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Abstract

Here we review two connected themes in evolutionary microbiology: (a) the
nature of gene repertoire variation within species groups (pangenomes) and
(b) the concept of metabolite transporters as accessory proteins capable of
providing niche-defining “bolt-on” phenotypes.We discuss the need for im-
proved sampling and understanding of pangenome variation in eukaryotic
microbes. We then review the factors that shape the repertoire of accessory
genes within pangenomes. As part of this discussion, we outline how gene
duplication is a key factor in both eukaryotic pangenome variation and trans-
porter gene family evolution. We go on to outline how, through functional
characterization of transporter-encoding genes, in combination with analy-
ses of how transporter genes are gained and lost from accessory genomes,
we can reveal much about the niche range, the ecology, and the evolution
of virulence of microbes. We advocate for the coordinated systematic study
of eukaryotic pangenomes through genome sequencing and the functional
analysis of genes found within the accessory gene repertoire.
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Pangenome: the
combined set of all
genes present across
all strains of a given
species

Core genes: genes
found within the
genome of all strains
of a given species

Orthologous:
describes genes in
different species that
have evolved from a
common ancestral
gene and are not
distinguished by gene
duplication

Accessory gene: gene
found within some,
but not all, strains of a
given species
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INTRODUCTION: PANGENOMES

How microbial organisms adapt to, and colonize, new and varying ecological niches has implica-
tions for a number of fields, including the study of host-pathogen interactions and other symbiotic
systems. Even within the boundaries of a given species, extensive differences in coding content can
be observed (Table 1), allowing identification of important variations in gene repertoires between
strains (3, 45, 56, 70, 79, 82, 98, 104). These genome comparisons have led to the concept of the
pangenome, where the gene content within a given species complex comprises the core genes (or-
thologous gene families present within all sampled strains of that species) and the accessory—or
variable—genes (orthologous gene families, and their paralogs, inconsistently distributed across
the genomes of different strains within a species complex) (7). Constructive debate is ongoing re-
garding whether pangenomes are adaptive, neutral, or (probably) both (1, 58, 94). Several models
have suggested that gene acquisitions can be adaptive (58), leading to strains differentially acquir-
ing relative advantages in variant microniches. As such, comparisons of core and accessory genes
can provide important clues about how different strains adapt to their environment, interact with
others (10, 64), and, in some cases, generate virulence (e.g., 3, 56, 67, 81).

Recent studies have highlighted the enrichment of genes within the core and accessory gene
repertoires, across a number of taxa (e.g., 3, 45, 56, 79, 82, 98, 104). These datasets have been
used to identify a relationship between pangenome gene distribution (accessory versus core) and
categories of protein function (e.g., 67, 79, 107). In this review article, we explore the hypothesis
that subsets ofmembrane-localizedmetabolite transporter-encoding genes of eukaryoticmicrobes
show a mosaic pattern of gain/loss and therefore enrichment in the accessory gene set. This pat-
tern suggests that genes that encode transporter proteins represent examples of accessory systems
with adaptive implications in certain species and specific environments. We hypothesize that the
study of these proteins, specifically the presence of these genes within the accessory genome, will
inform us about key factors shaping how eukaryotic microbial lineages are evolving, and the envi-
ronmental and metabolic conditions that are driving evolutionary variation. We discuss how this
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Mixotrophic:
describes organisms
that can use
autotrophic and
heterotrophic modes
to obtain energy
and/or additional
metabolites

Osmotrophy: feeding
method by which
organisms take up
nutrients by
absorption through
the membrane;
facilitated by
transporter proteins

Table 1 Eukaryotic pangenome datasets explored in this review article

Species
Number of

strains Lifestyle Core/accessory gene clustersa Reference
Aspergillus fumigatus 12 Osmotroph 8,073/3,002 (1,294–1,964) 56
Candida albicans 34 Osmotroph/

parasite
5,432/1,893 (487–622) 56

Cryptococcus neoformans var.
grubii

25 Osmotroph/
parasite

5,486/2,698 (964–1,590) 56

Emiliania huxleyi 14 Mixotroph 20,055/8,949 79
Saccharomyces cerevisiae 100 Osmotroph 4,900/2,850 (518–967)b 56

1,360 Osmotroph 5,293/1,784 (mean = 430)b,c 45
Zymoseptoria tritici 19 Osmotroph/

parasite
9,193/6,282d 3

Seminavis robusta 49 Mixotroph 2,8120/9,683 70

aCore/accessory genome sizes reported by each study, with distribution of accessory genome size across strains included in parentheses where known. For
the 1,360-strain S. cerevisiae study, the mean accessory genome size is noted in parentheses.
bNote the differences in total pangenome size between the two S. cerevisiae analyses (discussed in main text).
cLi et al. (45) divide the S. cerevisiae accessory genome into the accessory pool (gene groups that are present in ≤5% of strains; 1,121 gene groups in this
category) and character genes (gene groups that are present in 5–95% of strains; 663 gene groups in this category). These two categories have been combined
into the accessory gene cluster value stated here. Li et al. also use an extended core (genes that are present in >95% of strains) rather than a core genome.
dBadet et al. (3) divide the Z. tritici accessory genome into accessory orthogroups (4,690 groups) and genes found in a single species only (1,592 singletons).

is important for our understanding of strains that have gained virulence traits and outline support
for the idea that gain of accessory genes that encode transporter proteins may underpin pathogen
evolution. As part of this latter point, we summarize data showing that many viruses of eukaryotes
have acquired transporter-encoding genes to augment host interactions, with these viral genes
then also acting as an additional source of accessory genome variation for infected hosts.

OUR UNDERSTANDING OF PANGENOME STRUCTURES IS POORLY
DEVELOPED FOR EUKARYOTIC MICROBES

The pangenome concept is firmly established for prokaryotic microbes, with numerous studies
demonstrating genome variation across related bacterial strains (reviewed in 58). The concept
of species boundaries within prokaryotes is blurred (17), yet it is clear that genome repertoire
varies between strains of the same species and that this variation is meaningful for the ecology and
evolution of prokaryotic species.

In contrast, eukaryotic pangenome sampling is relatively limited both in the range of taxa for
which pangenome sequencing initiatives have been undertaken and in the number of strains sam-
pled for genome sequencing within a species complex.Table 1 details seven microbial eukaryotic
species that have been subject to pangenome sequencing initiatives and for which there are publicly
available datasets where the gene repertoires have been divided into core and accessory genomes.
We note there are multiple additional population genome studies of eukaryotic microbes (e.g.,
5, 78, 93, 103, 106), as well as pangenome datasets that span species boundaries (e.g., 25, 107),
that have not been analyzed in further detail in this review article. The list (Table 1) includes
mixotrophic algae and fungi [organisms that obtain nutrients by osmotrophy (85)], some of which
are also parasites. Typically fewer than 50 genomes are sequenced in these studies, with the no-
table exception of Saccharomyces cerevisiae, where 1,360 genomes were studied. In many cases, both
for the datasets included in Table 1 and in population genome studies, the pangenomes analyses
are derived from one reference genome combined with strain-level resequencing, with the variant
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Horizontal gene
transfer (HGT):
transfer of genetic
material between
reproductively isolated
genomes

Conditionally
dispensable
chromosomes:
chromosomes that are
found in some
fungi/eukaryotes and
are required for
virulence but not
growth

Gene duplication:
duplication of a region
of DNA, generating
one or more copies of
a gene

strains assembled onto the reference genome. It is not clear whether such methods systematically
underestimate pangenome diversity, thereby generating artifacts in gene presence/absence analy-
ses. For example, such approaches may fail to recover differentially distributed chromosomes not
present in the reference genome assembly.

As many of these genome datasets are minimal in terms of strain sampling, the true core
genome for each species complex is likely to contain fewer genes than current sequencing efforts
indicate. This is because the sample sizes are limited and will, therefore, produce data patterns
that overestimate the core gene families (45). Furthermore, patterns of differential gene loss can
render candidate orthologous cluster groups where the inferred cluster is composed of paralogs
with mosaic ancestry that has been produced by differential gene loss (hidden paralogy). This
is a problem that is often exacerbated by bioinformatic clustering approaches (a challenge tack-
led in Reference 16; see also differences between Saccharomyces cerevisiae pangenome estimates in
Table 1 resulting from different clustering approaches). Of course, differential mosaic loss of re-
cent paralogues with identical functions is probably functionally unimportant, while differential
mosaic loss of older paralogs with variant functions, which are not resolved by ortholog cluster-
ing programs, is problematic. Both sources of artifact (hidden paralogy and undersampling) can
lead to an underestimation of the accessory genome and the complexity of the evolutionary his-
tory of pangenomes (99). Nevertheless, our inventories of core genomes will likely contract with
increased genome sampling, while our inventories of genes within the accessory genome will ex-
pand as variant strains are sequenced. This is true for many prokaryotic pangenome sequencing
initiatives but is especially true for eukaryotic datasets where sampling is limited.

For prokaryotes, a range of work has shown that accessory genomes are largely defined by
horizontal gene transfer (HGT) [sometimes called lateral gene transfer (LGT)] acquisitions and
mobile genetic elements (58). For eukaryotes, there is evidence for differential patterns of HGT
across species (reviewed in References 32, 83) and, indeed, transfer of conditionally dispensable
chromosomes (27, 28, 30, 51) (also called accessory, supernumerary, or B chromosomes). Yet, ex-
amples of these patterns of variation within species complexes (e.g., 24) are currently thought of
as rare in eukaryotes. In contrast, current work has demonstrated that the major factors in fungal
pangenome evolution are gene duplication and differential loss (56).

Regardless of the mode of acquisition, the gain and loss of genes can play a role in determining
the niche of each strain (19, 20) and in some cases could lead to speciation by allowing colo-
nization of alternative niches (i.e., allopatric speciation) or generating mating and recombination
incompatibility (i.e., sympatric speciation). In such cases, modification of the accessory genome
would effectively generate evolutionary paths that subdivide pangenomes: an evolutionary phe-
nomenon that is poorly understood. Indeed, these gain or loss eventsmust impact speciation events
in prokaryotes and some eukaryotes when they drive the differential distribution of DNA uptake
and exchange mechanisms (e.g., transformation and conjugation), restriction endonuclease and
associated DNA methylation systems (61, 69), or mating compatibility loci (33), which can all act
to disrupt gene flow and recombination, in turn leading to speciation. Study of pangenome dy-
namics in microbes is needed to understand how such patterns of variation feed into the processes
that determine ecological ranges and speciation.

GENE ESSENTIALITY VERSUS BOLT-ON TRAITS

Assuming that we can sample enough strains to accurately define a core genome, the contents
of a core genome may approximate to the set of genes that are essential (see the sidebar titled
Essentiality) for cellular and life-cycle functions across the native environments of that species.
Therefore, the core genome could be seen to represent genes that are rarely lost, because they are
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Protein-protein
interaction network:
network representing
the physical
association of proteins
in an organism

Protein connectivity:
the number of physical
interactions a protein
has with other
proteins; interactions
can differ across time
and environment

Dosage-balance
model: predicts gene
duplications that
increase the dosage of
one protein could be
rescued by
overproduction of
partner proteins

Whole-genome
duplication:
duplication events that
copy the entire
genome of an
organism

ESSENTIALITY

An essential gene is one that is required for the survival of an organism.However, these genes may only be essential
under given environmental conditions [i.e., conditionally essential, rather than absolutely essential (109)], within
certain species (95) or strains (88), or because they encode components of protein complexes that themselves are
only essential in certain species or conditions (90). Furthermore, essential genes may also be evolvable (48), with
adaptive mutations permitting cell viability after gene loss. Together, these factors may explain why some essential
genes can be found in accessory genomes (e.g., 76), as the terms essentiality and accessory are always condition
dependent. Historically, laboratory experiments have provided a poor basis for determining both essential and ac-
cessory conditions, because laboratory experiments do not accurately reflect natural effective population sizes or
the environmental heterogeneity of free-living microbial lineages.

functionally important, but also genes that are rarely replaced (even by gene duplication), because
of compatibility issues. Alternatively, a gene could be required for growth (essential) but replace-
able, which can explain why essential genes can be part of the accessory genome (see the sidebar
titled Essentiality). In eukaryotes, nonessential genes are often overrepresented in the accessory
genome [e.g., as seen in S. cerevisiae (56)], and therefore accessory genes may provide strains with
niche-specific functions, such as antimicrobial resistance, or pathways encoded by metabolic gene
clusters (96), which can, for example, function in overcoming competitors through toxin produc-
tion, or in processing environment-specific metabolites. Such traits highlight the plastic nature of
essentiality (specifically, conditionally essential genes). Understanding the relationship between
truly essential and conditionally essential genes is an important challenge.

What factors characterize the core gene repertoire? The products of core genes are predicted
to be components of complex protein-protein interaction networks or multi-protein complexes
(9, 36, 60) (Figure 1), with eukaryotic core metabolic genes tending to have ancient archaeal
ancestry, rather than bacterial ancestry (11). As core genes are integral to the function of protein
complexes and wider protein networks, they are more likely to be indispensable (37).High protein
connectivity also appears to determine a lower tolerance to gene duplication resulting in a reduced
duplicability among these gene families (73), and restricting the distribution of such gene families
to within the core genome, at least in S. cerevisiae (see also Reference 110 for further complexities in
this pattern evident across different lineages). Duplication is thought to be suppressed in this way
because it can lead to gene dosage effects,where asymmetric expansions of the protein components
of interacting complexes perturb core system functions: This has been called the dosage-balance
model (34, 41, 73). Interestingly, this problem is minimized when whole-genome duplications
generate increased complexity, because proteome expansion is symmetric across interdependent
proteins (31).

Experiments have tested the feasibility of parallel additions to protein networks among
seemingly essential, core genes. For example, the study of elongation factor (EF-1α/EFL) and
methionine adenosyltransferase (MAT/MATX) paralog distribution has led to the suggestion that
some paralog pairs tend to show low tolerance for co-occurrence in the same proteome network
(40, 97). These genes are ancient paralog pairs that tend not to occupy the same genome, sug-
gesting an ancient gene duplication followed by loss, or HGT coupled with replacement. It is
not clear whether these gene distribution patterns hint at mutual exclusivity (due to deleterious
protein-protein interactions, or an imbalance in protein dosage within protein complexes, for ex-
ample) or just differential loss due to redundancy. Szabová et al. (97) tested these scenarios directly
by engineering Trypanosoma brucei to encode both paralogs, and then tuning out the native paralog
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Phototrophic:
describes organisms
that utilize light to
generate an electron
transport chain to
produce chemical
energy

Phagotrophic:
describes organisms
that feed by engulfing
and ingesting food
particulates or other
organisms

Heterotrophic:
describes organisms
that cannot produce
their own key
metabolites, instead
relying on the
consumption of
organic matter
produced by others
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Figure 1

Protein-protein connectivity in the Saccharomyces cerevisiae S288C pangenome. Pangenome data were
constructed from the genome sequences of 100 strains by McCarthy & Fitzpatrick (56), and connectivity
data from BIOGRID (72) were collated by Cotton & McInerney (11). Core proteins have significantly
higher connectivity (mean, 19.02 interactions) than accessory proteins (mean, 14.54 interactions). Statistical
significance calculated using a Kruskal-Wallis test (triple asterisks indicate p < 0.001).

using RNA interference. These experiments showed that MAT/MATX could complement func-
tion but EF-1α/EFL could not, illustrating that there are no hard rules and that, in some cases,
additions and replacements to seemingly core functions can be tolerated, but in others they cannot.

Collectively these observations infer that genes encoding proteins that (a) have low protein-
protein interaction complexity, (b) are not essential across all niches occupied by the strain, and
(c) are not part of multicomponent complexes are likely to be readily lost, gained, replaced, or
expanded and are therefore key drivers of accessory genome variation. We name such genes
and the phenotypes they encode bolt-on traits. Such gene complements should be predictable.
For example, many metabolite transporter functions fit the characteristics of (a) nonessentiality,
(b) being encoded by a single gene, and (c) having low protein-protein interaction networks (84).

EUKARYOTES HAVE HIGHLY VARIANT TROPHIC MECHANISMS
THAT MAY INFLUENCE PANGENOME CHARACTERISTICS

Eukaryotes possess a striking range of mechanisms for obtaining metabolites. These can be
classified as (a) phototrophic, (b) osmotrophic, and (c) phagotrophic. The latter two categories are
broadly termed heterotrophic. It is also important to note that within the heterotrophic classifi-
cation a large diversity of parasitic lifestyles is displayed, with for example, obligate intracellular
parasites, obligate biotrophs, necrotrophs, and facultatively parasitic heterotrophs. Many of these
categories show distinct, but noisy, patterns of genome evolution (for some cross comparisons, see
for example References 4, 18, and 39). Furthermore, in real terms, phototrophic eukaryotes often
possess a range of heterotrophic functions (12, 59) and are therefore mixotrophic. As such, bound-
aries of taxonomic classification based on trophic mechanism [for example, favored by Whittaker
(105)] break down rapidly when we consider the wider functions of microbial cells. Current

50 Milner et al.
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understanding of eukaryotic pangenomes across these different feeding ecologies is especially
poor. It is therefore difficult to understand how pangenome dynamics can vary between species
with variant ecologies. Understanding such patterns is critical for understanding pangenome
evolutionary dynamics and will likely reveal much about how adaptation occurs across different
lifestyles.

TRANSPORTER PROTEINS DEFINE MICROBIAL NICHES

Multiple aspects of many metabolic networks require uptake of precursor molecules into the cell.
In some ways every cell on this planet is heterotrophic, and as such, in the absence of diffusion
or permeation across cell membranes, must rely on the function of transporter proteins either
on the surface of the cell or within the endosome/phagosome (a privatized space for processing
metabolites). Transporters are composed of proteins that form transmembrane helices that fold
into the plasma membrane to form a pore or carrier protein that docks with a target substrate and
facilitates movement across the membrane. This can be a passive or an active process (requiring
ATP). In some cases [e.g., ABC transporters (80)], the transporter is composed of different protein
domains, whereas in other cases transporters can be composed of multiple copies of related pro-
teins [e.g., the S. cerevisiae ammonium transporters,Mep1–3 (54)] or a single predominant protein
[e.g., the urea transporter in Candida albicans, Dur3 (65)].

Because transporter function and the supply of primary substrates lie at the root of nearly all
metabolic networks, the complement of transporters encoded by a microbial cell underpins and
shapes (a) the biochemical network of the cell, (b) the environment a microbe can colonize, and
(c) how a microbe competes for resources with others. All these points are important for defin-
ing the ecology of microbes. The importance of point c has been demonstrated by Brown et al.
(8). S. cerevisiae cells can utilize hexose sugars for both respiration and fermentation (71, 101) and
can also tolerate a broad range of sugar concentrations. Accordingly, S. cerevisiae encodes a suite
of hexose transporters with different uptake kinetics (6) that are expressed depending on sensing
of the carbon-source availability in the extracellular environment (87). In this way the diversity of
hexose transporters, and how they are transcribed, determines the ecology of variant S. cerevisiae
strains. Experimental evolution of S. cerevisiae strains has demonstrated that the hexose trans-
porter gene repertoire can be expanded, leading to additions to the accessory genome, increased
hexose transporter transcription levels, and enhanced hexose uptake kinetics. This evolutionary
outcome occurs in response to changes in hexose availability in the environment (8) and pro-
vides the evolved strain with an advantage over the parental strain under low-glucose conditions.
Figure 2 summarizes these experimental results.

A FIRST ASSESSMENT OF THE PREVALENCE OF
TRANSPORTER-ENCODING GENES IN EXEMPLAR
EUKARYOTIC PANGENOME DATASETS

Accessory genomes have been posited to include genes that can add functions. Such accessory
genes have been linked to pathogenicity in fungi, facilitate host range expansion (13), and con-
tribute to the virulence of plant pathogens (2).Within accessory genomes, genes encoding proteins
with lower connectivity are enriched (e.g., Figure 1), and such genes can be acquired by mech-
anisms such as HGT, gene duplication (56), and de novo generation (100) and can facilitate
adaptation to variant environments (60).

Transporter proteins typically exhibit low protein-protein connectivity (60, 84), can manifest a
trait via a single gene acquisition, and can replace entire biochemical synthesis networks by allow-
ing uptake of preformed metabolites (e.g., 15, 29). These factors suggest that accessory genomes
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Figure 2

Schematic representation of the results obtained by Brown et al. (8). Pink arrows represent both the parental strain and the strain after
450 generations of glucose-limited growth. HXT transporter proteins (drawn as transmembrane proteins in the yeast cell), mRNAs
(drawn within the yeast cell and marked by poly(A) tails), and genes (represented in tandem on chromosome IV) are represented by
yellow (HXT3), purple (HXT6), pink (HXT7), and pink/purple (HXT7/6). Glucose uptake is represented by its chemical structure and
the uptake velocity of each strain is represented by the size of the green arrows (not to scale).

may be more likely to contain bolt-on transporter traits. Furthermore, it may be more expeditious
for an organism to gain, or duplicate, a transporter protein gene that integrates within a simple
preexisting cellular network than to gain an entirely novel biosynthetic function. This latter route
may take a significant amount of generations and mutations to be integrated into the regulatory
network of the cell (43). Unlike the protein complexes generally encoded in the core genome,
functions driven by transporter proteins can tolerate gene duplication and the associated increase
in protein dosage (discussed above in the example of the S. cerevisiae hexose transporters). Indeed,
because transporter function is directly related to ecological resource competition, rapid increases
in protein dosage due to gene duplication can result in a competitive advantage (8, 60). Even in
cases where rapid accumulation ofmetabolic resources within the cell, brought on by altered trans-
porter function, can limit cellular physiology, such traits can still be selected for, because the rapid
accumulation of a metabolite allows such cells to outcompete cellular forms with lower accumu-
lation rates. In such cases, stockpiling of metabolic resources can be a selfish act of an individual
to the detriment of overall community productivity (47, 52). In this way transporters can be ex-
panded and then lost, for example, in the absence of resource competition driving selection for
increased protein dosage and selfish uptake.

Gene duplication, in addition to protein dosage effects, provides the foundations for sub-
functionalization and neofunctionalization (68). In such cases, sister paralogs of transporters
can gain a range of variant functions, including (a) altered transportation kinetics (38, 54),
(b) altered substrate preferences (38, 50), and (c) variant transcriptional profiles in response to
life-cycle or environmental conditions (53). All these different functions are variants of previously
established cellular phenotypes, and so they allow complexity to be added in a manner consistent

52 Milner et al.
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with the idea of a bolt-on trait. They also allow fine-tuning of metabolic responses to environ-
ments and so provide competitive advantage, while further amending the accessory component
of the pangenome.

Taken together, these factors suggest that transporter proteins are prime candidates for gene
gain and, in turn, loss [dependent on substrate availability and ecological competition (60)],
meaning that transporter repertoires appear patchy (21, 60). We have previously discussed how
functional ecological dimensions to transporter protein repertoire evolution can drive patterns of
gain, replacement, and loss,much like a gene ratchet (60), thereby driving complex patterns of par-
alog evolution.This concept is summarized inFigure 3 and shows how variant environments drive
different patterns of selection for transporter gene repertoire. In such cases, loss, as well as gain,
can determine the breadth of environments a strain can colonize. Such patterns of selection will
be further complicated when the gene-environment dynamic includes competition for resources
between strains or species and where transporter evolution can act to optimize competition for
resources (such additional dynamics are not shown in Figure 3).

Gene gain
(HGT or gene
 duplication)

Native

Environment A

Environment C

Environment D

Growth 
advantage

Environment B

Gene
loss

Gene
loss

+

–

Environment E

Gene
loss

–+

New-gene
expression

cost

X

Gene 
expression 

cost

–

+

Figure 3

Schematic representation of the model proposed by Milner et al. (60) for the evolution of transporter genes within a related lineage.
Light pink arrows represent the native population, pink-white arrows represent a population after gene loss, pink-green arrows
represent a population that acquired a gene, and pink-black arrow indicates a population that cannot colonize its ancestral environment.
The ratchet illustration represents the loss (white) or presence/gain of three different transporter genes (orange, purple, and green). The
metabolites transported by each protein are represented by stars (orange), triangles (purple) or squares (green). Boxes represent
environments in which each population evolves, and the colors of the boxes represent the metabolites present in them. This illustration
of the transporter/environment ratchet model demonstrates how different environments can drive patterns of transporter gene
gain/loss, but it does not show the effect of strain/species competition, which would further complicate such evolutionary dynamics.
Abbreviation: HGT, horizontal gene transfer.
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Figure 4

Transporter proteins are enriched in some eukaryotic core genomes, while specific functional classes of transporter proteins are
enriched in some accessory genomes. (a) Proportion of transporter proteins [i.e., those proteins with ≥4 transmembrane domains, as
classified using TMHMM (42), and with a significant (<1e−5) TCDB hit (91)] within the core/accessory genomes of each species.
(b) Proportion of sugar porters (TCDB 2.A.1.1; see Reference 91), (c) amino acid permeases (TCDB 2.A.18), (d) phosphate:H+
symporters (TCDB 2.A.1.9), and (e) ammonium transporters (Amt proteins) (TCDB 1.A.11) within the core/accessory genomes. All
data are represented as a proportion of the total number of genes within each core/accessory dataset. Raw data from References 3, 56,
70, and 79; statistical significance calculated using a χ2 test (single asterisks indicate p < 0.05; double asterisks indicate p < 0.01; triple
asterisks indicate p < 0.001).

EVIDENCE FOR TRANSPORTER FAMILY ELABORATION
IN EUKARYOTIC PANGENOME DATASETS

To explore the idea that transporter families are discontinuous in eukaryotic pangenomes, we re-
viewed the distribution of transporter gene families in published small-scale pangenome datasets
from a range of microbial eukaryotes (3, 56, 70, 79) (Figure 4; Table 1). As discussed above, this
data selection is restricted by the lack of available pangenome datasets for eukaryotic microbes,
and in many cases it incorporates only a small number of genome comparisons. However, with
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accessory genomes likely to contain many strain-specific functions, it is interesting to investigate
what transporter-encoding genes are present within the sampled pangenomes.We also conducted
this survey because, although the diversity of eukaryotic trophic mechanisms represented is lim-
ited, we were interested to study the heterogeneity of transporter classes evident in the accessory
genome. This form of variation is informative for understanding the evolution and ecology of
different species complexes.

Broad enrichment of genes involved in specific transport processes in accessory genomes has
been shown to be the case in some fungi (e.g., 56).However, the widespread expansion, specifically
of transporter-encoding genes, in eukaryotic accessory genomes does not seem to be consistent;
different taxa show different functional classes of transporter present in the accessory genome
(Figure 4). This, in part, is explained by the different ecological and trophic characteristics of
the organisms compared here, with most of the organisms sampled being heterotrophs (e.g., os-
motrophs, 85) while only two mixotrophic algae (Emiliania huxleyi and Seminavis robusta), which
are able to fix carbon de novo, are sampled (Table 1). Therefore, unsurprisingly, the osmotrophic
consumers show variation in the complement of predicted sugar transporters within the accessory
genomes, while the phototrophs, which obtain sugar through photosynthesis, show a stark reduc-
tion in predicted sugar transporters, with very few encoded in the accessory genome (Figure 4b).

The lack of a broad enrichment of transporter-encoding genes across accessory genomes may
also reflect the specific ecological requirements of these strains, which influence the types of
function present in the accessory genome. For example, where a species occupies a niche that
is characterized by variable or limiting nutrients (79, 86), we would expect to see a prevalence of
variant transporter genes within the accessory genome that encode transporters for these same
nutrients. Indeed, transporter proteins for ammonium and phosphate are prevalent in the acces-
sory genome of E. huxleyi (e.g., 79) (Figure 4d,e), reflecting the need for this alga to compete
with other organisms for effective uptake of limited nitrogen and phosphate sources in the ma-
rine environment and maybe also varying ecological ranges of different E. huxleyi strains (44). On
the contrary, such pressures do not seem to be reflected in the accessory genomes of many of the
fungi sampled, which often occupy environments where access to nitrogen and phosphate sources
is not a limiting factor.

Similarly, among osmotrophic organisms, the accessory genomes of S. cerevisiae S288C and
Cryptococcus neoformansH99 are significantly enriched for sugar transporters (Figure 4b), and the
latter also has a significant enrichment of amino acid permeases (Figure 4c). This may reflect the
frequent habitat (and, therefore, nutrient) shifts of C. neoformans and the need to take up amino
acids for survival in host-associated environments (discussed further below). Together, these find-
ings suggest that the enrichment of transporter-encoding genes in accessory genomes is likely to
be targeted to specific subsets of uptake functions, which is, in turn, determined by two factors:
(a) the requirements of the core metabolism and (b) the availability of compounds in the
environment usable for metabolic function.

In contrast, there are also instances where a higher proportion of transporter proteins are en-
coded within the core genome. Yarrowia lipolytica, for example (57), demonstrates a pattern of
enriched transporter repertoire within the core genome, likely reflecting the large-scale utilization
of hydrophobic substrates by this nonconventional, oleaginous yeast, which can catabolize alkanes,
fatty acids, and triacylglycerols and is dependent on transport of these compounds into the cell
(22) using a core set of membrane transporters. Transporter-gene enrichments in core genomes
are also seen for E. huxleyi,Zymoseptoria tritici,Aspergillus fumigatus, and S. robusta (Figure 4a); this
could reflect the larger accessory genomes in these organisms [of the seven pangenomes analyzed
in this review (Table 1), these four had the largest accessory genomes]. Z. tritici, for example, is
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Blood-brain barrier:
selectively permeable
endothelial barrier
between the capillaries
and tissue of the brain,
protecting nervous
tissue from infection

predicted to contain a large number of effector proteins in the accessory genome (75), which is
skewing these proportions.

In summary, the comparisons of transporter repertoires provide insights into the typical
lifestyles of each species/strain and point toward specific metabolites that have necessitated trans-
porter gene expansion within the accessory genome. Functional analysis of the nature of these ac-
quisitions could be important for further understanding how pathogenicity may arise (e.g., 92) and
how organisms are able to adapt to varying environmental conditions. Furthermore, it is important
to note that global comparisons, as shown in Figure 4a, are likely to hide important patterns of
variation within specific functional classes of transporters, species complexes, or related lifestyles.

WHAT ACCESSORY GENOME TRANSPORTER REPERTOIRES CAN
TELL US ABOUT ENVIRONMENTAL NICHES AND PATHOGENICITY:
SOME EXAMPLES

As mentioned above, within some of the fungal pangenomes sampled (C. neoformans, S. cerevisiae),
sugar transporters are shown to be prevalent in the accessory genomes (Figure 4b), suggesting
that expansion of these gene families may have evolved in response to varying levels of sugar
availability in the environment or have evolved novel substrate uptake functions. Such additions
could be important factors in the expansion of ecological niches of these microbes and, in turn,
could facilitate the evolution of pathogenicity.

Metabolism of one such sugar, inositol, is important for traversal across the blood-brain
barrier by C. neoformans (49), an organism that causes in excess of 180,000 deaths worldwide
annually (77). Inositol is an abundant metabolite in the human brain, with a 200-fold greater
concentration than in blood plasma (23). Significantly, C. neoformans H99 has an expanded
inositol transporter (Itr) repertoire (108) and, interestingly, the majority of these Itr genes,
as well as the two inositol transporters shown to be functional (Table 2), are found in the
C. neoformans accessory genome (data from 56). More critically, the crossing of the blood-brain
barrier by this fungal pathogen is dependent on these two transporters (49, 108), suggesting a
strong association between accessory genome transporter function and C. neoformans virulence.
Adding further weight to this argument is that the Cryptococcus gattii R265 strain has a reduced
Itr gene repertoire, with only six homologs (108) (Table 2). C. gattii R265 is also lacking the

Table 2 Inositol transporters in the Cryptococcus neoformans H99 pangenome, and comparison
with the Cryptococcus gattii R265 Itr repertoire

Gene
C. neoformans

H99: accessory/corea
Number of

strains
C. gattii

R265 presentb

ITR1 Core 25/25 +
ITR1A Accessory 7/25 −
ITR2 Accessory 24/25 +
ITR3 Accessory 20/25 +
ITR3A Accessory 23/25 −
ITR3B Accessory 19/25 −
ITR3C Accessory 18/25 −
ITR4 Core 25/25 +
ITR5 Accessory 24/25 +
ITR6 Core 25/25 +

aPresence in the accessory/core pangenome for each gene in C. neoformansH99.
bPresence/absence for each gene in C. gattii R265, determined using the data from Reference 56. Itr genes shown to be
functional by complementation experiments (108) are highlighted in gray.

56 Milner et al.
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Meningoencephalitis:
inflammation of both
the meninges—the
membranes that
protect the brain and
spinal cord—and the
brain

Table 3 Amino acid/auxin permease (TCDB 2.A.18) and amino acid–polyamine-organocation (TCDB 2.A.3) proteins
encoded in the Cryptococcus neoformans H99 pangenomea

Gene ID Accessory/core
Predicted

transmembrane domains

TCDB prediction/
annotationb

Differential expression (46)c

Mouse lungs Monkey lungs
AAAP (TCDB 2.A.18)
CNAG_01904 Core 10 Vacuolar Avt6 — —
CNAG_03866 Core 11 Vacuolar Avt1 Up —
CNAG_03988 Core 9 Vacuolar Avt2 — —
CNAG_05996 Accessory 10 Vacuolar Avt1 — Up
CNAG_06541 Accessory 11 Neutral Aap1 — Down
CNAG_05685 Accessory 11 Neutral Aap1 — —
CNAG_06828 Accessory 10 Vacuolar Avt3 — —
CNAG_01074 Accessory 11 Neutral Aap1 — Up
APC (TCDB 2.A.3)
CNAG_02539 Core 12 Aap1 — Down
CNAG_07902 Core 12 Aap2 — —
CNAG_01118 Core 12 Aap3 — —
CNAG_00597 Accessory 12 Aap4 — Up
CNAG_07367 Accessory 12 Aap5 — Up
CNAG_07449 Core 10 Aap6 — —
CNAG_05345 Core 12 Aap7 — —
CNAG_00574 Core 11 Aap8 — —

Abbreviations: AAAP, amino acid/auxin permease; APC, amino acid–polyamine-organocation.
aGenes shown to be important for virulence in the invertebrate infection model,Galleria mellonella (55), are highlighted in gray.
bAnnotations for APC proteins are based on Reference 55.
cDashes indicate that these genes were not significantly differentially expressed in the corresponding animal infection model (46).

two, aforementioned, inositol transporters shown to be functional and important for coloniza-
tion of neural tissues during C. neoformans infections (Table 2). It is interesting, therefore, that
C. neoformans H99 infections tend to cause meningoencephalitis, while C. gattii R265 infections
tend to cause pulmonary infections (66), indicating that C. neoformans is equipped to disseminate
to, and proliferate within, neural tissues.Together, this comparison between the transporter reper-
toires of these two species suggests that the expansion of these Itr genes in the accessory genome
may be one of the reasons for this difference in pathogenicity.

The amino acid/auxin permease (TCDB 2.A.18) family of proteins is also enriched in the
C. neoformans H99 accessory genome (Figure 4c) (Table 3). Two predicted amino acid perme-
ases in this accessory genome (CNAG_01074 and CNAG_05996) are upregulated in the lungs
of a monkey infection model (46), suggesting that these may also be important for establishing
infection. Two additional accessory genome–encoded amino acid transporters in the amino acid–
polyamine-organocation (APC) superfamily (TCDB 2.A.3), Aap4 and Aap5, are also upregulated
in this monkey infectionmodel and are required forC. neoformans virulence in the infectionmodel,
Galleria mellonella (55), suggesting that the transition into a primate host necessitates a shift in nu-
trient uptake and that amino acid transporters encoded by the accessory genome could be a key
component in facilitating this shift in niche.

In S. cerevisiae, ammonium (NH4
+), a nitrogen source that can support optimal yeast growth, is

transported by the products of the three nonessential mep genes,mep1,mep2, and mep3 (54). The
mep1 and mep3 genes are both in the core genome of S. cerevisiae (56), while the gene encoding
the highest-affinity transporter,Mep2 (54), is found in the accessory genome [present in 99 of 100
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Table 4 Ato transporters in the Candida albicans SC5314 pangenome

Gene Accessory/core Number of strains
ATO1 Core 34/34
ATO2 Core 34/34
ATO3 Accessory 32/34
ATO4 Core 34/34
ATO5 Core 34/34
ATO6 Core 34/34
ATO7 Core 34/34
ATO8 Core 34/34
ATO9 Accessory 33/34
ATO10 Accessory 7/34

Abbreviation: Ato, ammonium transport outward.

S. cerevisiae strains, but absent in YJM1415 (56) and, in a separate study, present in 1,341 of 1,360
S. cerevisiae strains, although Li et al. (45) categorized this gene in the extended core, as this gene
is present in >95% of strains]. It is important to note that different studies will define alternative
thresholds for categorization into core versus accessory genomes and that sequencing complete-
ness also needs to be considered when allocating genes to the accessory genome. Nevertheless, it
is interesting to speculate that this gene, upregulated under limiting concentrations of ammonium
(54), may be lost in environmental conditions with replete nitrogen sources, which therefore no
longer necessitate retention of this transporter-encoding gene. It also raises the question as to
whether accessory genome transporters tend to have higher affinities than homologous proteins
in core genomes. To our knowledge, this has not yet been investigated in eukaryotes, yet it would
be congruent with the requirement for additional transporter proteins in low/variable-nutrient
environments [such as the HXT6/7 duplications described by Brown et al. (8)] and the utilization
of a higher-affinity ammonium transporter by a virus to manipulate host metabolism (62).

Expanded repertoires of transporter-encoding genes are also present in the pangenome of the
fungal pathogen C. albicans. The ammonium transport outward (Ato) transporters are one exam-
ple of an expanded transporter family (Table 4), with members of this family having roles in the
alkalinization of the acidic phagolysosome (102), allowing the transition of C. albicans from yeast
into a hyphal form, and subsequent escape from macrophages (14). Note that this is not a di-
rect metabolite uptake trait but a trait that alters the surrounding environment. Importantly, the
number of Ato proteins has been shown to correlate with the level of alkalinization of a species
(102), with proteins encoded by genes within the accessory genome shown to be functional [e.g.,
Ato10 (14)], suggesting a correlation between protein family expansion, transcriptional dosage,
and pathogenicity.

Taken together, these results suggest that the accessory genome encodes subsets of transporter
proteins important for regulating virulence and modifying the environment of pathogenic in-
fections. In many instances, the transporter gene families show a level of discontinuity that is
consistent with gene acquisition ratchets (Figure 3).

BOLT-ON TRANSPORTERS ARE EXPLOITED BY VIRUSES

Given the examples of transporter function, and associated virulence, in the fungal pathogens
discussed above, we also predict that transporter protein functions are important for virulence
in other systems. The genes transferred between eukaryotes and viruses are predicted to encode

58 Milner et al.
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diverse functions across viral lineages but are enriched for metabolic processes, such as nutrient
uptake (35). Indeed, there is consistent evidence that transporter proteins are encoded by a variety
of viruses (26, 35, 62, 63), especially viruses of marine eukaryotic phytoplankton (Table 5). Trans-
porter proteins encoded by viruses have also been shown to manipulate eukaryotic hosts during
infection (62) by directly altering host uptake kinetics of target metabolites. Growth, and viral

Table 5 Examples of putative transporter proteins encoded in viral genomesa

Protein family Viral recipient
Closest eukaryotic

relative Annotation (PANTHER/eggNOG)
C000111 Unclassified Phycodnaviridae Chlamydomonadales Aquaporin transporter
C000111 Nucleocytoviricota Eukaryota Aquaporin transporter
C000146 Coccolithovirus Prymnesiophyceae Ammonium transporter
C000146 Nucleocytoviricota Aureococcus anophagefferens Ammonium transporter
C000146 Prasinovirus Ostreococcus Ammonium transporter
C000146 Unclassified Phycodnaviridae Mamiellales Ammonium transporter
C000146 Nucleocytoviricota Alveolata Ammonium transporter
C000350 Coccolithovirus Eukaryota Nucleotide-sugar transmembrane transporter
C000350 Nucleocytoviricota Eukaryota Nucleotide-sugar transmembrane transporter
C000350 Coccolithovirus Eukaryota Nucleotide-sugar transmembrane transporter
C000350 Coccolithovirus Chrysochromulina tobinii Nucleotide-sugar transmembrane transporter
C000489 Klosneuvirus Eukaryota Organic solute transporter–related
C000489 Unclassified Mimiviridae SAR Organic solute transporter–related
C000560 Nucleocytoviricota Trypanosomatidae Phosphate transporter
C000560 Unclassified Phycodnaviridae Chlamydomonadales Phosphate transporter
C000560 Unclassified Phycodnaviridae Aureococcus anophagefferens Phosphate transporter
C000560 Mimiviridae Archaeplastida Phosphate transporter
C000560 Nucleocytoviricota Opisthokonta Phosphate transporter
C000560 Nucleocytoviricota Eukaryota Phosphate transporter
C000628 Nucleocytoviricota Eukaryota Folate-biopterin transporter 1
C000628 Medusaviridae Eukaryota Folate-biopterin transporter 1
C000731 Unclassified Phycodnaviridae Eukaryota Solute carrier family 34 sodium phosphate,

member 2–related
C000731 Unclassified Phycodnaviridae SAR Solute carrier family 34 sodium phosphate,

member 2–related
C000989 Nucleocytoviricota Eukaryota Ammonium transporter
C001122 Nucleocytoviricota Amoebophrya sp. AT5.2 Fe2+/Mn2+ transporter PCL1
C001122 Megaviricetes Stramenopiles Fe2+/Mn2+ transporter PCL2
C001122 Iridovirus Bodo saltans Fe2+/Mn2+ transporter PCL3
C001411 Percavirus Vertebrata Equilibrative nucleoside transporter
C001494 Raphidovirus Stramenopiles Molybdate transporter (major facilitator

superfamily)
C002397 Coccolithovirus Eukaryota Major facilitator superfamily transporter
C003908 Unclassified Phycodnaviridae Chlorophyta Choline transporter–like (SLC family 44)
C004505 Marseillevirus LCMAC202 Eukaryota Transmembrane family, TMEM144 of

transporters

Abbreviation: SAR, stramenopiles, alveolates, and rhizaria.
aData from Reference 35. Phylogenetic trees for all examples available at https://itol.embl.de/shared/nirwin.
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productivity, in hosts is often limited by access to nutrients, so it is likely that viruses are manip-
ulating transporter function to increase host metabolism, and therefore viral productivity. Tied
to this function, it is possible that virus-encoded transporters are acting as bolt-on traits, with
their transportation functions being exploited by viruses. The low connectivity of transporters
(discussed above) therefore enables viruses to encode single proteins that can manipulate host
nutrient uptake and associated metabolic functions, driving viral fitness gains.

Proteins encoded by viral genomes also complicate the concept of eukaryotic pangenomes, in
the same way that genes encoded by plasmids and phages complicate the classification of prokary-
otic pangenomes (7, 89), with widespread exchange of genes between eukaryotes and their viruses
(35) potentially acting as an additional accessory gene reservoir for eukaryotic organisms. Trans-
porter genes, with lower connectivity facilitating a propensity for HGT (35, 60, 84), are then also
presumably able to be transferred back from viral to eukaryotic genomes (i.e., reacquired by eu-
karyotic hosts), with the viral genomes, therefore, contributing to eukaryotic accessory genome
diversity. These data (Table 5) therefore suggest that viruses can act as reservoirs for transporter-
encoding genes within pangenomes. As part of this role, it is not clear how residency within the
viral pangenome may drive functional diversification of such traits, potentially as a result of the
higher mutation rates of virus-encoded genes (74).However, it is likely that increased rates of vari-
ation may feed into diversification of transporter protein function when the transporter-encoding
genes are residing in the virus-derived pangenome.

CONCLUDING REMARKS

Eukaryotic microbes have pangenomes, which are shaped by a range of factors including HGT,
gene duplication, and gene loss. Currently, these patterns of genomic variation are not clearly de-
fined, largely because our sampling of genomes within eukaryotic species complexes is minimal.
A coordinated sampling effort across a range of species with different biologies, ecological ranges,
and trophic mechanisms is needed. We note, however, that comparisons are difficult, as such a
strategy for pangenome sampling needs to include comparisons of species with both narrow and
vast environmental ranges. This latter point is especially challenging because we understand the
environmental ranges of very few eukaryotic microbes that are not obligate parasites. We also
do not understand the nature of species boundaries for many microbial eukaryotes. Environmen-
tal meta-genome sequencing and single-cell genome sequencing may help to solve the former
problem, but the requirement for genome completeness may limit the utility of these approaches.
Understanding species boundaries for many microbial eukaryotes, however, will likely remain a
substantial obstacle.

In many cases pangenome datasets span diverse isolates; for example, in the case of the Emilia-
nia pangenome discussed, the genomes sampled from this group span 2% variation in ribosomal
DNA marker sequences (79), a level that, in many cases, corresponds to variation within a genus.
Comparing and contrasting variation within nonequally defined groups will be challenging.Here,
rules are needed to help guide the field with regard to legitimate definitions of pangenomes relative
to asexual species, sexual species, and genus groups. Furthermore, pangenome sequencing initia-
tives need complete, reference-grade genome assemblies to minimize artifactual predictions of the
accessory genomes, and highly precise ortholog clustering approaches to avoid underprediction
of hidden paralogy and accessory genome evolutionary dynamics.

Armed with greater sampling of eukaryotic pangenomes, we will be able to understand the
roles of HGT, gene loss, and gene duplication in eukaryotic pangenome evolution. In the absence
of clearly demarked species boundaries, patterns of variation can be related to strain phylogeny.
This will help us to understand the relative roles these evolutionary factors play, and importantly,
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we will be able to understand what functional constraints retard or drive these mechanisms as
they generate accessory genome variation. Such studies can then be combined with functional
protein approaches to understand how these different pathways for generating genomic diversity
are shaped by the cellular functions of the proteins encoded.

In this article we have advocated the use of pangenome analyses for understanding the evolu-
tion and ecology of eukaryotic lineages. We hypothesize that such studies will be important for
understanding how lineages evolve in response to their niche, their host, and their competitors,
and we discuss how transporter proteins are an important factor for all these considerations. We
outline how this is not a general phenomenon for all transporter proteins but rather heterogene-
ity in the transporter complements in accessory genomes is an important factor for understanding
the evolutionary ecology of the strains studied. Related to this, we provide examples in a range
of fungi and relate this to cases where transporters have played a role in understanding pathogen
evolution. If, as we predict, transporters represent important traits for the ecology of infectious
disease–causing microbes, they may also represent potential drug targets, because their function
is likely to be important to how microbes colonize host environments and, therefore, how they
are able to cause disease.

SUMMARY POINTS

■ Eukaryotic pangenomes require systematic study and increased sampling efforts.

■ The role of horizontal gene transfer (HGT) and gene duplication needs to be understood
across divergent taxonomic and ecological contexts.

■ Because of a range of functional considerations, gene duplication is likely to be a key
driver of eukaryotic pangenome dynamics.

■ An inconsistent repertoire of transporter protein classes will represent a key aspect of
many accessory genomes.

■ Transporter protein repertoire evolution drives microbial ecology and evolution and is
an important consideration for understanding the evolution of virulence.

FUTURE ISSUES

■ Many lab-strains, particularly for model systems, have been maintained in stable,
nutrient-rich culture conditions for millions of generations, purging genome variation:
Are we systematically underestimating accessory genome complexity?

■ As accessory genes are acquired, what is the effect on associated protein networks?

■ How do functional aspects of acquisition vary between gains by gene duplication and
gains by HGT?

■ How do aspects of cellular network function vary between gains of novel functions and
gains to established functional networks?

■ How does transporter protein acquisition relate to functional networks, microbial
ecology, and pathogen evolution?
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■ Do transporter proteins encoded in accessory genomes tend to have higher affinity for
substrate (or any other difference in functional transportation kinetic parameters) than
those in core genomes, and can such trends inform synthetic biology?
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