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Host populations often evolve defenses against parasites due to the significant fitness costs imposed by infection. However, adaptation to a specific parasite may alter the effectiveness of the host’s defenses in general. Consequently, the specificity of host defense may be influenced by a host population’s evolutionary history with parasites. Further, the degree of reciprocal change within an interaction may profoundly alter the range of host defense, given that antagonistic coevolutionary interactions are predicted to favor defense against specific parasite genotypes. Here, we examined the effect of host evolutionary history on host defense range by assessing the mortality rates of Caenorhabditis elegans host populations exposed to an array of Serratia marcescens bacterial parasite strains. Importantly, each of the host populations were derived from the same genetic background but have different experimental evolution histories with parasites. Each of these histories (exposure to either heat-killed, fixed genotype, or coevolving parasites) carries a different level of evolutionary reciprocity. Overall, we observed an effect of host evolutionary history in that previously coevolved host populations were generally the most susceptible to novel parasite strains. This data demonstrates that host evolutionary history can have a significant impact on host defense, and that host-parasite coevolution can increase host susceptibility to novel parasites.
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Introduction

Parasites are ubiquitous in nature and are thought to be a key factor in the evolution and maintenance of genetic diversity within host populations (Hamilton, 1980; Anderson and May, 1982; Rainey et al., 2000; Thomson, 2009). Parasites can impose strong selective pressure on host populations, due to the fitness advantage experienced by uninfected or tolerant individuals, and thus select for the evolution of elevated host defense over time. Generally, natural observations have aligned with expectations, as hosts have evolved a multitude of strategies for defending against infection (Roy and Kirchner, 2000; Ellis, 2001; Lemaitre and Hoffmann, 2007; Diamond et al., 2009; Parker et al., 2011; War et al., 2012; De Roode et al., 2013; Weiss et al., 2014). These observations have been further supported by experimental studies, which have demonstrated the ability of hosts to evolve defense against novel parasites in experiments across various systems. Some of these systems include beetles (Bérénos et al., 2009), birds (Bonneaud et al., 2011), Daphnia (Duncan and Little, 2007), Drosophila (Kraaijeveld and Godfray, 1997), isopods (Hasu et al., 2009), moths (Fuxa and Richter, 1989; Boots and Begon, 1993), nematodes (Schulte et al., 2010; Penley et al., 2017), paramecium (Lohse et al., 2006) and snails (Webster and Woolhouse, 1999; Koskella and Lively, 2007). Despite the benefit of evolved host defenses and the ubiquity of parasites, natural populations experience considerable variance in levels of host defense over space and time (Allen et al., 2004; Laine, 2004).

Several mechanisms have been proposed to explain the widespread observations of variance in host defense (Koskella, 2018), including the costs associated with maintaining defenses (Sheldon and Verhulst, 1996; Strauss et al., 2002; Lenski, 2007; Graham et al., 2010; Melnyk et al., 2015; Cipollini et al., 2017) and parasite reciprocal adaptation (Ebert and Hamilton, 1996; Carius et al., 2001; Schulte et al., 2010) as mechanisms with strong support. Another potential factor that may contribute to the temporal and spatial variance in host defense is the evolutionary history of host populations. Host defenses exist on a spectrum ranging from more general, and effective against a broad range of parasites, to more specific and tailored to a particular parasite genotype. A host population’s evolutionary history with parasites may determine the degree to which broad or specific defenses are evolved or maintained. In particular, the evolution of highly specific host defenses may inhibit, limit, or alter the evolution and maintenance of more general defenses. Coevolutionary interactions can drive the evolution of highly specific host defenses and parasite infection strategies via reciprocal adaptation. Such specificity between host and parasite populations is known as local adaptation (Gandon and Zandt, 1998) and has been observed in natural and experimental parasite populations across various systems (Edmunds and Alstad, 1978; Ebert and Hamilton, 1996; Lively and Dybdahl, 2000; Greischar and Koskella, 2007; Hoeksema and Forde, 2008; Leimu and Fischer, 2008; Vos et al., 2009; Morran et al., 2014; Bellis et al., 2021). While local adaptation is more often observed in parasite populations, host populations are capable of exhibiting local adaptation (Gandon et al., 1996; Kawecki and Ebert, 2004). Importantly, host populations that reciprocally evolve in response to locally adapted parasites may also exhibit a degree of specificity in their defense (Aiba et al., 2010; Kniskern et al., 2011; Lemoine et al., 2012). This specificity in host defense may come at a cost and ultimately increase a host population’s susceptibility to novel parasites. Therefore, a host population’s evolutionary history with parasites may be a factor that contributes to the maintenance of variation in host defense within and between populations.

Here, we aimed to determine the effects of evolved host defense on host interactions with novel parasites. Evolved host defenses are generally the result of coevolved or one-sided evolutionary interactions, which are predicted to produce different outcomes in terms of host defense range (Antonovics et al., 2013). Given that both one-sided and coevolutionary interactions may determine the nature and specificity of host defense, it is critical to distinguish between the predicted effects of these different evolutionary histories on host defense. Coevolution can drive numerous reciprocal changes in hosts and parasites. The genotypes that evolve to confer host defense under coevolution are likely to be highly specific, diverging substantially between different host populations and providing resistance against the local parasite population (Perlman and Jaenike, 2003; Antonovics et al., 2013). One-sided evolution, which can be accomplished via frequent infection of hosts that are incapable of transmitting the parasite (Holt and Gomulkiewicz, 1997), can favor the evolution of host resistance without permitting parasite reciprocal adaptation. The absence of a coevolutionary arms race can limit the degree of evolutionary change and divergence in the host population because evolved host defenses maintain their effectiveness over time and subsequent change is not favored. Thus, one-sided evolution is predicted to generate less host-parasite specificity than coevolutionary interactions, but still result in the evolution of elevated host defense overall.

Therefore, testing the effects of host population evolutionary history on host defense requires a host-parasite system capable of one-sided and coevolution, a known host evolutionary history, and a diverse set of parasite genotypes to assay host defense range. The free-living nematode Caenorhabditis elegans, and its bacterial parasite Serratia marcescens (Mallo et al., 2002), provide a system suitable for this test. While C. elegans lack an adaptive immune system, their innate immune system exhibits specific responses to different bacterial species (Wong et al., 2007), providing the opportunity to measure host defense range. In a previous study, obligately outcrossing populations of host C. elegans populations were experimentally evolved under conditions that facilitated coevolution or one-sided evolution with Serratia marcescens strain SM2170, or with heat killed SM2170 as a control (Morran et al., 2011). The resulting coevolved and one-sided host populations adapted to their respective parasite populations, and the coevolved parasite populations showed clear signatures of local adaptation (Morran et al., 2014). Control populations, as expected, did not adapt to SM2170. Thus, these experimentally evolved host populations experienced vastly different evolutionary histories with S. marcescens parasites.

In this study, we evaluated the impact of evolutionary history on the range of evolved host defense. We exposed populations of C. elegans, which had been previously evolved against S. marcescens SM2170 in three treatments (coevolved, one-sided & a no parasite control) (Morran et al., 2011), to various genotypes of Serratia which either were, or were not, derived from SM2170. We predicted that coevolved host populations would exhibit greater specificity in their defense when compared to one-sided and control populations, and as a result the coevolved populations would be most susceptible to novel (non-SM2170 derived) parasite strains. Further, we predicted that the effectiveness of evolved host defense would generally decrease against parasite strains that were not derived from SM2170.



Materials and Methods


Host Populations

All C. elegans host populations used in this study were derived from the obligately outcrossing and highly inbred PX386 strain, which is a derivative of the CB4856 strain (Morran et al., 2009). To generate PX386, the fog-2 (q71) mutant allele, which prevents hermaphrodites from self-fertilizing (Schedl and Kimble, 1988), was backcrossed into an inbred CB4856 background for five generations and was subsequently inbred for ten additional generations (Morran et al., 2009). Then five populations of PX386 were independently mutagenized with ethyl-methanesulfonate to generate genetically variable populations prior to selection (Morran et al., 2011). Following backcrossing, populations were kept under standard laboratory conditions for 4 generations in order to purge the most deleterious mutations. These populations were maintained on 10cm Petri dishes filled with NGM Lite (Nematode Growth Medium-Lite, US Biological, Swampscott, MA, USA) seeded with 30μL of OP50 stored at 20°C.

The methods above were used to generate five independent and genetically unique populations. Previous experimental evolution of these C. elegans host populations is fully described in Morran et al. (2011). Briefly, each of the five genetically unique populations of obligately outcrossing C. elegans were divided into 3 treatments (one-sided, coevolved and control) and evolved with S. marcescens SM2170 on Serratia Selection Plates (SSPs) for 30 generations respectively (Figure 1). SSPs consist of a 10 cm Petri dish with a lawn of Serratia opposite a lawn of E. coli. Worms are placed directly on the Serratia lawn which ensures hosts encounter the parasite before reaching their relatively benign lab food source, OP50 E. coli (Morran et al., 2009). Within the context of the experiment, C. elegans individuals must survive and reproduce for their offspring to be passaged to the next round of selection. Coevolved host populations are unique in that they were passaged along with parasite populations. In these treatments, parasites were required to infect and kill a host to be passaged to the next round of selection, thus allowing for reciprocal evolution in host and parasite populations. One- sided populations were passaged using similar methods, except parasites were not passaged and a static ancestral SM2170 plated each passage. Control populations were passaged with heat killed SM2170. Following thirty generations of experimental evolution, multiple samples from each host and parasite population were frozen (Morran et al., 2011). Prior to being used in this experiment, host populations were thawed and maintained under standard laboratory conditions for approximately 4 generations to permit recovery.




Figure 1 | Experimental Overview. (A) The fog-2 allele was backcrossed into inbred CB4856 strain C. elegans, which were subsequently mutagenized to induce variation. After several rounds of reproduction to purge deleterious mutations, worms were separated into 5 groups. Each group was then divided into 3 (control, one- sided, coevolution) and subjected to 30 rounds of exposure to their treatment parasite via Serratia Selection Plates. At the end of each round of selection, the surviving C. elegans are moved to the next plate to begin the process again. (B) In the control group, selection plates were seeded using heat killed Serratia SM2170. One-sided treatment plates received their bacterial lawns from a static stock of Serratia SM2170. Coevolving populations were seeded with SM2170 bacterial colonies removed from the guts of killed worms. (C) To determine population resistance, 200 worms were exposed to the same Serratia Selection Plate protocols as in (A). (D) To assess host range each of our experiential treatments were assayed against 6 Serratia strains. Each of the 5 replicate populations within each treatment were assayed 4 times. However, here worms were not moved to another plate, and instead were counted.





Parasite Populations

S. marcescens is an established bacterial parasite of C. elegans (Mallo et al., 2002), with notable variance in mortality rate depending on strain (Schulenburg and Ewbank, 2004). In this experiment, populations were transferred from frozen stock to Luria Broth (LB) and grown overnight at 28°C. Colonies in LB were then used to seed 10cm Petri dishes filled with NGM-Lite and grown up at 28°C. Parasite mortality assays were completed using S. marcescens strains Db11, ES1, SMD1, SM2170, coevolved SM2170, and SM933.

The SM2170 genotype is highly virulent to C. elegans (Schulenburg and Ewbank, 2004). The ES1 strain was derived from SM2170, via passaging with C. elegans strain CB4856 under selection for increased virulence for 30 generations (Lynch et al., 2018). The coevolved SM2170 assays were conducted using parasite populations that were coevolved with hosts in the previous experiment and isolated after 20 passages (Morran et al., 2011). Each of the five coevolved host populations thus has its own respective sympatric coevolved parasite population. Db11 is a streptomycin resistant derivative of Db10 (Flyg et al., 1980) and has been shown to be moderately virulent in comparison to SM2170. The other Serratia strains used for our treatments, SMD1and SM933, are strains available via Carolina Biological Supply (Burlington, NC). Importantly, Db11, SMD1, SM933 were not directly derived from SM2170 and thus represent novel parasite strains.



Measuring Adaptation and Defense Specificity

Here we use host mortality as a measure of host defense, and a representative measure of host fitness (Penley et al., 2017). Mortality assays were conducted using SSPs identical to those used during experimental evolution (Figure 1C), with the exception of the parasite strain used. A mortality rate was calculated for every treatment against S. marcescens Db11, SMD1, SM933, SM2170, and the coevolved SM2170 populations. Approximately 200 L4 C. elegans were suspended in M9 buffer and transferred to a lawn of SM2170 on a 10 cm Petri dish (NGM-Lite agar). The average number of individuals transferred was calculated by determining densities of C. elegans in the buffer and taking the mean of plated controls. After 48 hours of exposure, we counted the number of surviving worms on the plate. Mortality rates are calculated by dividing the number of dead nematodes by the total number transferred (Morran et al., 2011). It is important to note that while the majority of resistant worms move from the Serratia lawn to the opposite E. coli lawn, some individuals remain in the parasite lawn and those individuals are also counted. Every population (5) in each treatment (3) was replicated 4 times per bacterial strain (technical replicates). Mean mortality rates were analyzed using a generalized linear model (GLM) fitted with a normal distribution and identity link function, testing for effects of Bacteria, Treatment (coevolved, one-sided, control), and the interaction between Bacteria and Treatment. Contrast tests were used to compare mean mortality between treatments post hoc. Additionally, we tested for overdispersion using a Pearson test, and did not detect a significant level of overdispersion. Finally, we performed a binomial GLM after converting our mortality data into a binomial distribution (alive vs dead). The results of our binomial analysis were qualitatively similar to the normal GLM, thus we report the stats of the GLM fitted with the normal distribution. We used JMP Pro (v13) for the GLM analyses.




Results

We first tested for the evolution of elevated host defense (decreased mortality) in our coevolved and one-sided host populations against the coevolved parasite populations derived from SM2170. We found that the coevolved hosts exhibited lower rates of mortality than the control hosts when exposed to the coevolved populations of SM2170 (Figure 2;   = 5.174, P =.023), indicating the coevolved hosts adapted to their respective antagonists during experimental coevolution. Interestingly, the one-sided hosts also performed significantly better than the control groups against coevolved parasites (Figure 2). We then found that the one-sided evolution hosts adapted to the SM2170 strain as they exhibited reduced mortality in comparison to both the control and coevolved populations when exposed to SM2170 (Figure 2;   = 9.798, P =.002). Thus, the coevolved and one-sided evolution hosts evolved greater levels of host defense and exhibited unique evolutionary trajectories relative to one another and the controls.




Figure 2 | Host Mortality across related parasites. For each mortality assay 200 Worms were exposed to S. marcescens for a period of 48 hours using Serratia Selection Plates. Surviving worms were counted and the mortality is expressed as (worms plated – worms counted)/worms plated). Black circles represent the average mortality rate across all host populations for each bacterial treatment group. White circles represent the average mortality rate across all replicates for one host population. Points which share letters are statistically indistinguishable from each other, and only apply within their respective column. Error bars represent standard error. Letters are differentiated by α= 0.05.



To determine the impact of host evolutionary history on the specificity of evolved defense, we compared mortality rates of three groups of hosts with different evolutionary histories (control, coevolved & one-sided) against four strains of S. marcescens (Db11, ES1, SMD1, and SM933). Overall, we found a significant difference in the mortality exhibited by hosts with different evolutionary histories. Specifically, coevolved hosts exhibited higher overall mortality rates than one-sided (  = 8.44, P =.004) and control (  = 4.85, P =.028) host populations (Supplementary 1, 2). However, the dynamics of host mortality responses varied significantly between parasite strains (Figures 2, 3;   = 26.221, P =.004).




Figure 3 | Host Mortality across unrelated parasites. For each mortality assay 200 Worms were exposed to S. marcescens for a period of 48 hours using Serratia Selection Plates. Surviving worms were counted and the mortality is expressed as (worms plated – worms counted)/worms plated). Black circles represent the average mortality rate across all host populations for each bacterial treatment group. White circles represent the average mortality rate across all replicates for one host population. Points which share letters are statistically indistinguishable from each other, and only apply within their respective column. Error bars represent standard error. Letters are differentiated by α= 0.05.



In the presence of ES1, which is derived from SM2170, one-sided host populations experienced lower mortality than control and coevolved populations (Figure 3;   = 4.86, P =.028). Conversely, control hosts exhibited reduced mortality against the SM933 relative to the coevolved and one-sided evolution hosts (Figure 3;   = 9.68, P =.002). Then, coevolved hosts performed significantly worse on DB11 relative to both control and one-sided evolution hosts (Figure 3;   = 5.64, P= .018). Finally, SMD1 did not inflict significantly different mortality rates regardless of host evolutionary history (Figure 3;   = 2.16, P =0.142). Therefore, host evolutionary history significantly altered host defense against novel parasite strains.



Discussion

In this study, we investigated the effects of a host population’s evolutionary history with parasites on the subsequent defense range of those hosts. Our data support the hypothesis that a host population’s defense range can be altered by its past evolutionary interactions with parasites. Further, they suggest that coevolution and reciprocal adaptation can have a significant effect on host defense, beyond adaptation, to a coevolving antagonist. Among our host populations, coevolved hosts displayed elevated defense against only their co-evolved parasitic partner relative to the control hosts (Figures 2, 3). Otherwise, the coevolved host populations were overall more susceptible to novel parasites. This aligns with theory suggesting coevolution can lead to highly specific host defenses, due in part to the “arms-race” dynamics surrounding the evolution of those selected traits (Antonovics et al., 2013). This idea is further supported by the coevolved hosts performance against SM2170, where they experienced mortality rates statistically similar to the S. marcescens naive control populations (Figure 2). Importantly, the SM2170 strain was the ancestral strain for each of the coevolved parasite populations, and yet the hosts maintained a very limited ability to defend against the strain. Thus, an evolutionary history of reciprocal adaptation with the parasite resulted in a very high degree of specificity over a relatively short period of time.

As expected, one-sided host populations displayed elevated defense when assayed with SM2170, the same genotype they had been exposed to for 30 generations. However, the one-sided host populations also showed elevated defense against all SM2170 derived parasite genotypes, exhibiting the lowest mortality rates against ES1 and rates similar to coevolved hosts against the coevolved parasites (Figure 2). This provides further evidence that one-sided populations adapted to their parasites, and points towards those defenses as having some general applicability against similar parasite genotypes. This also aligns with theory, as one-sided evolution is predicted to favor any genetic combination in the host which provides adequate defense, rather than a genotype-specific response (Antonovics et al., 2013). Interestingly, the control populations consistently experienced lower mortality rates when assayed against parasites that were not derived from SM2170 (Figure 3). Taken into context with the comparatively high mortality rates control populations experienced when exposed to SM2170 derived genotypes, this validates the control populations by showing a lack of defense evolution during experimental evolution and points toward a certain degree of evolutionary naiveté being beneficial for general defense. In other words, a lack of evolutionary history with parasites seems to confer an overall greater ability to defend against novel parasite strains. Therefore, host evolutionary history with a parasite, or lack thereof, can be an important factor shaping host defense range.

One limitation of this experiment is that coevolution was done in the presence of a single parasite population. This distinction is important, as research suggests infections in the wild commonly consist of multiple strains or species (Petney and Andrews, 1998; Cox, 2001; Telfer et al., 2008; Balmer and Tanner, 2011). Further, multi-genotype infections can alter the fitness of both hosts and parasites, thus having implications on their respective evolutionary trajectories (Alizon et al., 2013; Lange et al., 2014; King et al., 2016). Thus, passaging host populations on single genotype bacterial lawns may have biased evolution in ways which are not applicable to some natural settings. However, while multi-strain infections are commonplace, particular strains may still disproportionately drive the host’s adaptive response, particularly those which invoke the most drastic fitness costs. Indeed, in some natural systems host defense evolution is predominantly driven by interactions with one highly virulent parasite, despite the presence of other parasites (Lively et al., 1990; Paczesniak et al., 2019). An additional limitation of this experiment is that experimental evolution itself may have biased our results by relaxing the strength of non-parasite selective pressures on host populations (Kawecki, 2012). As such, genes conferring defense may have risen in frequency which would not have in nature due to adverse pleiotropic effects. However, as such effects would be constant among all treatment groups, this still allows for the identification of relevant differences between treatments groups. Further, parasites can dictate host evolutionary trajectories through strong selection pressure. This may allow sufficiently beneficial defense alleles to increase in frequency despite other pleiotropic effects (Otto, 2004; Olson-Manning et al., 2012), or closely linked deleterious alleles (Hartfield and Otto, 2011). An additional limitation of this experiment is that all host populations were derived from the same genetic background. As such, while treatments can respond differently to selection pressures during experimental evolution, the responses of the host populations are not fully representative of all possible genotypes. This work demonstrates that the evolutionary history of host populations can shape host defense range. However, such effects of evolutionary history may differ between host genetic backgrounds, which could account for some of the variation in host defense within and between host populations in nature.

In this experiment, we showed that evolution with a parasite can have a profound impact on the characteristics of host defenses. Specifically, the amount of evolutionary reciprocity within the interaction can influence the effective range of host defenses, with increased reciprocity resulting in more narrow ranges (Figures 2, 3). This aligns with research showing that parasites evolved with homogenous host populations exhibited more narrow host ranges (White et al., 2020; Gibson et al., 2020a; Gibson et al., 2020b). Therefore, host and parasite populations with an immediate evolutionary history of coevolution may often be constrained in genotypic space, pigeonholed by combinations of alleles that were previously advantageous but are contemporarily unfavorable. Further, host-parasite interactions may alter the evolutionary trajectories of host populations in many ways, including reducing levels of genetic variation in host populations (White et al., 2021) and favoring the evolution of certain traits beyond host defense (Lively, 1987; Morran et al., 2011). Generally, evolutionary history influences the evolutionary trajectory of a population because the genetic background of the population is determined to some extent by past interactions. This is made more complex due to pleiotropy and epistasis (Tyler et al., 2009; Hansen, 2013). These phenomena can impact how a population adapts to a given environment (Østman et al., 2012; Hansen, 2013) and determine the underlying genetic architecture of host defense (Wilfert and Schmid-Hempel, 2008, Lambrechts, 2010). Thus, host-parasite interactions can have implications that extend far beyond the direct outcome of the interaction itself.

Future adaptation may be limited by past adaptation, perhaps constraining the evolution of novel defense, or increasing rates of extinction in tightly co-evolved hosts that encounter significantly different parasites. Coevolutionary interactions can dominate a population’s evolutionary trajectory as reciprocal adaptation occurs, but a population’s evolutionary path can also be influenced by coevolution after the interaction has ended. Within the context of the wider phenomena of host defense varying within and between populations, and over space and time, this suggests evolutionary history does matter. It is said that host-parasite interactions reflect a “mosaic” of coevolution, with various coevolutionary processes occurring between populations across a landscape (Thompson, 2009). It is clear that coevolution in the past can influence the composition of the present and, perhaps, future coevolutionary mosaic.
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