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Population Subdivision Can Help or Hinder Wolbachia Introductions Into Vector Populations Jason L. Rasgon† Department of Entomology, University of California at Davis, Davis, CA 95616 ABSTRACT: Wolbachia spp. are maternally inherited endosymbionts associated with cytoplasmic incompatibility (CI) i.e., reduced egg hatch when an infected male mates with an uninfected female. Wolbachia-induced CI is of interest as a potential mechanism to drive transgenic traits into vector populations to control vector-borne diseases. For simplicity, current models of Wolbachia spread assume a randomly mating, panmictic vector population. Natural vector populations can be more realistically described by metapopulation dynamics; i.e., multiple subpopulations connected by some degree of migration. A spatially-explicit metapopulation model of Wolbachia spread was developed to assess the impact of population subdivision on Wolbachia dynamics. Regardless of the type of model used, Wolbachia frequency must exceed a threshold point for invasion to take place. Introduction levels that would be insufficient for Wolbachia invasion in a randomly mating population can be sufficient for invasion in a sub-divided population because infection can become fixed locally, then spread to adjacent areas by migration. However, this effect is highly dependent on the migration rate between subpopulations. If migration is too low, infection may become fixed in a local subpopulation but will not spread into adjacent areas. If migration is too high, infection can be swamped out by uninfected individuals entering the area. Theory suggests that in a randomly mating population, one Wolbachia strain will always out-compete and eliminate the other. However, at the boundary zone of 2 Wolbachia invasion fronts, population subdivision can artificially maintain 2 incompatible strains in a subpopulation by migrants entering the subpopulation from each invasion front. These results indicate that an understanding of metapopulation dynamics is critical for designing Wolbachiabased strategies for vector-borne disease control. BACKGROUND AND OBJECTIVES Wolbachia spp. are maternally inherited bacterial endosymbionts that infect a wide variety of invertebrate taxa. Wolbachia infection is associated with a variety of host reproductive alterations including parthenogenesis, male killing, feminization of males, and cytoplasmic incompatibility (CI) (Stouthamer et al. 1999). CI completely or partially sterilizes matings between infected males and uninfected females. Matings between infected females and infected or uninfected males are fertile (Figure 1). Infected females, therefore, have a reproductive advantage, allowing Wolbachia to spread rapidly through host populations (Turelli and Hoffmann 1999). Crossing patterns can become more complex with multiple Wolbachia strains (Figure 2). The spread of Wolbachia has applied interest for the control of vector-borne diseases and pest insect populations (Pettigrew and O’Neill 1997). The evolution of insecticide resistance in important vector species is becoming an increasing problem (Hemingway and Ranson 2000), and there are no vaccines available for important vector-borne diseases such as malaria and dengue (Beaty 2000). To address these concerns, research is now underway to create genetically modified vector arthropods that are unable to transmit pathogens (Pettigrew and O’Neill 1997). However, there is as yet no feasible method to spread or “drive” engineered genetic traits into vector populations to a high enough frequency to interrupt pathogen transmission cycles. Because of the ability for Wolbachia
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Figure 1. Mating outcomes from all 4 possible crosses between mosquitoes infected with a single strain of Wolbachia. Black = infected, white = uninfected.



infection to spread rapidly through populations, Wolbachia may be useful as a mechanism to drive introduced transgenic traits into vector populations to control disease (Turelli and Hoffmann 1999). Before Wolbachia can be utilized in any vector-borne disease control strategy, it is essential to understand the dynamics of infection in natural vector populations in order to predict how
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Figure 2. Mating outcomes from crosses in which mosquitoes are infected with 2 incompatible Wolbachia strains (C = compatible cross, I = incompatible cross). Offspring cytotype from compatible crosses are similar to the maternal cytotype. introduced infections may behave. Current available models of Wolbachia dynamics in natural populations predict 3 kinds of information that are critical for using Wolbachia in an applied manner to control disease: 1) the unstable equilibrium; i.e., the introduction threshold of infected individuals that must be released for infection to become established in the population, 2) the stable equilibrium frequency that infection will ultimately reach, and 3) how long (in generations) this invasion will take from a given introduction level (Turelli and Hoffmann 1999) (Figure 3). For ease of calculation and analysis, these models make numerous simplifying assumptions that may not be ecologically realistic. One important assumption is that the insect population is panmictic, or randomly mating (Turelli and Hoffmann 1999). While this assumption may reasonably hold in natural populations on a local spatial scale, it is unlikely to hold true over a larger geographic area. Over a large geographic area, natural vector populations can be more realistically described as metapopulations, or a series of separate subpopulations connected by varying degrees of migration (Urbanelli et al. 1995, 1997). To assess the impact of vector population subdivision on Wolbachia population dynamics, a spatially-explicit metapopulation model of Wolbachia spread was developed. I compared the predictions of this model to those of the current random mating model, and discussed the significance of population subdivision for applied Wolbachia-based disease control strategies. Vector population subdivision can make applied Wolbachia introductions into vector populations easier or more difficult, depending on conditions.
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Figure 3. The predicted dynamics of Wolbachia spread according to the random mating (Turelli-Hoffmann) model where µ = 0.05, H = 0.1 and F = 0.95. Black circles denote dynamics where infected individuals are introduced just above the predicted threshold point of 11.45%. Infection is predicted to reach a stable equilibrium of 99.37%. White circles denote dynamics where infected individuals are introduced just below this threshold point, resulting in loss of the infection in the population.



PROCEDURES Random mating model: The dynamics of Wolbachia in a randomly mating insect population have been modeled extensively (Turelli and Hoffmann 1999). Infection parameters are defined as: µ = % uninfected offspring from an infected female (µ = 0 if transmission is 100%), H = relative hatch rate of an incompatible vs. compatible cross (H = 0 if CI is 100%), F = relative fecundity of an infected vs. uninfected female (F = 1 if there is no effect on fecundity), sF = (1F), and sH = (1-H). Assuming discrete generations, the frequency of infected adults (p) at generation t+1 has been shown to be



(1)



Equation 1 predicts two equilibrium values: (2) and (3)
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PS is globally stable, and represents the equilibrium frequency infection will reach in the population following a successful invasion. PU is unstable, and represents the frequency infection must exceed for invasion to occur (introduction threshold). If the initial introduction is less than PU, infection will be lost (Figure 3).
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(panmixia). Let M equal the net number of migrants of cytotype C into subpopulation i at generation t+0.5 such that (5)



Metapopulation model: The model can simulate the dynamics of up to 2 different Wolbachia strains (A and B) and is based on theory developed by Hoffmann and Turelli (1997). An individual mosquito can be uninfected (W), infected with a single Wolbachia strain (A or B), or be infected with both Wolbachia strains (AB), for a total of 4 distinct cytotypes. For Wolbachia infection parameters, the terminology is similar to the previous section, with some modifications. Table 1 shows the parameters and simplifying assumptions used in the model. The metapopulation is set up as a linear array of subpopulations. I assumed that in a given generation, migration can take place in nearest-neighbor fashion (i.e., individuals can move into immediately adjacent subpopulations, but not further). The model assumes random mating within a single i subpopulation. N Tot ,t represents the total number of mosquitoes of all cytotypes at generation t in subpopulation i. The frequency of each cytotype C (where C = A, B, AB, or W) in subpopulation i i at generation t is denoted as X C ,t . The number of mosquitoes in i subpopulation i of cytotype C at generation t is denoted N C ,t , and is calculated as



NiC,t = Xi C,tNiTot,t



(4)



It is now necessary to take into account migration into and out of each subpopulation. Let m equal the rate of migration where m = 0 equals no migration, and m = 1 equals complete random mating



By combining equations 4 and 5, the number of individuals of cytotype C in subpopulation i at generation t+0.5 can be calculated as . (6) The total number of mosquitoes of all cytotypes C in subpopulation i i ( N Tot ,t + 0.5 ) can be found by simply summing the numbers of mosquitoes of each cytotype. The frequency of each cytotype C at generation t+0.5 is then calculated as . (7) Finally, the frequencies of each cytotype due to Wolbachia dynamics in subpopulation i at generation t+1 are calculated as , (8)



i ΠX Ai ,t +1 = [( FA X Ai ,t + 0.5 (1 − µ A ) + FAB X AB ,t + 0.5 µ AB , A ]



(9)



Table 1. Parameters for the metapopulation Wolbachia dynamics model. If each infection type behaves independently of the other, then the model can be simplified accordingly: FAB = FAFB; µAB,A = µB(1-µA), µAB,B = µA(1-µB), and µAB,W = µAµB; HA,AB = HA,B = HW,B, HB,AB = HB,A = HW,A, and HW,AB = HW,AHW,B. Parameter µ AB,A µ AB,B µ AB,W µA µB HA,AB HB,AB HA,B HB,A HW,A HW,B HW,AB FA FB FAB



Definition Frequency of A ova produced from AB females Frequency of B ova produced from AB females Frequency of W ova produced from AB females Frequency of W ova produced from A females Frequency of W ova produced from B females Hatch rate of embryos produced from A ova fertilized by AB sperm Hatch rate of embryos produced from B ova fertilized by AB sperm Hatch rate of embryos produced from A ova fertilized by B sperm Hatch rate of embryos produced from B ova fertilized by A sperm Hatch rate of embryos produced from W ova fertilized by A sperm Hatch rate of embryos produced from W ova fertilized by B sperm Hatch rate of embryos produced from W ova fertilized by AB sperm Fecundity of A females relative to W females Fecundity of B females relative to W females Fecundity of AB females relative to W females
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A



(10) and



+



* . (11)



0



B



Π denotes the sum of the terms on the right-hand side of equations 8 – 11.
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RESULTS



32 40



In all cases, population subdivision has no effect on Wolbachia stable equilibrium levels. Simple models thus are adequate for predicting the frequency that infection will ultimately reach in the population following a successful invasion.
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Depending on the values for vertical transmission, CI and fitness effects, Wolbachia infection must surpass a certain threshold level for infection to successfully invade the population. If the initial introduction is below this level, infection will be lost from the population (Figure 3). Population subdivision may allow introductions below the threshold level to be successful because introductions that are below threshold as calculated for the entire population may be (locally) above threshold in an individual subpopulation (Figure 4). If the initial introduction is concentrated in a single subpopulation, infection can become established locally, and then spread into adjacent subpopulations by migration of infected individuals. This effectively lowers the introduction threshold for the entire population (Figure 4B). This effect is highly dependent on the effective migration rate between subpopulations. If the migration rate is too low, infection may become locally established in an individual subpopulation, but will not spread (Figure 5A). If the migration rate is increased, infection can disperse throughout the entire population (Figure 5B). However, if migration becomes too great and passes a critical value, rather then spreading, infection will be swamped out by uninfected mosquitoes migrating into the subpopulation and be lost (Figure 5C). This critical value for migration (mCrit) depends both on Wolbachia parameters (µ, H and F) and on the magnitude of the initial introduction (Figure 6).
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Figure 4. Comparison between random mating and metapopulation dynamics. Wolbachia parameters in A and B (µ, H and F) are as stated in Figure 3. A: Random mating dynamics. White circles denote introduction threshold 11.45%. Black circles denote dynamics when infected individuals are released below this threshold point at 5%, resulting in infection loss. B: Metapopulation dynamics. Increasing dark color denotes increasing Wolbachia frequency. A release magnitude equivalent to 5% of the total population (similar to 4A) is conducted, but release is concentrated in subpopulation 5. While a release at this level is not sufficient for infection invasion as calculated across the total population, it exceeds the introduction threshold for an individual subpopulation. Infection reaches stable equilibrium of 99.37% in subpopulation 5, then spreads by migration to adjacent subpopulations in a “wave of advance” (m = 0.05).
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Figure 6. Critical migration rate (mCrit) above which infection is swamped out and eliminated. mCrit varies according to Wolbachia parameters µ, H and F, and with the magnitude of the initial introduction. Figure 6 shows how mCrit changes for parameter values in the range of: 0< µ < 0.2, 0 < H < 0.5, and 0.9 < F < 1.0 (in 0.1 increments), and with initial introductions at 20% and 50% at the subpopulation level. Missing data points denote locations in the parameter space where infection will always be lost. In the condition where F = 1.0 and µ = 0 for any value H < 1.0 over the introduction magnitudes simulated here, there is no mCrit value < 1.



Figure 5. Effect of migration rate on Wolbachia metapopulation spread. µ, H and F are as stated in Figure 3. Increasing dark color denotes increasing Wolbachia frequency. All initial introductions were made by introducing infected individuals into subpopulation at 30% (relative to the subpopulation). 1A: low migration, m = 0.001. Infection becomes established in the subpopulation, but migration is too low to spread into adjacent areas. B: Moderate migration, m = 0.1. Infection becomes established in subpopulation 1 and spreads in a wave of advance into adjacent areas, ultimately spreading throughout the entire population. C. High migration, m = 0.22. The migration rate has passed a critical threshold and infection is swamped out by uninfected individuals migrating into the subpopulation and eliminated.



Wolbachia strain co-existence: Current theory states that in a randomly mating population, 2 mutually incompatible Wolbachia strains cannot co-exist – one strain will always rapidly out-compete and eliminate the other (Hoffmann and Turelli 1997) (Figure 7A). However, multiple bidirectionally incompatible crossing types have been observed in natural populations of European Culex pipiens complex mosquitoes on a small geographic scale (Laven 1957, Guillemaud et al. 1997). Population subdivision can help to explain this apparent paradox. On a local scale it is true that 2 mutually incompatible strains cannot co-exist; however, they can potentially co-exist in adjacent subpopulations. Figure 7B shows the boundary zone where 2 mutually incompatible Wolbachia invasion fronts meet. This boundary zone between the 2 strains is stable over time, and is artificially maintained by migration of infected individuals into the zone from either invasion front. CI will prevent the spread of different strains into areas infected with the opposite cytotype, but samples drawn from around the zone of contact will contain individuals infected with either the A or B strain. This gives the appearance that 2 incompatible strains co-exist in the same area. DISCUSSION Population subdivision does not affect the frequency that infection will reach in the population if Wolbachia successfully invades. If one’s study goal is merely to determine this stable equilibrium frequency for a particular Wolbachia strain, simple models are adequate to the task. This approach has been validated
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Figure 7. Stability of 2 mutually incompatible Wolbachia strains in a population. Both strains have no fitness effects (F = 1.0), cause 100% CI (H = 0), and are transmitted 100% (µ = 0) . A: Random mating model. Black circles denote strain A, white circles denote strain B. Strain A is initially slightly more frequent than strain B. Strain A rapidly eliminates strain B in 8 generations. B: metapopulation model. Parameters are the same as in 7A. Black denotes strain A, gray denotes strain B. Increasing darkness corresponds to increasing frequency. Both strains are introduced into opposite subpopulations at an initial frequency of 10% (at the subpopulation level). Both strains spread through migration until they come into contact. CI prevents the spread further spread, but the boundary zone between the strains is stable.
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in natural populations for several species of Drosophila (Turelli and Hoffmann 1995, Hoffmann et al. 1998), and for Culex pipiens complex mosquitoes (Rasgon and Scott, In press). Estimates of Wolbachia introduction thresholds, however, are affected by population subdivision, and simple models may not be adequate for determining this value. Metapopulation dynamics can be advantageous for disease control efforts. In a sub-divided population, the Wolbachia introduction threshold can be effectively reduced compared to that predicted by a random mating model, as infection can become established locally with a relatively small initial introduction and then spread into adjacent subpopulations by migration. Metapopulation dynamics can also be disadvantageous. If the migration rate between subpopulations is too low, the spread of infection into adjacent subpopulations can be very slow or even completely stopped; infection may become fixed locally but may not spread to all epidemiologically significant individuals, or may take an unacceptably long time to spread. If the migration rate is too high, movement of uninfected individuals into the subpopulation can swamp out and eliminate infection. This critical migration rate (mCrit) varies according to Wolbachia vertical transmission, CI and fitness effects, as well as on the magnitude of the introduction. To counteract the “swamp-out” effect, it may be necessary for the initial introduction to be many times larger than that predicted by the random mating model, thus making disease control efforts more difficult. Population subdivision can explain apparent co-existence of multiple mutually incompatible strains in a population, which is impossible according to the assumptions of the random mating model, and may help to explain field observations of bi-directional incompatibility as seen in European Culex pipiens complex mosquitoes (Laven 1957, Guillemaud et al. 1997). This information must be taken into account in applied Wolbachia-based disease control strategies, as the stable boundary zone between 2 incompatible cytotypes can act as a barrier to gene flow and keep transgenes from spreading throughout the entire population. The results of this study indicate that a thorough understanding of vector metapopulation dynamics is critical for designing Wolbachia-based strategies for vector-borne disease control. Critical areas of future study include quantifying migration and gene flow in natural vector populations, defining genetic and geographic boundaries of individual subpopulations, and determining at what geographic scale Wolbachia releases must be attempted. It is critical to remember that vector population subdivision is just one ecologically complex factor that will affect the success of Wolbachia introductions into vector populations to control disease. Other factors of importance include, but are not limited to, vector population regulation (Dobson et al 2002), vector population age structure (Rasgon et al 2001, Rasgon et al 2003), assortative mating, stability of transgene constructs in the field, and many others. Now that the molecular science underpinning transgenic disease control is becoming mature, the future success of these types of strategies will rely on a thorough understanding of vector insect ecology (Scott et al 2002). Combining molecular science with ecological studies has the potential to result in the development of novel, cost-effective, and efficient vector-borne disease control strategies for the twenty-first century.
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