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Summary

Host jumping is a process bywhich pathogens settle in newhost groups. It is a cornerstone in the

evolutionofpathogens, as it leads topathogendiversification. It is unsurprising thathost jumping

is observed in facultative pathogens, as they can reproduce even if they kill their hosts. However,

host jumps were thought to be rare in obligate biotrophic pathogens, but molecular

phylogenetics has revealed that the opposite is true. Here, I review some concepts and recent

findings and present several hypotheses on thematter. In short, pathogens evolve and diversify

via host jumps, followedby radiation, specialisation and speciation.Host jumps are facilitatedby,

for example, effector innovations, stress, compatible pathogens and physiological similarities.

Host jumping, subsequent establishment, and speciation takes place rapidly – within centuries

andmillennia rather than overmillions of years. If pathogens are unable to evolve into neutral or

mutualistic interactions with their hosts, they will eventually be removed from the host

population, despite balancing trade-offs. Thus, generally, plant pathogens only survive in the

course of evolution if they jump hosts. This is also reflected by the diversity patterns observed in

many genera of plant pathogens, where it leads to amosaic pattern of host groups over time, in

which the original host group becomes increasingly obscure.

I. Host jumps are defined by a genetic differentiation
of the pathogen gene pool

Host jumps are usually detected by a lack of congruence between
pathogen and host phylogeny; (Roy, 2001; Staats et al., 2005; Choi

&Thines, 2015), that is, the branching patterns in the phylogenetic
trees of hosts and pathogens are different and do not mirror the
relationships in the other group.While initially it was thought that
pathogens and their hosts co-evolve over longer time scales, and
some early molecular phylogenies seemed to support this view
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(Whitfield, 2000; Begerow et al., 2004), there has been an
increasing amount of evidence that host jumps are a very common
phenomenon, both in facultative (Staats et al., 2005; Videira et al.,
2017) and obligate biotrophic pathogens (Roy, 2001; Refr�egier
et al., 2008; Choi & Thines, 2015; Escudero, 2015; McTaggart
et al., 2016).

There are two fundamentally different kinds of host jump: those
that occur within the life cycle of a pathogen – among plant
pathogens, the rust fungi are the most widely known example that
falls into this category (Petersen, 1974; van der Merwe et al. 2004;
Aime et al., 2018) – and those that occur in the course of evolution
(de Vienne et al., 2013; Choi & Thines, 2015). As will be outlined
later, both forms have a fundamentally different setting and
influence the evolution of pathogens in different ways.

When considering host jumps over the course of evolution, it is
difficult to differentiate between host range expansions and host
jumps because the borders between those two categories are often
ill-defined. The prevailing definition – that host range expansions
are to species closely related to the original host, while host jumps
are to distantly related hosts (Schulze-Lefert & Panstruga, 2011) –
can be dismissed. Instead, any expansion of the host range by an
organism that leads to isolation from the original gene pool, leading
to genetic differentiation and finally speciation, should be consid-
ered a host jump (Choi & Thines, 2015), irrespective of the
phylogenetic distance of the hosts. Only a colonisation of new hosts
not affecting the gene pool of the pathogen species concerned
should be considered a host range expansion. This is a common case
with introduced hosts, where colonisation by indigenous
pathogens can be highly efficient (V�agi et al., 2007; Telle et al.,
2011), or in mycorrhizal fungi, where the need for efficient defence
by the plant against the fungus is lower. However, the paths of host
range expansions and host jumps may converge later in evolution
(Box 1, Fig. 1). At least in pathogens with a negative effect on plant
fitness, host range expansions may be metastable if the new host is
able to support a significant percentage of the pathogen population.

In an evolutionary setting, host jumps are likely to start with a
suboptimal interaction of a pathogen with a new host and proceed
by relative increases in efficiency of infection. The process of host
jumping is concluded when the new host can be colonised with a
similar efficiency to that of the original pathogen on the original
host. During the initial phase of suboptimal interaction, either
defence reactions of the new host halt the pathogen before a large
quantity of spores for new infections have been formed, or the host
individual is killed after a fast initial colonisation. This initially
unbalanced interaction with the host will lead to a substantial
reduction in fitness. It can be assumed that the vast majority of host
jumps will almost immediately end with the removal of the
pathogen from the newly colonised host due to the inability of the
pathogen to sustain the disease cycle. Pathogens that are also able to
obtain nutrients from dead plant tissue have an evolutionary
advantage over obligate biotrophs at this stage, as necrotrophy is
part of their pathogenic nature. They can absorb nutrients from
dead tissue, enabling the formation of propagules even if the
establishment of a biotrophic interaction fails. Following the same
logic, it wouldbe expected that biotrophic pathogens,which rely on
a living host for efficient nutrition, are much less able to jump to

new hosts. Counterintuitively, molecular phylogenies have
revealed that host jumping is common in both facultative and
obligate biotrophs (Voglmayr, 2003; Refr�egier et al., 2008; de
Vienne et al., 2013; Choi & Thines, 2015). While it seems that
facultative biotrophs and hemibiotrophs have a selective advantage
over obligate biotrophs at the initial stages of host jumping, this
selective advantage may be counterbalanced by other effects in
obligate biotrophs. One of these might be the strong selection
pressure to genetically adapt to reduce damage to the new host,
which might favour biotrophic interaction.

II. Increasing non-host resistance along phylogenetic
distance is counterbalancedby increasingly inefficient
pathogen recognition

The primary mechanism of preventing host jumps is non-host
resistance (Schulze-Lefert&Panstruga, 2011).Non-host resistance
is usually mediated by pattern recognition receptors (N€urnberger
& Lipka, 2005; Zipfel, 2014) that recognise molecular features of
pathogens. In simplified terms it can be stated that non-host
resistance to a certain pathogen is a function of phylogenetic
distance to the host of said pathogen (Schulze-Lefert & Panstruga,
2011). This hypothesis was first formulated by Fahrenholz (1913)
on the basis of his observations of lice. The rule he conceived states
that the relationships between pathogens on particular hosts
provide evidence for the relationships between said hosts. In other
words, pathogens on related host species are more likely to be
identical or closely related than those on more distantly related

Box 1 The host–pathogen setup

Biotrophy:Amode of nutrition duringwhich exploited host cells and
tissues are kept alive.Obligate biotrophic pathogens fully depend on
this mode of nutrition. Sometimes only specific life stages – in
facultative biotrophic pathogens, often the dikaryotic stage – are
obligate biotrophic, and in hemibiotrophic pathogens biotrophic
nutrition is only in effect for a limited time.
Evolutionary trajectory: A foreshadowed, continuous path in evo-
lution under given circumstances.
Host preference: The tendency of a pathogen to occur mostly on a
specific host.
Host range: The species that can be affected by a given pathogen
under natural conditions.
Host range expansion: A colonisation of new host species without
direct influence on the gene pool of the pathogen.
Host jump: A colonisation of a new host species that leads to
increasing genetic separation from the parent population until
speciation is complete.
Radiation:Theprocessbywhichawidehost range is narroweddown
by superiorfitnessof adaptedgenotypesover generalist phenotypes;
an evolutionary trajectory towards specialisation.
Speciation: The process during which groups of genotypes derived
from the same parent population diverge to a degree that
introgression leads to decreased fitness. Once this is the case these
will be a trajectory towards strong genetic isolation, by increasingly
less overlapping host ranges, effectively prohibiting gene flow,
eventually leading to reproductive barriers.

New Phytologist (2019) � 2019 The Author

New Phytologist� 2019 New Phytologist Trustwww.newphytologist.com

Review Tansley review
New
Phytologist2



hosts. Fahrenholz deduced that the reason for this is that
physiological and cell biological similarities render it easier for
the pathogens to copewith the environment in a related host than in
an unrelated host.

While the relationship between non-host resistance and phylo-
genetic distance to the host might not be as linear as assumed by
Schulze-Lefert&Panstruga (2011), there are at least some trends in
this direction (Fig. 2a). This is because with increasing phyloge-
netic distance to potential hosts, the potential effector targets will
likely be increasingly divergent from the ones in the original host.
Concomitantly, the percentage of pathogenicity effectors that can
operate on their host target is likely to decrease. Thismeans that the
suppression of the defence reaction of the host incited by pathogen-
associatedmolecular patterns (PAMP), leading to pattern-triggered
immunity (PTI), will likely be less efficient. Thismight, to a certain
degree, be counterbalanced by the lack of specific recognition of
pathogenicity effectors that interact directly with the resistance
proteins of the new host (leading to effector-triggered immunity
(ETI)), for example by acting as decoy (van der Hoorn&Kamoun,
2008; Kourelis & van der Hoorn, 2018). The reason for this is that
if, in a certain host, PTI is a mostly sufficient means of fighting a
pathogen, it should be expected that there will be little evolutionary
pressure to preserve or evolve means of effector recognition. Thus,
ETI on a new host will only occur if the new pathogen targets
conserved proteins that have been targeted by significant effectors
of other pathogens with which the host co-evolves. Non-host
resistance by ETI in species closely related to the current host is,

thus, likely a vestige of the process of previous removal of a
predecessor of the pathogen from that particular plant species
(Fig. 2a, see also sections VI and VII of this review). This ETI will
bemaintained as long as the pathogen prevails on related hosts, as in
this case there might be a frequent contact with the pathogen.

These considerations directly lead to an additional factor that
influences the presence of non-host resistance – geographical
distance (Fig. 2b). A pathogen impacting a species in a certain area
might lead to the evolution andmaintenance of non-host resistance
in sympatric (i.e. co-occurring) species. With increasing geograph-
ical distance between the range of the current host and a potential
new host, the likelihood of encounters between a pathogen and a
potential host decreases. This means that selection pressure to
evolve or maintain non-host resistance to a specific pathogen
decreases at all levels of defence. Thus potential host species that
exist in geographically isolated or distant areas anddonot come into
contact with the pathogen species, or even genus, will likely have a
much lower degree of non-host resistance. This is probably the
main reason why pathogens, when invading new areas along with
their cultivated hosts for example, will jump to new hosts in that
area. In line with this, hosts that are brought to new geographic
areas are prone to infection by the pathogens that prevail in that area
and become host to them. An example of an alien pathogen species
performing host jumps is the rust fungus Puccinia psidii sensu lato
(s.l.), which after introduction from North America to Australia
colonised a variety of native Myrtaceae (Carnegie et al., 2016).
Examples of crops being attacked by new species are manifold and

Host jump

Host range expansion

Hosts 

Progress Before During After

Pathogen
genotypes

Hosts 

Pathogen
genotypes

Fig. 1 Acomparisonof host jumps andhost rangeexpansions. In bothpanels the coloured squares are a schematic representationof thepathogengenepool on
each host plant over the course of time. Different colours indicate different genotypes. The plants on the left represent the original stage, those in the centre
represent the initial situation after new hosts are colonised, and the plants on the right represent an advanced stage. The top row illustrates a host jump. First,
only one host species is affected. Then, due to an innovation in the effector repertoire, a new host can be colonised, but the innovation is not advantageous on
theoriginal host. This leads togenetic isolation, and thegenepool andeffectomediverges. The lowerpanel depicts ahost rangeexpansion. First, onlyonehost is
affected; the alien host is not yet present (illustrated in outline only). Then a new host comes into the same area and is colonised efficiently by the pathogen.
Alternatively, thehostwasalreadypresent,butdue toan innovation that is beneficial for thewholepopulation, anewhost canbecolonised.Nogenetic isolation
occurs, and the gene pool remains undifferentiated.
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the various Peronosclerospora species attacking maize in Asia
(Kenneth, 1981; Shivas et al., 2012) are a prominent example for
this). This effect is likely to be stronger when there are no closely
related pathogens in the natural range of the host. A good example
of this is again maize – at its centre of origin, graminicolous downy
mildews, including the genus Peronosclerospora, were originally
absent (Spencer & Dick, 2002). The grass tribe to which maize
belongs is therefore ill-equipped to resist parasitism by gramini-
colous downy mildews when grown in East Asia and Oceania, the
assumed centre of origin of Peronosclerospora (Spencer & Dick,
2002).

Another factor thatmightmodify the likelihood of host jumping
is the likelihood of an encounter between pathogen and non-host
within the same area – that is, the ecological distance between the
host of a pathogen and a non-host (Fig. 2c). Hosts that frequently
co-occur in the same habitat because of similar ecological
preferences are more likely to be challenged by pathogens of the
other host than hosts that simply co-occur in the same area. This
leads to a higher likelihood of the pathogen encountering a plant in
a state in which limited reproduction on it might be possible
(potential reasons are outlined in section III), thus facilitating host
jumps. However, the frequent encounters are also likely to provide
selection pressure towards improving non-host resistance against
the pathogen (Fig. 2c). A model of how various factors contribute
to non-host resistance is outlined in Fig. 2.

III. Pathogens maintain effector reservoirs that are
crucial for host jumps to counteract ETI

Host jumps are enabled by a variety of factors. A very important
prerequisite is a mutation rate higher than that of the host, which
has been generally observed in parasitic lineages (Gandon &
Michalakis, 2002). A high mutation rate together with a fast
cycling (and asexual reproduction, as this will make selection of
somatic mutations possible) enables the pathogen to outrun the
host, which is important especially in the initial phases of host

jumps, but also later, when an evolutionary arms race sets in. In
this context it is important to recognise that the host only needs to
establish indirect recognition, for example danger-associated
molecular patterns (DAMPs) sense pathogen-associated molecu-
lar patterns (PAMPs) (Zipfel, 2014; Gust et al., 2017), or detect
specific manipulation on one or two vital hubs targeted by the
pathogen. By contrast, circumventing this recognition by manip-
ulating defence pathways in a way that the infected plant can
develop almost as if it was uninfected is likely to involve more
steps, as several intertwined pathways need to be interfered with.
This might be a factor explaining why filamentous pathogens
usually express dozens to hundreds of effectors on their natural
hosts, a topic also discussed by Thordal-Chirstensen et al. (2018).
I speculate that it is important for pathogens to maintain not only
high mutation rates, but also effector redundancy (multiple
effectors targeting the same pathway or even the same target), so
that effector loss as a response to recognition does not lead to a loss
of pathogenicity. Along the same lines, a reservoir of effectors with
only little effect on pathogenicity is likely maintained, as it
contains the pre-adaptations and adaptive material that are
important during arms races and host jumps. Adaptation after
host jumps may also be by means of neofunctionalisation, should
they by chance be interacting with a new target in the new host, as
shown for Tin2 of Ustilago maydis by Tanaka et al. (2019).

All hemibiotrophic and biotrophic pathogens have evolved
various means by which to maintain effector reservoirs and to
rapidly adapt (Dong et al., 2015; Bertazzoni et al., 2018). Com-
mon to all solutions is that the duplication or deletion of one or
several effectors does not have a huge impact on flanking regions of
housekeeping genes. The reason for this separation of effectors and
housekeeping genes is probably that regulatory changes necessary to
optimise the expression of the effectors are easier to achieve if there
are no housekeeping genes nearby, as co-regulation effects that
could bring the cell metabolism out of balance are less likely to
occur. This means that effectors often localise to ‘compartments’ in
the genome distinct from conserved genes (Frantzeskakis et al.,
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Fig. 2 Model for the dependency of non-host
resistance (blue lines) and pathogen virulence
(red lines) on various factors. The arrows
denote important deviations from linearity. (a)
Increased non-host resistance in related
species as a reminiscence of the radiation step
in pathogen evolution, when a huge range of
hosts could still be colonised by the nowmore
specialised pathogen. (b) Pathogen virulence
in relation to geographic distance. Left arrow
indicatesnon-overlapwith the samepathogen
species or species group; right arrow indicates
non-overlap with the larger pathogen group
concerned. (c) Increased non-host resistance
in hostswith similar ecological preferencesdue
tomore frequent encounters. (d) Physiological
similarities of hosts lead to a higher degree of
pre-adaptation of pathogens.
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2019). In Phytophthora and powdery mildew, this is realised by the
location of effectors in gene-sparse regions (Raffaele et al., 2010;
Spanu et al., 2010; Raffaele & Kamoun, 2012; Hacquard et al.,
2013); in for example Colletotrichum, Fusarium and Leptosphaeria,
this is enabled by physiologically dispensible chromosomes
(Balesdent et al., 2013; Vlaardingerbroek et al., 2016; Plaumann
et al., 2018), and in Neofusicoccum and Ustilago this is made
possible by clustering of virulence factors (Lanver et al., 2017;
Massonnet et al., 2018).

The aforementioned ways in which pathogens uncouple house-
keeping and virulence functions should probably be viewed as an
adaptation that compensates for the reduction of saprotrophic
ability ultimately leading to obligate biotrophy, as they enable a
more fine-tuned deployment of virulence factors. In facultative
pathogens that are still competitive saprotrophs, such as some
Pythium species, effectors evolve in the general background of gene
evolution, and the loss of pathogenicity will not impact the survival
of the species significantly. The better a pathogen is adapted to its
host, themore likely it is that it will be able to extract nutrients with
little or no competition from other organisms. However, a more
specialised adaptation is likely to lead to greater disadvantages for
the pathogen species in case of the loss of virulence on a larger part of
the host population. This probably drives both higher mutation
rates and the evolution of plastic genome regions in pathogens to
counter the evolution of resistance in the hosts.

Another way of maintaining effector reservoirs is present in
dimorphic fungi, that is, fungi that have a yeast stage and a
mycelium stage in their life-cycle. The strong saprotrophic
performance of some yeasts of the smut fungi (Kruse et al., 2017),
at least in special environments, enables the retention of a species-
wide pool of individuals that are sub-optimally adapted to their
potential plant hosts. This might be one of the main reasons for the
conservation of a yeast-like stage inmost smut fungi (Sharma et al.,
2019). In (probably infrequent) cases of sexual reproduction, when
compatible yeasts co-occur on the same host, genetically divergent
lineagesmay hybridize. This would lead to a reshuffling of effectors,
which might lead to altered host ranges. This infrequent sexual
reproduction by mostly clonal or selfing lineages can also explain
the large host spectrum of Albugo candida as a species, while single
genotypes have restricted host ranges (Thines, 2014; Jouet et al.,
2019). In powdery mildews, host shifts by effector re-shuffling due
to hybridisation have been observed (Menardo et al., 2016), and in
cases of overlapping hosts, hybrid-driven host jumps may not be
rare (Hacquard et al., 2013; Thines, 2014; McMullan et al., 2015;
DePotter et al., 2016).

A special situation is present in the rust fungi of the class
Pucciniomycetes, many of which perform an obligate host switch
during their life cycle, so specific stages occur on a specific host. In
the case of the rust fungi of the class Pucciniales, the hosts often
belong to phylogenetically distant groups, such as angiosperms and
gymnosperms ormonocots and dicots (Aime et al., 2018). The host
switching within the life cycle in these cases is likely enabled by a
strong separation of gene regulation in monokaryotic and dikary-
otic hyphae (Lorrain et al., 2018), whichmight be enabled by stage-
specific transcription factors that can only be activated or
deactivated in the presence or absence of a second nucleus in a

hyphal compartment. By switching hosts concomitantly, the
possibility of variation beyond optimal interaction is provided –
sub-optimal performance on one of the two hosts may be
outweighed by more successful performance on the other. As well
as retaining the possibility of infrequent genetic exchange, this
might also explain why there are often many different species that
rely on the same monokaryon host. A model for this is Euphorbia
cyparissias, which is parasitised bymany species ofUromyces in their
monokaryotic stage, while in their dikaryotic stage they affect
phylogenetically distant species of legumes (Pfunder & Sch€urch,
2001). A similarmechanismmight enable species ofTuberculina to
perform inter-kingdom host jumps from plants to fungi within a
single life cycle (Lutz et al., 2004). Fig. 3 shows a model of the
various means by which plant pathogens build and maintain a
reservoir of effectors with potential new roles over the course of
evolution.

IV. Host jumps are facilitated by compatible
pathogens, physiological similarity and frequent
contact

Apart from these general considerations, there are additional factors
that need to be considered to gain insights into how pathogens
perform host jumps. A notable factor that has been highlighted by
the observations of Cooper et al. (2002) is the presence of
compatible pathogens. For example, it has been observed that
Albugo laibachii suppresses host defence in such a way that species
of downy mildew (Cooper et al., 2002, 2008) and Phytophthora
(Belhaj et al., 2017) are able to co-colonise Arabidopsis thaliana.
That this process of hitchhiking is not only a laboratory curiosity
but might also play a major role in nature stems from observations
that, for example, Bremia tulasnei is very often associated with
Pustula spp. (M. Thines, pers. obs.), whileHyaloperonospora sp. on
Sinapis arvensis performs significantly better in the presence of
Albugo candida (Fig. 4). However, there are also pathogens that
rarely co-occur despite having the same host plant (e.g.
Microbotryum tragopogonis-pratensis and Pustula obtusata), and
such species could therefore be termed incompatible pathogens (M.
Thines, pers. obs.). Plant-associated microbes interact, often
forming a complex environment (Porras-Alfaro & Bayman, 2011;
Vandenkoornhuyse et al., 2015; Agler et al., 2016; Arag�on et al.,
2017) that is influenced to different degrees by various members of
the microbiome (Agler et al., 2016). Thus, one could argue that,
often, compatible microbiomes rather than single organisms
support host jumps in nature.

Based on recent findings (Carella et al., 2018;Matei et al., 2018)
there is evidence for a tissue or organ specificity of non-host
resistance, in line with physiological peculiarities (Miyawaki et al.,
2004; Bednarek et al., 2005; Toru~no et al., 2016). Support for the
hypothesised tissue specificity of non-host resistance comes from
the fact that closely related pathogens on unrelated hosts often
occur in similar tissues. The floricolous downy mildews provide a
good example of this – all of them produce conidia in the flowers of
their hosts, and many exhibit a strong preference for certain floral
organs, such as the stigma (Thines & Kamoun, 2010; Thines &
Kummer, 2013). Arguably, the physiology and non-host resistance
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of a flower will differ from that of vegetative organs, for example, as
they are a sink rather than a source of photosynthesis products
(whichmight also be a reason why an additional sink by a pathogen

is less easily recognised). So, once a proficient means of infecting
floral organs has evolved, the hurdle for colonising flowers of other
hosts may even be lower than for all other organs of the current host
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Fig. 4 Field observation of the effect of
compatible pathogens as potential facilitators
of host jumps. All three pictures of the same
host, Sinapis arvensis, are from the same field.
(a) Sporulation in subepidermal sori of an
Albugo candida strainwell-adapted to its host.
(b) Abundant sporulation of
Hyaloperonospora brassicae sensu lato (s.l.)
near the pustules of A. candida (where its
hyphal network is especially dense) without
causing cell death. (c) Hyaloperonospora
brassicae s.l. causing runaway cell death and
with only very limited sporulation, a state that
will have a very strong selection pressure for
the production of more spores while
simultaneously imposing a lower fitness cost
on the host.
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with a dense hyphal network (and this could perhaps explain why
the floricolous downy mildews are able to grow in shoot vascular
tissues down to the roots, as they are also carbon-sink tissues).
Similarly, there has been a host jump from vines of the
Cannabaceae family to vines in the Cucurbitaceae family by
downymildews of the genusPseudoperonospora (Runge et al., 2011;
Runge&Thines, 2012). These examples give rise to the hypothesis
that a similar physiology is a factor which improves pathogen
virulence and the likelihood of host jumping (Fig. 2d).

It can be assumed that apart from this, themost important factor
enabling successful host jumps is a contact zone created by host
habitat preferences that at least partly overlap, (see also the last
paragraph of section II) such that infected hosts and non-hosts
frequently co-occur and there are many possibilities for the
initiation of a host jump under conditions that are optimal for the
pathogen. In line with this, the mostly host-species-specific
pathogens of the Hyaloperonospora arabidopsidis species complex
are all closely related but occur on largely unrelated hosts (G€oker
et al., 2004; Thines et al., 2009). However, all of the hosts are
annuals or short-lived perennials that live in open habitats, and all
are affected by white blister rust, which in this case might act as a
bridge pathogen. While many of the hosts do not co-occur over

their entire range and the white blister pathogen is not frequent
everywhere, there are areas in which two of the hosts grow in the
same habitat and where white blister disease is common as well (M.
Thines, pers. obs.). An example host species isArabidopsis thaliana,
which often co-occurs with Erophila verna and related species on
sandy soils in eastern Germany, where A. thaliana is also frequently
parasitised by white blister rust. It is conceivable that in such a
setting favourable conditions for host jumps are present, which can
lead to the successful establishment of a pathogen on a new host,
with intermediate steps as observed for the downymildewpathogen
of S. arvensis (Fig. 4).

V. Pre-adaptive innovations in core effectors trigger
host jumps that lead to pronounced gene loss,
diversifying selection and neofunctionalisation of
effectors

In order for a host jump to occur, there must be pre-adaptations in
the pathogen that is jumping hosts – the pathogen needs to be able
to suppress defence reactions in the new host, at least to some
degree. It is conceivable that effective manipulation of only a few
hubs in plant defence pathways is sufficient to allow some
colonisation. This is in line with some mutants of Arabidopsis,
for which the deletion of one or few genes leads to colonisation by
unadapted pathogens (Century et al., 1995; Glazebrook et al.,
1996; Parker et al., 1996; Stein et al., 2006).

Effectors that contribute significantly to overall defence sup-
pression are prone to becoming conserved after they first evolve,
and have the potential to become a member of the core set of
effectors that defines a certain group of pathogens. These effectors
contribute significantly to the colonisation and evolutionary
success of pathogen groups (Box 2, Fig. 5). An example of such a
core effector is PEP1, which is required for pathogenicity in U.
maydis (Doehlemann et al., 2009) and is conserved throughout the
Ustilaginaceae, a species-rich family parasitic to grass hosts
(McTaggart et al., 2012). It is of note that this effector is also
able to exert its function – the inactivation of plant peroxidases – in
distantly related plants (Hemetsberger et al., 2015), which might
have been an important prerequisite for the host jump from grasses
to members of the dicot genus Persicaria of the Polygonaceae
family. Thus, innovations in core effectors are likely to be a
hallmark enabling diversification and radiation of plant pathogens.
This also means that the advent of such an innovation – that is, the
evolution of a new effector which acts upon a conserved target – can
be the trigger for host jumps, radiation and diversification, as
outlined in section VII.

If a host jump has occurred, the farther the host jump, the fewer
effectors can be expected to find a fitting target in the newhost. This
means that particularly large host jumps can be expected to be
associatedwithmarked gene loss (Sharma et al., 2014). Conversely,
gene gain plays only a minor role in the adaptation to new hosts
(Sharma et al., 2014) and is probably restricted to the duplicationof
few effectors that are acting on structurally related plant proteins.
Because most of the effectors that are still able to act upon, for
example, conserved proteins of the plant defence pathways, will
probably not perform optimally due to the phylogenetic distance

Box 2 Types of pathogenicity effectors and their significance

Apoplastic effector: An effector that exerts its function in the plant
apoplast, that is the space between the cells. Usually, these effectors
interact with pre-formed defence mechanisms, for example extra-
cellular proteases.
Cytoplasmic effector: An effector that promotes disease by inter-
acting with intracellular targets. These targets can be host RNA,
DNA, protein or other complex structures, and can function in any
cell compartment, including the nucleus, membrane, vesicles,
mitochondria and plastids.
Core effector: An effector required for pathogenicity within a given
pathogen group. Often such effectors are functionally conserved,
target conserved key defence mechanisms and are a hallmark of the
evolutionary success of the pathogen group concerned. An example
for this is PEP1, an inhibitor of plant peroxidaseswhich is present in all
members of the Ustilaginaceae family investigated so far.
Tuning effector: An effector which enhances the pathogenicity of a
few related pathogen species or even only a single pathogen species.
Often such effectors are functionally variable in related species and
have more specific targets, including counter-defence against
specific pathogen recognition. An example of this is ATR1, a small
protein known only from Hyaloperonospora arabidopsidis and
closely related pathogens.
Auxiliary effector: An effector that only weakly promotes virulence
and which therefore has only mild constraints with respect to loss,
duplication andmutations. Thus, they are the seed for the evolution
of new tuning and core effectors.
Effector reservoir: The majority of effectors of a pathogen. It can
have largely different contents, even within different strains of the
same species.Many of these effectors have only a very limited effect
under normal interaction circumstances, but might be beneficial
under certain conditions. This pool of effectors ensures the evolu-
tionary flexibility of pathogens as it provides a resource for
innovation. Rapid birth and death and little structural conservation
are hallmarks of these effectors.
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from the original host, it is expected that there will be strong
selection pressure on those effectors towards an optimised inter-
action, as exemplified by the dicot-affecting smut fungus Ustilago
pennsylvanica (synonym Melanopsichium pennsylvanicum, Sharma
et al., 2014) and the Phytophthora infestans species cluster (Raffaele
et al., 2010; Dong et al., 2014). In addition, some effectors will be
able to interact with ontogenetically divergent, yet structurally
similar, targets, which leads to neofunctionalisation of the effector
(Tanaka et al., 2019). A general model for the contribution of
various effector categories is presented in Fig. 5.

VI. Fitness trade-offs create the evolutionary frame in
which long-term survival generally requires host
jumps

There is an obvious evolutionary trajectory for pathogens –
especially for obligate biotrophic ones – to reduce the fitness cost for
the host while still ensuring the production of enough offspring, for
example in the form of spores, to ensure survival of the pathogen.
This is a difficult trade-off with various metastable states.
Reduction of fitness costs to the host can lead to almost
asymptomatic infections in natural populations, with only rare
formation of spores (Saikkonen et al., 2002; Ploch & Thines,
2011), especiallywhen vertical transmission fromone generation of
the host plant to the next is efficient. Fitness effects for the plants are
thus reduced in such a way that they might stay close to the
threshold of evolutionary insignificance.Conversely, there is always
the risk of death together with the host before reproduction, or of
failed colonisation of fruits and seeds under unfavourable condi-
tions. By contrast, it might even be positive for a host to allow
colonisation by pathogens with little fitness trade-offs if there are
co-occurring genotypes of the host in which infections lead to a
more severe fitness loss, as the former will be able to outcompete the
latter in the presence of the pathogen. However, this would require

a scenario of frequent co-occurrence and a minimal negative effect
of the pathogen on susceptible hosts. Thus, it seems that such
associations might be evolutionarily unstable in specialised
pathogens. A more stable situation is reached if the pathogens
provide a more general positive effect, such as the production of
chemical substances that protect the host from herbivores (Carroll,
1988; Saikkonen et al., 2016).

If no balancing effects are present, even a small negative impact of
a pathogen on its host will lead to a selection pressure to remove the
pathogen. To achieve resistance, plants must be able to perceive a
manipulation by only a few effectors, or even by a single effector,
whichmeans that the cost of resistance towards a single pathogen is
probably usually rather low, especially when considering that the
effective guarding of a protein in a signal cascademight also provide
resistance against additional pathogens that manipulate the same
target (R€omer et al., 2009;Dodds&Rathjen, 2010;Mukhtar et al.,
2011; Weßling et al., 2014). This means that plants susceptible to
infection by a pathogen will likely suffer a stronger negative fitness
effect if parasitised than resistant plants face for maintaining a
resistance gene. This may also be the main reason why pathogens
diversify after host jumps and radiation, as only pathogen
genotypes specialised to a certain species or subspecies of the host
are likely to be able to keep up with the pace of evolving resistance
against the pathogen in the new host. While this evolutionary arms
race leads to diversification and speciation in the pathogen, it will
also render its niche smaller and smaller, and there will likely be
more andmore host–pathogen associations lost. As a consequence,
over the course of evolution pathogens can be expected to be
marginalised in such a way that they can infect fewer and fewer
genotypes, so that potential hosts aremore andmore scattered until
the pathogens are removed from host populations by chance. This
is probably also one reason for the usually high dispersal potential of
pathogens, which enables them to escape local populations that
acquire resistance. Therefore, it seems reasonable to assume that
pathogens generally have a higher dispersal ability than their hosts.
An escape necessitates the production of a significant number of
spores, which translates into energy drained from the host and,
thus, a negative impact on host fitness. This, in turn, increases the
selection pressure to remove the pathogen. A way to escape this
dilemma is to jump hosts in order to avoid extinction. While there
is no selection towards jumping to a new host – this happens by
chance – there will be selection pressure to maintain the possibility
of jumping if the boundary conditions are met, as otherwise
pathogens would likely eventually face extinction over the course of
evolution. A result of this is the plethora of host jump events that
have been identified in various successful (in terms of species
diversity and abundance) pathogen groups (Voglmayr, 2003; V�agi
et al., 2007; Thines & Kummer, 2013; Thines, 2014; Aime et al.,
2018; Kruse et al., 2018a).

VII. Phylogeny provides evidence for recurrent host
jumping and extinction of lineages that did not jump
hosts

Considering the hypotheses outlined thus far, there are a number of
predictions that can be made for pathogen evolution. After a host

Core effectors

VirulenceRelative
amount

Regulation Variance

Tuning effectors

Auxiliary effectors

Fig. 5 Model for the relative contribution of effector types to pathogen
features in a well-established pathogen. Core effectors are those conserved
throughout a group of plant pathogens, while tuning effectors are those
specifically adapted to interact with a particular host, for example to shut
downeffector-triggered immunity. The term regulation ismeant in the sense
of the strength of regulation during infection; variancemeans overall
variance in the gene pool of the pathogen species.
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jump, especially if the host jump was to a geographically and
phylogenetically distant host, the pathogen will not face defence
reactions specifically directed against it, which means that the
performance of its core effectors with respect to the suppression of
plant defence is the major determinant of successful colonisation.
Subsequently, there is a strong selection pressure on the pathogen to
increase performance and fit to the newhost environment. Thiswill
not only lead to a diversifying selection of sub-optimally interacting
effectors, but also to a loss of many effectors that were needed to
suppress specific defences in the previous host, as they are not
needed anymore (Sharma et al., 2014). This means that during
these first evolutionary steps the pathogen is already prone to lose
fitness on its original host, where it would be outcompeted by fully
adapted strains, while backcrosses endanger its performance on the
new host. Consequently, if there is no immediate gain of full
virulence – which might be restricted to a few, possibly evolution-
arily highly significant, host jumps – it is likely that there will be a
rather quick genetic isolation of a pathogen after a host jump,
leading to speciation.

Most host jumps are unlikely to be successful, because the
pathogen, even if it was able to reproduce under optimal conditions
(e.g. in the presence of a compatible pathogen or on an otherwise
immuno-compromised host), will not find suitable conditions
frequently enough to ensure survival by sustained completion of the
disease cycle. If the struggle for initial survival is successful,
however, the pathogen will be optimised by evolutionary pressure
towards spore production and colonisation of its new host. As a
consequence, if the new host is widespread, the pathogen will
quickly become widespread as well, as has been observed in some
pathogens invading newhosts outside their native range (Milgroom
et al., 1996; Gross et al., 2014).

Subsequent to, or even concomitant with, the later stages of
optimisation of performance on the new host, it is likely that the
adaptation of the pathogen to the new host environment will often
enable it to colonise other hosts related to the one it has jumped on.
If the proteins the pathogen has targeted for the initial host jump are
conserved throughout the phylogeny of the new host group, the
pathogen might consequently be able to colonise dozens of new
hosts, setting the starting point for a radiation of the pathogen. A
situation like this can be seen in the oomycete genus
Pseudoperonospora, where a host jump from hop to Cucurbitaceae
has been observed (Runge et al., 2011). While the source pathogen
had been restricted to the genusHumulus, and probably only to few
species within it, the species emerging from it is able to colonise a
broad spectrum of species and tribes of the Cucurbitaceae family
(Lebeda & Cohen, 2011), albeit with vary degrees of efficiency
(Runge & Thines, 2012). Interestingly, the sister species that is
parasitic to hop already has a very limited potential to infect
cucurbit hosts (Runge & Thines, 2012), demonstrating the
presence of pre-adaptations and highlighting their importance.

When the pathogen has fully established itself in the new hosts
and infection becomes common, it will not be adapted towards
minimum harm to the host – as long as the harm caused by the
pathogen does not lead to a serious decline in the host population,
there will be no selection pressure for this.However, therewill be an
onset of evolutionary pressure within both the pathogen

population (to outperform co-occurring strains on particular
hosts) and the populations of host species (towards removing the
pathogen). This can be expected to have two different effects. First,
the pressure within the pathogen population will lead to the
emergence of subpopulations that are better adapted to subgroups
of the new host range, for example certain host genera, ultimately
leading to a specialisation of the pathogen. Second, the pressure
within the host species populations will lead to the development of
resistance to the pathogen; if full resistance is achieved, it will
quickly spread throughout the population of the corresponding
host species, leading to a selective sweep and the loss of that
particular species as a host. In the initial phase, where the host range
of the pathogen is still high, such losses will not have a large impact
on the overall pathogen population. However, as the number of
remaining hosts decreases, there will be increasing selection
pressure to counter a newly evolved resistance, for example by
alteration of a recognised pathogenicity effector. However, due to
themany independent gene pools (host species) in which resistance
can occur, the pathogen will likely only be able to sustain itself in a
smaller number of hosts. The number of host species in which the
pathogen can sustain itself during this period of evolution is most
likely influenced by the fitness cost to the particular species, as this
will determine the evolutionary pressure on the host towards
resistance to the pathogen. As a result of the evolution of resistance,
the initial host range will be reduced. Following this host range
contraction, a specialisation of the pathogen populations towards
the remaining hosts will be incited, at which time an evolutionary
arms race begins. This arms race will lead to further selection
pressure towards minimising fitness costs for infected hosts and
towards evading recognition by the host. As different host species
will exploit different possibilities for pathogen recognition, as
mentioned before it will be difficult for pathogen subpopulations to
maintain fitness on various hosts, leading to selection towards
performance on a specific (dominant) host. Thus, genetic isolation
and differentiation of the different subpopulations are likely to
increase, ultimately leading to speciation. The processes outlined
above can drive the diversification of pathogens, leading to the
evolution of numerous specialised species, especially in pathogens
with an obligate biotrophic stage. In molecular phylogenetics, the
stages of radiation and subsequent speciation outlined here can be
observed as a lack of resolution on the backbone of phylogenetic
clades, even in multigene phylogenies, for example in various
downy mildew groups (G€oker et al., 2004; Choi & Thines, 2015;
Choi et al., 2015), smut fungi (Kruse et al., 2018a,b), and powdery
mildews (V�agi et al., 2007).

It is conceivable that the contraction of host ranges will follow
the relatedness of the hosts due to physiological similarities (in this
case similarities of effector targets) as outlined by Fahrenholz
(1913). This means that while host ranges contract, the improve-
ment of an effector on one host might also bring about an
improvement on a related host. In addition to this, the same process
might also incite host shifts from one species to another related
species, whichwould also lead to a patternmimicking co-speciation
(De Vienne et al., 2007; de Vienne et al., 2013; Choi & Thines,
2015). In other words, the contraction of host ranges along host
phylogenetic lineages together with infrequent host jumps is a
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probable explanation for the strong congruence that has been
observedbetweenhost andpathogenphylogenies in somepathogen
groups (e.g. in Begerow et al., 2004), as outlined in Choi & Thines
(2015).This canbe tested using dated phylogenies.However, in the
case of obligate biotrophic pathogens, estimates are often difficult
due to a lack of calibration points. Therefore, dating by maximum
clade age according to the associated host clade can serve as a proxy,
as described by Choi & Thines (2015).

After having speciated, and having become specialised on a single
host species or a small group of closely related species, the dilemma
of balancing fitness costs and spreading to new host plants sets in
again, removing the majority of pathogen species by the processes
outlined before in this section. This also means that co-evolution
over long evolutionary time scales, spanning multiple speciation
events, is likely to be very rare. Thus, co-phylogenetic patterns can
be expected to be a reflection of radiation and subsequent
specialisation to ever smaller host spectra (Choi & Thines, 2015).
Ultimately, if none of the pathogens that have evolved are able to
jump to a new group of hosts, the whole pathogen group will go
extinct.

The hypotheses outlined so far lead to several predictions: (1)
After a successful host jump, pathogens will spread very quickly and
have a high likelihood of tapping a broad range of hosts; (2) broad
host range species in obligate biotrophic pathogen groups are a
reflection of a recent host jump; (3) clades that diversified after a
large host jump will almost always include pathogens from related
hosts; (4) older clades will include an increasing number of species
on distant hosts, as a reflection of newhost jumps; and (5) old clades
contain pathogens from a phylogenetically diverse suite of hosts,
and the original host group from which its evolution began is no
longer obvious. A model for host jumping over the course of
evolution is given in Fig. 6.

These predicted patterns can be observed in various pathogen
groups. As an example of (1), after Phytophthora cinnamomi was
introduced to Australia, it quickly spread over the continent and
affected a huge diversity of eucalypts (Shearer et al., 2007). Point
(2) is exemplified by Pseudoperonospora cubensis, which affects a
wide variety of members of the Cucurbitaceae family (Runge et al.,
2011). It retains a very limited potential to infect hops, while at the
same time its sister species, Pseudoperonospora humuli, shows a

Original setting Host jump Radiation Speciation Host jump

Extinction

Fig. 6 Model for the fate of pathogens in the course of evolution. Hosts are symbolised by three plant groups, each with three different species that have
different leaf shapes. Pathogens are symbolised by circles, for which similarity of colour indicates genetic relatedness. A pathogen jumps from one host to
another because of an effector innovation, for example. If the host jump is very large, it subsequently colonises various species of the newhost groupuntil, with
theonset of anevolutionaryarms race, thepathogenundergoes evolutionary radiationand specialisation toa specifichost, leading to speciation. Subsequently,
additional host jumps occur, rendering the original host group on which the pathogen evolved more and more obscure. Host species groups affected by
pathogens at a certain time-point are highlighted by grey background shading.
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limited potential to colonise some Cucurbits (Runge & Thines,
2012), reflecting the fact that the host jumphas occurred recently in
evolutionary terms. In line with point (3), species of the oomycete
genera Bremia andHyaloperonospora and the fungal genusUstilago
s.l. almost exclusively infect hosts in single host families (Asteracae,
Brassicaceae and Poaceae, respectively; G€oker et al., 2004;McTag-
gart et al., 2012; Choi & Thines, 2015; respectively). However, in
Hyaloperonospora host jumping to other host groups has already
occurred, with evolutionarily recent host jumps to the families
Capperaceae, Cistaceae, Resedaceae and Zygophallaceae (G€oker
et al., 2004). A notable host jump to Polygonaceae has also
occurred inUstilago (McTaggart et al., 2012; Sharma et al., 2014).
An example for (4) is the anther-smut genus Microbotryum, in
which it is still apparent that the ancestral host family was the
Polygonaceae, but several subsequent host jumps to a number of
families, including Dipsacaceae, Asteraceae and Caryophyllaceae
have resulted in a considerable expansion of the genus (Kemler
et al., 2009). Finally (5), there are genera such as Peronospora
(Voglmayr, 2003), Plasmopara (Voglmayr et al., 2004), and
Puccina (Aime et al., 2018) for which the original host group is
no longer obvious and cannot be ascertained based on currently
available data.

VIII. Conclusions

Host jumping is possibly the most fundamental process by which
pathogen groups are able to persist over long evolutionary time
scales. By jumping hosts they are escaping their extinction on a
particular group of hosts that they colonised after a previous cycle of
host jumping, radiation and speciation. Host jumps are enabled by
effectors that are capable of efficient manipulation of key plant
defence mechanisms. They usually belong to or are taken into the
core effectome that is characterised by effectors conserved within
pathogen lineages that act on conserved plant proteins. Factors like
compatible microbiomes and a similar physiology favour host
jumping. After successful host jumps, the phylogenetically and
geographically farther away the new hosts are, and the more
conserved the key targets are, the more likely a radiation to more
distant relatives of the new host will be. After this first expansion,
the onset of selection pressure to remove the pathogen will lead to a
contraction of the host range and necessitate a specialisation of the
pathogen, ultimately leading to genetic isolation and speciation.
There is a conflict between the selection pressure associatedwith the
need to reduce fitness costs for the host and the necessity to produce
spores to spread to new host plants; ultimately, biotrophic
pathogens will mostly retain a fitness cost to their hosts. Despite
some balancing effects, this will in most cases finally lead to an
extinction of the majority of pathogen species, which they can only
escape by jumping hosts, thus closing the evolutionary cycle
(Fig. 6). The hypothesis for pathogen evolution outlined here
allows various predictions to be made, all of which are in line with
observed patterns in the phylogeny of largely unrelated plant
pathogens. This suggests that the hypothesis is valid for a wide array
of plant pathogens. However, as the general considerations should
also hold true for pathogens of other organisms, it could be
applicable to pathogenicity in general.
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