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Abstract 1 

 2 

Hosts are typically infected with multiple strains or genotypes of one or several parasite 3 

species. These infections can take place simultaneously, but also at different times, i.e. 4 

sequentially, when one of the parasites establishes first. Sequential parasite dynamics are 5 

common in nature, but also in intensive farming units such as aquaculture. However, 6 

knowledge of effects of previous exposures on virulence of current infections in intensive 7 

farming is very limited. This is critical as consecutive epidemics and infection history of a 8 

host could underlie failures in management practises and medical intervention of diseases. 9 

Here, we explored effects of timing of multiple infection on virulence in two common 10 

aquaculture parasites, the bacterium Flavobacterium columnare and the fluke Diplostomum 11 

pseudospathaceum. We exposed fish hosts first to flukes and then to bacteria in two separate 12 

experiments, altering timing between the infections from few hours to several weeks. We 13 

found that both short-term and long-term difference in timing of the two infections resulted in 14 

significant, genotype-specific decrease in bacterial virulence. Second, we developed a 15 

mathematical model, parameterized from our experimental results, to predict the implications 16 

of sequential infections for epidemiological progression of the disease, and levels of fish 17 

population suppression, in an aquaculture setting. Predictions of the model showed that 18 

sequential exposure of hosts can decrease the population-level impact of the bacterial 19 

epidemic, primarily through the increased recovery rate of sequentially infected hosts, 20 

thereby substantially protecting the population from the detrimental impact of infection. 21 

However, these effects depended on bacterial strain – fluke genotype combinations, 22 

suggesting the genetic composition of the parasite populations can greatly influence the 23 

degree of host suppression. Overall, these results suggest that host infection history can have 24 

significant consequences for the impact of infection at host population level, potentially 25 
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shaping parasite epidemiology, disease dynamics and evolution of virulence in farming 26 

environments. 27 

 28 

Keywords: Dynamic infection, Epidemiology, Multiple infection, Sequential infection, 29 

Spatiotemporal variation  30 

 31 

 32 

1. Introduction 33 

 34 

Hosts are commonly infected with multiple parasite species or strains/genotypes of one 35 

species at the same time (Graham, 2008; Read & Taylor, 2001; Salgame, Yap, & Gause, 36 

2013; Telfer et al., 2010). Such infections can result in direct (interference competition) or 37 

indirect (resource or host immune-mediated competition) interactions between parasites and 38 

have significant implications for key parasite traits such as virulence, harm to the host (Bell, 39 

Roode, Sim, & Read, 2006; Ben-Ami, Regoes, & Ebert, 2008; Davies, Fairbrother, & 40 

Webster, 2002; de Roode, Helinski, Anwar, & Read, 2005). Recent studies have emphasised 41 

the importance of multiple infections also between phylogenetically distant parasites (Ben-42 

Ami, Rigaud, & Ebert, 2011; Clay, Dhir, Rudolf, & Duffy, 2019; Doublet, Natsopoulou, 43 

Zschiesche, & Paxton, 2015; Duncan, Agnew, Noel, & Michalakis, 2015; Fellous & Koella, 44 

2009; Lohr, Yin, & Wolinska, 2010; Vojvodic, Boomsma, Eilenberg, & Jensen, 2012), 45 

suggesting that interactions can take place at the scale of the entire parasite community of one 46 

host. It is common that infections from different parasites do not occur only simultaneously, 47 

but also sequentially at different times as the infection risk in nature varies over time (e.g., 48 

seasons (Faltýnková, Valtonen, & Karvonen, 2008; Karvonen, Seppälä, & Valtonen, 2004)) 49 

and space (e.g., spatial aggregation of infected hosts (Byers, Blakeslee, Linder, Cooper, & 50 
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Maguire, 2008; Jokela & Lively, 1995; King, Delph, Jokela, & Lively, 2009)). The timing 51 

between different infections again can vary from a few hours to several weeks, or even years. 52 

Consequently, each individual host can have a different infection history and immunological 53 

status, thus making the landscape of disease outcomes complex and unpredictable. Empirical 54 

examples of sequential infections of multiple parasites in plants (Hood, 2003; Laine, 2011; 55 

Marchetto & Power, 2018), invertebrates (Ben-Ami, Mouton, & Ebert, 2008; Ben-Ami et al., 56 

2011; Gower & Webster, 2005; Lohr et al., 2010; Natsopoulou, McMahon, Doublet, Bryden, 57 

& Paxton, 2015) and vertebrates (Graham, 2008; Hoverman, Hoye, & Johnson, 2013; 58 

Klemme, Louhi, & Karvonen, 2016), suggest an effect of sequential infection of hosts on 59 

parasite fitness-related traits such as infection success and virulence.  60 

 61 

Infections from multiple parasites are common also in intensive production environments, 62 

where high densities of susceptible hosts favour the spread of virulent pathogens (Kennedy et 63 

al., 2016; Pulkkinen et al., 2010). Infections can cause significant economic loss by impairing 64 

quality, condition and growth of crops and farmed animals. For example, in aquaculture, 65 

parasitic infections are considered one of the most important threats for development of the 66 

industry. Similar to natural conditions, parasitic epidemics in aquaculture are typically 67 

consecutive with different parasites infecting their hosts in varying timescales. Disease 68 

epidemics typically sweep through aquaculture units at different times in response to 69 

variation in pathogen ecology and host susceptibility (e.g. cohorts of varying age) (Karvonen, 70 

Rintamäki, Jokela, & Valtonen, 2010; Rintamäki-Kinnunen & Valtonen, 1997). This creates 71 

favourable conditions for development of cumulative infection history of hosts that can affect 72 

virulence in subsequent disease outbreaks. Earlier studies in fish have shown that a prior 73 

parasite exposure can influence the outcome of simultaneous re-exposure of the host by 74 

multiple parasite genotypes (Klemme et al., 2016), alter associations between parasite species 75 
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(Karvonen, Seppälä, & Valtonen, 2009), and influence parasite community composition of 76 

the host (Benesh & Kalbe, 2016). However, knowledge of the implications of sequential 77 

exposure of hosts to multiple parasites in farming environments is still very limited. 78 

Consequently, most infections occurring in intensive farming units are commonly treated 79 

instantaneously with very little consideration of previous or existing other infections, which, 80 

among aquaculture fish, can range from viruses and bacteria (Mohanty & Sahoo, 2007; 81 

Pulkkinen et al., 2010; Skall, Olesen, & Mellergaard, 2005; Tobback, Decostere, Hermans, 82 

Haesebrouck, & Chiers, 2007) to protozoans and metazoans (Hakalahti & Valtonen, 2003; 83 

Karvonen, Savolainen, Seppälä, & Valtonen, 2006; Rintamäki-Kinnunen & Valtonen, 1997). 84 

Regardless, infection history of a host population could influence ongoing epidemics and 85 

potentially underlie failures in management practises and medical intervention of diseases. 86 

 87 

Here, we studied effects of host sequential exposure on parasite virulence in an interaction 88 

between two widely distributed aquaculture parasites, the bacterium Flavobacterium 89 

columnare and the fluke Diplostomum pseudospathaceum. Bacterium F. columnare, the 90 

causative agent of the columnaris disease, is an opportunistic pathogen and currently 91 

considered as one of the most severe disease threats in fish farming (Declercq, Haesebrouck, 92 

Van den Broeck, Bossier, & Decostere, 2013). The disease can cause considerable losses if 93 

not treated with antibiotics (Declercq, Haesebrouck, et al., 2013; Pulkkinen et al., 2010; 94 

Wagner, Wise, Khoo, & Terhune, 2002), which in many cases has resulted in emergence of 95 

antibiotic-resistant bacterial strains (Declercq, Boyen, et al., 2013). The trematode D. 96 

pseudospathaceum causes local, but significant aquaculture problems by blinding fish 97 

(Karvonen, 2012). Unlike F. columnare, infections of D. pseudospathaceum are not 98 

transmitted directly between fish, but the life cycle includes three hosts (snail, fish and fish-99 

eating bird) and fish become infected when in contact with the parasite larvae (cercariae) 100 
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released from infected snails. Infections of F. columnare and D. pseudospathaceum can co-101 

occur in aquaculture fish (Karvonen et al., 2006; Sundberg et al., 2016). They also interact in 102 

genotype-specific manner when infecting the host at the same time, which can result in 103 

higher morbidity of fish, i.e. virulence, and higher infection success of the fluke (Louhi, 104 

Sundberg, Jokela, & Karvonen, 2015).  105 

 106 

We first exposed rainbow trout (family Salmonidae) hosts to both parasites in two 107 

experiments manipulating the timing between the infections from few hours to several weeks 108 

and monitoring the disease-related morbidity of the fish. Based on our previous results on 109 

simultaneous infections of the two parasites (Louhi et al., 2015), we expected that both the 110 

short-term and the long-term sequence between the infections would result in lower bacterial 111 

virulence, possibly depending on the strain-genotype combinations of the parasites. Similarly, 112 

we expected sequential infection to change infection success of the fluke. Second, we 113 

developed a compartmental mathematical model capturing the disease dynamics in a host 114 

population to explore how sequential exposure of hosts to the two parasites could influence 115 

disease-related mortality, and total host population size, of farmed fish. Overall, our results 116 

suggest that host infection history can potentially shape parasite virulence over a long time 117 

period, which may have implications for evolution of virulence as well as for disease 118 

prevention strategies in intensive farming systems.  119 

 120 

2. Material and methods  121 

 122 

(a) Bacterial cultures 123 

 124 
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Three Flavobacterium columnare strains (1-3, Supporting information, Table S1) differing in 125 

their virulence were used (Kunttu, Sundberg, Pulkkinen, & Valtonen, 2012; Laanto, 126 

Bamford, Laakso, & Sundberg, 2012). The strains had originally been isolated from fish 127 

farms or from environment in 2008-2010 by standard culture methods using Shieh medium 128 

(Song, Fryer, & Rohovec, 1988) and Shieh medium supplemented with tobramycin 129 

(Decostere, Haesebrouck, & Devriese, 1997). Different sampling locations, sampling times, 130 

sources of isolation (fish vs. environment), ARISA groups (Table S1), differences in 131 

CRISPR-Cas sequences (Laanto, Hoikkala, Ravantti, & Sundberg, 2017) and the different 132 

pathogenicity of the isolates (Kunttu et al., 2012; Laanto et al., 2012) ensured that the strains 133 

differed in genetic and/or ecological characteristics. Cultures were stored at -80°C with 10% 134 

glycerol and 10% fetal calf serum. Prior to the exposures, bacterial strains were grown 135 

overnight in 2 ml of Shieh medium, then enriched in 1:10 in fresh medium and incubated at 136 

25ºC with 150 rpm agitation for 22 h. The optical density (OD, A570) of the culture was 137 

measured with spectrophotometer, and the corresponding colony forming units (CFU) were 138 

calculated using a previously determined relationship between OD and CFU (unpublished). 139 

 140 

(b) Sampling and genotyping of flukes 141 

 142 

Lymnaea stagnalis snails (n = 42), intermediate hosts for D. pseudospathaceum, shedding 143 

clonal fluke cercariae were collected from Lake Vuojärvi (62° 24' 54'' N, 25° 56' 14'' E), 144 

Finland. Fifteen cercariae were collected from each snail and stored individually in 145 

Eppendorf tubes in 15 µl of lake water and frozen in -20ºC for subsequent microsatellite 146 

analysis to identify snails that were infected with one fluke genotype (Louhi, Karvonen, 147 

Rellstab, & Jokela, 2010; Reusch, Rauch, & Kalbe, 2004) (Table S2). Parasite DNA was 148 

extracted according to Criscione and Blouin (2004). Snails infected with one genotype were 149 
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stored individually in 1 l of water at 6°C and fed ad libitum with lettuce until the beginning of 150 

the experiment. Note that all parasite genotypes are produced sexually in the avian definitive 151 

host, which is why all infections in the snails are unique and individual genotypes persist in a 152 

host population only for one complete round of the parasite life cycle.  153 

 154 

(c) Experimental exposure 1 155 

 156 

Naïve, uninfected juvenile rainbow trout (Oncorhynchus mykiss; age 2.5 months, average 157 

length ± s.e = 38.23 ± 0.2 mm) were obtained from a hatchery in Central Finland. Fish were 158 

maintained in aerated ground water with continuous water flow (17ºC) for four weeks before 159 

the experiments and fed daily with commercial fish food pellets. Prior to the exposures, the 160 

water temperature was raised slowly to 25ºC (2ºC every second day) to allow fish 161 

acclimation to experimental conditions. Three freshly grown strains of F. columnare (1-3, see 162 

Table S1) and clonally produced cercaria larvae of D. pseudospathaceum from three 163 

single-genotype infected snails (A-C; see Table S2) were used in the fish exposures. Three 164 

hours prior to the exposures, the snails were placed individually in 2.5 dl of water (20°C), and 165 

allowed to produce cercariae. Cercarial density from each snail (fluke genotype) was 166 

estimated by counting ten times 1 ml subsamples from each container.  167 

 168 

A pairwise infection design was then applied to test virulence and intensity of infection 169 

across the combinations (Table S3). In the experiment, 20 rainbow trout were exposed 170 

individually to single bacterial strains (5 × 103 colony forming units ml-1; 3 × 20 fish), single 171 

fluke genotypes (50 cercariae/fish; 3 × 20 fish), or co-exposed to both bacteria and flukes in 172 

nine different combinations (9 × 20 fish), totalling 300 fish. To explore the effect of short-173 

term sequential infection on virulence, the co-exposure matrix (9 × 20 fish) was replicated 174 
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together with the simultaneous infections so that each of the nine co-exposure combinations 175 

received the fluke first and the bacterium 4 h later. Bacterial single infections (3 × 20 fish) 176 

were also repeated at this time with freshly grown strains to control for possible changes in 177 

bacterial virulence. A negative control group of 30 fish receiving pure culture medium and/or 178 

water instead of bacteria or flukes, respectively, was also established. Overall, the setup 179 

totalled 570 fish (Table S3). The infection doses corresponded to those in natural conditions. 180 

For example, fish infected with F. columnare can emit bacterial concentrations that are orders 181 

of magnitude higher than those used here (Kunttu, Valtonen, Jokinen, & Suomalainen, 2009) 182 

and one infected snail can release thousands of D. pseudospathaceum cercariae per day 183 

(Karvonen, Kirsi, Hudson, & Valtonen, 2004; Karvonen, Rellstab, Louhi, & Jokela, 2012). 184 

All fish were haphazardly assigned to the different treatment groups (single exposure to F. 185 

columnare, single exposure to D. pseudospathaceum, exposure to both parasites) in the 186 

simultaneous and sequential exposures.  187 

 188 

The exposures and the subsequent monitoring took place in small containers with 500 ml 189 

pre-aerated ground water (25°C). The fish were checked every hour for disease symptoms 190 

and morbidity. Morbid fish that had lost their natural swimming buoyancy and did not 191 

respond to external stimuli were considered dead and were euthanized using MS-222 192 

anaesthetic every hour. This gave an accurate estimate of time of death (see Louhi et al. 193 

(2015)). The fish were immediately sampled for presence of F. columnare on the skin and 194 

gills (by culture on Shieh containing tobramycin (Decostere et al., 1997)), and dissected for 195 

D. pseudospathaceum in the eye lenses. The establishment of D. pseudospathaceum in the 196 

eye lenses takes place within few hours from exposure (Louhi et al., 2015). The dissection 197 

protocol was used to determine the exact shape of the time-establishment relationship used in 198 

estimation of differences in fluke abundance among the treatment groups (see below). The 199 
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experiment was terminated at 28 h post-exposure when 87.5% of the fish exposed to the 200 

bacterium had died. All surviving fish were subsequently euthanized (MS-222) and examined 201 

for bacterial and fluke infection as described above. Bacterial cultures confirming F. 202 

columnare infection were incubated at 22°C for two days and checked for presence of 203 

bacterial colonies.  204 

 205 

Data on fish survival were analysed using Cox regression with sequential infection, F. 206 

columnare strain and D. pseudospathaceum genotype as fixed covariates, and fish length as a 207 

continuous covariate. Since the bacterial virulence changed slightly during the 4 h interval 208 

between the infections (see results), fish groups exposed only to the bacterium at 0 h and 4 h 209 

were used as reference categories in the analysis. Thus, the effect of sequential infection on 210 

virulence would be seen as a significant three-way interaction between the fixed factors. In 211 

addition, we applied analysis of covariance (ANCOVA) to data on fluke numbers in fish eyes 212 

to identify factors that affected infection intensity in exposures together with the bacterial 213 

strains. To correct for variation in fluke exposure and establishment time between fish 214 

individuals showing different time of survival, we used the residuals of the non-linear 215 

asymptotic regression predicting infection intensity as function of survival time as the 216 

response variable (see Louhi et al. (2015)). 217 

 218 

(d) Experimental exposure 2 219 

 220 

To explore the longer-term effect of sequential exposure, 960 rainbow trout from the same lot 221 

as in Experiment 1 were divided into 6 tanks, each with 160 fish and 70 l of water (16°C). 222 

Three of the groups were exposed to a total of 480 D. pseudospathaceum cercariae per tank, 3 223 

cercariae per fish, while the other three groups served as unexposed controls. A low-dose 224 
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exposure was used to keep the number of parasites establishing in eye lenses low so that the 225 

parasite would not influence subsequent fish growth (Karvonen, 2012). Parasite cercariae 226 

were produced from two L. stagnalis snails as described above and pooled for the exposure 227 

(different genotypes to those used in the re-exposure below (D-F), or in Experiment 1 (A-C)). 228 

During the exposure, the incoming water was turned off and was turned back on after 1 h. As 229 

the cercarial infective lifespan is less than 30 h (Karvonen, Paukku, Valtonen, & Hudson, 230 

2003), parasites that failed to locate a fish, if any, were eventually lost from the tanks. Fish 231 

were then maintained for five weeks and fed daily with fish pellets. Possible acquired host 232 

responses against D. pseudospathaceum are cross-reactive across parasite genotypes 233 

(Rellstab, Karvonen, Louhi, & Jokela, 2013), which minimized genotype-specific responses, 234 

if any, between the first infection and the re-exposure (see below). Water temperature was 235 

then raised slowly to 25°C as described above. Fish with and without the previous fluke 236 

infection were exposed either to single Flavobacterium (strains 1-3, Table S1; 2 × 3 × 20 237 

fish), single Diplostomum (genotypes D-F, note different genotypes to Experiment 1 because 238 

of mortality among the snails carrying genotypes A-C, Table S2; 2 × 3 × 20 fish), or to 239 

pairwise combinations of the two (9 different combinations; 2 × 9 × 20 fish) (Table S4). 240 

Doses of the bacteria (5 x 103 colony forming units ml-1) and flukes (50 cercariae/fish) at re-241 

exposure were the same as in the first experiment. Each treatment had 20 replicate fish taken 242 

randomly from groups of previously unexposed and exposed fish (the three replicate tanks 243 

were pooled). A negative control group of 30 fish was also established. The entire setup 244 

totalled 630 fish (Table S4). Again, fish were maintained individually and followed for 245 

disease symptoms until 28 h post-exposure as described above. All fish that died or survived 246 

the experiment were sampled for bacterial presence of the skin and gills, and dissected for the 247 

number of flukes. Flukes originating from the first (3 cercariae per fish) and the second (50 248 

cercariae per fish) exposure were separated according to their size. 249 
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 250 

Data were analysed using Cox regression with initial fluke infection, F. columnare strain and 251 

D. pseudospathaceum genotype as fixed covariates, and fish length as a continuous covariate. 252 

Analysis of covariance (ANCOVA) was applied to residual fluke numbers as described 253 

above. All analyses were conducted in SPSS 24 statistical package. The experiments were 254 

approved by Finnish Regional State Administrative Agency (license number 255 

ESAVI/1375/04.10.03/2012) and they conformed to the animal care legislation of Finland. 256 

 257 

(e) Modelling the population-level effects of fluke infection on the impact of a bacterial 258 

epidemic 259 

 260 

To explore the population-level consequences of the individual-level effects seen in 261 

Experiments 1 and 2, we developed a mathematical model similar to previously-published 262 

models of priority effects in multiple infections (Clay, Cortez, Duffy, & Rudolf, 2019; Clay, 263 

Dhir, et al., 2019), parameterized with the data from our experiments, to predict the effects of 264 

prior or subsequent fluke infections on the impact of a bacterial epidemic within a single 265 

season (70 days) under aquaculture conditions. The model tracked changes in the proportion 266 

of hosts in the population that were either (1) infected with just the bacteria (‘B’), (2) infected 267 

with just the fluke (‘F’), (3) recovered from the bacteria infection (and assumed to be 268 

immune to bacterial reinfection during the same season; ’R’), (4) sequentially infected with 269 

the fluke first, then the bacteria (‘CFC’), (5) sequentially infected with the bacteria first, then 270 

the fluke (’CBC’), (6) previously infected with both parasites, but had recovered from their 271 

bacterial infection (but retained their fluke infection, and were immune to subsequent 272 

bacterial infection; ’FR’), or (7) uninfected by either parasite (‘U’).  273 

 274 
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Transitions between the various classes depended on the transmission and recovery rates of 275 

the bacteria and fluke. As stated above, hosts that recover from bacterial infection were 276 

assumed to be resistant against subsequent bacterial reinfection; bacteria-only infected hosts 277 

(B) were assumed to recover to resistant hosts (R) at rate σB, whereas sequentially infected 278 

hosts CFC and CBC recover to fluke-infected resistant hosts (FR) at rates σFC and σBC, 279 

respectively. Hosts were assumed not to recover from fluke infections. Hosts susceptible to 280 

bacterial infections (i.e., all non-resistant hosts) were assumed to acquire bacterial infections 281 

at a rate dependent on the total abundance of all bacterial-infected hosts (BT = B+CFC+CBC), 282 

and per capita rate βB, resulting in the following transitions: U → B and F → CFC. Note, we 283 

assume these per capita transmission rates are the same regardless of fluke infection status, 284 

so prior or on-going fluke infection is assumed not to influence bacterial infectivity or 285 

shedding rates.  Because the fluke life-cycle involves multiple life-stages in different host 286 

species, spanning long durations, we modelled fluke transmission as a constant force of 287 

infection parameter (Γ; i.e., ignoring dynamic feedback between current infections and 288 

subsequent transmission rates), reflecting the population of cercariae present in the water 289 

throughout the season, resulting in the following transitions: U → F, B → CBC and R → FR. 290 

Hosts were assumed to die at infection-specific mortality rates µi, where i represents the 291 

infection class. Due to relative short duration of our simulations, we assumed no background 292 

mortality of uninfected fish or fluke-only infected fish. Similarly, we assumed no increases in 293 

host population size (e.g., through host reproduction, immigration, or input from external 294 

sources) corresponding to aquaculture conditions. Overall then this leads to the following set 295 

of equations describing the changes in abundance of each host class: 296 

��

��
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 + �) 

�	

��
= ��	
� − 	(�� + � + ��) 



13 
 

��

��
= �� − ���	
 

��

��
= 	�� − �� 

����

��
= ���	
 − ���(��� + ���) 

����

��
= 	� − ���(��� + ���) 

���

��
= ������ + ������ + �� 

 297 

We parameterized the model separately for each bacteria strain – fluke genotype combination 298 

using data from either Experiment 1 or Experiment 2, resulting in 18 parameter sets (3 299 

bacterial strains × 3 fluke genotypes × 2 experiments). For each combination the mortality 300 

rate of the appropriate infection classes (e.g., bacterial-only infected hosts, sequential fluke – 301 

bacterial infection hosts) were given by the inverse of the observed mean host survival times 302 

for those experimental categories; sequential bacteria – fluke infection hosts were assumed to 303 

die at the rate given by the simultaneous infection experiments. The bacterial recovery rates 304 

for infection class i were calculated based on the observed proportion of fish surviving each 305 

experimental exposure (psurv,i); assuming constant recovery and mortality rates of host class i 306 

are σi and µi, respectively, the expected proportion surviving is given by �����,� =
��

��� �
. 307 

Since the psurv,i  are known for each infection class i, and the µi can be estimated as described 308 

above, this equation can be rearranged to calculate the recovery rate �� =
!"#$%,�. �

('(!"#$%,�)
  that 309 

results in the observed proportion surviving from that class. The infection parameters in the 310 

system are unknown, so we chose an arbitrary value of bacterial transmission rate, βB 311 

(although we varied this value by two orders of magnitude around this baseline value and 312 

found no qualitative effect on our results), and varied the cercarial force of infection (Γ) to 313 
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explore a range of scenarios of increasing fluke transmission pressure. All simulations were 314 

assumed to start with 100 fish, of which 10 were infected with the bacteria, to seed the 315 

epidemic. For each combination of bacterial strain × fluke genotype × experimental 316 

parameters, we ran the model for a duration of 70 days, and assessed the effect of varying 317 

cercarial infection pressure (Γ) on the end-of-season (day 70) total host abundance, compared 318 

to the scenarios when either (1) there was no bacterial epidemic, or (2) there was a bacterial 319 

epidemic, but no fluke infection. All models were run in R 3.5.1. 320 

 321 

3. Results 322 

 323 

Experiment 1 324 

 325 

Virulence of the flavobacterial strains differed significantly in single infections so that the 326 

strains 2 and 3 were more virulent compared to strain 1 [Cox regression: Wald = 70.48, p < 327 

0.001 (strain)]. The virulence of the strains also slightly changed during the 4 h interval 328 

between the infections [Wald = 25.77, p < 0.001 (strain×sequence)] (Fig. 1). Diplostomum 329 

infection alone did not cause mortality of fish. No mortality was observed either among the 330 

30 unexposed control fish.  331 

 332 

Sequential infection with the 4h interval between the administrations of the two parasites 333 

significantly reduced the virulence of the secondary bacterial infection (Fig. 1, Table 1). 334 

However, this was bacterial strain-specific and most evident in strain 3 (interaction between 335 

sequential infection, flavobacterial strain and fluke genotype; Fig. 1, Table 1).  There was 336 

also a significant increase in the proportion of fish surviving the experiment with sequential 337 

infection in strain 1 when co-exposed with fluke genotypes B [increase from 35% (95% CI = 338 
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15.4-59.2%) to 85% surviving (62.1-96.8%)] and C [35% (15.4-59.2%) to 90% (68.3-339 

98.8%); Fig. 1, Table S3]. 340 

 341 

The residual number of flukes was significantly different between the fluke genotypes, with 342 

genotype explaining large part of the variation (Fig. S1, Table S5). Sequential infection did 343 

not affect the residual parasite numbers overall, but had an effect depending on the bacterial 344 

strain, fluke genotype and their interaction (Fig. S1, Table S5). This suggests that the 345 

administration of the bacterium four hours later also affected the fluke numbers in strain-346 

genotype-specific manner. 347 

 348 

Experiment 2 349 

 350 

Similarly to the Experiment 1, virulence of the flavobacterial strains 2 and 3 was higher 351 

compared to strain 1 [Cox regression: Wald = 39.61, p < 0.001 (strain)] and this pattern was 352 

independent of the previous exposure to flukes [Score = 1.33, p = 0.515 (prior 353 

infection×strain)] (Fig. 2). Prior infection with flukes five weeks earlier resulted in an 354 

average of 1.68±0.09 parasites established in the eyes of fish, which did not influence their 355 

growth compared to the uninfected fish (mean body length ± SE: 40.2 ± 0.2 mm (uninfected), 356 

40.5 ± 0.2 mm (infected); t-test: t591 = 1.069, p = 0.286). The infection caused a small, but 357 

significant reduction in the virulence of bacterial infection (Fig. 2, Table 1). Again, the effect 358 

depended on the bacterial strain and was evident with strains 2 and 3 when co-exposed with 359 

the fluke (Fig. 2, Table 1). However, in single bacterial exposures, the effect of decreased 360 

virulence with the prior exposure to flukes was consistent across all strains (Wald = 5.472, p 361 

= 0.019; Fig. 2). Single fluke infection did not cause significant mortality (two fish out of 120 362 

exposed only to flukes died during the experiment). No mortality was observed among the 30 363 
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unexposed control fish. The residual number of flukes was significantly different between the 364 

fluke genotypes, indicating that genotypes differed in infection success. However, effects of 365 

the prior fluke infection, bacterial strain, or their interactions on fluke numbers in the second 366 

exposure were not significant (Table S5).   367 

 368 

Predicted population-level effects of fluke infection on the impact of a bacterial epidemic  369 

 370 

Our model showed that the presence of fluke infections can protect the host population from 371 

the detrimental effect of a bacterial epidemic, most notably when using parameter values 372 

from Experiment 1, which assumed short-term sequential infections (Fig. 3). However, the 373 

magnitude of this protective effect varied considerably across bacterial strain and fluke 374 

genotype combinations; bacterial strain 1 (Fig. 3, top row) appeared to be the most easily-375 

overcome strain, with increasing cercarial force of infection (Γ) leading to progressively 376 

higher levels of end-of-season fish abundance. The magnitude of these effects varied with 377 

fluke genotype, from around 40% at the highest levels of Γ examined for fluke genotype A, 378 

up to ~90% protection for fluke genotype C. However, population-level protection from the 379 

other bacterial strains was negligible, regardless of the fluke genotype. Where population-380 

level protection was observed, (e.g., for bacterial strain 1), this was driven primarily by the 381 

increased recovery rate from bacterial infection of sequentially-infected fish, as switching this 382 

component off (i.e., assuming recovery rates were the same regardless of the individual’s 383 

prior fluke infection history) resulted in the loss of population-level protection (Fig. 4). 384 

Running the model using parameter values from Experiment 2, assuming longer-term 385 

sequential infections, revealed low levels of population-level protection, and now most 386 

commonly observed for fluke genotype D and for bacterial strain 3 (Fig. S2).  387 

 388 
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4. Discussion 389 

 390 

Temporally variable infections of multiple parasites are common in the wild, potentially 391 

altering the outcomes of virulence in natural host-parasite interactions. Sequential parasite 392 

dynamics are common also in farming environments such as aquaculture, but the knowledge 393 

of the effects of temporal parasite dynamics on disease virulence in farmed animals is very 394 

limited. We investigated how temporal spacing between the infections of the pathogenic 395 

bacterium F. columnare and the fluke D. pseudospathaceum influenced the virulence of 396 

infection (morbidity) in aquaculture fish hosts. Both short (few hours) and long (several 397 

weeks) temporal difference between the infections resulted in reduction in bacterial virulence, 398 

while this effect depended on the genetic interactions among the parasite species. Similarly, 399 

timing of the infections changed the success of the fluke genotypes, suggesting influence also 400 

on parasite fitness. Overall, these results suggest that previous infections in different temporal 401 

scales can shape success and virulence of parasites with very different mechanisms of 402 

transmission and infection, and their subsequent impact on host population dynamics.  403 

 404 

Previously, we have shown that the virulence of simultaneous infections of F. columnare and 405 

D. pseudospathaceum in fish is determined by complex genotype-specific interactions (Louhi 406 

et al., 2015). Our present results, suggesting both short and long-term influence of sequential 407 

infections, add yet another dimension to these G×G interactions. Mechanistically, the lower 408 

virulence in sequential compared to simultaneous infections could be related, for example, to 409 

reduction in the rate of bacterial invasion to the host’s body (Louhi et al., 2015), or to higher 410 

efficiency of the host’s immune system to cope with two infections (Karvonen et al., 2012; 411 

Klemme et al., 2016). Similar host-related factors could also influence the differences in 412 

fluke establishment, although detailed mechanisms underlying the changes in virulence and 413 
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infection success are currently unclear. Overall, our results add significantly to earlier studies 414 

on sequential infections between different parasite taxa, majority of which have used single 415 

genotypes/strains (Ben-Ami et al., 2011; Clay, Dhir, et al., 2019; Doublet et al., 2015; 416 

Hoverman et al., 2013; Lohr et al., 2010; Marchetto & Power, 2018; Natsopoulou et al., 417 

2015), by emphasising the importance of variation in infection outcomes depending on the 418 

specific G×G parasite combinations. Indeed, combining G×G interactions in multiple 419 

parasites with host infection history makes estimation of virulence and virulence evolution 420 

increasingly challenging (Karvonen, Jokela, & Laine, 2019). Nevertheless, such interactions 421 

could have important applied implications for scenarios of parasite prevention in intensive 422 

farming environments. 423 

 424 

Our model on infection dynamics in an aquaculture fish population, parametrized from the 425 

experimental data showed that a previous fluke infection, particularly few hours earlier, can 426 

protect the host population from the bacterial epidemic. However, this effect depended on the 427 

cercarial force of infection and, most importantly, on the bacterial-fluke genetic 428 

combinations. Interestingly, the protective effect increased dramatically at low cercarial 429 

forces of infection and was notably strong in some of the strain/genotype combinations, with 430 

up to ~90% of the population protected from the disease. This suggest that when flukes are 431 

present in the tank water, as a result of parasite input via incoming water or from infected 432 

snails inside the farm (Karvonen et al., 2006; Stables & Chappell, 1986), even a low-level 433 

fluke infection could potentially decrease morbidity and mortality associated with an 434 

imminent bacterial exposure. This is consistent with earlier results of less-virulent parasites 435 

providing host with at least some degree of protection against later arriving virulent 436 

strains/species in plants (Adame-Alvarez, Mendiola-Soto, & Heil, 2014; Seifi, Nonomura, 437 

Matsuda, Toyoda, & Bai, 2012; Tollenaere, Susi, & Laine, 2016) and invertebrates (Ben-438 
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Ami, Mouton, et al., 2008; Clay, Cortez, et al., 2019; Wuerthner, Hua, & Hoverman, 2017). 439 

Similarly, the model on sequential infections five weeks apart predicted recovery in some of 440 

the parasite combinations, although the magnitude of this protective effect was clearly lower. 441 

While we could not compare the two experiments directly because they used different fluke 442 

genotypes, the experimental results and the model predictions suggest that the protective 443 

effect of sequential fluke infection against the bacterial outbreak might decay with time. If 444 

true, this could reflect operation of different short and long-term host-level mechanisms such 445 

as reduction in parasite facilitation (Louhi et al., 2015) or activation of host immune system 446 

(Klemme et al., 2016) (see above). These are promising leads for future studies on the 447 

detailed mechanisms underlying the effects of sequential infections on disease epidemiology 448 

in this system.  449 

 450 

Our model assumes single strain-genotype combinations between the parasites whereas in 451 

reality aquaculture fish would likely to be exposed to mixed genotypes of both flukes (Rauch, 452 

Kalbe, & Reusch, 2005) and bacteria (Kunttu et al., 2012; Sundberg et al., 2016), 453 

significantly increasing the number of possible genotype combinations and outcomes of the 454 

disease. Thus, the model predictions on effects of sequential infection in specific strain-455 

genotype combinations can be considered as extremes, ranging from no effect to nearly total 456 

recovery of the host population. Given the likelihood of multiple strain-genotype infections, 457 

the reality is likely to lie somewhere in between these extremes, depending on the genetic 458 

composition of the bacterial and fluke populations in the water. Further, the model 459 

predictions were driven mainly by host recovery while our experimental data showed that 460 

sequential infection between the parasites also prolonged the lifetime of the hosts. While this 461 

effect was small in these experimental conditions, where the disease progression from 462 

exposure to morbidity is very fast (most fish had died within 28h), it could be speculated that 463 
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the effect of increase in lifetime in aquaculture conditions, where the length of an untreated 464 

epidemic is typically several days or even weeks (Räihä, Sundberg, Ashrafi, Hyvärinen, & 465 

Karvonen, 2019), could be stronger. Importantly, these increases in infected host lifetime, 466 

though beneficial to the individual host, could have counter-productive effects on the host 467 

population as a whole. Similar to host ‘tolerance’ responses to infection (Ayres & Schneider, 468 

2012; Medzhitov, Schneider, & Soares, 2012; Råberg, Graham, & Read, 2009), by keeping 469 

infected hosts alive, this prolongs the window of opportunity for infection to other hosts in 470 

the population, increasing overall infection prevalence, and resulting in a net decrease in host 471 

population abundance (e.g. Vale, Fenton, and Brown (2014)), and, as most clearly seen here, 472 

in the absence of any effect of fluke infection on host recovery from bacterial infection (Fig. 473 

4). However, the detailed epidemiological consequences of the prolonged lifetime are 474 

currently unknown and require further work. Finally, competition/interactions between the 475 

bacterial strains (Kinnula, Mappes, & Sundberg, 2017; Sundberg et al., 2016), in interaction 476 

with the flukes infecting the hosts simultaneously (Louhi et al., 2015) or sequentially (this 477 

study), could also shape the evolution of virulence. For example, as the order of parasite 478 

arrival to host can significantly alter the outcome of virulence (Alizon, de Roode, & 479 

Michalakis, 2013), factors such as G×G interactions between parasites could be important in 480 

determining which virulence genotypes are favoured by selection under each infection 481 

scenario (Karvonen et al., 2019). However, while our results support G×G variation in 482 

infection outcomes, a formal study of implications of sequential infections on evolution of 483 

virulence is beyond the scope of the present model/study. 484 

   485 

To conclude, flavobacteria are currently considered among the most important bacterial fish 486 

pathogens worldwide. Interactions between increasingly virulent strains of F. columnare 487 

(Kinnula et al., 2017; Pulkkinen et al., 2010; Sundberg et al., 2016) and those between the 488 
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bacterium and other co-occurring parasite species (Bandilla, Valtonen, Suomalainen, Aphalo, 489 

& Hakalahti, 2006; Louhi et al., 2015; Xu, Shoemaker, & LaFrentz, 2014) can significantly 490 

alter the disease outcomes and influence predictions on virulence of infection. Our results, 491 

suggesting protective effect of sequential infections from a less-virulent parasite against a 492 

highly virulent one (see also King et al. (2016)), provide an interesting viewpoint into how 493 

epidemics could be altered by the host infection history. While the epidemiological effects of 494 

consecutive parasite outbreaks on subsequent disease occurrence are generally poorly known, 495 

results from our model suggest that changes in disease epidemiology with sequential 496 

exposure can also have important implications for the need and success of disease 497 

management practices and medication protocols. In a wider perspective, possible reduction in 498 

use of medication could also constrain environmental discharge of medical residues and 499 

pathogen evolution for antibiotic resistance (Cabello, 2006; Martinez, 2009). 500 
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 770 

Table 1. Results of stepwise Cox regression analyses on mortality of rainbow trout co-771 

exposed to three strains of the bacterium Flavobacterium columnare and three genotypes of 772 

the fluke Diplostomum pseudospathaceum in all possible combinations in Experiments 1 and 773 

2. Infection type (simultaneous vs. sequential (Exp 1) or no prior infection vs. with prior 774 

infection (Exp 2)), bacterial strain (GB; 1-3) and fluke genotype (GF; A-C (Exp 1) or D-F 775 

(Exp 2)) were used as categorical covariates, and fish length as a continuous covariate.  776 

Experiment Source Wald df p Exp (B) 95% CI 

1 Sequential infection (S) 69.74 1 <0.001 0.41 0.33-0.51 

 GB 284.58 2 <0.001   
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 GF 51.32 3 <0.001   

 S×GF 27.31 3 <0.001   

 GB×GF 35.26 6 <0.001   

 S×GB×GF 26.80 6 <0.001   

       

2 Prior infection (I) 23.34 1 <0.001 0.63 0.52-0.76 

 GB 213.65 2 <0.001   

 GF 8.94 3 0.030   

 I×GB 7.56 2 0.023   

 I×GF 14.25 3 0.003   

 Fish length 10.55 1 0.001   

 777 

 778 

 779 

 780 

 781 

Figure captions 782 

 783 

Fig. 1. Mean survival times (±SE) of rainbow trout co-exposed simultaneously (Sim, open 784 

boxes) or sequentially (Seq, grey boxes) to three strains of the bacterium Flavobacterium 785 

columnare (1-3) and three genotypes of the fluke Diplostomum pseudospathaceum (A-C) in 786 

all possible combinations in the first experiment. No Diplostomum indicates survival of fish 787 

exposed only to F. columnare. Boxes show data for fish that died during the experiment. 788 

Black dots indicate the percentage of fish surviving in each combination. 789 

 790 
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Fig. 2. Mean survival times (±SE) of rainbow trout previously unexposed (Unexp., open 791 

boxes) or exposed to Diplostomum pseudospathaceum (Exposed, grey boxes) when re-792 

exposed to three strains of the bacterium Flavobacterium columnare (1-3) and three 793 

genotypes of the fluke D. pseudospathaceum (D-F) in all possible combinations in the second 794 

experiment. No Diplostomum indicates survival of fish exposed only to F. columnare. Boxes 795 

show data for fish that died during the experiment. Black dots indicate the percentage of fish 796 

surviving in each combination. 797 

 798 

Fig. 3.  Model predictions of the end-of-season (day 70) total host abundance as a function of 799 

increasing cercarial force of infection (Γ), for each bacterial strain – fluke genotype 800 

combination, parameterised using data from Experiment 1. Solid black line = host abundance 801 

in the presence of both the bacteria and fluke (‘B&F’), dashed blue line = host abundance in 802 

the presence of just the bacteria (‘B only’), dashed green line = host abundance in the absence 803 

of both bacteria and fluke (‘Neither’). Other parameters: initial number of hosts = 100, initial 804 

number of bacterial-infected hosts = 10, βB = 0.001. 805 

 806 

Fig. 4. As in Fig. 3, but ignoring any effect of fluke infection on recovery from bacterial 807 

infection (prior or subsequent fluke fish are assumed to recover from bacterial infection at the 808 

same rate as bacterial-only infected fish; any effects of fluke infection on host survival time 809 

are retained, as in Fig. 3). 810 

 811 
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