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Abstract

Why do infectious diseases erupt in some host populations and not others? This question

has spawned independent fields of research in evolution, ecology, public health, agriculture,

and conservation. In the search for environmental and genetic factors that predict variation in
parasitism, one hypothesis stands out for its generality and longevity: genetically homogeneous
host populations are more likely to experience severe parasitism than genetically diverse
populations. In this perspective piece, | draw on overlapping ideas from evolutionary biology,
agriculture, and conservation to capture the far-reaching implications of the link between genetic
diversity and disease. | first summarize the development of this hypothesis and the results of
experimental tests. Given the convincing support for the protective effect of genetic diversity, |
then address the following questions: 1) Where has this idea been put to use, in a basic and
applied sense, and how can we better use genetic diversity to limit disease spread?; 2) What
new hypotheses does the established disease-diversity relationship compel us to test? | conclude
that monitoring, preserving, and augmenting genetic diversity is one of our most promising
evolutionarily-informed strategies for buffering wild, domesticated, and human populations
against future outbreaks.
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Introduction

The hypothesis that genetic diversity limits parasitism is arguably one of the most broadly
influential ideas in the study of host-parasite interactions. If parasites have some degree

of genetic specificity for infection, then we expect them to transmit more readily between
closely-related hosts than distantly-related hosts. From this assumption, we arrive at the
hypothesis that genetically diverse host populations face a lower risk from infectious disease
than do genetically homogeneous populations. This idea has garnered significant empirical
support, spurred influential evolutionary hypotheses, and instigated genetic diversification
as a critical tool in the sustainable management of infectious diseases in crop and wildlife
populations.
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Here, | draw on insights from evolutionary biology, agriculture, and conservation to provide
a broad perspective on the link between genetic diversity and disease. The varied application
of the diversity-disease connection necessitates a few clarifications up front: 1 use the

term diversity to refer to intraspecific genetic diversity of hosts within population. Genetic
diversity may be functional or neutral and can be quantified in many ways, like allelic or
genotypic richness (see Table 1 in Hughes et al. 2008a). For the most part, | will not directly
consider the effects of interspecific diversity (Halliday and Rohr 2019; Halliday et al. 2020b)
or genetic heterozygosity of individuals (Spurgin and Richardson 2010). I use the term
“parasite” broadly to encompass organisms historically separated as microparasites (e.g.
viruses, bacteria) and macroparasites (e.g. mites, trematodes) (Lafferty and Kuris 2002).
Empirical studies quantify population-level parasitism in many ways, including estimates of
the fraction of hosts infected (e.g. prevalence) and the average size of a host’s infection (e.g.
load) (Gibson and Nguyen 2021). For my purposes, | use the term “parasitism” to broadly
refer to this suite of approaches, with the recognition that metric may matter in interpretation
of specific experiments. | adopt this general terminology in order to provide an inclusive
treatment of the varied fields that have interrogated the relationship between parasitism and
the genetic diversity of host populations.

I begin with a brief overview of the hypothesis that genetic diversity limits parasitism — how
has this idea developed, and how does it work? I conclude that experiments and quantitative
syntheses now provide substantial evidence that genetically diverse host populations
experience less parasitism on average than genetically homogeneous populations. | then
consider the implications of this protective effect of genetic diversity - what opportunities
and challenges does it present, and what questions and hypotheses does it inspire? |
highlight the clear significance of the disease-reducing benefit of genetic diversity today,

as we face down the threat of emerging infectious diseases. The link between diversity and
disease provides powerful motivation and practical guidance for rectifying the ongoing loss
of genetic diversity in crop and wildlife species.

Foundations of the hypothesis

In this section, I introduce some historical events relevant to development of the hypothesis
that genetic diversity limits parasitism. | then summarize the findings of theoretical and
empirical tests of this hypothesis.

The idea has its origins in agriculture. In one of the early recorded observations of disease
in crop mixtures, the pathologist Giovanni Tozzetti (1767) puzzled over an epidemic of stem
rust in 1766 in Italy: “It is not so easy to render a reason, why Wheat growing seeded

with Rye, or with Vetch, was not damaged by the rust, while a Field of Wheat alone,
standing between one of rye, and one of Vetch, yielded scarcely any seed, and that the most
miserable.”

In the second half of the 1800s, repeated failure of the potato crop in Europe due to the
oomycte Phytopthora infestans fueled ongoing concern about the clonal propagation of crop
varieties (Gray 1875). Hunting for a solution to the potato problem, the Irish merchant James
Torbitt found inspiration in Charles Darwin’s writings on variation and natural selection.
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He exchanged 141 letters with Darwin seeking intellectual and financial support for his
scheme to propagate potatoes by seed (products of sexual reproduction) rather than by
tubers (products of clonal reproduction) (DeArce 2008). To test his idea, Torbitt oversaw a
large-scale field experiment in which farmers planted his variable potato seeds near infected
clonal varieties. Farmers reported relatively low rates of £ infestans in the variable set,

with several reporting no infection at all (Torbitt 1867). In spite of these promising results,
Torbitt’s scheme never took off. Its greatest strength — the variation among individuals — was
a commercial weakness: buyers preferred the consistent phenotype of Scotch Champion,

a clonal variety bred for P, infestans resistance that came to occupy 80-90% of Ireland’s
late-maturing potato acreage in the late 1800s (DeArce 2008). Torbitt’s idea, however,
persisted.

Subsequent catastrophic crop failures gave further weight to a connection between
homogeneity and infection. In 1882, Harry Marshall Ward warned against the dangers of
dense, homogeneous plantings following the emergence of coffee rust on Sri Lanka (then
Ceylon), which destroyed the island’s coffee industry (Ward 1882; Ainsworth 1994). The
banana industry developed around the Gros Michel cultivar only to face fusarium wilt in
the early 1900’s, a drawn-out battle with devastating economic, environmental and social
ramifications. In 1962, the industry was restructured around monocultures of Cavendish, a
cultivar that was originally resistant but is now succumbing to another Fusarium lineage
(Marquardt 2001; Ploetz 2015; Kema et al. 2020). Modern breeding practices fostered
further epidemics by facilitating wide dissemination of varieties derived from a single parent
lineage: 80% of acreage planted to a single lineage explained the severity of the 1940s
epidemic of crown rust on oats and the 1970 Southern leaf blight on corn in the US
(Browning 1972). These epidemics are not merely historical anecdotes. The latest global
threat to wheat comes from the Ug99 stem rust group. Several major rust resistance genes
are ineffective against Ug99, and the overrepresentation of these genes in commercial stock
resulted in >85% of wheat varieties grown globally being at risk of Ug99 infection in the
2000’s (CIMMYT 2005; Singh et al. 2011). These repeated disease-induced collapses of
crop monocultures have led to widespread adoption of the idea that genetic homogeneity
promotes disease risk, and of its corollary, that genetic diversity limits disease risk.

Why would genetic diversity limit parasitism? We first assume host genotypes vary in

their susceptibility to a given parasite genotype. Parasites achieve high fitness when they
encounter a susceptible host genotype, while encountering a resistant host genotype curtails
transmission. Genetic diversity in host populations could then limit the success of parasites
in at least three ways: 1) Increasing diversity reduces the frequency of any given host
genotype, thus reducing the rate at which a parasite encounters a susceptible host genotype.
2) For a finite population size, more host genotypes means fewer individuals of the
susceptible genotype(s), suppressing density-dependent transmission. 3) Both of the above
mechanisms may contribute to limiting adaptation of parasites (King and Lively 2012).
The agricultural literature cites additional mechanisms that may apply in specific contexts,
including resistant hosts as physical barriers to parasite dispersal (“fly-paper effect” -
Trenbath 1975). These mechanisms are not mutually exclusive.
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Theory has evaluated these verbal arguments through epidemiological, evolutionary, and
agricultural lenses. Leonard (1969)’s model provided a valuable guide for agricultural
researchers. Building off ideas put forth by Borlaug (1953; 1958) and Jensen (1952),
Leonard (1969) modeled the spread of stem rust in a simple mixture of two oat varieties,
one susceptible and one entirely resistant. In his model, infection of the susceptible
genotype declines logarithmically as its frequency in the mixture declines. All else equal,
this result supports the planting of resistant monocultures rather than mixtures. Leonard,
however, inferred from his findings that mixtures may have special value against diverse
parasite populations. This model inspired subsequent theory (e.g. Kiyosawa and Shiyomi
1972; Kiyosawa 1976; Jeger et al. 1981) and garnered empirical support (e.g. Burdon and
Chilvers 1977; Luthra and Rao 1979). With livestock populations in mind, Springbett et al.
(2003) allowed for multiple genotypes with susceptibility varying quantitatively in a classic
Susceptible-Infected-Recovered (SIR) model. Genetic variation had no effect on the average
probability of an epidemic occurring: in other words, it did not change the probability that
the expected number of secondary infections produced by an initial infection (Rg) was equal
to or greater than one (see also Nath et al. 2008). It did, however, lower the proportion of
individuals infected during an epidemic for a given Rg. A key feature of the models above is
that host genotypes vary in susceptibility to a single parasite genotype.

Later theory allowed for multiple parasite genotypes. These models predict that genetic
diversity strongly limits disease spread when parasite genotypes vary in their host
specificity. Several models follow the matching-alleles assumption, a classic representation
of genetic specificity in which each host genotype is susceptible to a different “matching”
parasite genotype and resistant to all others. In finite populations, increasing host diversity
decreases the host density required for a parasite to spread (Lively 2010a) and the size

of an epidemic (Ashby and King 2015). Diversity limits disease spread even in very

large populations, because it reduces the frequency of a parasite’s matching host genotype
(Ro = B/G where Bis the realized fecundity of the parasite and G is the number of host

genotypes in the population) (Lively 2010a). Lively (2016) added reciprocal adaptation

to these models, showing that when the host population becomes dominated by a single

host genotype, adaptation of the parasite population to the common host escalates Ry,.
Mikaberidze et al. (2015) varied the degree of genetic specificity, demonstrating that

the prevalence of infection in mixtures relative to monocultures declines with increasing
specificity and number of host genotypes in the mixture (see also Gumpert and Geiger 1995;
Ohtsuki and Sasaki 2006).

Does genetic diversity in fact limit parasitism? Until relatively recently in the history of

this idea, the nature of the evidence was observational. The first direct experimental tests
began in the 1950’s with mixtures of different varieties of the same crop (varietal mixtures)
(Rothman and Frey 1953; Leonard 1969). Crop experiments have typically compared field
plots planted with monocultures and mixtures of a few varieties with known disease
resistance phenotypes (e.g. resistant or susceptible). Many specifically addressed fungal
diseases of wheat and barley. Their results clearly support a reduction in parasitism with
diversity: of the 55 studies included in a meta-analysis by Gibson and Nguyen (2021), 48
reported a mean reduction in parasitism in mixtures relative to the means of their component
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monocultures. The estimated effect of diversity is staggering: mixtures reduced estimates of
parasitism by ~50% on average relative to monocultures (see also Huang et al. 2012). In

the most famous example of the protective effect of genetic diversity, mixtures of japonica
and indica rice varieties had 75-95% less rice blast than the means of their component
monocultures (Zhu et al. 2000). This massive effect may reflect parasite specificity: japonica
and indica rice differ in the rice blast lineages to which they are susceptible (Liao et al.
2016).

Enthusiasm for the diversity-disease connection spilled over to evolutionary biology
(Haldane 1949) and conservation (Elton 1958; O’Brien and Evermann 1988), and
experiments on non-crop systems began in the late 1980°s (Jarosz and Levy 1988; Alexander
1991; Schmid 1994). These studies have tested the effect of host diversity in a wide

range of host species, from plants to invertebrates to bacteria. Experimental designs vary
substantially: some mix clonal or family lineages, while others manipulate mate number
to increase offspring diversity. In contrast to crop studies, phenotypes of host genotypes
are often unknown, so mixtures are constructed for genetic diversity alone, blind to the
consequences for phenotypic diversity in disease resistance (i.e. functional diversity). It is
thus all the more striking that genetic diversity still has a negative effect on parasitism in
these non-crop experiments: two independent meta-analyses reported moderate reductions
in parasitism (~20%) with genetic diversity (Ekroth et al. 2019; Gibson and Nguyen 2021).
Altermatt and Ebert (2008) provided one of the clearest demonstrations of this effect:

they established Dapfinia magna populations with high diversity (10 genotypes) and low
diversity (1 genotype). Host genotypes were randomly selected from different natural rock
pools, so traits did not differ systematically between hosts in the two diversity treatments.
Moreover, each host genotype was represented in only one population, so each replicate
host population represented an independent test of its diversity level. They then tracked the
spread of a microsporidian parasite for three years. The parasite spread more rapidly and
maintained higher prevalence in low diversity populations. These studies established that
the benefits of genetic diversity are not limited to the unique genetics and environments of
crops. Together, this large body of experimental work leaves little doubt that, on average,
genetic diversity limits parasitism in host populations.

Applying the hypothesis

Given the weight of evidence that genetic diversity limits parasitism and the long-standing
acceptance of this hypothesis as “conventional wisdom” (King and Lively 2012), how

are we making use of this idea in a basic and applied sense? Evolutionary biologists,
agricultural researchers, and conservationists have all found inspiration in this idea, spurring
the development of independent fields built on a shared foundation. In this section, |
provide an overview of the opportunities and challenges presented by the diversity-disease
connection in these three areas of research.

In agriculture

The link between diversity and disease initially emerged in response to the devastation
wreaked by epidemics in crop fields. Therefore, the agricultural community has decades
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of practical experience with the benefits and challenges of genetic diversification as a

tool in disease management. The interest in diversity stems from its potential to both
promote crop yield within a growing season and protect valuable resistance genes from
parasite counter-adaptation (“durable resistance” - Mundt 2014; Brown 2015). Diversity also
enhances resilience in the face of many other biotic and abiotic variables, like insect pests
and drought (Hajjar et al. 2008; Grettenberger and Tooker 2015; Yang et al. 2019). As a
result, varietal mixtures have larger, more stable yields on average, with greater gains when
disease pressure is high (Kiar et al. 2009; Borg et al. 2018; Reiss and Drinkwater 2018).

Given these positive results, how, and to what extent, are diversification strategies adopted in
agriculture? There are many comprehensive reviews of the strategies used to increase genetic
diversity for disease protection in crops (Browning and Frey 1969; Wolfe 1985; Smithson
and Lenne 1996; Mundt 2002; Finckh and Wolfe 2006; Newton et al. 2009). | provide a
brief overview of the key strategies and problems. Though these concepts can be extended

to other domesticated organisms (e.g. microbes - Rahn 1922; livestock - Bruford et al. 2015;
fish - Ren et al. 2018; forestry - Ingvarsson and Dahlberg 2019), | focus on crop plants given
the depth and breadth of research in this area.

A simple and effective diversification strategy is to plant mixtures of multiple distinct

crop varieties. Historically, agriculture entailed the planting of multiple landraces, which

are highly diverse lineages selected for performance in local areas. These practices persist
today in many regions (Villa et al. 2007; Jarvis et al. 2008). Surveys show that small-scale
farmers continue to grow more than one variety of a crop, with communities and regions
collectively growing many varieties (Jarvis et al. 2008; Kiwuka et al. 2012; Mulumba et

al. 2012; Katwal et al. 2015; Tiongco and Hossain 2015; Ruelle et al. 2019). Seeds may

be mixed randomly or spatially, in rows or small plots (Mulumba et al. 2012). Mixtures

do not appear to be assembled specifically for disease protection; many factors motivate

the preservation of varietal diversity on small farms (Perales et al. 2003; Jiao et al. 2012;
Dedeurwaerdere and Hannachi 2019). The Yunnan rice terrace system provides a compelling
example of long-term mixture use: a 2008 survey reported that residents of Yuanyang
County draw from at least 47 landraces to plant complex mosaics of rice genotypes in these
ancient mountain terraces. This diversity may explain the relatively high yield and very

low disease impacts in this region (Jiao et al. 2012; Liao et al. 2016; Dedeurwaerdere and
Hannachi 2019). In contrast, industrial agriculture and commercial breeding has historically
been dominated by the pursuit of uniformity (Newton et al. 2009; Wolfe and Ceccarelli
2020). Several large-scale programs have reduced disease by introducing varietal diversity at
regional scales. Famously, the former German Democratic Republic converted the majority
of barley acreage to varietal mixtures during the 1980°s to control powdery mildew, and the
fraction of fields with severe mildew infections declined from 50% to 10% (rev. in Finckh et
al. 2000; Mundt 2002). Such programs have fostered optimism about the growth of mixtures
in intensive agriculture, notably for wheat and barley, but data on the frequency of their use
remains sparse (Finckh et al. 2000; Mundt 2002; Newton 2009; Wolfe and Ceccarelli 2020).

Multilines provide a more targeted alternative to varietal mixtures (Borlaug and Gibler
1953; Browning et al. 1964; Groenewegen 1977). Multilines mix genotypes that resemble
one another in all but the pathogen genotypes to which they are susceptible. Transgenic
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methods can produce near-isogenic lines that vary only at specific resistance loci (Brunner
et al. 2012). Several multilines have been successfully deployed for control of specific
diseases (Smithson and Lenne 1996). In 2009, governmental and coffee organizations in
Columbia supported farmers in replanting >50% of coffee fields with a resistant multiline,
driving coffee rust incidence down from >40% to 3% by 2013 (Avelino et al. 2015). The
advantage of multilines is that they preserve crop uniformity while incorporating functional
diversity for resistance to a focal parasite. They have proven less popular than mixtures,
however (Mundt 2002): their genetic base is narrow, restricting the potential benefits of
diversification, and they can be challenging to breed.

Though I focus on intraspecific diversity, the protective effect of diversification can also be
achieved by increasing interspecific diversity in space or time. Intercropping — the practice
of planting multiple species in spatial proximity — remains a dominant practice in many parts
of the world, but it is rare in intensive agriculture where the varied traits of mixed species
impede mechanization (rev. in Brooker et al. 2015). Rotation — the practice of alternating
between two or more species in time — has much more adherence in intensive agriculture:
USDA survey data reported that, from 1996-2010, 82-94% of US wheat, corn and soybean
acreage was grown under rotations of 1-3 years (Wallander 2020). Adoption of this practice
does, however, vary with location, crop species, and a crop’s current value (Plourde et

al. 2013; McBride et al. 2018). There are many differences between the effect of inter-

and intraspecific diversity on disease. From a practical standpoint, however, both have the
potential to limit parasitism (Curl 1963; Boudreau 2013; Civitello et al. 2015).

Scientific and technological advances hold enormous promise in furthering the pursuit of
genetic diversification in agriculture. Landraces and crop wild relatives serve as valuable
sources of genetic variation in disease resistance (Dinoor 1970; Harlan 1976; Dempewolf et
al. 2017). For example, wild relatives of potatoes show extensive variation in resistance to
P infestans (Pérez et al. 2014; Karki et al. 2021). Genetic mapping and modification tools
can readily identify and mobilize these resistance loci for use in breeding new crop varieties
(Arora et al. 2019; Wolter et al. 2019). Critically, these technologies can and should be

used for innovative long-term management of disease risk through dynamic diversification
in space and time, rather than short-term maximization of resistance by widespread
deployment of resistance loci (McDonald 2014; Stam and McDonald 2018). Ecological

and evolutionary theory provide guidance for how to implement diversification in breeding
and planting programs so as to minimize the spread and adaptive potential of parasites
(Zhan et al. 2015; Wuest et al. 2021). This accumulation of scientific, technological, and
conceptual knowledge argues that genetic diversification in agriculture is no longer limited
by awareness of the problem or by breeding technology. Rather, progress depends upon

the social, regulatory and economic factors that govern information exchange, planting
practices, and access to diversity at the regional and farm level (Finckh 2008; Labrada 2009;
Lin 2011; Louwaars 2018; Wolfe and Ceccarelli 2020; Halewood et al. 2021).

In evolutionary biology

I now move on to evolutionary biology, where the relationship between diversity and
disease contributed to the development of foundational evolutionary and coevolutionary
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theory. This idea is a key component of hypotheses on rare advantage and the evolution

of reproductive modes. Haldane (1949) helped lay the groundwork for these hypotheses.
Generalizing from the collapse of Gros Michel due to fusarium wilt and the consistent
ability of rust fungi to adapt to infect initially resistant wheat varieties, Haldane argued

that parasite populations rapidly adapt to infect common host genotypes in a population.
Therefore, rare host genotypes have a fitness advantage in the presence of parasites, and
genetically diverse host populations - with more rare genotypes - maintain lower levels of
parasitism. He hypothesized that this parasite-mediated rare advantage explains the immense
variation in parasite resistance maintained in host populations.

This line of reasoning has been applied to explain polyandry (multiple mating by females)
in social Hymenoptera. Multiple mating appears paradoxical in eusociality: if kin selection
explains the evolution of eusociality, why do some social insects engage in mating behaviors
that reduce the genetic relatedness of nest mates? Polygyny (multiple queens) is similarly
paradoxical (Hughes et al. 2008b). Hamilton (1987) and Sherman et al. (1988) hypothesized
that behaviors that increase genetic variation are favored because they reduce the potential
for parasites to severely damage a colony. Experimental tests of this hypothesis report
striking reductions in parasitism when colonies are established by females mated with
multiple, unrelated males (e.g. Baer and Schmid-Hempel 1999; Tarpy and Seeley 2006)
(though see Schmidt et al. 2011).

Though the idea that polyandry reduces disease was developed for eusocial Hymenoptera
(Soper et al. 2021), there is some evidence for related phenomena in other taxa. Soper

et al. (2014) found that female snails increased their mating rate and number of distinct
mating partners when exposed to native parasites. A recent meta-analysis of a taxonomically
broad dataset supports the idea that parasites inflict particular damage when members of a
group are related: in the presence of parasites and herbivores, mortality rates increase with
relatedness of group members, even though grouping with related individuals appears to
carry a fitness benefit in the absence of enemies (Bensch et al. 2021).

The idea that genetic diversity defends against parasites also features as a crucial assumption
of the Red Queen Hypothesis, a major hypothesis for the maintenance of sex. This
hypothesis seeks to explain why sexual reproduction is maintained when the necessary
production of male offspring means that sexual females have half the per-capita birth rate of
asexual females (Maynard Smith 1971; Gibson et al. 2017). The Red Queen hypothesis
argues that coevolving parasites counterbalance the cost of sex, because the potential

to produce genetically diverse offspring gives sexual females an advantage over asexual
females in the presence of parasites. If parasites rapidly adapt to infect common clonal
lineages, then a fit asexual genotype becomes a target of coevolving parasites when it
reaches high frequency (e.g. Lively and Dybdahl 2000). Meanwhile, parasite spread and
adaptation is stymied by the diversity of rare genotypes that constitute sexual lineages
(Jaenike 1978; Hamilton 1980; Bell 1982).

There is significant empirical support for the Red Queen hypothesis (rev. in Lively and
Morran 2014). In one illustrative body of work on sweet vernal grass (Anthoxanthum
odoratum), Kelley et al. (1988) planted paired arrays of clonal progeny and sexual progeny
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from the same parent plant. The fitness of sexual progeny was 1.43 times that of their
paired asexual siblings. Were parasites responsible for this large fitness difference? Aphid
infestation reduced survival by 23% for groups of related A. odoratum relative to groups of
unrelated plants (Schmitt and Antonovics 1986). Moreover, groups of clonal progeny had
double the prevalence of an aphid-transmitted virus relative to groups of sexual progeny,
suggesting disease reduction as a mechanism for the fitness advantage of sexual progeny.
Individuals also had much higher infection rates when planted with their clonal siblings
than with unrelated individuals (Kelley 1994). As a whole, these experiments and many
others lend weight to the idea that coevolving parasites pose a greater risk to genetically
depauperate populations of hosts and impose negative-frequency dependent selection that
maintains genetic variation in host populations.

What relationship do we then predict to find between genetic diversity and disease in natural
populations? If parasites transmit more readily between closely-related individuals, we
intuitively predict a negative correlation between markers of genetic diversity and parasitism
across host populations (e.g. Whiteman et al. 2006). However, by preferentially infecting
hosts of common genotypes, parasites can impose negative frequency-dependent selection,
which maintains genetic variation in coevolving host populations. By this argument, we
predict a positive correlation between diversity and parasitism (e.g. King et al. 2011). Thus
the same process — the limited ability of parasites to spread between unrelated hosts—

can generate a negative or a positive correlation between host diversity and parasitism
depending on whether host populations evolve in response to parasite selection (Meagher
1999). Coevolutionary simulations by Lively (2021) demonstrate that even when genetic
diversity and parasite prevalence have a strong causal relationship, the measured correlation
between these two variables can vary from negative to zero to positive. Consistent with

this theoretical work, Gibson and Nguyen (2021) found no mean correlation between
genetic diversity and parasitism in observational studies of natural populations. They did,
however, find strong negative correlations of diversity and parasitism for threatened and
island host populations, where founder effects and reduced genetic variation may limit

the potential for hosts to evolve in response to parasite selection. In summary, for natural
populations, the absence of a correlation between genetic diversity and parasitism, or even
a positive correlation, should not be taken as evidence against the significance of host
diversity in limiting parasitism. This important lesson from coevolutionary theory bears
upon interpretation of data for conservation purposes.

In conservation

Lastly, | review the significance of the diversity-disease connection as a driver of
conservation research and policy. The relationship between genetic diversity and disease
matters in conservation because it predicts that the loss of genetic diversity during
population bottlenecks puts populations at heightened risk of disease epidemics. This idea
gained traction in the 1980’s with epidemics in threatened vertebrate species (O’Brien and
Evermann 1988), including canine distemper in black-footed ferrets (Williams et al. 1988)
and feline infectious peritonitis in captive cheetahs (O’Brien et al. 1985).
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The problem begins with the reductions in population size that define threatened
populations. These population bottlenecks are predicted to drive particularly large declines
in allelic diversity of loci involved in disease resistance. If hosts with rare alleles at
resistance loci have an advantage in the presence of coevolving parasites, then negative
frequency-dependent selection maintains many alleles, with few to none at high frequency
in a host population (Clarke 1976; Tellier and Brown 2007). Indeed, genes linked to disease
resistance typically show extremely high allelic diversity relative to the rest of the genome
(Bodmer 1972; Hedrick 1998; Rose et al. 2004; Norman et al. 2017; Koenig et al. 2019).
Allendorf (1986) demonstrated that an allele’s probability of retention after a bottleneck
declines with the size of the bottleneck, the number of other alleles at the locus, and the
initial rarity of the allele. Thus individuals in declining populations are predicted to become
relatively much more similar to one another at loci involved in disease resistance. Population
bottlenecks can also increase the frequency of homozygous individuals, who may be more
susceptible to parasites because of their limited repertoire of resistance alleles (Oliver et

al. 2009; Radwan et al. 2020). Allendorf (1986), however, predicted that allelic richness

at resistance loci declines much more dramatically than heterozygosity during population
bottlenecks.

Experimental and observational data support the prediction that the genetic homogeneity
of bottlenecked populations increases their disease risk. Marden et al. (2017) found

a negative relationship between local population size of six tropical tree species and
diversity of parasite resistance genes (relative and absolute abundance of nonsynonymous
polymorphisms). Population size did not, however, correlate with diversity at other loci.
Lower resistance gene diversity corresponded to reduced induction of defense genes in
response to parasites and less variation among maternal families in susceptibility. For
vertebrate populations, bottlenecked populations show reduced diversity at MHC loci,

key immune genes involved in self-nonself recognition (O’Brien et al. 1985; Mikko and
Andersson 1995; Eimes et al. 2011; Sutton et al. 2015) (though see: Aguilar et al.

2004; Jarvi et al. 2004). Limited MHC diversity likely contributed to the rapid spread

of two transmissible facial cancers in Tasmanian Devils: devils fail to recognize and

resist transmissible tumors in part because host and parasite share MHC alleles that are
common in devil populations (Siddle et al. 2007; Cheng et al. 2012; Caldwell et al. 2018).
Importantly, neutral genetic diversity can also strongly inform disease risk: for populations
of the endangered Italian agile frog, genetic diversity at microsatellite loci declines with
founder events and population isolation (Garner et al. 2004). Pearman and Garner (2005)
exposed populations subsampled from this diversity gradient to an emerging virus that had
not yet spread to these populations. After exposure to a low dose of virus, low diversity
populations experienced 100% mortality by the experiment’s midpoint, while high diversity
populations persisted for the duration. These studies validate the concern that threatened
populations are genetically predisposed to more severe outbreaks upon exposure to parasites.

In contrast, the ecology of threatened populations can limit their risk of initial exposure

to parasites. Threatened populations may be too small and fragmented to support parasite
populations (Carlsson-Granér and Thrall 2002). Altizer et al. (2007) reported fewer parasite
species infecting threatened primate species relative to non-threatened primates. Gibson et
al. (2010) found a lower prevalence of anther-smut disease (Microbotryum violaceum) on
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threatened vs. non-threatened Sifene species, and lower richness of fungal parasite species
on federally endangered vs. non-endangered plant species (see also Smith et al. 2006; Heard
et al. 2013; Farrell et al. 2015). Thus, there is a contrast between the genetic vulnerability
of threatened populations and their ecological defense. This contrast means there may

be high variability in the degree to which infectious disease actually impact threatened
populations: parasite exposure may be rare, but these rare exposure events — often via
spillover of parasites from neighboring species (Pedersen et al. 2007; Das et al. 2020) —

can have devastating consequences in naive, genetically homogeneous populations (Duxbury
et al. 2019). This potential for extreme variability argues for prioritizing infectious disease
management in conservation, even when disease does not appear to pose an immediate
problem.

Given these arguments, how should the genetics of threatened populations be managed to
reduce disease risk? This question raises the important and interesting challenge of how best
to maintain and augment genetic diversity. Gene flow can rapidly restore genetic diversity,
particularly for loci with rare advantage (Muirhead 2001; Fijarczyk et al. 2018; Phillips et al.
2018), but it can also generate outbreeding depression (Frankham et al. 2011). A quantitative
synthesis addressed this problem, finding a consistent net fitness benefit of gene flow for
populations thought to be genetically depauperate and/or inbred (Frankham 2015) (see also
Fitzpatrick et al. 2020). Decisions about breeding and translocations also require a weighing
of neutral vs. functional diversity. Some have argued that conservation programs should
focus less on increasing neutral diversity and instead actively increase functional diversity,
notably diversity at loci under balancing selection (Teixeira and Huber 2021). In an earlier
version of this argument, Hughes (1991) proposed that vertebrate breeding programs be
specifically designed to prioritize MHC diversity. This viewpoint has been sharply criticized
as overly simplistic and counter to scientific evidence (Miller and Hedrick 1991; Vrijenhoek
and Leberg 1991; DeWoody et al. 2021). Akin to the issues with crop multilines, prioritizing
specific immune loci neglects diversity at loci unrelated to disease but nonetheless valuable
for adaptation and long-term stability (Radwan et al. 2010). Moreover, in wild host-parasite
systems, we have not characterized the majority of loci underlying variation in the diverse
strategies hosts use to fight parasites in natural settings. Thus prioritizing one to a few
resistance loci will not reflect genetic diversity at the full suite of loci involved in defense.
The experimental literature provides valuable insight on this problem: parasitism declines
with increased genetic diversity, even when diversity is increased without consideration of
its functional consequences (Baer and Schmid-Hempel 1999; Altermatt and Ebert 2008;
Kristoffersen et al. 2020). Currently, the most tractable option in conservation genetics is
the maintenance and augmentation of neutral genetic diversity (DeWoody et al. 2021), and
the data argue that this approach works for reducing disease risk in threatened populations
(Gibson and Nguyen 2021).

Open guestions on genetic diversity and disease

The rich and varied work reviewed above has built a deep conceptual foundation on the

link between genetic diversity and disease. Looking towards the future, what new conceptual
questions does this foundation compel us to ask? Below, | outline several outstanding
problems.

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 12

When does genetic diversity fail to limit parasitism?

The mean effect of diversity on parasitism is negative, but it varies dramatically, with

some experiments reporting increased parasitism with diversity (Smithson and Lenne

1996; Ekroth et al. 2019; Gibson and Nguyen 2021). What factors explain this variation?
This question matters both for understanding the mechanisms underlying the relationship
between diversity and disease and for applying genetic diversification as a management tool.

Meta-analyses have attempted to identify factors that explain variation in the effect

of genetic diversity on disease risk in experiments with non-crop hosts. Ekroth et al.

(2019) examined seven factors that differed between experiments, including aspects of
experimental design, host traits, and parasite traits. They found a negative effect of diversity
on microparasite infection but not macroparasite infection and in field settings but not
laboratory settings. Gibson and Nguyen (2021) did not replicate these findings: the effect of
genetic diversity did not vary with any of 11 factors tested. Taken together, these two meta-
analyses do not consistently identify factors that explain variation in the effect of genetic
diversity. | believe this reflects limitations of the available data: the analyzed studies differ in
too many ways to isolate a single variable with much power, and very few studies explicitly
test hypotheses for variation in the effect of diversity. It would be particularly valuable to test
the hypothesis that the protective effect of host diversity grows with increasing amounts of
genetic variation in both the host and parasite populations (see below). Both meta-analyses
found insignificant trends consistent with this idea. Controlled experiments are needed to
test these hypothesized effects in isolation, building off examples like van Houte et al.
(2016) and Ganz and Ebert (2010).

For crops, variation in the performance of varietal mixtures is a key obstacle to their
widespread adoption (Smithson and Lenne 1996; Cowger and Mundt 2002; Mundt 2002,
2014). The protective effect of genetic variation in crop fields is predicted to increase with
the number of functionally distinct host genotypes in the mixture (Mundt et al. 1996),
host specificity of the parasite population (Lively 2010a; Mikaberidze et al. 2015), scale
of mixture deployment (Newton and Guy 2011), and parasite dispersal ability (Cox et al.
2004). Evidence for each of these predictions is mixed (Mundt 2002). Most syntheses on
the drivers of variation have largely been qualitative, but the extent of experimental work
in crop systems suggests that quantitative syntheses may have sufficient sampling to test
specific hypotheses for factors that explain variation in the effect of diversity (e.g. Huang
et al. 2012; Gibson and Nguyen 2021). Identification of sources of variation would enhance
commercial appeal by facilitating the design of more reliable mixtures (Lopez and Mundt
2000; Mikaberidze et al. 2015; Wuest et al. 2021).

Does host diversity stabilize disease risk?

Genetic variation stabilizes population dynamics (Forsman and Wennersten 2016). For
example, genetic variation reduces extinction rates and reduces variation in population sizes
for experimental populations of flour beetles (Agashe 2009). Crop yield is also less variable
across years for varietal mixtures relative to monocultures (Reiss and Drinkwater 2018).
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Does host diversity also reduce variation in parasitism? Springbett et al. (2003) simulated
epidemics in host populations with and without diversity in susceptibility and found that
host diversity can reduce variation in parasitism across populations. Populations with
diversity were more likely to experience small epidemics than populations without diversity,
but they were less likely to have major epidemics (>10% of individuals infected). This
finding supports the idea that diverse populations may not avoid infection altogether — they
are likely to contain some susceptible individuals — but the presence of resistant hosts limits
parasite spread. In an experimental test of this idea, Ganz and Ebert (2010) found that host
diversity reduced variation in parasite prevalence across D. magna populations, though only
at intermediate levels of parasite diversity (see also Tarpy 2003; Bensch et al. 2021).

Genetic diversity could also dampen fluctuations in the size of parasite populations through
time. Dwyer et al. (2000) demonstrated theoretically that heterogeneity in susceptibility
stabilizes epidemiological dynamics by reducing the fraction of hosts infected in a single
epidemic. These models suggested that the degree of heterogeneity in susceptibility
observed in gypsy moth populations could stabilize the dynamics of baculovirus epidemics
in nature. Coevolutionary theory further predicts that genetic diversity reduces fluctuations
in parasite population size through time by limiting rapid expansion as parasites adapt to
common host genotypes (Lively 2010b; Gibson et al. 2018). These studies make important
predictions that have rarely been directly tested. The answers could prove particularly
valuable for agriculture and conservation, where managing variability in disease, to limit the
risk of very large outbreaks, may reap more long-term benefits than managing mean levels
of disease.

How much is enough?

King and Lively (2012) raised the idea of the diversity threshold, the level of host diversity
at which parasite transmission is sufficiently impeded that R falls below one. Their
simulations show that, with high host specificity of parasites, increasing the number of host
genotypes in a population can drive Ry below one, even if the density of the host population
is more than doubled to accommodate the new host genotypes. Mikaberidze et al. (2015)
also identified diversity thresholds in their simulations of varietal mixtures, demonstrating
that the number of host genotypes necessary to eliminate parasites increases with decreasing
specificity and increasing transmission rates. As parasites become less specialized, they can
infect multiple host genotypes, so disease eradication becomes less likely, even at very high
diversity.

Practical application of diversity thresholds requires empirical estimates of the degree of
genetic variation necessary to prevent initial invasion and subsequent spread of disease in
natural populations. This represents a significant but worthwhile challenge: quantification of
diversity thresholds has clear value for agriculture, conservation, and management of human
disease vectors (e.g. Campbell et al. 2010).

Does parasite diversity increase parasitism?

Genetic diversity of parasites has received very little attention relative to host diversity.
Experiments have addressed the effect of parasite diversity on features of individual
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infections, like virulence and transmission (e.g. Davies et al. 2002; de Roode et al.

2005). The question posed here is at the population-level: do genetically diverse parasite
populations have on average higher performance at the population level (e.g. higher
prevalence) than genetically homogeneous parasite populations? If parasite genotypes vary
in which host genotypes they are best able to infect, then parasite diversity should increase
the establishment and spread of parasites in the host population by increasing the probability
that a host genotype encounters an infective parasite genotype (sampling effect). Parasite
genotypes may also facilitate one another, perhaps by compromising the immune system
(complementarity) (Karvonen et al. 2012; Halliday et al. 2020a). Beyond the establishment
phase, genetic diversity accelerates adaptation to the host population. On the other hand,
parasite diversity could reduce parasitism in a host population if parasite genotypes interfere
with one another (Lannou et al. 1995).

Ganz and Ebert (2010) addressed this question by exposing D. magna populations to one,
two, three, or four strains of a microsporidia parasite, with total dose equal across diversity
treatments. Mean parasite prevalence increased with parasite diversity, approximately
doubling in going from one to four parasite genotypes. Mean prevalence increased more
sharply for host monocultures than for genetically diverse host populations. This result
suggests that parasite diversity increases average establishment success across a range of
genetically distinct host environments, akin to the hypothesis that genetic diversity increases
colonization success (Crawford and Whitney 2010; Vahsen et al. 2018). Moreover, this study
supported the idea that the protective effect of host diversity varies with the diversity of the
parasite population (van Baalen and Beekman 2006): diverse host populations had lower
parasite prevalence than monocultures only when hosts were exposed to a diverse parasite
population.

These findings argue that parasite diversity has value as a tool for increasing the mean
establishment success of biological control parasites. Phage therapy uses viruses of bacteria
(phages), rather than antibiotics, to fight bacterial infections in medical or agricultural
settings. Phages tend to be quite specific, infecting only a subset of strains of a particular
bacterial species (de Jonge et al. 2019). Hence, combining multiple phages with diverse
specificities can increase the probability of controlling the bacterial infection initially and
limit the evolution of resistance in the bacterial population (Chan and Abedon 2012). The
same approach may prove useful in other biological control systems showing strong host
specificity, like parasitoid wasps used in control of aphids (Rouchet and Vorburger 2014)
and bacterial parasites used in control of plant-parasitic nematodes (Channer and Gowen
1992).

How do parasites evolve in genetically diverse host populations?

First, host diversity may slow the rate at which parasites evolve to overcome host resistance.
Several recent experiments provide direct support for this hypothesis. Van Houte et al.
(2016) generated bacterial genotypes that each recognized, and thus resisted, a distinct
phage sequence via CRISPR-Cas immunity. Phage populations quickly evolved to overcome
immunity in monocultures of single bacterial genotypes. As host diversity increased, the
extinction rate of phage populations increased, indicating a failure to evolve to overcome
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host immunity with increased host diversity. Host diversity may impede parasite adaptation
through trade-offs in performance across genotypes (as in Sant et al. 2021) and through
reduced opportunities for selection on any one host genotype (as in Chabas et al. 2018). The
relative contribution of these two factors remains an open question (Bono et al. 2017; White
et al. 2020).

If host diversity slows parasite adaptation, mixtures can be used as a tool to preserve
valuable resistance mechanisms. In agriculture, varietal mixtures should increase the
durability, or lifespan, of resistance genes (Zhan and McDonald 2013; Mundt 2014).

This approach has been successfully implemented to delay evolution of resistance against
Bacillus thuringiensis toxins in insect pest populations (Shelton et al. 2000; Tabashnik et
al. 2008). Similarly, evolution to overcome vaccines may be limited by the variation in
immune responses across individuals elicited by a single vaccine (Kennedy and Read 2017)
or by the distribution of multiple vaccines against different targets of a single parasite
(mosaic vaccination: McLeod et al. 2020). These practical applications raise the question
of deployment: what distribution of diversity best limits parasite evolution — between-
individual variation (i.e. mixtures of individuals with distinct resistance genes or vaccines),
or within-individual variation (“pyramiding” of resistance genes in one host genotype or a
single vaccine against multiple parasite genotypes)? Though theoretical treatments of this
question do not agree (REX Consortium 2016; Djidjou-Demasse et al. 2017; Rimbaud et
al. 2018), between-individual variation has growing experimental support as a brake on
parasite evolution. Moreover, from a logistical perspective, mixtures can be constructed from
existing diversity and readily changed by swapping in new components (e.g. distinct host
genotypes), so they may prove to be quicker and cheaper in many cases.

A second prediction is that host diversity may select for generalist parasites. This hypothesis
emerged in agriculture, when concerns surfaced that the use of varietal mixtures to limit
parasitism in the short-term would come with the long-term price of “super” parasites able
to overcome multiple resistance genes (Groth 1976; Marshall 1989; Lannou and Mundt
1996). Field trials demonstrated that barley mixtures favored generalist genotypes of the
fungus Blumeria graminis, the causal agent of powdery mildew (Chin and Wolfe 1984;
Huang et al. 1994, 1995). Chin and Wolfe (1984), however, argued that the reduced size

of the fungal population in mixtures limited the threat posed by these generalists. Several
experimental evolution studies have expanded upon this idea in phage-bacteria systems (see
also Gibson et al. 2020; Ekroth et al. 2021 in nematode systems). The evolution of increased
host range is predicted to peak at intermediate levels of host diversity: low diversity results
in weak selection for increased host range, because parasites may frequently encounter

the same host genotype, while high diversity slows the response to selection by limiting

the effective population size of the parasite (Benmayor et al. 2009; Chabas et al. 2018).
Consistent with this prediction, Common et al. (2020) found that generalist phages evolved
readily in bacterial populations with intermediate diversity, but less so when host diversity
was low and not at all when it was maximal. Sant et al. (2021) also reported the evolution
of generalist phages in moderately diverse bacterial populations, where the high probability
of encountering an alternate host genotype selected against specialists. Generalists had
lower fitness on any individual host genotype, however, resulting in slower rates of phage
adaptation in diverse bacterial populations. These experimental evolution studies differ from

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 16

prior genetic diversity-disease literature in following host and parasite populations over
multiple generations (see also Altermatt and Ebert 2008). This approach has made it feasible
to address an important open question: what are the relative contributions of ecological vs.
evolutionary processes to the protective effect of genetic diversity (e.g. van Houte et al.
2016; Common et al. 2020)?

Conclusion

I have provided a perspective on the historical development, current state, and possible
future of the hypothesis that genetic diversity in host populations limits parasitism. Though
disease protection is among the most well-supported consequences of genetic diversity in
populations, it is but one of the proposed benefits of diversification. Many studies speak to
the broader role genetic diversity plays in supporting adaptation, growth, and stability for
wild and managed populations (reviewed in Hughes et al. 2008a; Forsman and Wennersten
2016; Reiss and Drinkwater 2018).

This clear significance of genetic diversity contrasts with its low prioritization in
management of wild and domesticated species. The agricultural community has long warned
of “genetic erosion” or the loss of genetic diversity in crop species (Browning 1972; Harlan
1972; Commission on Genetic Resources for Food and Agriculture 2010; Van de Wouw et
al. 2010a; Thormann and Engels 2015). This loss has been attributed to early bottlenecks
under domestication and dissemination (Vavilov 1926; Haudry et al. 2007), the loss of
diverse, local landraces (VVan de Wouw et al. 2010a; Bonnin et al. 2014; Sthapit et al.
2020), and the promotion of uniformity by twentieth century plant breeding’s selection for
desirable traits and dissemination of high-yielding lineages (Jordan et al. 1998). Strikingly,
Gatto et al. (2021) estimated that the adoption of a few commercial varieties resulted in an
88% reduction in acreage planted with diverse landraces in Asia from 1970-2014. Hopes
of reversing this loss of genetic variation rest in part on the preservation of landraces and
wild crop relatives in national and international germplasm centers (Hoisington et al. 1999;
Halewood et al. 2020). The long-term success of these collections requires more consistent
characterization and curation of their genetic resources (Singh et al. 2019) and better
representation of wild crop relatives, which are in urgent need of conservation (Khoury

et al. 2020; Warschefsky and Rieseberg 2021). While historically blamed for the genetic
erosion of crop species, scientific plant breeding has a critical role to play in leveraging
these resources to maintain diversity in space and time by testing and disseminating old
varieties and breeding new ones (Van de Wouw et al. 2010b; Swarup et al. 2021). Progress
depends equally on changes to regulatory structures to prioritize access to diversity in the
breeding and sharing of varieties (Louwaars 2018). Motivation for these changes is in place:
there is a general consensus in the community that homogeneity leaves crops vulnerable to
collapse in the face of disease and environmental change.

Relative to crop species, genetic diversity in populations of wild species has received even
lower prioritization. The scope of the problem is emerging. The World Wildlife Fund’s
Living Planet Index reports a 68% drop in population sizes of vertebrates since 1970, which
is expected to drive major losses of genetic diversity (WWF 2020). Indeed, evaluating
trends for 91 species (largely vertebrates) over the past ~100 years, Leigh et al. (2019)
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estimated a mean decline in allelic richness of 6.5%, with an even larger decline of 31%
for island species. Yet the Convention on Biological Diversity and similar initiatives have
been criticized for a lack of commitment to conserving genetic diversity beyond crops and
livestock, and a failure to articulate specific, measurable goals for the future (Laikre 2010;
Willoughby et al. 2015; Hoban et al. 2020; Hoban et al. 2021b; Thomson et al. 2021).
Hoban et al. (2021a) argues that the necessary knowledge, tools, and infrastructure are now
in place to set quantitative goals for genetic diversity of wild species. They recommend
ambitious global monitoring programs that leverage advances in collection of genetic and
non-genetic data, data analysis, data sharing, and conservation policies and networks. For
both wild and crop species, genetic diversity is a public good for which monitoring and
maintenance is feasible and urgently needed.

I have devoted a substantial amount of this perspective piece to the diversity-disease
connection in agriculture and conservation, because of the idea’s historical development and
its ongoing importance in resolving the major challenges facing these fields. To conclude,
I’d like to emphasize that evolution is the undercurrent uniting the independent areas of
research built on the hypothesis that genetic diversity limits parasitism. Indeed, the literature
on the relationship of genetic diversity and disease provides a compelling example of the
pervasiveness and value of evolutionary thinking across basic and applied scientific fields.
Evolutionary principles have often been enlisted to justify the pursuit of homogeneity. For
example, breeding of domesticated species has commonly sought to create and distribute
optimal genotypes via selection for favorable traits, like parasite resistance. Yet the data on
genetic diversity and disease soundly reject homogeneity. They teach the opposite lesson:
for managing infectious diseases, the most powerful evolutionarily-informed approach is the
relentless pursuit of diversity.

Acknowledgements

I would like to thank M. Rebolleda-Gémez and R. Shaw for their efforts in putting together the fantastic symposium
“SSE at 75 Years: Continuity and change in evolutionary research” at the 2021 Evolution meeting and for their
invitation to participate in it. I am also grateful to Editor-in-Chief T. Chapman for her effort in bringing together
this issue and to my fellow speakers at the symposium for their enthusiasm and inspiring work. Finally, | appreciate
the valuable comments from C. Amoroso, L. Bubrig, and other members of the Gibson Lab on early drafts of

the manuscript. AKG was supported by funding from the National Institute of General Medical Sciences (R35
GM137975-01).

List of Works Cited

Agashe D 2009. The stabilizing effect of intraspecific genetic variation on population dynamics in
novel and ancestral habitats. The American Naturalist 174:255-267.

Aguilar A, Roemer G, Debenham S, Binns M, Garcelon D, and Wayne RK. 2004. High MHC diversity
maintained by balancing selection in an otherwise genetically monomorphic mammal. Proceedings
of the National Academy of Sciences 101:3490-3494.

Ainsworth GC 1994. Harry Marshall Ward, 1854-1906. Annual Review of Phytopathology 32:21-25.

Alexander HM 1991. Plant population heterogeneity and pathogen and herbivore levels: a field
experiment. Oecologia 86:125-131. [PubMed: 28313168]

Allendorf FW 1986. Genetic drift and the loss of alleles versus heterozygosity. Zoo Biology 5:181—
190.

Altermatt F and Ebert D. 2008. Genetic diversity of Daphnia magna populations enhances resistance to
parasites. Ecology Letters 11:918-928. [PubMed: 18479453]

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 18

Altizer S, Nunn CL, and Lindenfors P. 2007. Do threatened hosts have fewer parasites? A comparative
study in primates. Journal of Animal Ecology 76:304-314.

Arora S, Steuernagel B, Gaurav K, Chandramohan S, Long Y, Matny O, Johnson R, Enk J, Periyannan
S, Singh N, Asyraf Md Hatta M, Athiyannan N, Cheema J, Yu G, Kangara N, Ghosh S, Szabo LJ,
Poland J, Bariana H, Jones JDG, Bentley AR, Ayliffe M, Olson E, Xu SS, Steffenson BJ, Lagudah
E, and Wulff BBH. 2019. Resistance gene cloning from a wild crop relative by sequence capture
and association genetics. Nature Biotechnology 37:139-143.

Ashby B and King KC. 2015. Diversity and the maintenance of sex by parasites. Journal of
Evolutionary Biology 28:511-520. [PubMed: 25676723]

Avelino J, Cristancho M, Georgiou S, Imbach P, Aguilar L, Bornemann G, Laderach P, Anzueto F,
Hruska AJ, and Morales C. 2015. The coffee rust crises in Colombia and Central America (2008—
2013): impacts, plausible causes and proposed solutions. Food Security 7:303-321.

Baer B and Schmid-Hempel P. 1999. Experimental variation in polyandry affects parasite loads and
fitness in a bumble-bee. Nature 397:151-154.

Bell G 1982. The Masterpiece of Nature: the Evolution and Genetics of Sexuality. University of
California Press, Berkeley, CA.

Benmayor R, Hodgson DJ, Perron GG, and Buckling A. 2009. Host mixing and disease emergence.
Current Biology 19:764-767. [PubMed: 19375316]

Bensch HM, O’Connor EA, and Cornwallis CK. 2021. Living with relatives offsets the harm caused by
pathogens in natural populations. eLife 10:e66649. [PubMed: 34309511]

Bodmer WF 1972. Evolutionary significance of the HL-A system. Nature 237:139-145. [PubMed:
4113158]

Bonnin I, Bonneuil C, Goffaux R, Montalent P, and Goldringer I. 2014. Explaining the decrease
in the genetic diversity of wheat in France over the 20th century. Agriculture, Ecosystems &
Environment 195:183-192.

Bono LM, Smith LB Jr., Pfennig DW, and Burch CL. 2017. The emergence of performance trade-offs
during local adaptation: insights from experimental evolution. Molecular Ecology 26:1720-1733.
[PubMed: 28029196]

Borg J, Kiar LP, Lecarpentier C, Goldringer I, Gauffreteau A, Saint-Jean S, Barot S, and Enjalbert
J. 2018. Unfolding the potential of wheat cultivar mixtures: A meta-analysis perspective and
identification of knowledge gaps. Field Crops Research 221:298-313.

Borlaug N 1958. The use of multilineal or composite varieties to control airborne epidemic diseases of
self-pollinated crop plants. Pp. 12-27. First International Wheat Genetics Symposium. Proc. Univ.
Mann., Winnipeg.

Borlaug NE 1953. New approach to the breeding of wheat varieties resistant to Puccinia graminis
tritici. Phytopathology 43:467.

Borlaug NE and Gibler JW. 1953. The use of flexible composite wheat varieties to control the
constantly changing stem rust pathogen. Abstracts of the Annual Meetings of the American
Society of Agronomy, Dallas, TX:83.

Boudreau MA 2013. Diseases in intercropping systems. Annual Review of Phytopathology 51:499-
519.

Brooker RW, Bennett AE, Cong W-F, Daniell TJ, George TS, Hallett PD, Hawes C, lannetta PPM,
Jones HG, Karley AJ, Li L, McKenzie BM, Pakeman RJ, Paterson E, Schéb C, Shen J, Squire G,
Watson CA, Zhang C, Zhang F, Zhang J, and White PJ. 2015. Improving intercropping: a synthesis
of research in agronomy, plant physiology and ecology. New Phytologist 206:107-117.

Brown JKM 2015. Durable resistance of crops to disease: A Darwinian perspective. Annual Review of
Phytopathology 53:513-539.

Browning JA 1972. Corn, wheat, rice, man: endangered species. Journal of Environmental Quality
1:209-211.

Browning JA and Frey KJ. 1969. Multiline cultivars as a means of disease control. Annual Review of
Phytopathology 7:355-382.

Browning JA, Frey KJ, and Grindeland RL. 1964. Breeding multiline oat varieties for lowa. lowa Farm
Science 18:629-632.

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 19

Bruford MW, Ginja C, Hoffmann I, Joost S, Orozco-terWengel P, Alberto FJ, Amaral AJ, Barbato M,
Biscarini F, Colli L, Costa M, Curik I, Duruz S, Ferencakovi¢ M, Fischer D, Fitak R, Groeneveld
LF, Hall SJG, Hanotte O, Hassan F.-u., Helsen P, lacolina L, Kantanen J, Leempoel K, Lenstra JA,
Ajmone-Marsan P, Masembe C, Megens H-J, Miele M, Neuditschko M, Nicolazzi EL, Pompanon
F, Roosen J, Sevane N, Smetko A, Stambuk A, Streeter I, Stucki S, Supakorn C, Telo Da Gama L,
Tixier-Boichard M, Wegmann D, and Zhan X. 2015. Prospects and challenges for the conservation
of farm animal genomic resources, 2015-2025. Frontiers in Genetics 6.

Brunner S, Stirnweis D, Diaz Quijano C, Buesing G, Herren G, Parlange F, Barret P, Tassy C, Sautter
C, Winzeler M, and Keller B. 2012. Transgenic Pm3 multilines of wheat show increased powdery
mildew resistance in the field. Plant Biotechnology Journal 10:398-409. [PubMed: 22176579]

Burdon J and Chilvers G. 1977. Controlled environment experiments on epidemic rates of barley
mildew in different mixtures of barley and wheat. Oecologia 28:141-146. [PubMed: 28309012]

Caldwell A, Coleby R, Tovar C, Stammnitz MR, Kwon YM, Owen RS, Tringides M, Murchison EP,
Skjgdt K, and Thomas GJ. 2018. The newly-arisen Devil facial tumour disease 2 (DFT2) reveals a
mechanism for the emergence of a contagious cancer. eLife 7:e35314. [PubMed: 30103855]

Campbell G, Noble LR, Rollinson D, Southgate V, Webster J, and Jones CS. 2010. Low genetic
diversity in a snail intermediate host (Biomphalaria pfeifferi Krass, 1848) and schistosomiasis
transmission in the Senegal River Basin. Molecular Ecology 19:241-256. [PubMed: 20025653]

Carlsson-Granér U and Thrall PH. 2002. The spatial distribution of plant populations, disease
dynamics and evolution of resistance. Oikos 97:97-110.

Chabas H, Lion S, Nicot A, Meaden S, van Houte S, Moineau S, Wahl LM, Westra ER, and Gandon
S. 2018. Evolutionary emergence of infectious diseases in heterogeneous host populations. PLoS
Biology 16:62006738. [PubMed: 30248089]

Chan BK and Abedon ST. 2012. Phage therapy pharmacology: phage cocktails. Pp. 1-23 /n Laskin A,
Sariaslani S, and Gadd G, eds. Advances in Applied Microbiology.

Channer AGDR and Gowen SR. 1992. Selection for increased host resistance and increased
pathogen specificity in the Meloidogyne-Pasteuria penetrans interaction. Fundamental and Applied
Nematology 15:331-339.

Cheng Y, Sanderson C, Jones M, and Belov K. 2012. Low MHC class Il diversity in the Tasmanian
devil (Sarcophilus harrisii). Immunogenetics 64:525-533. [PubMed: 22460528]

Chin KM and Wolfe MS. 1984. Selection on Erysiphe graminisin pure and mixed stands of barley.
Plant Pathology 33:535-546.

CIMMYT. 2005. Sounding the alarm on global stem rust: an assessment of race Ug99 in Kenya and
Ethiopia and the potential for impact in neighboring regions and beyond. Mexico, DF: CIMMYT.

Civitello DJ, Cohen J, Fatima H, Halstead NT, Liriano J, McMahon TA, Ortega CN, Sauer EL,

Sehgal T, and Young S. 2015. Biodiversity inhibits parasites: broad evidence for the dilution effect.
Proceedings of the National Academy of Sciences 112:8667-8671.

Clarke B 1976. The ecological genetics of host-parasite relationships /n Taylor AER, and Muller R,
eds. Genetic Aspects of Host-Parasite Relationships. Blackwell, London, U.K.

Commission on Genetic Resources for Food and Agriculture. 2010. Second Report on the State of the
World’s Plant Genetic Resources for Food and Agriculture. Food and Agriculture Organization of
the United Nations.

Common J, Walker-Siinderhauf D, van Houte S, and Westra ER. 2020. Diversity in CRISPR-based
immunity protects susceptible genotypes by restricting phage spread and evolution. Journal of
Evolutionary Biology 33:1097-1108.

Cowger C and Mundt CC. 2002. Effects of wheat cultivar mixtures on epidemic progression of
Septoria tritici blotch and pathogenicity of Mycosphaerella graminicola. Phytopathology 92:617—
623. [PubMed: 18944258]

Cox C, Garrett K, Bowden R, Fritz A, Dendy S, and Heer W. 2004. Cultivar mixtures for the
simultaneous management of multiple diseases: tan spot and leaf rust of wheat. Phytopathology
94:961-969. [PubMed: 18943072]

Crawford KM and Whitney KD. 2010. Population genetic diversity influences colonization success.
Molecular Ecology 19:1253-1263. [PubMed: 20456227]

Curl EA 1963. Control of plant diseases by crop rotation. The Botanical Review 29:413-479.

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 20

Das S, Smith K, Sarker S, Peters A, Adriaanse K, Eden P, Ghorashi SA, Forwood JK, and Raidal SR.
2020. Repeat spillover of beak and feather disease virus into an endangered parrot highlights the
risk associated with endemic pathogen loss in endangered species. Journal of Wildlife Diseases
56:896-906. [PubMed: 33600597]

Davies CM, Fairbrother E, and Webster JP. 2002. Mixed strain schistosome infections of snails and the
evolution of parasite virulence. Parasitology 124:31-38. [PubMed: 11811801]

de Jonge PA, Nobrega FL, Brouns SJ, and Dutilh BE. 2019. Molecular and evolutionary determinants
of bacteriophage host range. Trends in Microbiology 27:51-63. [PubMed: 30181062]

de Roode JC, Pansini R, Cheesman SJ, Helinski MEH, Huijben S, Wargo AR, Bell AS, Chan BHK,
Walliker D, and Read AF. 2005. Virulence and competitive ability in genetically diverse malaria
infections. Proceedings of the National Academy of Sciences 102:7624—7628.

DeArce M 2008. Correspondence of Charles Darwin on James Torhitt’s project to breed blight-
resistant potatoes. Archives of Natural History 35:208-222. [PubMed: 19271342]

Dedeurwaerdere T and Hannachi M. 2019. Socio-economic drivers of coexistence of landraces and
modern crop varieties in agro-biodiversity rich Yunnan rice fields. Ecological Economics 159:177—
188.

Dempewolf H, Baute G, Anderson J, Kilian B, Smith C, and Guarino L. 2017. Past and future use of
wild relatives in crop breeding. Crop Science 57:1070-1082.

DeWoody JA, Harder AM, Mathur S, and Willoughby JR. 2021. The long-standing significance of
genetic diversity in conservation. Molecular Ecology in press.

Dinoor A 1970. Sources of oat crown rust resistance in hexaploid and tetraploid wild oats in Israel.
Canadian Journal of Botany 48:153-161.

Djidjou-Demasse R, Moury B, and Fabre F. 2017. Mosaics often outperform pyramids: insights from
a model comparing strategies for the deployment of plant resistance genes against viruses in
agricultural landscapes. New Phytologist 216:239-253.

Duxbury EM, Day JP, Vespasiani DM, Thirringer Y, Tolosana |, Smith SC, Tagliaferri L, Kamacioglu
A, Lindsley I, and Love L. 2019. Host-pathogen coevolution increases genetic variation in
susceptibility to infection. eLife 8:e46440. PMCID: PMC6491035 [PubMed: 31038124]

Dwyer G, Dushoff J, Joseph S. Elkinton, and Levin Simon A.. 2000. Pathogen-driven outbreaks in
forest defoliators revisited: Building models from experimental data. The American Naturalist
156:105-120.

Eimes J, Bollmer J, Whittingham L, Johnson J, Van Oosterhout C, and Dunn P. 2011. Rapid loss of
MHC class Il variation in a bottlenecked population is explained by drift and loss of copy number
variation. Journal of Evolutionary Biology 24:1847-1856. [PubMed: 21605219]

Ekroth AK, Rafaluk-Mohr C, and King KC. 2019. Host genetic diversity limits parasite success
beyond agricultural systems: A meta-analysis. Proceedings of the Royal Society B 286:20191811.
[PubMed: 31551053]

Ekroth AKE, Gerth M, Stevens EJ, Ford SA, and King KC. 2021. Host genotype and genetic diversity
shape the evolution of a novel bacterial infection. The ISME Journal 15:2146-2157. [PubMed:
33603148]

Elton CS 1958. The Ecology of Invasions by Animals and Plants. John Wiley & Sons Inc, New York.

Farrell MJ, Stephens PR, Berrang-Ford L, Gittleman JL, and Davies TJ. 2015. The path to host
extinction can lead to loss of generalist parasites. Journal of Animal Ecology 84:978-984.

Fijarczyk A, Dudek K, Niedzicka M, and Babik W. 2018. Balancing selection and introgression
of newt immune-response genes. Proceedings of the Royal Society B 285:20180819. [PubMed:
30111606]

Finckh M, Gacek E, Goyeau H, Lannou C, Merz U, Mundt CC, Munk L, Nadziak J, Newton A, and
de Vallavieille-Pope C. 2000. Cereal variety and species mixtures in practice, with emphasis on
disease resistance. Agronomie 20:813-837.

Finckh M and Wolfe M. 2006. Diversification strategies. Pp. 269-307 /n Cooke B, Jones D, and Kaye
B, eds. The Epidemiology of Plant diseases. Springer, Netherlands.

Finckh MR 2008. Integration of breeding and technology into diversification strategies for disease
control in modern agriculture. Pp. 399-409 /inD.B. C, L. M, and B.M. C, eds. Sustainable Disease
Management in a European Context. Springer, Dordrecht.

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 21

Fitzpatrick SW, Bradburd GS, Kremer CT, Salerno PE, Angeloni LM, and Funk WC. 2020. Genomic
and fitness consequences of genetic rescue in wild populations. Current Biology 30:517-522.
e515. [PubMed: 31902732]

Forsman A and Wennersten L. 2016. Inter-individual variation promotes ecological success of
populations and species: Evidence from experimental and comparative studies. Ecography 39:630—
648.

Frankham R 2015. Genetic rescue of small inbred populations: Meta-analysis reveals large and
consistent benefits of gene flow. Molecular Ecology 24:2610-2618. [PubMed: 25740414]

Frankham R, Ballou JD, Eldridge MD, Lacy RC, Ralls K, Dudash MR, and Fenster CB. 2011.
Predicting the probability of outbreeding depression. Conservation Biology 25:465-475. [PubMed:
21486369]

Ganz HH and Ebert D. 2010. Benefits of host genetic diversity for resistance to infection depend on
parasite diversity. Ecology 91:1263-1268. [PubMed: 20503859]

Garner TWJ, Pearman PB, and Angelone S. 2004. Genetic diversity across a vertebrate species’
range: a test of the central—-peripheral hypothesis. Molecular Ecology 13:1047-1053. [PubMed:
15078443]

Gatto M, de Haan S, Laborte A, Bonierbale M, Labarta R, and Hareau G. 2021. Trends in varietal
diversity of main staple crops in Asia and Africa and implications for sustainable food systems.
Frontiers in Sustainable Food Systems 5.

Gibson AK, Baffoe-Bonnie HS, Penley MJ, Lin J, Owens R, Khalid A, and Morran LT. 2020.

The evolution of parasite host range in heterogeneous host populations. Journal of Evolutionary
Biology 33:773-782. [PubMed: 32086852]

Gibson AK, Delph LF, and Lively CM. 2017. The two-fold cost of sex: experimental evidence from a
natural system. Evolution Letters 1:6-15. PMCID: PMC6089407 [PubMed: 30233811]

Gibson AK, Delph LF, Vergara D, and Lively CM. 2018. Periodic, parasite-mediate selection for and
against sex. The American Naturalist 192:537-551.

Gibson AK, Mena-Ali JI, and Hood ME. 2010. Loss of pathogens in threatened plant species. Oikos
119:1919-1928.

Gibson AK and Nguyen AE. 2021. Does genetic diversity protect host populations from parasites?

A meta-analysis across natural and agricultural systems. Evolution Letters 5:16-32. [PubMed:
33552533]

Gray A 1875. Do varieties wear out, or tend to wear out? American Journal of Science and Arts 9:109.

Grettenberger IM and Tooker JF. 2015. Moving beyond resistance management toward an expanded
role for seed mixtures in agriculture. Agriculture, Ecosystems & Environment 208:29-36.

Groenewegen LIM 1977. Multilines as a tool in breeding for reliable yields. Cereal Research
Communications 5:125-132.

Groth J 1976. Multilines and “super races”: a simple model. Phytopathology 66:9.

Gumpert F-M and Geiger H. 1995. Long-term strategies of disease reduction by use of cultivar
mixtures: |. Exponential growth of epidemics. Journal of Plant Diseases and Protection 102:191—
202.

Hajjar R, Jarvis D, and Gemmill-Herren B. 2008. The utility of crop genetic diversity in maintaining
ecosystem services. Agriculture, Ecosystems & Environment 123:261-270.

Haldane JBS 1949. Disease and evolution. La Ricerca Scientifica 19 68-76.

Halewood M, Bedmar Villanueva A, Rasolojaona J, Andriamahazo M, Rakotoniaina N, Bossou B,
Mikpon T, Vodouhe R, Fey L, Drews A, Kumar PL, Rasoanirina B, Rasoazafindrabe T, Aigbe
M, Agbahounzo B, Otieno G, Garforth K, Kiene T, and Nnadozie K. 2021. Enhancing farmers’
agency in the global crop commons through use of biocultural community protocols. Agriculture
and Human Values 38:579-594.

Halewood M, Jamora N, Noriega IL, Anglin NL, Wenzl P, Payne T, Ndjiondjop M-N, Guarino L,
Kumar PL, Yazbek M, Muchugi A, Azevedo V, Tchamba M, Jones CS, Venuprasad R, Roux N,
Rojas E, and Lusty C. 2020. Germplasm acquisition and distribution by CGIAR genebanks. Plants
9:1296.

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 22

Halliday FW, Penczykowski RM, Barrés B, Eck JL, Numminen E, and Laine A-L. 2020a. Facilitative
priority effects drive parasite assembly under coinfection. Nature Ecology & Evolution 4:1520-
1521.

Halliday FW and Rohr JR. 2019. Measuring the shape of the biodiversity-disease relationship across
systems reveals new findings and key gaps. Nature Communications 10:1-10.

Halliday FW, Rohr JR, and Laine AL. 2020b. Biodiversity loss underlies the dilution effect of
biodiversity. Ecology letters 23:1611-1622. [PubMed: 32808427]

Hamilton W 1980. Sex versus non-sex versus parasite. Oikos 35:282-290.

Hamilton WD 1987. Kinship, recognition, disease, and intelligence: constraints of social evolution.
Pp. 81-102 in1t0 Y, Brown J, and Kikkawa J, eds. Animal Societies: Theories and Facts. Japan
Scientific Societies Press, Tokyo.

Harlan JR 1972. Genetics of disaster. Journal of Environmental Quality 1:212-215.

Harlan JR 1976. Genetic resources in wild relatives of crops. Crop Science 16:329-333.

Haudry A, Cenci A, Ravel C, Bataillon T, Brunel D, Poncet C, Hochu I, Poirier S, Santoni S, and
Glémin S. 2007. Grinding up wheat: a massive loss of nucleotide diversity since domestication.
Molecular Biology and Evolution 24:1506-1517. [PubMed: 17443011]

Heard MJ, Smith KF, Ripp KJ, Berger M, Chen J, Dittmeier J, Goter M, McGarvey ST, and Ryan
E. 2013. The threat of disease increases as species move toward extinction. Conservation Biology
27:1378-1388. [PubMed: 24033873]

Hedrick PW 1998. Balancing selection and MHC. Genetica 104:207-214. [PubMed: 10386384]

Hoban S, Bruford M, Jackson JDU, Lopes-Fernandes M, Heuertz M, Hohenlohe PA, Paz-Vinas I,
Sjogren-Gulve P, Segelbacher G, and Vernesi C. 2020. Genetic diversity targets and indicators in
the CBD post-2020 Global Biodiversity Framework must be improved. Biological Conservation
248:108654.

Hoban S, Bruford MW, Funk WC, Galbusera P, Griffith MP, Grueber CE, Heuertz M, Hunter ME,
Hvilsom C, Stroil BK, Kershaw F, Khoury CK, Laikre L, Lopes-Fernandes M, MacDonald
AJ, Mergeay J, Meek M, Mittan C, Mukassabi TA, O’Brien D, Ogden R, Palma-Silva C,
Ramakrishnan U, Segelbacher G, Shaw RE, Sjogren-Gulve P, Veli¢kovi¢ N, and Vernesi C.
2021a. Global commitments to conserving and monitoring genetic diversity are now necessary
and feasible. BioScience.

Hoban S, Campbell CD, da Silva JM, Ekblom R, Funk WC, Garner BA, Godoy JA, Kershaw F,
MacDonald AJ, and Mergeay J. 2021b. Genetic diversity is considered important but interpreted
narrowly in country reports to the Convention on Biological Diversity: Current actions and
indicators are insufficient. Biological Conservation 261:109233.

Hoisington D, Khairallah M, Reeves T, Ribaut J-M, Skovmand B, Taba S, and Warburton M.

1999. Plant genetic resources: What can they contribute toward increased crop productivity?
Proceedings of the National Academy of Sciences 96:5937-5943.

Huang C, Sun Z, Wang H, Luo Y, and Ma Z. 2012. Effects of wheat cultivar mixtures on stripe rust: a
meta-analysis on field trials. Crop Protection 33:52-58.

Huang R, Kranz J, and Welz H. 1994. Selection of pathotypes of Erysiphe graminisft. sp. hordeiin
pure and mixed stands of spring barley. Plant Pathology 43:458-470.

Huang R, Kranz J, and Welz H. 1995. Increase of complex pathotypes of Erysiphe graminisf.
sp. hordei in two-component mixtures of spring barley cultivars. Journal of Phytopathology
143:281-286.

Hughes AL 1991. MHC polymorphism and the design of captive breeding programs. Conservation
Biology 5:249-251.

Hughes AR, Inouye BD, Johnson MT, Underwood N, and Vellend M. 2008a. Ecological consequences
of genetic diversity. Ecology Letters 11:609-623. [PubMed: 18400018]

Hughes W, Ratnieks F, and Oldroyd B. 2008b. Multiple paternity or multiple queens: two routes
to greater intracolonial genetic diversity in the eusocial Hymenoptera. Journal of Evolutionary
Biology 21:1090-1095. [PubMed: 18422530]

Ingvarsson PK and Dahlberg H. 2019. The effects of clonal forestry on genetic diversity in wild and
domesticated stands of forest trees. Scandinavian Journal of Forest Research 34:370-379.

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 23

Jaenike J 1978. An hypothesis to account for the maintenance of sex within populations. Evolutionary
Theory 3:191-194.

Jarosz A and Levy M. 1988. Effects of habitat and population structure on powdery mildew epidemics
in experimental Phlox populations. Phytopathology 78:358-362.

Jarvi S, Tarr C, Mclintosh C, Atkinson C, and Fleischer R. 2004. Natural selection of the major
histocompatibility complex (MHC) in Hawaiian honeycreepers (Drepanidinae). Molecular
Ecology 13:2157-2168. [PubMed: 15245391]

Jarvis DI, Brown AHD, Cuong PH, Collado-Panduro L, Latournerie-Moreno L, Gyawali S, Tanto T,
Sawadogo M, Mar I, Sadiki M, Hue NT-N, Arias-Reyes L, Balma D, Bajracharya J, Castillo F,
Rijal D, Belgadi L, Rana R, Saidi S, Ouedraogo J, Zangre R, Rhrib K, Chavez JL, Schoen D,
Sthapit B, De Santis P, Fadda C, and Hodgkin T. 2008. A global perspective of the richness and
evenness of traditional crop-variety diversity maintained by farming communities. Proceedings of
the National Academy of Sciences 105:5326-5331.

Jeger M, Griffiths E, and Jones D. 1981. Disease progress of non-specialised fungal pathogens in
intraspecific mixed stands of cereal cultivars. I. Models. Annals of Applied Biology 98:187-198.

Jensen NF 1952. Intra-varietal diversification in oat breeding. Agronomy Journal 44:30-34.

Jiao Y, Li X, Liang L, Takeuchi K, Okuro T, Zhang D, and Sun L. 2012. Indigenous ecological
knowledge and natural resource management in the cultural landscape of China’s Hani Terraces.
Ecological Research 27:247-263.

Jordan DR, Tao YZ, Godwin ID, Henzell RG, Cooper M, and Mclntyre CL. 1998. Loss of genetic
diversity associated with selection for resistance to sorghum midge in Australian sorghum.
Euphytica 102:1-7.

Karki HS, Jansky SH, and Halterman DA. 2021. Screening of wild potatoes identifies new sources of
late blight resistance. Plant Disease 105:368-376. [PubMed: 32755364]

Karvonen A, Rellstab C, Louhi K-R, and Jokela J. 2012. Synchronous attack is advantageous: mixed
genotype infections lead to higher infection success in trematode parasites. Proceedings of the
Royal Society B 279:171-176. [PubMed: 21632629]

Katwal TB, Dorji S, Dorji R, Tshering L, Ghimiray M, Chhetri GB, Dorji TY, and Tamang AM. 2015.
Community perspectives on the on-farm diversity of six major cereals and climate change in
Bhutan. Agriculture 5:2-16.

Kelley SE 1994. Viral pathogens and the advantage of sex in the perennial grass Anthoxanthum
odoratum. Philosophical Transactions of the Royal Society B 346:295-302.

Kelley SE, Antonovics J, and Schmitt J. 1988. A test of the short-term advantage of sexual
reproduction. Nature 331:714-716.

Kema GH, Drenth A, Dita M, Jansen K, Vellema S, and Stoorvogel JJ. 2020. Fusarium wilt of banana,
a recurring threat to global banana production. Frontiers in Plant Science 11:628888. [PubMed:
33505419]

Kennedy DA and Read AF. 2017. Why does drug resistance readily evolve but vaccine resistance does
not? Proceedings of the Royal Society B 284:20162562. [PubMed: 28356449]

Khoury CK, Carver D, Greene SL, Williams KA, Achicanoy HA, Schori M, Ledn B, Wiersema JH,
and Frances A. 2020. Crop wild relatives of the United States require urgent conservation action.
Proceedings of the National Academy of Sciences 117:33351-33357.

Kier LP, Skovgaard IM, and @stergard H. 2009. Grain yield increase in cereal variety mixtures: A
meta-analysis of field trials. Field Crops Research 114:361-373.

King KC, Jokela J, and Lively CM. 2011. Parasites, sex, and clonal diversity in natural snail
populations. Evolution 65:1474-1481. [PubMed: 21521196]

King KC and Lively CM. 2012. Does genetic diversity limit disease spread in natural host populations?
Heredity 109:199-203. [PubMed: 22713998]

Kiwuka C, Bukenya-Ziraba R, Namaganda M, and Wasswa Mulumba J. 2012. Assessment of common
bean cultivar diversity in selected communities of Central Uganda. African Crop Science Journal
20:239-249.

Kiyosawa S 1976. A comparison by simulation of disease dispersal in pure and mixed stands of
susceptible and resistant plants. Japanese Journal of Breeding 26:137-145.

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 24

Kiyosawa S and Shiyomi M. 1972. A theoretical evaluation of the effect of mixing resistant variety
with susceptible variety for controlling plant diseases. Japanese Journal of Phytopathology
38:41-51.

Koenig D, Hagmann J, Li R, Bemm F, Slotte T, Neuffer B, Wright Sl, and Weigel D. 2019. Long-term
balancing selection drives evolution of immunity genes in Capsella. eLife 8:e43606. [PubMed:
30806624]

Kristoffersen R, Jargensen LN, Eriksen LB, Nielsen GC, and Kier LP. 2020. Control of Septoria tritici
blotch by winter wheat cultivar mixtures: Meta-analysis of 19 years of cultivar trials. Field Crops
Research 249:107696.

Labrada H 2009. Participatory seed diffusion: experiences from the field. Pp. 589-612 jn Ceccarelli
S, Guimaraes E, and Weltzien E, eds. Plant Breeding and Farmer Participation. Foor and
Agriculture Organization of the United Nations, Rome.

Lafferty KD and Kuris AM. 2002. Trophic strategies, animal diversity, and body size. Trends in
Ecology & Evolution 17:507-513.

Laikre L 2010. Genetic diversity is overlooked in international conservation policy implementation.
Conservation Genetics 11:349-354.

Lannou C, De VallaVlieille-Pope C, and Goyeau H. 1995. Induced resistance in host mixtures and its
effect on disease control in computer-simulated epidemics. Plant Pathology 44:478-489.

Lannou C and Mundt C. 1996. Evolution of a pathogen population in host mixtures: simple race—
complex race competition. Plant Pathology 45:440-453.

Leigh DM, Hendry AP, Vazquez-Dominguez E, and Friesen VL. 2019. Estimated six per cent loss of
genetic variation in wild populations since the industrial revolution. Evolutionary Applications
12:1505-1512. [PubMed: 31462910]

Leonard K 1969. Factors affecting rates of stem rust increase in mixed plantings of susceptible and
resistant oat varieties. Phytopathology 59:1845-1850.

Liao J, Huang H, Meusnier I, Adreit H, Ducasse A, Bonnot F, Pan L, He X, Kroj T, Fournier E,
Tharreau D, Gladieux P, and Morel JB. 2016. Pathogen effectors and plant immunity determine
specialization of the blast fungus to rice subspecies. eLife 5.

Lin BB 2011. Resilience in agriculture through crop diversification: adaptive management for
environmental change. BioScience 61:183-193.

Lively CM 2010a. The effect of host genetic diversity on disease spread. The American Naturalist
175:E149-E152.

Lively CM 2010b. An epidemiological model of host—parasite coevolution and sex. Journal of
Evolutionary Biology 23:1490-1497. [PubMed: 20500364]

Lively CM 2016. Coevolutionary epidemiology: disease spread, local adaptation, and sex. The
American Naturalist 187:E77-E82.

Lively CM 2021. Causation without correlation: parasite-mediated frequency-dependent selection and
infection prevalence. In review.

Lively CM and Dybdahl MF. 2000. Parasite adaptation to locally common host genotypes. Nature
405:679-681. [PubMed: 10864323]

Lively CM and Morran LT. 2014. The ecology of sexual reproduction. Journal of Evolutionary Biology
27:1292-1303. [PubMed: 24617324]

Lopez CG and Mundt CC. 2000. Using mixing ability analysis from two-way cultivar mixtures to
predict the performance of cultivars in complex mixtures. Field Crops Research 68:121-132.

Louwaars NP 2018. Plant breeding and diversity: A troubled relationship? Euphytica 214:1-9.

Luthra J and Rao M. 1979. Multiline cultivars—how their resistance influence leaf rust diseases in
wheat. Euphytica 28:137-144.

Marden J, Mangan S, Peterson M, Wafula E, Fescemyer H, Der J, Depamphilis C, and Comita L.
2017. Ecological genomics of tropical trees: how local population size and allelic diversity of
resistance genes relate to immune responses, cosusceptibility to pathogens, and negative density
dependence. Molecular Ecology 26:2498-2513. [PubMed: 28042895]

Marquardt S 2001. “Green havoc”: Panama disease, environmental change, and labor process in the
Central American banana industry. American Historical Review 106:49-80.

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 25

Marshall DR 1989. Modeling the effects of multiline varieties on the population genetics of plant
pathogens. Plant Disease Epidemiology 2:248-317.

Maynard Smith J 1971. The origin and maintenance of sex. Pp. 163-175 /n Williams GC, ed. Group
Selection. Aldine Atherton, Chicago.

McBride W, Skorbianksy S, and Childs N. 2018. U.S. rice production in the new millennium: Changes
in structure, practices, and costs. Economic Research Service, Economic Research Bulletin
Number 202:1-62.

McDonald BA 2014. Using dynamic diversity to achieve durable disease resistance in agricultural
ecosystems. Tropical Plant Pathology 39:191-196.

McLeod DV, Wahl LM, and Mideo N. 2020. Mosaic vaccination: how distributing different vaccines
across a population could improve epidemic control. bioRxiv:10.1101/2020.1111.1122.393124.

Meagher S 1999. Genetic diversity and Capillaria hepatica (Nematoda) prevalence in Michigan deer
mouse populations. Evolution 53:1318-1324. [PubMed: 28565518]

Mikaberidze A, McDonald BA, and Bonhoeffer S. 2015. Developing smarter host mixtures to control
plant disease. Plant Pathology 64:996-1004.

Mikko S and Andersson L. 1995. Low major histocompatibility complex class Il diversity in European
and North American moose. Proceedings of the National Academy of Sciences 92:4259-4263.

Miller PS and Hedrick PW. 1991. MHC polymorphism and the design of captive breeding programs:
simple solutions are not the answer. Conservation Biology 5:556-558.

Muirhead CA 2001. Consequences of population structure on genes under balancing selection.
Evolution 55:1532-1541. [PubMed: 11580013]

Mulumba JW, Nankya R, Adokorach J, Kiwuka C, Fadda C, De Santis P, and Jarvis DI. 2012. A
risk-minimizing argument for traditional crop varietal diversity use to reduce pest and disease
damage in agricultural ecosystems of Uganda. Agriculture, Ecosystems & Environment 157:70-
86.

Mundt C, Brophy L, and Kolar S. 1996. Effect of genotype unit number and spatial arrangement on
severity of yellow rust in wheat cultivar mixtures. Plant Pathology 45:215-222.

Mundt CC 2002. Use of multiline cultivars and cultivar mixtures for disease management. Annual
Review of Phytopathology 40:381-410.

Mundt CC 2014. Durable resistance: a key to sustainable management of pathogens and pests.
Infection, Genetics and Evolution 27:446-455.

Nath M, Woolliams J, and Bishop S. 2008. Assessment of the dynamics of microparasite infections
in genetically homogeneous and heterogeneous populations using a stochastic epidemic model.
Journal of Animal Science 86:1747-1757. [PubMed: 18407996]

Newton A 2009. Plant disease control through the use of variety mixtures. Pp. 162-171 jn Walters D,
ed. Disease Control in Crops. Wiley-Blackwell, UK.

Newton A and Guy D. 2011. Scale and spatial structure effects on the outcome of barley cultivar
mixture trials for disease control. Field Crops Research 123:74-79.

Newton AC, Begg GS, and Swanston JS. 2009. Deployment of diversity for enhanced crop function.
Annals of Applied Biology 154:309-322.

Norman PJ, Norberg SJ, Guethlein LA, Nemat-Gorgani N, Royce T, Wroblewski EE, Dunn T, Mann T,
Alicata C, Hollenbach JA, Chang W, Shults Won M, Gunderson KL, Abi-Rached L, Ronaghi M,
and Parham P. 2017. Sequences of 95 human MHC haplotypes reveal extreme coding variation
in genes other than highly polymorphic HLA class | and Il. Genome Research 27:813-823.
[PubMed: 28360230]

O’Brien SJ and Evermann JF. 1988. Interactive influence of infectious disease and genetic diversity in
natural populations. Trends in Ecology & Evolution 3:254-259. [PubMed: 21227241]

O’Brien SJ, Roelke ME, Marker L, Newman A, Winkler C, Meltzer D, Colly L, Evermann J, Bush M,
and Wildt DE. 1985. Genetic basis for species vulnerability in the cheetah. Science 227:1428—
1434. [PubMed: 2983425]

Ohtsuki A and Sasaki A. 2006. Epidemiology and disease-control under gene-for-gene plant—pathogen
interaction. Journal of Theoretical Biology 238:780-794. [PubMed: 16085107]

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 26

Oliver MK, Telfer S, and Piertney SB. 2009. Major histocompatibility complex (MHC) heterozygote
superiority to natural multi-parasite infections in the water vole (Arvicola terrestris). Proceedings
of the Royal Society B 276:1119-1128. [PubMed: 19129114]

Pearman PB and Garner TW. 2005. Susceptibility of Italian agile frog populations to an emerging
strain of Ranavirus parallels population genetic diversity. Ecology Letters 8:401-408.

Pedersen AB, Jones KE, Nunn CL, and Altizer S. 2007. Infectious diseases and extinction risk in wild
mammals. Conservation Biology 21:1269-1279. [PubMed: 17883492]

Perales RH, Brush SB, and Qualset CO. 2003. Landraces of maize in Central Mexico: an altitudinal
transect. Economic Botany 57:7-20.

Pérez W, Nahui M, Ellis D, and Forbes GA. 2014. Wide phenotypic diversity for resistance to
Phytophthora infestans found in potato landraces from Peru. Plant Disease 98:1530-1533.
[PubMed: 30699780]

Phillips KP, Cable J, Mohammed RS, Herdegen-Radwan M, Raubic J, Przesmycka KJ, Van Oosterhout
C, and Radwan J. 2018. Immunogenetic novelty confers a selective advantage in host—pathogen
coevolution. Proceedings of the National Academy of Sciences 115:1552-1557.

Ploetz RC 2015. Fusarium wilt of banana. Phytopathology 105:1512-1521. [PubMed: 26057187]

Plourde JD, Pijanowski BC, and Pekin BK. 2013. Evidence for increased monoculture cropping in the
Central United States. Agriculture, Ecosystems & Environment 165:50-59.

Radwan J, Babik W, Kaufman J, Lenz TL, and Winternitz J. 2020. Advances in the evolutionary
understanding of MHC polymorphism. Trends in Genetics 36:298-311. [PubMed: 32044115]

Radwan J, Biedrzycka A, and Babik W. 2010. Does reduced MHC diversity decrease viability of
vertebrate populations? Biological Conservation 143:537-544. [PubMed: 32226082]

Rahn V 1922. Die Anwendung von Reinkulturen der Mikroorganismen in Industrie und
Landwirtschaft. Die Naturwissenschaften 11:241-246; translation by Sarah Hesse.

Reiss ER and Drinkwater LE. 2018. Cultivar mixtures: a meta-analysis of the effect of intraspecific
diversity on crop yield. Ecological Applications 28:62—77. [PubMed: 28940830]

Ren W, Hu L, Guo L, Zhang J, Tang L, Zhang E, Zhang J, Luo S, Tang J, and Chen X. 2018.
Preservation of the genetic diversity of a local common carp in the agricultural heritage rice—fish
system. Proceedings of the National Academy of Sciences 115:E546-E554.

Consortium REX. 2016. Combining selective pressures to enhance the durability of disease resistance
genes. Frontiers in Plant Science 7:1916. [PubMed: 28066472]

Rimbaud L, Papaix J, Barrett LG, Burdon JJ, and Thrall PH. 2018. Mosaics, mixtures, rotations
or pyramiding: What is the optimal strategy to deploy major gene resistance? Evolutionary
Applications 11:1791-1810. [PubMed: 30459830]

Rose LE, Bittner-Eddy PD, Langley CH, Holub EB, Michelmore RW, and Beynon JL. 2004.

The maintenance of extreme amino acid diversity at the disease resistance gene, RPP13, in
Arabidopsis thaliana. Genetics 166:1517-1527. [PubMed: 15082565]

Rothman P and Frey K. 1953. Effect of stem rust on yield, test weight, and maturity of oats. Plant
Disease Reporter 37:302-305.

Rouchet R and Vorburger C. 2014. Experimental evolution of parasitoid infectivity on symbiont-
protected hosts leads to the emergence of genotype specificity. Evolution 68:1607-1616.
[PubMed: 24495148]

Ruelle ML, Asfaw Z, Dejen A, Tewolde-Berhan S, Nebiyu A, Tana T, and Power AG. 2019. Inter- and
intraspecific diversity of food legumes among households and communities in Ethiopia. PLOS
ONE 14:e0227074. [PubMed: 31869394]

Sant DG, Woods LC, Barr JJ, and McDonald MJ. 2021. Host diversity slows bacteriophage adaptation
by selecting generalists over specialists. Nature Ecology & Evolution 5:350-359. [PubMed:
33432132]

Schmid B 1994. Effects of genetic diversity in experimental stands of Solidago altissima--evidence
for the potential role of pathogens as selective agents in plant populations. Journal of Ecology
82:165-175.

Schmidt AM, Linksvayer TA, Boomsma JJ, and Pedersen JS. 2011. No benefit in diversity? The effect
of genetic variation on survival and disease resistance in a polygynous social insect. Ecological
Entomology 36:751-759.

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 27

Schmitt J and Antonovics J. 1986. Experimental studies of the evolutionary significance of sexual
reproduction. 1V. Effect of neighbor relatedness and aphid infestation on seedling performance.
Evolution 40:830-836. [PubMed: 28556161]

Shelton AM, Tang JD, Roush RT, Metz TD, and Earle ED. 2000. Field tests on managing resistance to
Bt-engineered plants. Nature Biotechnology 18:339-342.

Sherman PW, Seeley TD, and Reeve HK. 1988. Parasites, pathogens, and polyandry in social
Hymenoptera. The American Naturalist 131:602-610.

Siddle HV, Kreiss A, Eldridge MD, Noonan E, Clarke CJ, Pyecroft S, Woods GM, and Belov K.
2007. Transmission of a fatal clonal tumor by biting occurs due to depleted MHC diversity in a
threatened carnivorous marsupial. Proceedings of the National Academy of Sciences 104:16221—
16226.

Singh N, Wu S, Raupp WJ, Sehgal S, Arora S, Tiwari V, Vikram P, Singh S, Chhuneja P, and Gill
BS. 2019. Efficient curation of genebanks using next generation sequencing reveals substantial
duplication of germplasm accessions. Scientific Reports 9:1-10. [PubMed: 30626917]

Singh RP, Hodson DP, Huerta-Espino J, Jin Y, Bhavani S, Njau P, Herrera-Foessel S, Singh PK, Singh
S, and Govindan V. 2011. The emergence of Ug99 races of the stem rust fungus is a threat to
world wheat production. Annual Review of Phytopathology 49:465-481.

Smith KF, Sax DF, and Lafferty KD. 2006. Evidence for the role of infectious disease in species
extinction and endangerment. Conservation Biology 20:1349-1357. [PubMed: 17002752]

Smithson JB and Lenne JM. 1996. Varietal mixtures: a viable strategy for sustainable productivity in
subsistence agriculture. Annals of Applied Biology 128:127-158.

Soper D, King K, Vergara D, and Lively C. 2014. Exposure to parasites increases promiscuity in a
freshwater snail. Biology Letters 10:20131091. [PubMed: 24759366]

Soper DM, Ekroth AK, and Martins MJ. 2021. Direct evidence for increased disease resistance in
polyandrous broods exists only in eusocial Hymenoptera. BMC Ecology and Evolution 21:189.
[PubMed: 34670487]

Springbett A, MacKenzie K, Woolliams J, and Bishop S. 2003. The contribution of genetic diversity
to the spread of infectious diseases in livestock populations. Genetics 165:1465-1474. [PubMed:
14668395]

Spurgin LG and Richardson DS. 2010. How pathogens drive genetic diversity: MHC, mechanisms and
misunderstandings. Proceedings of the Royal Society B 277:979-988. [PubMed: 20071384]

Stam R and McDonald BA. 2018. When resistance gene pyramids are not durable—the role of
pathogen diversity. Molecular Plant Pathology 19:521. [PubMed: 29446883]

Sthapit SR, Marlowe K, Covarrubias DC, Ruff TM, Eagle JD, McGinty EM, Hooker MA, Duong NB,
Skinner DZ, and See DR. 2020. Genetic diversity in historical and modern wheat varieties of the
US Pacific Northwest. Crop Science 60:3175-3190.

Sutton JT, Robertson BC, and Jamieson IG. 2015. MHC variation reflects the bottleneck histories of
New Zealand passerines. Molecular Ecology 24:362-373. [PubMed: 25488544]

Swarup S, Cargill EJ, Crosby K, Flagel L, Kniskern J, and Glenn KC. 2021. Genetic diversity is
indispensable for plant breeding to improve crops. Crop Science 61:839-852.

Tabashnik BE, Gassmann AJ, Crowder DW, and Carriere Y. 2008. Insect resistance to Bt crops:
Evidence versus theory. Nature Biotechnology 26:199-202.

Tarpy DR 2003. Genetic diversity within honeybee colonies prevents severe infections and promotes
colony growth. Proceedings of the Royal Society B 270:99-103. [PubMed: 12596763]

Tarpy DR and Seeley TD. 2006. Lower disease infections in honeybee (Apis mellifera) colonies
headed by polyandrous vs monandrous queens. Naturwissenschaften 93:195-199. [PubMed:
16518641]

Teixeira JC and Huber CD. 2021. The inflated significance of neutral genetic diversity in conservation
genetics. Proceedings of the National Academy of Sciences 118:62015096118.

Tellier A and Brown JK. 2007. Stability of genetic polymorphism in host—parasite interactions.
Proceedings of the Royal Society B 274:809-817. [PubMed: 17251091]

Thomson Al, Archer FI, Coleman MA, Gajardo G, Goodall-Copestake WP, Hoban S, Laikre L, Miller
AD, O’brien D, and Pérez-Espona S. 2021. Charting a course for genetic diversity in the UN
Decade of Ocean Science. Evolutionary Applications 14:1497-1518. [PubMed: 34178100]

Evolution. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson

Page 28

Thormann | and Engels JM. 2015. Genetic diversity and erosion—A global perspective. Pp. 263-294
in Ahuja M, and Jain S. Mohan, eds. Genetic Diversity and Erosion in Plants. Springer.

Tiongco M and Hossain M. 2015. Adoption of modern varieties and rice varietal diversity on
household farms in Bangladesh. HarvestPlus Working Paper.

Torbitt J 1867. A treatise on the cultivation of the potato from the seed, having for proposed results the
extinction of the disease, and a yield of thirty, forty or more tons of tubers per statute acre. [the
author], Belfast.

Tozzetti GT and Goidanich G. 1767. True nature, causes and sad effects of the rust, the bunt, the smut,
and other maladies of wheat, and of oats in the field. American Phytopathological Society, 1952
translation of 1767 treatise.

Trenbath R 1975. Diversify or be damned? Ecologist 5:76-83.

Vahsen ML, Shea K, Hovis CL, Teller BJ, and Hufbauer RA. 2018. Prior adaptation, diversity, and
introduction frequency mediate the positive relationship between propagule pressure and the
initial success of founding populations. Biological Invasions 20:2451-2459.

van Baalen M and Beekman M. 2006. The costs and benefits of genetic heterogeneity in resistance
against parasites in social insects. The American Naturalist 167:568-577.

Van de Wouw M, Kik C, Van Hintum T, Van Treuren R, and Visser B. 2010a. Genetic erosion in crops:
concept, research results and challenges. Plant Genetic Resources 8:1-15.

Van de Wouw M, Van Hintum T, Kik C, Van Treuren R, and Visser B. 2010b. Genetic diversity
trends in twentieth century crop cultivars: A meta analysis. Theoretical and Applied Genetics
120:1241-1252. [PubMed: 20054521]

van Houte S, Ekroth AK, Broniewski JM, Chabas H, Ashby B, Bondy-Denomy J, Gandon S, Boots
M, Paterson S, and Buckling A. 2016. The diversity-generating benefits of a prokaryotic adaptive
immune system. Nature 532:385. [PubMed: 27074511]

Vavilov N 1926. On the origin of cultivated plants. Origin and Geography of Cultivated Plants, 1992
English Edition. Cambridge University Press, Cambridge.

Villa TCC, Maxted N, Scholten M, and Ford-Lloyd B. 2007. Defining and identifying crop landraces.
Plant Genetic Resources 3:373-384.

Vrijenhoek RC and Leberg PL. 1991. Let’s not throw the baby out with the bathwater: a comment on
management for MHC diversity in captive populations. Conservation Biology 5:252-254.

Wallander S 2020. Soil tillage and crop rotation. USDA, Economic
Research Service:https://www.ers.usda.gov/amber-waves/2013/march/while-crop-rotations-are-
common-cover-crops-remain-rare/.

Ward HM 1882. Researches on the life history of Hemileia vastatrix. Journal of the Linnaean Society.
19:299-335.

Warschefsky EJ and Rieseberg LH. 2021. Laying the groundwork for crop wild relative conservation
in the United States. Proceedings of the National Academy of Sciences 118:e2024375118.

White P, Choi A, Pandey R, Menezes A, Penley MJ, Gibson AK, de Roode JC, and Morran
LT. 2020. Host heterogeneity mitigates virulence evolution. Biology Letters 16:doi: 10.1098/
rsbl.2019.0744.

Whiteman NK, Matson KD, Bollmer JL, and Parker PG. 2006. Disease ecology in the Galapagos
Hawk (Buteo galapagoensis): host genetic diversity, parasite load and natural antibodies.
Proceedings of the Royal Society B 273:797-804. [PubMed: 16618672]

Williams ES, Thome E, Appel MJ, and Belitsky DW. 1988. Canine distemper in black-footed
ferrets (Mustela nigripes) from Wyoming. Journal of Wildlife Diseases 24:385-398. [PubMed:
3411697]

Willoughby JR, Sundaram M, Wijayawardena BK, Kimble SJ, Ji Y, Fernandez NB, Antonides JD,
Lamb MC, Marra NJ, and DeWoody JA. 2015. The reduction of genetic diversity in threatened
vertebrates and new recommendations regarding IUCN conservation rankings. Biological
Conservation 191:495-503.

Wolfe M 1985. The current status and prospects of multiline cultivars and variety mixtures for disease
resistance. Annual Review of Phytopathology 23:251-273.

Evolution. Author manuscript; available in PMC 2023 January 01.


https://www.ers.usda.gov/amber-waves/2013/march/while-crop-rotations-are-common-cover-crops-remain-rare/
https://www.ers.usda.gov/amber-waves/2013/march/while-crop-rotations-are-common-cover-crops-remain-rare/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Gibson

Page 29

Wolfe MS and Ceccarelli S. 2020. The increased use of diversity in cereal cropping requires more
descriptive precision. Journal of the Science of Food and Agriculture 100:4119-4123. [PubMed:
31271220]

Wolter F, Schindele P, and Puchta H. 2019. Plant breeding at the speed of light: the power of
CRISPR/Cas to generate directed genetic diversity at multiple sites. BMC Plant Biology 19:1-8.
[PubMed: 30606102]

Wouest SE, Peter R, and Niklaus PA. 2021. Ecological and evolutionary approaches to improving crop
variety mixtures. Nature Ecology & Evolution 5:1068-1077. [PubMed: 34211140]

WWF WWEF 2020. Living Planet Report 2020: Bending the Curve of Biodiversity Loss. WWF.

Yang LN, Pan ZC, Zhu W, Wu EJ, He DC, Yuan X, Qin YY, Wang Y, Chen RS, Thrall PH,

Burdon JJ, Shang LP, Sui QJ, and Zhan JS. 2019. Enhanced agricultural sustainability through
within-species diversification. Nature Sustainability 2:46-52.

Zhan J and McDonald BA. 2013. Field-based experimental evolution of three cereal pathogens using a
mark-release—recapture strategy. Plant Pathology 62:106-114.

Zhan J, Thrall PH, Papaix J, Xie L, and Burdon JJ. 2015. Playing on a pathogen’s weakness: using
evolution to guide sustainable plant disease control strategies. Annual Review of Phytopathology
53:19-43.

Zhu'Y, Chen H, Fan J, Wang Y, Li Y, Chen J, Fan J, Yang S, Hu L, and Leung H. 2000. Genetic
diversity and disease control in rice. Nature 406:718. [PubMed: 10963595]

Evolution. Author manuscript; available in PMC 2023 January 01.



	Abstract
	Introduction
	Foundations of the hypothesis
	Applying the hypothesis
	In agriculture
	In evolutionary biology
	In conservation

	Open questions on genetic diversity and disease
	When does genetic diversity fail to limit parasitism?
	Does host diversity stabilize disease risk?
	How much is enough?
	Does parasite diversity increase parasitism?
	How do parasites evolve in genetically diverse host populations?

	Conclusion
	References

