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Conservation lost: host-pathogen battles drive diversification
and expansion of gene families

Vladimir Lazetic,
Emily R. Troemel
Division of Biological Sciences, University of California, San Diego, La Jolla, CA, USA

Abstract

One of the strongest drivers in evolution is the struggle to survive a host—pathogen battle. This
pressure selects for diversity among the factors directly involved in this battle, including virulence
factors deployed by pathogens, their corresponding host targets, and host immune factors. A
logical outcome of this diversification is that over time, the sequence of many immune factors will
not be evolutionarily conserved across a broad range of species. Thus, while universal sequence
conservation is often hailed as the hallmark of the importance of a particular gene, the immune
system does not necessarily play by these rules when defending against co-evolving pathogens.
This loss of sequence conservation is in contrast to many signaling pathways in development

and basic cell biology that are not targeted by pathogens. In addition to diversification, another
consequence of host—pathogen battles can be an amplification in gene number, thus leading to
large gene families that have sequence relatively specific to a particular strain, species, or clade.
Here we highlight this general theme across a variety of pathogen virulence factors and host
immune factors. We summarize the wide range and number across species of these expanded,
lineage-specific host—pathogen factors including ubiquitin ligases, nucleotide-binding leucine-rich
repeat receptors, GTPases, and proteins without obvious biochemical function but that nonetheless
play key roles in immunity.
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Introduction

Molecular interactions between pathogenic microbes and host organisms are key drivers of
genome evolution [1]. This competition between hosts and pathogens creates pressure to
diversify the sequence of proteins directly involved in this battle, as each side struggles to
survive and pass on their genes. After generations of co-evolution, the weapons used in
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host/pathogen battles can diversify enough to appear specific to certain species and lineages,
and thus no longer appear to be evolutionarily conserved across a broad range of species.

The loss of conservation in host immune factors is in contrast to the extensive conservation
of factors involved in many signaling pathways not targeted by co-evolving pathogens. For
example, Homeobox transcription factors specify a head/tail body axis in the nematode
Caenorhabditis elegans, in the fruit fly Drosophila melanogaster, and in vertebrates [2,3].
However, it is difficult to find examples of immune pathways conserved across this range
of phylogeny. Indeed, even within immune signaling pathways that are conserved between
species, there can be key differences. For example, the Toll receptor that provides immunity
in D. melanogaster is activated by endogenous ligands, while Toll-like receptors in mammals
are activated by exogenous, pathogen-derived ligands [4]. Furthermore, many ‘critical’
immune regulators have been lost in certain clades, such as the transcription factor NFxB,
which is present in vertebrates and D. melanogaster but has been lost in C. elegans [5], and
the RIG-I double-stranded RNA receptor, which is present in vertebrates and C. elegans, but
likely lost in D. melanogaster [6]. Thus, it is difficult to determine a core set of immune
regulators across species, because of the diversification and loss that occurs during host—
pathogen conflicts. While factors not necessarily involved in immunity also can undergo
diversification due to their role in detecting a changing environment (such as chemosensory
receptors [7]), increased gene diversification across species is often the hallmark of a factor
involved in a host—pathogen battle. If immune factors are conserved, it may be an indication
of their importance in defense, but it is also possible they were less important for defense
against co-evolving pathogens, because they were not targeted by these pathogens in the
recent evolutionary past [8].

In addition to sequence diversification across species, a common theme for genes involved in
host—pathogen conflicts is a large variation in their number across different species or clades.
Gene duplication is thought to be the “fuel for evolution’, and these duplication events
appear to go into overdrive during host—pathogen conflicts, which can create dramatically
expanded gene families [9]. Diversification and expansion of immune genes are at the

heart of the vertebrate adaptive immune system, with this process happening within a
lifetime, instead of across generations. Diversification can occur through immune locus
rear-rangement and/or hypermutation, followed by expansion, which occurs because specific
cell types that carry these genes will proliferate, to enable a learned response to previous
pathogen exposure. Such adaptive immune genes include the immunoglobulin B-cell and
T-cell receptors in jawed vertebrates, as well as the variable lymphocyte receptors found

in jawless vertebrates [10,11]. These are factors that diversify and expand in number in
somatic tissues. Here, we discuss expansion and diversification of innate immune genes in
germline tissues, which are thus genes passed onto the next generation. We also focus on
pathogen factors subject to the same phenomena. While excellent reviews have described
diversification and expansion of individual gene classes [12,13], here we cover several
related examples, to illustrate the commonality of the evolution of species-specific, giant
gene families from host—pathogen battles (Fig. 1). We also aim to highlight the value in
studying these species-specific gene families, as their function may be conserved, even if
their sequences are not.
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Expansion and diversification of ubiquitin ligases on both sides of host—

pathogen battles

Protein degradation is a critical battleground between hosts and pathogens that have

resulted in expanded and diverse gene families. In particular, the ubiquitin—proteasome
system, which is a crucial degradation system in eukaryotic cells, has seen considerable
diversification. In brief, the ubiquitin—proteasome system involves sequential reactions with
E1, E2, and then E3 ubiquitin ligases that ultimately catalyze the transfer of a 7 kD ubiquitin
protein tag onto target proteins, which can flag them for degradation by the proteasome
[14]. E3 ligases come in two major classes, HECT-type and RING/U-box, and these can

be found in single-subunit ubiquitin ligases, as well as multi-subunit enzymes, such as the
cullin-RING ligases (CRLs). All of these classes of E3 ubiquitin ligases have evidence of
being entangled in host—pathogen conflicts, as described below.

The tripartite motif-containing (TRIM) ubiquitin ligases [15,16] are a notable family of
host single-subunit E3 ubiquitin ligases that include factors which serve to restrict viral
infection. Studies indicate that there are ~ 100 TRIM genes in humans (Homo sapiens),
with 11 specific to humans and African apes, and 7 specific just to humans, and certain
individuals that harbor extensive copy number variation [17]. There are fewer TRIM genes
in other organisms, with ~ 64 in the mouse Mus musculus, ~ 20 in C. elegans, and <

10 in D. melanogaster. Strikingly, it appears that the zebrafish Danio rerio genome has
about 200 TRIM genes [18], some of which appear to be undergoing positive (diversifying)
selection and to be induced by viral infection, suggesting that these genes may be involved
in a co-evolutionary battle against fish pathogens. One of the best-studied TRIM proteins
is the TRIM5a. ubiquitin ligase, which was identified in the primate lineage as a viral
restriction factor for human immunodeficiency virus (HIV) and other retroviruses. TRIM5a
from rhesus (Old World monkeys) can bind the capsid of HIV, trigger ubiquitylation and
innate immune signaling to block viral replication, whereas the human version of TRIM5a
has only weak restriction ability [19,20]. Importantly, human TRIM5a can target proteins
in other viruses for ubiquitylation and proteasomal degradation [21,22], indicating that it
has maintained function, but has different specificity than rhesus TRIM5a.. Recent work
has shown that human TRIM5a can also target human endogenous retroelements [23],
indicating there is greater substrate range for this ligase than previously thought.

The most numerous ubiquitin ligases are the multi-subunit CRLs, which are modular and
can form a wide range of different enzyme complexes [24]. Within this group, a subset

are the Skp-Cullin-F-box ligases, which have four subunits: a RING domain protein that
recruits an E2 ligase, a Cullin, a Skp protein, and an F-box adaptor protein that binds to the
substrate to be ubiquitylated. Given the large number of F-box proteins in different species,
theoretically these ligases would provide an enormous potential for targeting pathogen
proteins for destruction. While humans have 69 F-box proteins, there have been expansions
in this class of proteins in the mustard plant Arabidopsis thaliana, which has ~ 779 family
members [25], as well as in the model nematode C. elegans, which has ~ 520 family
members [26] (Fig. 1). While there are hints that CRLs regulate susceptibility to viral and
microsporidia infection in C. elegans [27,28], robust functional roles have not yet been
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assigned. It is intriguing that both A. thalianaand C. elegans appear to lack professional
immune cells, so speculatively it is possible that the expansion of F-box proteins evolved to
increase the detection capability of nonprofessional immune cells in both of these lineages.

Interestingly, another expanded gene family called the pa/s gene family in C. elegans

is involved in immunity against intracellular pathogens [29]. Although their biochemical
function is unknown, pals genes in C. elegans have very distant sequence homology to
F-box genes, and are found in clusters in the genome sometimes near F-box genes. Mouse
and human genomes have one pals gene of unknown function, while C. elegans has
expanded to 39 genes, and related species Caenorhabditis briggsae only has eight genes
[30]. Two of the C. elegans pals genes, pals-22 and pals-25, act as antagonistic paralogs and
comprise an ‘ON/OFF switch’ for the intracellular pathogen response, a recently described
transcriptional response that promotes immunity against viruses and microsporidia [29].

On the pathogen side, bacteria have evolved a wide range of ubiquitin ligases with diverse
enzymatic capabilities and sequences. Given that bacteria lack eukaryotic-like ubiquitylation
machinery, it is thought that all ubiquitylation factors from bacteria function solely in

host cells, where they can promote survival of bacteria through altering degradation of
various protein targets [31]. For example, the facultative intracellular pathogen Legionella
pneumophila, which infects amoeba and humans, uses SidE family effectors to catalyze

a ubiquitin conjugation event that is independent of E1 and E2 enzymes to target host
GTPases. These SidE effectors define a ‘new type’ of E3 ligase. Interestingly, there are
other bacterial ubiquitin ligases that have structural and functional similarity to canonical E3
ligases but have no primary sequence similarity with these enzymes. These ubiquitin ligases
include the Sa/lmonella enterica serovar Typhimurium effector SopA, which targets host
factors to regulate inflammation and has structural similarity to HECT-type E3 ligases. In
addition, there is a family of at least 20 effectors in the NleG family in S. Typhimurium and
Enterohemorrhagic Escherichia coli (EHEC) that has structural similarity but no primary
sequence similarity to RING type ubiquitin ligases [32]. NleG effectors in EHEC have been
shown to catalyze degradation of host targets in both the nucleus and the cytoplasm of
mammalian cells [33]. The lack of primary sequence similarity to canonical E3 ligases in
these bacterial effectors may represent convergent evolution. Alternatively, these ligases may
have been acquired from a eukaryote through horizontal gene transfer, and then underwent
such extreme sequence divergence that is no longer possible to find a common ancestor.

Several distinct types of pathogens produce F-box adaptor proteins, which can then act
together with host core components in multi-subunit cullin-RING ligases. Such F-box
effectors are used by viruses [34,35] as well as by bacterial pathogens such as the

plant pathogen Agrobacterium tumefaciens [36], and by L. pneumophila [37]. A recent
metagenomics study of 80 Legionella genomes spanning 58 species found that two thirds of
the species had either F-box or U-box containing genes [38]. Most genomes only had one

to three such genes, but Legionella nautarum and Legionella drozanskii contained expanded
numbers of 18 and 10, respectively. Other studies have indicated that F-box containing
genes in Legionella spp. are undergoing more rapid diversification than other eukaryotic-like
domains or housekeeping genes [39]. In addition, extensive expansion of gene families
containing F-box and BTB-box (another ubiquitin ligase adaptor) and RING/U-box domains
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have been seen in obligate intracellular pathogens from the Parachlamy-diaceae family [40].
Here there are hundreds of genes containing these ubiquitylation domains across a variety of
gene families and they appear to be undergoing rapid birth/death. They also have disparity
in copy number among closely related organisms, perhaps reflecting the impact of a host—
pathogen battle.

The theme of diversification and expansion in factors implicated in virulence is an especially
notable characteristic for microsporidia, which are fungal-related pathogens that include
over 1400 highly diverged species [41]. As a phylum, microsporidia appear to have a wide
host range, with most animals likely susceptible to at least one microsporidian species.

Like viruses, all microsporidia are obligate intracellular pathogens, and many species
replicate in direct contact with host cytoplasm. Microsporidian genomes are marked by
extreme contraction, having lost many metabolic and other signaling pathways. Somewhat
paradoxically however, they tend to have extremely large, clade-specific gene families. For
example, Nematocida displodere, which infects the nematode C. elegans, has only 2278
predicted genes, but 10% of these genes are contained in a single giant gene family that

is specific to the NMematocida genus (Fig. 1), with only 1-3 members found in Nematocida
species other than . displodere [42]. One clue to the function of these proteins is a RING
domain, which is a domain found in ubiquitin ligases. Importantly, localized proteomics
studies have demonstrated the microsporidian ‘host-exposed’ proteins are enriched for those
that belong to these giant gene families, further supporting the model that they are directly
engaged in host—pathogen battles [43]. Because of a lack of genetic tools in microsporidia,
the function of these expanded, species-specific gene families is unknown, but they appear
to be a common feature of microsporidia genomes, which otherwise are the smallest known
eukaryotic genomes.

In summary, there is a vast range of genes in both pathogens and hosts that share little or

no direct sequence similarity with each other, but encode ubiquitin ligases or have similarity
to ubiquitin ligases, and belong to gene families that have undergone dramatic expansion in
various lineages.

Expansion and diversification of host NLR receptors in plants and animals

Perhaps the best-characterized examples of diversification and expansion of innate immune
genes are the R genes in plants [13,44]. Many of these R genes encode nucleotide-binding
domain and leucine-rich repeat (NLR) proteins, which are intracellular immune receptors. In
general, plant NLRs are activated by sensing the effects of virulence factors, either through
detecting modification of a separate protein (a ‘guardee’, as part of the guard hypothesis), or
through sensing virulence factor-mediated modification of the NLR protein itself [13]. Once
activated, NLR proteins trigger the hyper-sensitive response, which leads to local cell death
as well as a systemic immune response.

Plant NLRs are characterized by three broad domains, including leucine-rich repeats (LRRS)
at the C terminus, a nucleotide-binding domain in the middle, and one of a variety

of domains at the N terminus. The N-terminal domain determines downstream signal
transduction [45] and enables classification of NLRs based on whether this N-terminal
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domain is a Toll-like/interleukin 1 domain or not (TIR-type vs. non-TIR-type NLRS).
Interestingly, these two classes of NLRs have evolved differently in different plant species,
and some plants have expanded one or the other class of NLRs. For example, genes
encoding TIR-type NLRs are more numerous in Arabidopsis spp. and Brassicaceae, hon-
TIR-type family members are more numerous in potato (So/anum sp.) and grape-vine ( Vitis
sp.), whereas apple (Malus domestica) has similar gene numbers of both classes [45].

Impressively, there is 100-fold variation in the number of NLR genes across plant genomes,
with only a few dozen NLR genes found in crop fruits like papaya, to several thousand

in wheat [13]. This variation in number is not just due to genome size; chick-pea (Cicer
arietinum) and apple genomes are of similar size, but contain ~ 100 and ~ 1000 NLR family
members, respectively [45] (Fig. 1). In addition, rapid expansions and contractions appear
to have occurred in closely related strains and species. Given that many NLR proteins sense
pathogen effectors and promote resistance, it seems likely that the expansions occurred
because they improved pathogen resistance. Conversely, the drive for contraction may be
due to the collateral damage from increased gene number, as several NLR alleles have been
linked to autoimmunity in Arabidopsis species [13].

Animals also use NLR proteins as intracellular pathogen receptors. Despite an intriguing
similarity in domain structure, recent analyses suggest that animal and plant NLRs are not
derived from a common ancestor [46], although the nucleotide-binding domain may have
evolved from distinct lineages of a common prokaryotic ancestral ATPase [44,47]. Animal
NLRs can trigger immune responses either through detecting pathogen components directly,
or through sensing the effects of pathogen virulence factors. From this perspective, plant
NLRs share a common mode of activation with animal NLRs, as both are also activated

by nucleotide-dependent oligomerization, and higher-order assembly. For animal NLRs, the
higher-order assembly provides a platform for oligomerization of signaling components, and
here the proximal downstream signaling mechanisms are better understood than in plants,
and include oligomerization and activation of enzymes like caspase-1, which triggers cell
death and cytokine release.

Similar to NLRs in plants, there are many examples of NLR gene number variation across
animal species. Most analyses of NLR function have been in mammals, with humans

and mice having 23 and 34 NLR family members, respectively. However, a fish-specific
subgroup of NLR genes expanded and diversified substantially, with the number of NLR
members varying significantly among different fish species and clades [12]. For example,
the zebrafish genome contains 368 coding and 37 pseudo NLR-C genes (similar to the
common carp Cyprinus carpio), northern pike (Esox lucius) has 50, whereas spotted gar
(Lepisosteus oculatus) has 10 NLR-C genes. NLR expansions are not only characteristic for
fish, but also for some invertebrate animals, especially those living in aquatic environments.
In particular, coral Acropora digitifera has an extraordinarily expanded repertoire of NLR
genes, with over 500 family members [48]. Besides interactions with pathogens, a candidate
driver of NLR diversification in corals is their obligatory symbiotic relationship with
dinoflagellates [48]. Another species of aquatic invertebrates with NLR gene expansion

is the purple sea urchin, whose genome contains over 200 family members [49,50] (Fig. 1).
Exactly how plants and animals both evolved to use NLRs in defense is unclear. It is clear,
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however, that the combination of domains found in NLR proteins is critical host defense
factors against co-evolving pathogens across a wide range of phylogeny, which has led to
their diversification and expansion.

Expansion and diversification of vertebrate interferon-inducible GTPases
and pathogen rhoptry kinases

As described above, NLRs in both animals and plants detect pathogens to trigger
downstream signaling cascades leading to cell death and systemic immune responses.

In contrast, interferon-inducible GTPases are intracellular receptors that directly target
intracellular pathogen proteins or the intracellular pathogens themselves for destruction
[51,52]. There are four classes of interferon-inducible GTPases, including the immunity-
related GTPases (IRGs), which we describe here, because they have undergone expansion in
gene number in some species, and there are functional insights about their roles in immunity.

The IRG genes arose in the chordate lineage, and their number varies across vertebrate
genomes, with humans having two genes, rodents having as many as 20 genes, zebrafish

11 genes, and birds having lost IRG genes altogether. The battles between IRG proteins

and intracellular pathogens have been well characterized for the mouse IRG proteins

that are engaged in an arms race with rhoptry kinases from the protozoan parasite
Toxoplasma gondii. IRG proteins are activated by binding to GTP, and they directly

localize to intracellular vacuoles containing 7. gondii, as well as to vacuoles containing
other intracellular pathogens such as the bacterium Chlamydia trachomatis and the
microsporidium Encephalitozoon cuniculi [53,54]. The targeting of IRG proteins to these
vacuoles leads to their lysis, which then releases parasites into the cytosol, resulting in
parasite death. While the exact mechanisms of parasite death as well as vacuole lysis are
still being defined, GTP hydrolysis by IRG proteins is required, and there are several E3
ubiquitin ligases and ubiquitin that are also recruited to the vacuole [55,56]. As mentioned
above, IRG genes have expanded in rodent genomes, and they are highly polymorphic
among wild strains of mice [57], while on the pathogen side, rhoptry kinases have expanded
and diversified in 7. gondii genomes. Certain versions of these rhoptry kinases can inactivate
certain versions of the IRG proteins, illustrating that the outcome of a host—pathogen battle
depends on exactly which strain of host and pathogen species are interacting.

Real-time observation of transient expansion of viral virulence factor K3L

Key insights about the diversification and expansion of gene families have come from
evolutionary analyses of viruses. Their fast replication times allow them to sample sequence
space much more rapidly than their hosts, and many viruses have a high mutation rate,
which further accelerates the diversification of their genomes [58]. Positive selection has
been described for viral factors, as well as host factors, involved in the vertebrate protein
kinase R (PKR) antiviral response to halt mRNA translation [59]. Here, phosphorylation

of the eukaryotic translation initiation factor elF2a by host PKR inhibits elF2a activity. As
access to translation machinery is critical for viral replication, poxviruses use elF2-mimics
like the viral protein K3L to inhibit PKR [60-63], and thus prevent translation from being
inhibited. Evolutionary analysis reveals that primate hosts have diversified PKR amino acid
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residues targeted by K3L, and K3L in turn has mutated amino acids, likely in order to keep
pace with changes in host PKR. Of note, it is not known exactly which viral factor was
challenging primate PKR in the evolutionary past, although it may have been a K3L-like
protein from an ancient poxvirus.

Knowledge of PKR/K3L interactions provided the basis for directed evolution studies with
the model poxvirus vaccinia, which illustrated in real time how an expansion in gene number
can increase viral success. Dramatically, upon selecting for viruses better adapted to infect
host cells, the vaccinia genome acquired multiple duplications of the anti-host factor K3L,
which caused up to 7-10% increase in genome size [64]. Overexpression of K3L gene
product was necessary and sufficient for the improved success of the virus. Notably, this
gene amplification was transient, and ultimately the gene number contracted down with
selection for better efficacy of one of the mutated K3L copies. This ‘accordion model’ for
genome evolution of DNA viruses provides an example of micro-evolution of gene families
undergoing expansion and contraction in host—pathogen conflicts.

Concluding thoughts about shared evolutionary themes in host—pathogen

battles

How do gene families evolve over time? As beautifully illustrated by the directed evolution
studies with poxviruses, the large size of a gene family can be a transient phenomenon

[64]. Perhaps many of the giant gene families described above will contract in the future,
either due to genetic drift, or because of the detrimental effects of these large families. For
example, it is important to remember that hosts may be battling multiple types of pathogens,
and in some cases resistance to one pathogen can cause susceptibility to another pathogen
[29,65-67]. And while viruses have extreme pressures to reduce copy number after there has
been expansion and mutation to generate a more beneficial gene variant, other organisms
have genomes that can be more tolerant of additional copy number in their genomes.

Which situations create the strongest drive to amplify and diversify gene families? Situations
of direct contact between host and pathogen proteins, and in particular, specific domains of
these proteins, will create some of the strongest pressure for diversification and expansion.
Viruses are among the most exposed pathogens, performing all their replication without their
own membrane structure, although they are known to shield themselves using membranes
derived from hosts [68]. Next most exposed include obligate intracellular pathogens that
replicate within their own membranes, but without a separate host membrane compartment
surrounding them, which includes many microsporidia species like those in the Nematocida
genus [69,70]. This intense evolutionary pressure on microsporidia may have led to the
large, lineage-specific gene families commonly observed in their genomes [43]. Pathogens
such as Toxoplasma sp., Plasmodium sp., and Chlamydia sp. replicate inside separate, host
membrane-bound compartments, but they are also obligate intracellular pathogens and thus
dependent on navigating the changing environment of a host cell for replication. Here too
these organisms appear able to secrete hundreds of proteins to interface with host cells and
have demonstrated diversification and expansion in gene families [71].
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In terms of protein class, there may be varying structural constraints in terms of how many
different three-dimensional structures a given protein scaffold can adopt. For proteins that
have intrinsic disordered regions perhaps there is less need to amplify gene number, if

the intrinsically disordered region can adopt several different conformations. For example,
the Mx interferon-inducible GTPases, which arose in the chordate lineage like interferon-
inducible IRG GTPases, have pathogen-interacting domains that are predicted to be
intrinsically disordered, and these proteins appear able to restrict a wide range of viruses,
likely through interacting with diverse viral proteins [72]. Interestingly, they do not have
greatly varying gene number in vertebrates, which could be due to chance, or perhaps

due to the ability to adopt multiple conformations without mutation. A recent mutational
analysis of the TRIM5a restriction factor indicated that remarkably, most random mutations
in the v1 loop of TRIM5a that binds viral capsid led to an increase in restriction capability
[73]. This finding is in contrast to mutational analyses of highly conserved proteins where
random mutations are more likely to decrease function. Perhaps such mutational resilience
in TRIM5a has facilitated an increase in the diversity and number of TRIM genes.

Another issue related to protein structure that may be in common among immune gene
families that increase in number is that they tend to form higher-order structures. For
example, NLRs, IRGs and TRIM proteins have all been shown to engage in higher-

order assembly upon activation [44,51,74]. Domains that participate in protein—protein
interactions may be more tolerant of ‘new members’ in an oligomer that could adopt new
specificities, either for targeting pathogens or for modifying downstream signaling reactions.
An interesting example of how a duplicated gene can acquire new function and thus be
maintained in the genome was demonstrated for nonsense-mediated RNA decay (NMD)
factor UPF3A, which was acquired in the vertebrate lineage. Here, UPF3A is part of the
multi-subunit NMD complex, and serves as a rheostat to control this process [75]. Perhaps
members of some large gene families involved in immunity also act to diminish outputs, and
thus tune responses based on the risk/reward ratio of collateral damage vs. defense. Indeed,
immune regulators like the PALS-22/PALS-25 antagonistic paralogs in C. elegans and many
NLR antagonistic paralogs like RRS-1/RPS4 in Arabidopsis appear to have arisen from gene
duplication events and encode negative and positive regulators respectively, which physically
associate and regulate immune activation [28,29,76,77].

In summary, large, species-specific gene families are a common outcome of host—pathogen
battles. And while it is commonly thought that large gene families have redundancy,
genomes are not tolerant of redundancy for long, and duplicated genes either need to be
“fixed” due to a novel function, or they will be lost to genetic drift. Of note, forward
genetic approaches have been successful in identifying function for many individual genes
from large gene families, such as the many specific variants of NLR genes that play roles
in plant defense against specific pathogen variants, and the pa/s genes that regulate C.
elegans defense against natural pathogens [13,29,78,79]. Further exploration of such gene
families represents a potentially rich source of biochemical information. As illustrated by
the L. pneumophila SidE effectors that function as ubiquitin ligases despite a lack of
primary sequence similarity with canonical ligases, there can be functional and conceptual
conservation in such highly diverged factors, despite a lack of obvious sequence similarity.
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Abbreviations

A. thaliana Arabidopsis thaliana

ATPase adenylpyrophosphatase

BTB broad-complex, Tramtrack, and Bric-a-brac
C terminus carboxyl terminus

C. elegans Caenorhabditis elegans

CRL cullin-RING E3 Ligase

D. melanogaster Drosophila melanogaster

DNA deoxyribonucleic acid

El ubiquitin-activating enzyme

E2 ubiquitin-conjugating enzyme

E3 ubiquitin ligase

EHEC enterohemorrhagic Escherichia coli

elF2a eukaryotic translation initiation factor 2A
GTP guanosine triphosphate

GTPase guanosine triphosphate hydrolase

HECT homologous to the E6-AP carboxyl terminus
HIV human immunodeficiency virus

IRG immunity-related GTPases

L. pneumophila

Legionella pneumophila

LRR leucine-rich repeat

mMRNA messenger ribonucleic acid
Mx myXovirus resistance

N terminus amino terminus

N. displodere Nematocida displodere
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Fig. 1.

Model illustrating the mechanism and number of host—pathogen genes that have expanded
in certain lineages. Selected host (left) and pathogen (right) expanded gene families involved
in the host—pathogen battles are shown in the figure. The known or predicted functions for
each described family/factor are given in the parentheses. The Latin species hames and the
number of genes per species are listed for every presented expanded gene family. Graphical
illustrations of the mechanisms of function or functional domains are depicted in each panel.
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