relationships recapitulates a percentage of all known protein
interactions in this species. As expected, evidence of interac-
tions between dissociating genes was identified at a rate less
than randomly paired genes (fig. 4b).

Discussion
We recently developed a novel method for the identification
of coincident gene presence–absence patterns within pange-
nomes (Whelan et al. 2020). Although pangenome analyses
are usually focused on a particular species, here we applied
this approach to 209 publicly available Pseudomonas spp.
genomes to ask whether a portion of pangenome gene con-
tent is determined by selective pressure. Across the data set,
86.7% of lineage-independent, abundant accessory genes
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consistently associated with, or dissociated from, at least one
other gene in the pangenome. This represents a lot more
genetic structure within the abundant accessory genome
than we would expect if neutral processes were driving pan-
genome formation. We found that these gene pairs share
functional annotations, are co-transcribed, and produce pro-
teins that interact with each other more often than expected

when compared with randomly paired abundant accessory
genes. These findings were independent of whether the genes
are lineage-dependent or are predominantly vertically trans-
mitted and the association remained even when colocalized
genes were excluded. The fact that we found statistically sig-
nificant associations between nonsyntenic genes is strong
evidence for selection because it identifies genes that share

FIG. 3. Coincident (associating and dissociating) gene pairs have more overlapping GO term annotations when compared with random gene pairs.
(a) 71.1% of associating gene pairs share the same GO annotations compared with 50.6 (6 0.1)% of randomly paired genes. (b) A triangular plot of
GO term annotation within coincident gene space. Each GO term is represented by a point whose location is determined by how frequently genes
with that term are found in the associating, dissociating, and random gene pair categories. GO terms which are significantly overrepresented in any
category are colored. (c) Coincident gene relationships for genes annotated with transmembrane transporter activity (GO:0022857). Edges are
colored by the type of interaction (associating, red; dissociating, blue). A figure showing only the associating edges is provided in supplementary fig.
8a, Supplementary Material online. (d) The proportion of coincident gene pair relationships which exist between annotated and hypothetical
genes. (e) A network of gene (node) association relationships (edges) depicting the associations of ampC (orange) with hypothetical (gray) and
annotated (yellow) genes.
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functionality despite being dispersed in the genome.
Together, these data suggest that the assemblage of abundant
accessory genes is structured in this pangenome is more likely
explained by selection than by neutral processes. This work
has implications for our understanding of prokaryote pange-
nomes as a whole.

However, we should be mindful of the limitations of this
approach. For example, because of the nature of identifying
coincident relationships, this analysis can only be conducted
when a gene is present frequently enough across a data set. In
this case, we used a threshold of >5% abundance, which
equated to a focus on the 13,864 most abundant accessory
genes. Further, gene–gene co-occurrence does not necessarily
infer direct gene–gene interactions. Although such a high-
throughput examination of gene–gene co-occurrence rela-
tionships in pangenomes may be rare (Kim and Price 2011;
Cohen et al. 2012; Press et al. 2016), there is a century of
literature on species–species co-occurrence patterns (Forbes
1907; Michael 1920; Diamond 1975; Connor and Simberloff
1979; Blanchet et al. 2020). In this research, it has been ex-
plicitly shown that in at least some cases, species–species co-
occurrence does not necessarily imply species–species eco-
logical interactions. In their recent Perspectives article,
Blanchet et al. (2020) present seven arguments for why eco-
logical interaction should not be assumed from co-
occurrence data. Although some of these arguments are
species-specific, many apply to gene–gene data as well. For
example, the authors argue that in some cases, species occur-
rences depend on the environment, and what appears as a
species–species co-occurrence pattern may actually be an
indirect interaction of both species with their environment
(Blanchet et al. 2020); similarly, geneA and geneB may co-
occur due to a preference for a shared abiotic factor—envi-
ronment, nutrient, metabolite, etc.—instead of indicating a
direct gene-to-gene interaction. We suggest that further

in vitro investigations of gene pairs could help clarify these
levels of interactions. Further, the methodology used here—
the identification of coincident gene relationships based on
statistically similar or dissimilar gene presence/absence pat-
terns—will not identify all associations in the pangenome. For
example, asymmetrical dependencies will have been missed;
in the case where geneA relies on geneB for an interaction but
not vice versa, we would expect to see geneA present only in
the presence of geneB, but that geneB could be present with-
out geneA in a given genome. So-called “event horizon genes”
or those genes whose presence “leads the way” for the intro-
duction of many other genes (McInerney et al. 2020), will also
not be identified by use of the Coinfinder software. Because
these gene–gene patterns are hard to distinguish from ran-
dom presence/absence patterns, their influence on the struc-
ture of the pangenome will be harder to determine.

With this caveat in mind, we sought to provide evidence
for the possibility that a sizable subset of the gene–gene
associations within the abundant accessory genes of the
Pseudomonas pangenome may be due to direct interactions.
The fact that many associating gene pairs tend to neighbor
each other indicates this potential. Neighboring genes often
assemble into sets of co-transcribed genes that either physi-
cally interact to form protein complexes (e.g., manXYZ; Erni et
al. 1987) or act as part of a shared metabolic pathway (e.g., the
lac operon; Jacob and Monod 1961). However, many coinci-
dent genes that were not colocalized had overlapping func-
tionality. This is not too surprising given previous evidence of
coselection of genes (Cui et al. 2020) and single-nucleotide
polymorphisms ( Cui et al. 2020; Pensar et al. 2019) across
disperse loci. These genes could still directly interact, although
could also indicate a response to a shared abiotic factor (e.g.,
genes present in response to a particular environmental
niche). On the other hand, genes with shared functionalities
that actively avoid each other would seem to suggest a more
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FIG. 4. Associating genes are more likely to be cotranscribed. (a) The ratio of gene expression between associating gene pairs and random abundant
accessory gene pairs. The ratio is calculated as the proportion of times that both genes in a gene pair are consistently cotranscribed across P.
aeruginosa genomes versus the proportion of times that only one of the two genes is transcribed. Symbols represent different publicly available
RNA-Seq experimental projects. (b) Protein–protein interaction pairs as compared with the STRING database indicate more interactions in the
associating gene pairs compared with the dissociating and random gene–gene data. One hundred replicates of randomly paired genes were used
to obtain a mean of 1.4 (60.03)%.
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directed type of interaction. Further, strain-level variation in
gene essentiality can also contribute to gene–gene association
patterns. For example, it has been recently shown that the
horizontal acquisition of specific genes in E. coli can make a
gene that was already present in the genome as a nonessential
accessory gene become newly essential (Rousset et al. 2021).
Either way, evidence for interactions at the protein level
clearly indicates direct gene–gene interactions in the acces-
sory pangenome.

One of the inspirations for this work was the recent sug-
gestion that one way of better elucidating whether the pan-
genome is evolving neutrally or adaptively was to focus on the
gene as the evolutionary unit (Shapiro 2017). Examining
gene–gene relationships, as we have done here, is not the
only gene-focused approach to understanding the evolution-
ary pressures present on prokaryote pangenomes. For exam-
ple, analyses could be conducted to determine whether
accessory genes are under selective pressures. Further, gene
knockout and long-term evolutionary experiments could be
combined to determine the effect of individual genes on the
pangenome. Similarly, we could adapt the unit of observation
to think about groups of genes; for example, we could ask
whether operons, or genes which comprise multi-subunit
proteins form coincident relationships. We propose these
results concerning gene–gene coincident relationships as
one line of evidence for testing hypotheses of selective pres-
sures on the accessory genome. We encourage further work
in these areas to be contributed to this debate.

We focused our analysis on Pseudomonas spp. due to its
diverse, well-studied pangenome (Kung et al. 2010;
Mosquera-Rend�on et al. 2016; Udaondo et al. 2016; Dillon
et al. 2019; Freschi et al. 2019), well-annotated genomes
(Winsor et al. 2016), and generalizability to other prokaryotic
open pangenomes in terms of core-to-accessory gene ratios,
and multiple environmental niches. Our results suggest ge-
netic structure within this pangenome, and we hope that
additional research, using different methodologies and pan-
genomes, will help further these findings.

Materials and Methods

Sequence Acquisition and Pangenome Analysis
Genome annotations were retrieved from pseudomonas.com
in GFF3 format (Winsor et al. 2016) on March 1, 2019 and
include 209 complete genome assemblies. Despite the avail-
ability of thousands of draft genomes, we restricted our study
to completely assembled and curated strains, due to recent
work suggesting that the quality of genome assembly can
greatly impact predicted pangenome quality and size
(Denton et al. 2014). Genes were clustered into gene families
using Roary 3.12.0 (Page et al. 2015) with a 70% BLASTP per-
centage identity cutoff. Definitions of core (90%� x� 100%),
soft core (89%� x< 90%), shell (15%� x< 89%), and cloud
(x< 15%) genes are as in Roary. All core genes (present in
�90% of Pseudomonas genomes) were individually aligned
using MAFFT v7.310 (Katoh and Standley 2013), the align-
ments concatenated, and curated using Gblocks (Castresana
2000; parameters as in Creevey et al. [2011]), specifically allow

gap positions ¼ half, minimum length of block ¼ 2). A core
gene phylogeny was constructed from this curated and
concatenated alignment using IQ-TREE (Nguyen et al.
2015) using the GTRþIþG substitution model (as justified
in Abadi et al. [2019]) and midpoint rooted. A total of 19
genome annotations contained plasmids, which were not
considered in these analyses.

Evaluation of Gene Coincident Relationships
Coincident relationships between gene pairs were deter-
mined using Coinfinder (Whelan et al. 2020). Briefly, for
each pair of genes in the input accessory genome,
Coinfinder examines their presence/absence patterns to de-
termine if they represent a coincident relationship (i.e., if they
co-occur or avoid each other across the pangenome more
often than expected by chance). Statistically significant coin-
cident gene pairs were determined by Coinfinder via a
Bonferroni-corrected binomial exact test statistic, and the
lineage dependence of each gene was calculated using a pre-
viously established phylogenetic measure of binary traits (D;
Fritz and Purvis 2010). Coinfinder was run with upper- and
lower-filtering gene abundance thresholds of 90% and 5%,
respectfully. A threshold of D��0.4 was used based on the
frequency of genes, their distribution across species in the
core gene phylogeny, and the distribution of counts of coin-
cident gene pairs (supplementary fig. 3, Supplementary
Material online). The resulting associating and dissociating
networks were visualized using Gephi (Bastian et al. 2009).
Hub genes were defined as those with more gene–gene rela-
tionships than 1.5 times the upper interquartile range.

In order to determine whether coincident gene pairs were
more likely to share functional annotations, gene expression
patterns, or protein–protein interactions (see below), we
compared these results against the null model by generating
random abundant accessory gene pairs. To do so, accessory
genes that were included in the Coinfinder analysis (i.e., were
between 5% and 90% abundance with D��0.4) were paired
at random to match the mean number of associating/disso-
ciating gene pairs (n¼ 357,102) in 100 replicates (herein re-
ferred to as random abundant accessory gene pairs). This was
accomplished by creating a list of all possible paired combi-
nations of abundant accessory gene pairs and creating
n¼ 100 random permutations of the list to a length of
357,102. The specific use of these random abundant accessory
gene pairs is outlined in the following Materials and Methods
sections.

Gene Colocalization and Pangenome Structure
Analysis
The physical linkage between genes in a gene pair was deter-
mined both for associating, and for random abundant acces-
sory gene pairs. For a given gene pair, the physical distance
between geneA and geneB was calculated for each genome for
which both geneA and geneB reside. (For this reason, syntenic
distance information could not be calculated for dissociating
gene pairs.) From these geneA–geneB distances for each ge-
nome, a mean syntenic distance was computed and plotted.
In analyses of nonsyntenic genes, only those gene pairs
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separated by a mean syntenic distance of �150 kbp were
considered.

A pangenome graph was created with PPanGGOLiN
(Gautreau et al. 2020). In order to maintain consistency
with the gene cluster information used throughout this study,
PPanGGOLiN was provided with the gene clusters as deter-
mined by Roary. A Python script was used to redefine nodes
in the pangenome graph to remain consistent with the def-
initions of core, soft core, shell, and cloud that are used by
Roary. The nodes of the resulting graph were recolored to
represent the associating gene sets as determined by
Coinfinder. The network was visualized in Gephi (Bastian et
al. 2009). KEGG was used to investigate metabolic pathways
(Kanehisa and Goto 2000).

Functional Annotations of Coincident Genes
GO term annotations for each of the 209 genomes were
collected from pseudomonas.com on March 22, 2019. A min-
imum of one matching GO term annotation was necessary to
consider a gene pair as having overlapping function.
Overlapping annotations were determined by examining
only those gene pairs for which both genes had a GO term
annotation. After removing gene pairs for which GO term
annotations were missing for one or both genes, a total of
246,637 (84.1%) associating, and 379,439 (90.11%) dissociating
gene pairs remained. These were compared with 100 repli-
cates of randomly paired abundant accessory genes as de-
scribed above. Bonferroni-corrected binomial tests
(computed in R; R Core Team 2017) were used to determine
which GO terms were under- or over-represented in the co-
incident gene pairs when compared with the random abun-
dant accessory gene pairs.

Separately, GO terms that were significantly associated
with genes of hypothetical function were determined.
Genes were defined as hypothetical if every instance of the
gene across all genomes in which it was found were anno-
tated as “hypothetical protein.” Bonferroni-corrected bino-
mial tests were used to determine GO terms over-
represented in gene pairs involving an annotated and hypo-
thetical gene. Subnetworks of specific gene–gene interaction
pairs were displayed using Gephi (Bastian et al. 2009).

Gene Expression Analysis
Short read archive transcript data from the following P. aer-
uginosa RNA-Seq experiments (paired-end reads with a range
of 4,450,537–41,817,822 reads per sample) were used to test
co-transcription levels of gene–gene pairs: SRP163899 (n¼ 2
samples), SRP215630 (n¼ 9), and SRP191772 (n¼ 8; Zhang
et al. 2019). The reads from each RNA-Seq sample were
mapped using Bowtie2 (Langmead and Salzberg 2012) to
the gene content of the P. aeruginosa genomes in the dataset
(n¼ 81). In a given genome, a gene was considered tran-
scribed if�85% of the gene’s length was covered by�2 reads.
Across the dataset, a gene cluster was considered transcribed
if it was transcribed in�75% of the genomes in which it was
present. The ratio of gene expression is the ratio of gene
cluster pairs that are co-transcribed versus those in which
only one of the two genes were transcribed. Therefore, a ratio

of 1.0 would mean that, across all P. aeruginosa genomes,
paired genes are just as likely to be co-transcribed as for ex-
clusively one of the two genes to be transcribed; a ratio of 2.0
would mean that paired genes are twice as likely to be tran-
scribed together across the pangenome.

Protein Interaction Analysis
The STRING database (Szklarczyk et al. 2019) was used to
identify whether the protein products of associating, dissoci-
ating, and random abundant accessory gene pairs interact
with each other. The protein network data and associated
FASTA sequences for P. aeruginosa were obtained from
https://string-db.org (accessed May 9 2019). The FASTA
sequences for the proteins in this network were assembled
into a BLAST database to map homologous gene clusters to
the IDs in the STRING protein network, with the criteria of
�85% coverage and�90% sequence identity. Calculations of
the coincident gene pairs were compared with 100 replicates
of randomly paired abundant accessory gene pairs as de-
scribed above.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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