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Abstract. 
Research on speciation and adaptive radiation has flourished during the past decades, yet factors underlying initiation of reproductive isolation often remain unknown. Parasites represent important selective agents and have received renewed attention in speciation research. We review the literature on parasite-mediated divergent selection in context of ecological speciation and present empirical evidence for three nonexclusive mechanisms by which parasites might facilitate speciation: reduced viability or fecundity of immigrants and hybrids, assortative mating as a pleiotropic by-product of host adaptation, and ecologically-based sexual selection. We emphasise the lack of research on speciation continuums, which is why no study has yet made a convincing case for parasite driven divergent evolution to initiate the emergence of reproductive isolation. We also point interest towards selection imposed by single vs. multiple parasite species, conceptually linking this to strength and multifariousness of selection. Moreover, we discuss how parasites,  by manipulating behaviour or impairing sensory abilities of hosts, may change the form of selection that underlies speciation. We conclude that future studies should consider host populations at variable stages of the speciation process,  and explore recurrent patterns of parasitism and resistance that could pinpoint the role of parasites in imposing the divergent selection that initiates ecological speciation.


1. Introduction
Since the publication of the Darwin’s “Origin of species” one and a half centuries ago, processes and mechanisms by which new species arise have fascinated evolutionary biologists. It is increasingly apparent that the rich biodiversity found on our planet has, at least partly, evolved in bursts of adaptive diversification, associated with the quick origin of new species, referred to as adaptive radiation [1, 2]. The intensive research on speciation of the past 20+ years, initiated perhaps by the publication of “Speciation and its consequences” [3], has produced much support for the hypothesis of speciation through divergent natural selection, often referred to as “ecological speciation” [4–8]. Ecological speciation research has now begun to integrate ecological and genomic research towards the identification of genes that are important at the onset of ecological speciation in a few systems [9–13]. However, at the same time, some of the most basic questions, such as what factors initiate and drive the emergence of reproductive isolation between diverging populations, remain unanswered for all but a handful of systems. Traditionally, research on ecological speciation has focused on habitat and trophic specialization and on the role of resource competition, as drivers of divergence and reproductive isolation within and between populations [14, 15]. Some of the recent empirical evidence supports the role of these mechanisms (reviewed in [6, 8]). Moreover, predation has classically been considered as an important potential driver of divergence [16], and this idea has recently been explored in a number of papers (e.g., [17, 18]).
Parasitism is a predominant biological interaction in the wild [19, 20], but it has received relatively little attention in speciation research. Parasites live on the expense of other organisms by taking some or all of the energy they need from their host. Because of this peculiar life style, parasites have significant ecological and evolutionary consequences for hosts and host populations [21–24]. Potentially, infections might also initiate, facilitate, or reinforce speciation by imposing selective pressures that differ in form and strength from those imposed by the abiotic environment. Parasites may also impose a range of interrelated effects on host appearance, behaviour, condition, and, importantly, defence system. Classical papers have identified parasites as important sources of divergent selection [25, 26] and there is strong evidence to support their role as mediators of species coexistence [27, 28]. However, while this has led some authors to make far-reaching statements about the role of parasites in driving host diversification, evidence for speciation driven by parasites is very limited (though evidence may be strong for intraspecific genetic host diversity). The reasons for this lack of evidence are several: most studies to date are correlational and cannot separate cause and effect regarding diversity in parasites and hosts. For example, while some studies conclude that parasite diversity is a result of host diversity (e.g., [29, 30]), others have concluded the opposite even with the same data sets [31]. Coevolution that commonly prevails in host-parasite interactions is predicted to generate diversity at least in some constellations [32], and there is wide-spread empirical support for parasites diverging in response to host speciation ([33–35], [36] for a model). Such speciation may be ecological but is mediated by resource specialization and not by parasites. Yet, in cases of cospeciation, it can be difficult to interpret which one (if any) of the coevolving partners actually triggered the speciation in the other one. Moreover, divergence in parasite infections is commonly associated with divergence in food regimes and habitat [37–39]. This makes it difficult to infer parasite-mediated host divergence when there is coincident multivariate divergent selection between niches. It is also possible, and supported by some data, that parasites may actually prevent host speciation [40, 41].
In the present paper, we review and discuss the role that parasites might have in ecological speciation and adaptive radiation of their hosts. We go through the existing literature on the theory of parasite-mediated selection and discuss mechanisms that could lead to reproductive isolation in allopatric, parapatric or sympatric host populations,  and the prerequisites for these mechanisms to operate. We then review the empirical literature on parasite-mediated speciation with an emphasis on fishes and birds. Hoping not to miss recent publications, we viewed all papers published in the past two years (May 2009 to July 2011) that were retrieved from Web of Science using the combination of search terms “parasite” and “speciation.” We also point out some important tests on the theory of parasite-mediated ecological speciation which are currently lacking. Essentially, these concern the initial stages of the speciation process, that is, at which stage of the speciation continuum do parasite infections become divergent among the host populations, and do they importantly restrict the gene flow between host populations? Also, we contrast the role of diversity of a parasite community with the role of single parasite species in driving parasite-mediated speciation, conceptually linking this to discussion on multifariousness of selection and the strength of selection. Finally, we discuss how different types of infections that, for example, alter host behaviour or visual abilities, could influence the process of speciation, or its reversal. We limit this review to metazoan and microparasite (protozoans, bacteria, and viruses) infections, while acknowledging that reproductive isolation and speciation may occur also in other fascinating parasitic interactions. These include, for example, brood parasitism in birds [42], where the interaction differs from “traditional” host-parasite systems as the parasite is not physically attached to the host, and symbiotic bacteria-host interactions, where mating preference can develop as a side effect of host adaptation to the environment [43]. We also restrict our review of empirical evidence to the zoological literature, but acknowledge that there is a larger body of evidence for speciation in plants driven by coevolution with pathogens and predators (see [33] as a classical starting point). There is also a wealth of recent literature on speciation in microbial systems, such as bacteria-phage interactions (e.g., [44, 45]), which is not considered here. We provide examples mainly from fishes and birds where some of the best case studies of ecological speciation and adaptive radiation exist and significant progress has been made in testing predictions from models of parasite-mediated speciation.
2. Prerequisites for Parasite-Mediated Divergent Selection
There are three main prerequisites for parasite-mediated divergent selection to operate in natural host populations. First and the most obvious is that infections should differ within or between the host populations. This can happen in allopatric host populations experiencing differences in diversity or magnitude of infections, but also in sympatric or parapatric populations where heterogeneities in ecological (the extent of exposure) or genetic (susceptibility) predisposition to infection create subgroups or subpopulations that have different infection levels. Overall, heterogeneities in infections within a host species inhabiting different geographical areas represent one of the best known phenomena in host-parasite interactions, and basically lay the foundations for investigating parasite-mediated divergent selection. For example, it is well known that ecological factors such as differences in host population structure or in environmental factors may generate variation in infection among populations of one host species (e.g., [46–48]). Typically, this is seen as a decrease in similarity of parasite species composition with increasing geographical distance among the host populations [49, 50] or even among different locations within one host population [51]. Overall, such heterogeneities of infections could generate highly variable conditions for parasite-mediated selection.
The second prerequisite for parasite-mediated divergent selection is that differences in infections should remain reasonably constant among the host populations through time, thus maintaining the direction and perhaps also the strength of the divergent selection. For example, infections could be highly predictable with the same species composition and more or less similar infection intensities occurring in hosts every year, or show high levels of stochastic year-to-year variation among the host populations causing parasite-mediated selection to fluctuate in strength and direction and making consistent divergent selection unlikely. Similarly, spatial repeatability of infections across replicated host populations can be important when evaluating the role of parasites in speciation. In particular, such repeatability could reveal patterns of parallel ecological speciation, which is discussed in more detail below. Moreover, if host divergence is more likely across populations when certain parasite species are present (or absent), this can support the role of these parasites in host divergence. We come back also to this topic later in this paper.
The third important prerequisite for parasite-mediated divergent selection is that infections impose fitness consequences for the hosts and that these are sufficiently strong to overrule possible conflicting fitness consequences of other factors. This is required for parasites to actually impose net divergent selection between host populations. Such fitness consequences are generally assumed because parasites take the energy they need from the hosts which may result in reduced host condition and reproduction. Testing it, however, requires empirical measurement of fitness in nature or in reciprocal transplants that simulate natural conditions, whereas measurement of infection-related fitness components is insufficient. An important feature of host-parasite interactions is that wild hosts are typically infected with a range of parasite species at the same time. For example, in aquatic systems, individual fish hosts are commonly infected with dozens of parasite species simultaneously (e.g., [46, 47]). This is important in terms of direction and magnitude of selection. Under such circumstances, parasite-mediated divergent selection could be driven by a single parasite species having major impact on host viability or reproduction. Alternatively, selection could represent joint effects of multiple parasite species, each with unique types of effects on the host and possibly opposing effects in terms of divergent selection (e.g., see recent discussion in Eizaguirre and Lenz [52] on selection on MHC polymorphism). Separating such effects in natural host populations is a demanding task, which is discussed more below.
3. Mechanisms and Empirical Evidence of Parasite-Mediated Host Speciation
 In a review on this subject eight years ago, Summers et al. [53] concluded that theory suggests that parasite-host coevolution might enhance speciation rates in both parasites and hosts, but empirical evidence for it was lacking. Since then, new empirical evidence has been gathered, and some of it supports the hypothesis of parasite-mediated ecological speciation, yet overall the empirical support is still scant. Some of the best data to test the hypothesis come from freshwater fish and from birds. Progress has recently been made in some of these key systems in identifying differences in infections among populations, ecotypes and/or sister species (the first prerequisite for parasite-mediated selection), and connecting these to possible mechanisms initiating, facilitating, or maintaining host population divergence and speciation. Table 1 summarizes some of the best studied examples. Here, we first review the existing literature on divergent parasite faunas in ecotypes of freshwater fishes where much new data have been gathered recently. Second, we bring up examples of studies that have gone further into testing predictions of mechanisms of parasite-mediated speciation and discuss these under the three categories of mechanisms: reduced immigrant and hybrid viability or fecundity, pleiotropy, and ecologically based sexual selection. For this second part of the review, we do not restrict ourselves to fish.
Table 1: Empirical data speaking to evidence for a role of parasites in ecological speciation.
	

	Taxon	System	Species status	Evidence for phylogenetic sister taxa?	Divergence in parasite assemblage?	Divergence in resistance traits?	Does parasite-driven divergence precede other divergence?	Is there parasite-mediated selection against immigrants?	Is there parasite-mediated selection against hybrids?	Is there assortative mating?	Is there divergence in a potential revealing signal or MHC?	Is divergent mate choice based on a revealing signal?	Is divergent mate choice based on MHC-odours?	The geography of divergence	Refs
	

	Fish	Three-spine stickleback sympatric species pairs in Vancouver lakes (Canada)	Reproductively isolated species	Yes in Paxton lake, no in Priest lake	Yes, limnetic species have much more cestodes, fewer mollusks and different trematodes	Divergence in MHC profiles	Not known	No data	No data	Yes	Yes, the limnetic species display redder male breeding dress and have lower MHC allele diversity	Yes, it is at least partly based on male breeding dress	Not tested	Reinforcement after secondary contact	[58, 91, 142]
		Three-spine stickleback marine versus freshwater populations on Vancouver coast (Canada)	Parapatric populations, perhaps species	No data, but very likely	Not known (but likely between the Sea and freshwaters)	Freshwater residents are less susceptible than marines to infestation with freshwater parasites, the reverse is not know	Not known	Yes, selection against marine immigrants operates in freshwaters; the reciprocal direction is not known	No data	Not known	Not known	Not tested	Not tested	Parapatric	[70]
		Three-spine stickleback marine versus freshwater species in Scotland	Parapatric populations, perhaps species	No data, but very likely	Yes, freshwater residents are heavily infested by a cestode	Freshwater residents are less susceptible than marines to infestation with freshwater parasites, the reverse is not known	Not known	Yes, selection against marine immigrants operates in freshwaters; the reciprocal direction is not known	No data	Not known	Not known	Not tested	Not tested	Parapatric	[70]
		Three-spine stickleback parapatric lake and river populations in Schleswig Holstein (Germany)	Parapatric populations, perhaps quite old	Lake and stream populations are no direct sister taxa but belong to geographically more widespread reciprocally monophyletic clades	Yes, lake populations harbor larger numbers of parasites compared to river populations	Divergence in MHC profiles, immunological parameters and habitat specific resistance	Not known, but unlikely given the wide geographical distribution of the lake and the stream clade	Likely, river ecotypes acquire higher parasite load in lake exposure compared to lake ecotype, but no difference in reciprocal river exposure	No, intermediates do not suffer increased susceptibility to parasites	Yes	Yes, the lake population has larger MHC allele diversity	Not tested	Yes: pleiotropy: pre-existing tendency for MHC complementarity causes female discrimination against too dissimilar males, that is, assortative mating. indirect selection: female choice for locally resistant males	Parapatric	[54–56, 92]  
		Three-spine stickleback, marine versus freshwater populations in Atlantic Canada	Parapatric populations	No data	Yes, different parasite taxa are abundant in different environments	Different MHC profiles between the populations	Not known	No data	No data	Yes	Yes, different MHC allele frequencies between the populations	Not tested	Weakly so, and labile to environmental conditions	Parapatric	[57]
		Lake Victoria cichlids Pundamilia pundamilia and Pundamilia nyererei 	Complete speciation continuum, but parasites only studied at the complete speciation stage	Yes, from microsatellite and AFLP data	Yes, different parasite taxa, but data available only for the complete speciation stage in speciation continuum	No data	Not known but perhaps not likely given that other traits diverge very early in the process	No data	No data	Yes	Yes, males of P. pundamilia show bright blue coloration and males of P. nyererei show bright red coloration	Female preference for male nuptial coloration, which appears to be a revealing signal at least in one of the species	Olfaction is not required to maintain assortative mating	Geographically sympatric, ecologically parapatric	[10, 66, 101], Selz et al. Manuscript
		Lake Malawi cichlids Pseudotropheus fainzilberi and P. emmiltos 	Reproductively isolated species with perhaps mild gene flow	Probably not direct sister species	Yes	Different MHC profiles between the populations	Not known	No data	No data	Yes	Divergent MHC profiles between the populations	Not known	Indirect evidence. Olfactory plays a role in mate choice which could mediate effects of divergent MHC profiles	Geographically parapatric	[67, 143, 144]
		Alpine charr in Norway	Conspecific parapatric populations	No data	Yes, profundal ecotype harbours significantly fewer infections compared to littoral/pelagic ecotype	No data	Not known	No data	No data	Yes	Not known	No tested	Not tested	Parapatric	[59]
		Benthic and pelagic ecotypes of whitefish in two lakes in northern Norway	Conspecific parapatric populations	No data	Yes, divergence in infections corresponds with the divergence in diet of the ecotypes	No data	Not known	No data	No data	Yes	Not known	Not tested	Not tested	Parapatric	[60] 
		Populations of guppies in Trinidad	Allopatric/parapatric populations from different rivers with no reproductive isolation	No data	Yes, populations were differently infected with Gyrodactylus monogeneans	Different MHC allele frequencies among the populations, individuals carrying certain allele had fewer parasites	Not known	No data	No data	Not known	Yes, different MHC allele frequencies between the populations	Not tested	MHC could act as a homogenizing mechanism counteracting speciation among the populations although mechanisms is not tested	Allopatric/ parapatric	[40]
		Whitefish in Swiss prealpine lakes	Complete speciation (or speciation reversal) continuum	Yes, from microsatellite and AFLP data	Yes, different parasite taxa	No data	Not known but divergence of parasite assemblage increases with genetic differentiation	No data	No data	Yes, inferred from microsatellite Fst in sympatry	No data	Not known	Not known	Geographically sympatric, ecologically parapatric	[62, 145]
	Bird	Mountain white-crowned sparrows	Conspecific populations	No data, but very likely	No data	No data	Not known	Yes, immigrant individuals had higher infection rates and lower reproductive success	No, hybrids were at a selective advantage	Yes, partially	Not known, but resident males sing a local dialect	It is based on song which might be a revealing signal	Not tested	Parapatric	[71, 75]
	Bird	Collared and pied flycatchers	Distinct sympatric species with a hybrid zone	Probably, recently diverged species	Differences in infection rate between the species	No difference in immune responses between the species	Not known	No data	No, hybrids had intermediate infection levels and immune responses compared to parent populations	Yes	No data	Not tested	Not tested	Single population	[74]
	



3.1. Divergent Parasite Infections
Despite the wealth of the literature on heterogeneities in parasite infections across host species and populations, surprisingly few empirical studies have investigated differences in parasite species composition in sympatric and parapatric host ecotypes or sister species in the context of parasite-mediated divergent selection and speciation. In fishes, such systems include salmonid and three-spine stickleback populations in the northern hemisphere, as well as cichlid fishes in East African great lakes (Table 1). For example, parapatric lake and river populations of sticklebacks in northern Germany differ in parasite species composition so that lake populations harbour a significantly higher diversity of infections [54–56]. Differences in parasitism have also been reported between marine and freshwater ecotypes of stickleback [57], as well as between sympatric stickleback species specializing on benthic and limnetic environments in lakes of Western Canada [58]. In all of these systems, divergent patterns of infection are most likely explained by differences in parasite transmission between different environments or by adaptation of the immune defence to these habitats [54, 56]. Other systems in the northern hemisphere also include whitefish and Arctic charr in lakes in Norway, where ecotypes and species inhabiting pelagic versus benthic habitats, and profundal versus benthic/pelagic habitats, respectively, show significant differences in parasite infections [59, 60]. Similar differences in infections have also been reported from four ecotypes of Arctic charr in a large lake in Iceland (Figure 1); ecotypes inhabiting littoral areas are more heavily infected with parasites transmitted through snails while the pelagic ecotypes harbour higher numbers of cestode infections transmitted trophically through copepods [61]. Moreover, we have recently observed differences in parasitism between whitefish populations and species reproducing at different depths in Swiss prealpine lakes [62].





	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
	


Figure 1: Top left: three of the four ecotypes and species of Arctic charr (Salvelinus alpinus species complex) found in Thingvallavatn, Iceland (top left). S. thingvallensis, a small benthic ecotype (uppermost) lives mainly in lava crevices, the pelagic ecotype, one morph of S. murta (middle) feeds mainly on plankton in open water, and the large piscivore ecotype, another morph of S. murta (lowermost) preys upon smaller fishes. Bottom left: Diplostomum metacercariae in an eye lens of fish (all photos Anssi Karvonen). These widespread and abundant parasites cause cataracts and have significant fitness consequences for the fish. Species of the same genus are also found in the vitreous humour of the fish eye, like in the Icelandic ecotypes of charr. Right: average total sum of cestodes (white bars) and trematodes (grey bars) in the four ecotypes of arctic charr in Thingvallavatn (SB: small benthic S. thingvallensis, LB: large benthic  S. sp., PL: planktivorous S. murta, PI: piscivorous S. murta). The result illustrates the extent of variation in parasite infections between the sympatric and parapatric ecotypes and interactions between different parasite taxa. Figure produced with permission of John Wiley & Sons Inc. from data in Frandsen et al. [61].


Divergent parasite infections have also been described from cichlid fish in the lakes of East Africa, especially Lake Malawi and Lake Victoria. These systems are particular as they harbour a tremendous diversity of hundreds of cichlid fish species each that have emerged in the lakes in a few ten thousand to one or two million years [63–65], representing spectacular examples both of biodiversity and adaptive radiation, and of the high rates with which these can emerge. Recently, Maan et al. [66] described divergent parasite species composition in the closely related sister species Pundamilia pundamilia and P. nyererei of Lake Victoria. These differences were caused mainly by larval nematodes in the internal organs and ectoparasitic copepods associated with feeding more benthically in shallower water or more limnetically and slightly deeper. Similarly, heterogeneous infections have been reported in Lake Malawi, where the closely related species Pseudotropheus fainzilberi and P. emmiltos show divergent parasite species composition particularly in terms of certain ectoparasitic and endoparasitic infections [67].
Overall, such differences in infections fulfil the first prerequisite of parasite-mediated divergent selection and support the idea of a possible role of parasites in ecological speciation. However, it is still difficult to evaluate the generality of these findings. This is first because the number of empirical studies describing divergent parasitism among host ecotypes is still quite limited and examples only come from few relatively well-known systems. Second, it is possible that there is an ascertainment bias in the literature so that studies reporting nonsignificant differences in infections tend to not get published. This would be particularly likely with hosts in early stages of the speciation continuum if infections are not yet significantly divergent. However, we point to the necessity of such data in detail below. Overall, differences in parasite infections between diverging hosts alone do not reveal mechanisms underlying speciation, which we will discuss next.
3.2. Mechanisms of Parasite-Mediated Host Speciation
Speciation is a complex process, typically characterized by simultaneous operation of several factors and a cascade of events from initiation to completion. One of the most challenging problems in speciation research is to determine the relative importance to initiating, stabilizing, and completing the process of the many factors that typically vary between populations, incipient and sister species. Given that speciation is most readily defined as the evolutionary emergence of intrinsic reproductive barriers between populations, the most central question in speciation research is which factors drive its emergence, and what is the sequence in which they typically play? In this paper we are concerned with the mechanisms by which parasites could initiate the emergence of reproductive isolation, or facilitate or reinforce it after it had been initiated by other (ecological) factors. This also leads to a key question: at which stage of the speciation process do infections become divergent and begin to reduce gene flow between the host populations? In other words, do host divergence and the initiation of reproductive isolation follow divergence in parasite infections, or vice versa?
We consider three nonexclusive categories of mechanisms (Figure 2).(1)Direct natural selection: reproductive isolation due to parasite-mediated reduction of immigrant and hybrid viability or fecundity [68].(2)Pleiotropy: direct natural selection operates on the genes of the immune system, and the latter pleiotropically affect mate choice [69].(3)Ecologically based sexual selection: reproductive isolation due to parasite-mediated divergent sexual selection [8].
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(c)
Figure 2: Schematic presentation of models of parasite-mediated speciation. (a) Reproductive isolation due to reduced viability or fecundity of immigrants and hybrids. (1) Immigrants from host populations (a) (dark grey) and (b) (light grey) suffer higher infection levels in the habitat of the other population resulting in reduced survival or fecundity. (2) Hybrids (middle grey) between divergently adapted parent populations (a) and (b) have higher infection levels and reduced survival or fecundity in either of the parental habitats as their intermediate defence profiles cannot match with the parasite pressure of the parental habitats. (b) Reproductive isolation due to pleiotropic effects of MHC on mate choice. Divergence of parasite infections between host populations (indicated by darker and lighter grey background) with initially similar MHC profiles leads to divergent adaptation in MHC profiles to the particular infection conditions (dark grey and light grey). Reproductive isolation between the populations increases in the course of the process through the pleiotropic effects of MHC on mate choice. (c) Ecologically based sexual selection. Two host populations that differ in parasite infections because of habitat or diet, diverge in their use of mating cues because different cues better signal heritable resistance to the different infections (here red and blue). Initially they are weakly reproductively isolated with frequent occurrence of hybrid individuals (purple). Sexual selection for individuals that better resist parasites in a given environment (bright blue and red) over more heavily infected individuals (pale blue and red) facilitates divergent adaptation and results in reproductive isolation between the populations.



					The first two categories of mechanisms could be considered byproduct speciation mechanisms, although the first one in particular may require reinforcement selection for completion of speciation. The third mechanism could be considered reinforcement-like speciation [8].
3.2.1. Tests of Parasite-Mediated Viability or Fecundity Loss in Immigrants and Hybrids
In theory, adaptation to habitat-specific parasite challenges in ecotypes experiencing divergent parasite infections could facilitate reproductive isolation between the ecotypes through parasite-mediated selection against immigrants that acquire higher infection load outside their habitat, or hybrids that show nonoptimal resistance against the paras