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Abstract 36 

 We investigated intra-specific variation in the response of salmon to infection with the 37 

myxozoan Ceratomyxa shasta by comparing the progress of parasite infection and measures of 38 

host immune response in susceptible and resistant Chinook salmon Oncorhynchus tshawytscha at 39 

days 12, 25 and 90 post exposure. There were no differences in invasion of the gills indicating 40 

that resistance does not occur at the site of entry. In the intestine on day 12, infection intensity 41 

and Ig+ cell numbers were higher in susceptible than resistant fish, but histological examination 42 

at that timepoint showed more severe inflammation in resistant fish This suggests a role for the 43 

immune response in resistant fish that eliminates some parasites prior to or soon after reaching 44 

the intestine. Susceptible fish had a higher IFNγ, IL-6 and IL-10 response at day 12, but all died 45 

of fatal enteronecrosis by day 25. The greatest fold change in IFNγ expression was detected at 46 

day 25 in resistant Chinook. In addition, the number of Ig+ cells in resistant Chinook also 47 

increased by day 25. By day 90, resistant Chinook had resolved the inflammation, cytokine 48 

expression had decreased and Ig+ cell numbers were similar to uninfected controls. Thus, it 49 

appears that the susceptible strain was incapable of containing or eliminating C. shasta but 50 

resistant fish: 1) reduced infection intensity during early intestinal infection 2) elicited an 51 

effective inflammatory response in the intestine that eliminated C. shasta 3) resolved the 52 

inflammation and recovered from infection. 53 

 54 

Keywords: Chinook salmon, resistance, immune response, inflammation, cytokine, Myxozoa 55 
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1. Introduction 56 

  Resistance of salmonids to the myxozoan parasite Ceratomyxa shasta is an inherited trait 57 

[1, 2, 3] conferred through unique genetic loci [4], but the mechanism is unknown. Although 58 

strains of native fish sympatric with the parasite are considered “resistant” [1, 2, 5, 6, 7, 8, 9], 59 

they may become infected and succumb to disease at high parasite dose [10, 11, 12, 13] and high 60 

water temperatures [14, 15]. Researchers investigating the mechanisms of the fish host response 61 

proposed three defense strategies against C. shasta: resistance against parasite entry and 62 

establishment, the mounting of an effective immune response that contains and/or eliminates the 63 

parasite, and parasite tolerance [8, 9, 16, 17]. In the years since the suggestion of these strategies, 64 

researchers have solved the C. shasta life cycle and developed a laboratory model for infection 65 

[18, 19], identified the route of parasite invasion and migration [19], determined threshold 66 

parasite doses [10, 13, 20, 21], and uncovered relationships between parasite genotype and 67 

pathogenicity in the salmonid host [22, 23]. These advances permit a re-examination of the 68 

above hypotheses to account for unknown parasite dose, course of infection and parasite 69 

genotype.  70 

The complex life cycle of C. shasta involves two hosts; a salmonid and a freshwater 71 

polychaete, Manayunkia speciosa. The infectious stage of the parasite, the actinospore, is 72 

released from the polychaete and attaches to the gills of a fish. In the initial stages of infection, 73 

the parasite invades the gill epithelium and enters the bloodstream, a site of proliferation and 74 

means of transport to the intestine [19]. As infection progresses, parasites migrate through the 75 

serosa and lamina propria and proliferate between mucosal epithelial cells of the intestine, 76 

culminating in myxospore maturation. In severe infections, lymphocytes infiltrate the tissue and 77 

the intestine becomes grossly enlarged, inflamed and necrotic, resulting in enteronecrosis 78 

(ceratomyxosis). Parasites may occlude the intestinal lumen and pathological changes coinciding 79 

with parasite proliferation can occur in other organs [17]. Based on current knowledge of the 80 

route of actinospore invasion and migration, we modify the first defense strategy hypothesis to: 81 

resistance against parasite entry and establishment at the gills and/or intestine. 82 

Conclusions made concerning defense strategies from previous studies are obscured by 83 

researchers’ reliance on field experiments for parasite infection. In these cases, parasite dose and 84 

genotype were unknown and/or could not be controlled. In lethal infections of resistant Chinook 85 

salmon (Oncorhynchus tshawytscha) there was no evidence of parasite exclusion or containment 86 
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in the gills or in the intestine [19]. Increases in plasma lysozyme, complement and phagocytosis 87 

were demonstrated in lethal infections; however, these innate defenses failed to provide 88 

protection against disease when challenged with a high parasite dose [13]. In sub-lethal C. shasta 89 

infections of unknown genotype in resistant rainbow trout (O. mykiss), the parasite was 90 

contained within granulomata [8] and in resistant steelhead (O. mykiss), parasites were detected 91 

only in the lumen of the intestine [16, 17]. In susceptible rainbow trout that survived a low dose 92 

of a presumably non-pathogenic parasite genotype (1 parasite per fish of some genotypes are 93 

lethal [20]), parasites were also found in the lumen and there was evidence of antibody 94 

production [24]. These studies suggest two very different host responses; one in which the 95 

parasite is contained prior to sporulation (as typically occurs in the lamina propria) and the other 96 

in which the parasite progresses through the lamina propria to the intestinal lumen without 97 

extensive inflammation or necrosis (tolerance). The variation in responses could be attributed to 98 

differing parasite doses or reflect unique responses to specific parasite genotypes. Thus, 99 

examination of defense strategies requires the ability to conduct sub-lethal challenges with 100 

controlled parasite genotypes.   101 

The goal of this study was to identify the strategies resistant salmonids have evolved to 102 

survive in sympatry with C. shasta. To minimize variables such as species, genotype, and 103 

parasite dose, comparisons are made between resistant and susceptible strains of Chinook salmon 104 

to infection by genotype I, a pathogenic genotype for Chinook salmon [22, 23]. To determine the 105 

potential location and timing of parasite containment or elimination we quantified parasite DNA 106 

in the gills and examined histological sections taken immediately after infection.  At three times 107 

after challenge we scored infection intensity and cellular responses using histology, evaluated 108 

antibody response by immunohistochemistry, and measured expression of pro-inflammatory and 109 

regulatory cytokines to identify fish strain-specific and temporal differences in the regulation of 110 

the immune response over the course of an experimental infection.  111 

 112 

2. Materials and methods 113 

 114 

2.1 Fish strains 115 

 116 
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Naïve fish of a susceptible (Salmon River (SR) Hatchery, OR, USA) and resistant (Iron 117 

Gate (IG) Hatchery, CA, USA) strain of Chinook salmon (SR average 7.0 ± 1.2 g; IG average 118 

6.2 ± 1.2 g) were transferred to the John L. Fryer Salmon Disease Laboratory, Oregon State 119 

University, Corvallis, OR. Fish were fed a daily commercial diet (Bio-Oregon, Longview, WA, 120 

USA) and reared in 13°C specific pathogen free (SPF) well water until initiation of the 121 

experiment.  122 

 123 

2.2 Parasite source 124 

 125 

As a source of actinospores, a culture of the invertebrate host Manayunkia speciosa was 126 

infected with myxospores obtained from Chinook salmon (genotype I) using methods previously 127 

described [19]. Water from the culture tank flowed into an aquarium where fish were held in 128 

separate cages segregated by strain for the parasite challenge. Three 1 L water samples were 129 

collected at the beginning of the fish challenge and parasite numbers were determined by 130 

quantitative PCR (qPCR) [25]. Water flow rate through the tank and parasite density measured 131 

by qPCR were used to estimate the total parasite dose for each experiment. Parasite exposure 132 

varied between the two experiments and is specified for each. 133 

 134 

2.3 Resistance at the portal of entry (gills) 135 

 136 

To compare C. shasta actinospore invasion in the gills, 10 fish of each strain were 137 

challenged simultaneously for 24 h.  Based on qPCR estimates and flow rate, these fish were 138 

exposed to 1.7 x 104 actinospores fish-1, below the estimated lethal threshold of 3.8 x 104 139 

actinospores [13, 21]. After 24 h, 5 fish from each strain were euthanized with an overdose of 140 

MS-222 (tricaine methosulfonate, Argent, Redmond, WA) and the gills from one side of the 141 

head of each fish were fixed for histology in Davidson’s fixative for 24 h then transferred to 70% 142 

ethanol. To assess parasite density, the other gill set was frozen for assay by qPCR. The 143 

remaining 5 fish from each strain were transferred to 13 °C SPF flow-through 25 L tanks to 144 

monitor the development of infection over 60 days. As a control, 5 uninfected fish from each 145 

strain were maintained identically, but in separate tanks. Because of the limited availability of 146 

these fish, gills were not collected for qPCR from control fish at 24 h, but these fish were 147 
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assessed for the presence of C. shasta infection in the intestine by PCR [26, 27] at the end of the 148 

experiment.  149 

DNA was extracted from gill tissue using the Qiagen DNeasy Blood and Tissue kit® 150 

(Valencia, CA, USA), eluted in 60 µL of AE buffer, then re-applied to the column and eluted 151 

again to increase yield. The DNA was then assayed by qPCR [25]. Samples were run in duplicate 152 

and Cq (quantification cycle) values were averaged for each sample. Two positive controls 153 

(DNA from infected fish tissue and synthetic C. shasta DNA template) and a negative control of 154 

molecular grade water were included. If the standard deviation of the duplicates was greater than 155 

1, the samples were re-run. Samples in which parasite DNA was not detected were assigned a Cq 156 

of 40 to facilitate data analysis. A Student’s t-test was performed to determine if there were 157 

significant differences in the Cq values between strains using SAS v. 9.3 (SAS Institute, Cary, 158 

NC, USA).  159 

Histological sections were prepared by the Veterinary Diagnostic Laboratory, Oregon 160 

State University (OSU) Corvallis, OR, and stained with May-Grunwald Giemsa. The presence 161 

and location of the parasite within the gill tissue were compared between strains. 162 

 163 

2.4 Comparison of histopathology and cytokine expression 164 

 165 

 2.4.1 Sample collection: In a second experiment, IG and SR strains of Chinook salmon 166 

were challenged with a dose of 4.3 x 103 actinospores fish-1 in the exposure tanks. Thirty fish of 167 

each strain were placed in separate 40 x 15 cm cylindrical cages and held in a 136 L flow-168 

through aquarium receiving water from the outflow of the infected polychaete colony for 24 h. 169 

An equal number of fish from each strain were held in cages in UV treated Willamette River 170 

water at the same flow rate for 24 h as a negative control. After exposure each treatment (IG 171 

infected (IGI), IG control (IGC), SR infected (SRI), SR control (SRC)), was divided into 3, 25 L 172 

SPF flow-through tanks at 13 °C with 10 fish per tank. Nine fish from each treatment (3 per 173 

replicate) were sampled 12, 25 and 90 days after exposure. 174 

Fish were euthanized with an overdose of MS-222 and intestinal samples were collected 175 

to compare histopathology and cytokine expression. A section of the posterior intestine (30 mg, 176 

approximately 0.5 cm) was excised, preserved in RNALater (Qiagen) and stored at -80 ºC until 177 
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RNA extraction. The remainder of the intestine from each fish was preserved for histology as 178 

described in section 2.3.  179 

2.4.2 Histopathology processing and analyses: One transverse section per fish was 180 

stained with Giemsa to determine infection intensity and another with H&E for inflammation. 181 

The entire length of the intestine was examined at 200x magnification. Infection intensity, in 182 

terms of number of parasite foci (one or greater parasites clustered in a group), was scored on a 183 

scale of 0-5: 0 = no foci, 1 = 1-5 foci, 2 = 6-10 foci, 3 = 11-15 foci, 4 = 16-20 foci, 5 = >20 foci. 184 

Inflammation was scored similarly: 0 = no foci, 1 = 1-10 foci, 2 = 11-20 foci, 3 = 21-30 foci, 4 = 185 

> 30 foci. In areas of confluent inflammation, each villi where inflammation was present was 186 

considered a single focus of inflammation. For statistical analyses, comparisons between 187 

infection intensity and inflammation between strain and treatment on day 12, and treatment and 188 

day for only the IG fish were conducted using two separate Kruskal-Wallis tests followed by 189 

Wilcoxon two-sample tests for pairwise comparisons. Comparisons were not conducted in SR 190 

fish after day 12 because all fish had succumbed to infection 24 days post exposure. 191 

2.4.3 Immunohistochemistry: Identification of Ig+ cells was conducted by 192 

immunohistochemistry using a monoclonal antibody raised in mouse against Ig+ cells 193 

(undetermined Ig class) in rainbow trout [28] in a third set of sections. Slides were 194 

deparaffinated, rehydrated and blocked with 0.33% hydrogen peroxide for 30 min to eliminate 195 

endogenous peroxidase activity. Slides were then washed twice in 1xPBS for five minutes and 196 

autoclaved in 0.01M citrate buffer (pH 6) for 15 min at 121 °C for antigenic retrieval. After 197 

washing as before in 1xPBS, slides were blocked for non-specific binding using 1.5% goat serum 198 

(Vectastain ABC kit, Vector Laboratories, Burlingame, CA, USA) for 30 min in a 22 °C humid 199 

chamber. Slides were then incubated for 60 min with 0.02 mg/mL of the primary monoclonal 200 

biotinylated A3 antibody [28] in a 22 °C humid chamber. Following another 1xPBS wash, the 201 

slides were incubated with the ABC complex according to kit instructions, washed in 1xPBS, 202 

and the chromagen DAB (Sigma-Aldrich, St. Louis, MO, USA) was added. The DAB reaction 203 

was stopped with deionized water after 2 min and the slides were counterstained with 25% Gill’s 204 

hematoxylin, dehydrated and mounted. Ig+ cells were counted using Image J software version 205 

1.440 (NIH, http://rsbweb.nih.gov/ij) at 400x. Three fields per fish were counted and averaged. 206 

To examine differences in Ig+ cell counts among strain-day and treatment, we used a two-way 207 
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ANOVA followed by Tukey’s test for highly significant differences. Differences were 208 

considered significant at p < 0.05 using SAS v. 9.3 (SAS Institute). 209 

 2.4.4 Cytokine expression processing and analyses: For RNA extraction, intestinal tissue 210 

from individual fish was removed from RNALater and a ~30 mg piece was processed using the 211 

RNeasy Minikit® with in-column DNAse I treatment (Qiagen). Total RNA concentration and 212 

purity were determined by Nanodrop. Prior to cDNA synthesis, RNA samples were either diluted 213 

with molecular grade water or concentrated using a Savant speed vac concentrator with 214 

refrigerated vapor trap to obtain 4 µg of RNA from the intestine for cDNA synthesis according 215 

to the SuperscriptTM First-Strand Synthesis System for RT-PCR (Invitrogen Life Technologies, 216 

Carlsbad, CA, USA) using oligo dT primers. 217 

The pro-inflammatory (IL-1β, IL-2, TNFα, IL-6 and IFNγ) and regulatory (IL-10, and 218 

TGFβ) cytokines were chosen to look for early responses to the parasite as well as regulation of 219 

the immune response. Primers for amplification of the housekeeping gene β-actin, as well as IL-220 

1β, IFNγ and TNFα were designed from Chinook salmon sequences in GenBank. Primers for 221 

amplification of IL-2, IL-6, IL-10, and TGFβ transcripts were designed based on rainbow trout 222 

sequences in GenBank. Serial dilutions of a standard cDNA preparation were used to assess PCR 223 

efficiency. Primer concentrations, reaction efficiencies and GenBank accession numbers are 224 

listed in Table 1. The dissociation curves of the PCR products were analyzed to verify a single 225 

peak and products were separated by gel electrophoresis to corroborate the presence of only one 226 

product and to evaluate product size. 227 

Quantitative PCR to measure gene expression was performed in 10 µL reactions 228 

containing 5 µL Power SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA), 229 

2 μL molecular grade water, 0.5 µL (concentrations in Table 1) of forward and reverse primer 230 

and 2 µL of cDNA (diluted 1:10) in MicroAmp Fast Optical 96 well reaction plates. Each sample 231 

was run in duplicate through 40 cycles on an ABI 7500 Fast Real-time PCR system on the 232 

Standard 7500 setting with an added dissociation step and ROX as passive reference. Only 233 

samples for which both wells fluoresced were considered positive. If the standard deviation of 234 

the duplicate wells was >1, the sample was re-run.  235 

 Cytokine expression was initially measured in infected and control treatments using 3 236 

pooled samples comprised of 3 fish each (1 fish from each replicate tank per pool) for each strain 237 

on each sampling day. When differences were detected between treatment and control fish using 238 
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t-tests on log transformed data, cytokine expression was quantified in individual fish. The log-239 

fold change in cytokine expression between the control and treatments were evaluated using 240 

REST 2009 software [29, 30] with 1000 randomizations. Differences between the control and 241 

treatments were considered significant at p < 0.05.  242 

 243 

3. Results 244 

 245 

3.1 Resistance at the portal of entry (gills) 246 

 247 

Ceratomyxa shasta was detected by qPCR in 100% of the gills of both resistant and 248 

susceptible strains of Chinook salmon exposed in experiment 1. Cq values were not different 249 

between SRI (29.97 ± 1.7) and IGI (30.46 ± 0.77) treatments (p = 0.56).  Histology revealed no 250 

differences in infection intensity or parasite location in the gills between strains; numbers of 251 

visible parasites were one or zero. Despite the low parasite numbers detected in the gills, all of 252 

the SRI held after the exposure succumbed to infection, with a mean day to death of 32.0 ± 9.0. 253 

All of the IGI survived to 60 days and myxospores were not detected in wet mounts upon 254 

termination. All of the control fish were negative by PCR. 255 

 256 

3.2 Histopathology 257 

 258 

In the second experiment, infection in the SRI fish was fatal (mean day to death 22.0 ± 259 

0.6), thus they were sampled only on day 12, while IGI cohorts survived to day 90. Therefore, 260 

measures of infection intensity, inflammation and numbers of Ig+ cells were compared between 261 

strains only at day 12. These measures were compared within the IG strain at days 12, 25 and 90. 262 

Neither parasites nor inflammation were detected in any of the controls.  263 

At day 12, infection intensity in the intestine was higher in SRI than IGI (p = 0.001), but 264 

inflammation was higher in IGI than SRI (Fig. 1a−b, p = 0.0062). SRI exhibited mild to 265 

moderate, multi-focal and locally extensive inflammation in the lamina propria, dominated by 266 

mononuclear cells with a few neutrophils (Fig. 2a−b). C. shasta trophozoites were observed in 267 

all layers of the posterior intestine (mucosal epithelium, lamina propria, muscularis, and serosa) 268 

from all nine of the SRI, but predominately in the mucosal epithelium (Fig. 3a−c). IGI exhibited 269 
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moderate to diffuse lymphocytic enteritis (Fig. 2c−e), with trophozoites observed in eight of the 270 

nine fish (Fig 3c−d). In three IGI, the mononuclear cell response was transmural, and scattered 271 

macrophages were present. Two of these also had increased vascularization in the lamina 272 

propria, evidenced by dilated blood vessels. Numbers of Ig+ cells were higher in the SRI than the 273 

IGI at day 12 (Fig. 1c, p < 0.001) and were also higher than the SRC (Fig. 1c, Fig. 4, p < 0.001), 274 

but numbers of Ig+ cells in IGI were not significantly different from IGC on day 12 (Fig. 1c, p = 275 

0.222).  276 

Infection intensity and inflammation in IGI, as determined by histology, changed over 277 

time (Fig. 1a−b, p = 0.02; p < 0.001), with both measures higher on day 12 and day 25 than on 278 

day 90. On day 25, C. shasta trophozoites were detected in five of nine IGI: one fish had an 279 

infection intensity score of five,the other four had a score of one. Inflammation on day 25 280 

differed from day 12 not in severity, but in the location and distribution of host inflammatory 281 

cells (Fig. 2 f−g). Host mononuclear cells were largely limited to the lamina propria and some 282 

fused villi in at least two of the fish on day 25 and trophozoites were present among the 283 

infiltrated cells. Inflammation in another two fish from this group was more diffuse, extending 284 

through the muscularis and serosal surface into the mesenteric adipose tissue. In one of these two 285 

fish, parasites were present within the adipose tissue, but numerous trophozoites were also 286 

present in the intestinal epithelium layer and destruction of villi was evident. In one fish, the 287 

steatitis extended from the serosal surface and surrounded a blood vessel. The number of Ig+ 288 

cells increased significantly on day 25 compared to day 12 (p < 0.001) in the IGI and was also 289 

significantly higher than the IGC (Fig. 1c, p < 0.001). By day 90, parasites were observed in only 290 

one fish and inflammation in the lamina propria was absent to minimal with lymphocytes 291 

scattered in the mesenteric adipose tissue (Fig. 2 h−i). The number of Ig+ cells in the day 90 IGI 292 

was not significantly different from the IGC (p < 0.462) and the IGI Ig+ cells were also 293 

significantly lower at day 90 than day 25 (p < 0.001). 294 

 295 

3.3 Cytokine Expression 296 

 297 

Intestinal expression of IL-6, IL-10 and IFNγ was upregulated (p < 0.001) in SR fish 12 298 

days post exposure. IFNγ was the only cytokine significantly upregulated (p = 0.007) in IG fish 299 

12 days post-exposure, but expression was seven times lower than that of SR fish. Expression of 300 
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IFNγ on day 25 in IG fish increased compared to day 12, but was no longer upregulated by day 301 

90 (p = 0.54). TNFα was upregulated in IG fish on day 90 (Table 2, p = 0.003). Differences in 302 

expression were not detected for TGFβ and IL-2.  303 

 304 

4. Discussion 305 

In this study, the responses of resistant (IG) and susceptible (SR) Chinook salmon to C. 306 

shasta were followed from the site of parasite invasion to the intestine.  Disease was fatal in SR 307 

fish but there was clearance and resolution of the infection in IG fish through an effective 308 

inflammatory response. The relatively equal numbers of parasites penetrating the gills of IG and 309 

SR Chinook suggests that resistance to invasion by the parasite does not occur. However, as 310 

proposed in the literature [8, 9, 16, 17], resistant fish did show evidence of preventing parasite 311 

establishment in the intestine. This appears to have occurred by a twofold process; 1) limiting the 312 

number of parasites that invade/establish in the intestine, as evidenced by lower infection 313 

intensity and 2) an effective inflammatory response limiting parasite proliferation in that tissue. 314 

By 90 days resistant fish had recovered from the infection, as evidenced by elimination of 315 

parasites from the intestine coinciding with the reduction of inflammation, pro-inflammatory 316 

cytokine expression and Ig+ cells. 317 

Differences between the timing and magnitude of the responses to parasite infection were 318 

evident between fish strains. Although both fish strains recruited Ig+ cells to the infection site, 319 

Ig+ cell recruitment occurred later in the resistant strain (day 25 as opposed to day 12 in the 320 

susceptible strain). We observed upregulation of the pro-inflammatory cytokines IFNγ and IL-6 321 

in both fish strains, although the magnitude of expression was higher for SR than IG fish.  In 322 

cold-water fish such as Chinook salmon, adaptive immunity typically occurs between six to 323 

twelve weeks post infection [31]. Because IL-6 is expressed prior to the development of an 324 

adaptive response, this cytokine may function early in the infection in a pro-inflammatory 325 

capacity [32 33, 34]. The increase in the number of Ig+ cells in SR fish at day 12 likely represent 326 

cells secreting non-specific antibodies. Thus, increased numbers of Ig+ cells and expression of 327 

pro-inflammatory cytokines, accompanied with failure to protect the host, suggest a premature or 328 

hyperactive response in the SR fish as compared to the IG fish.  329 

Reduced inflammation at day 12 in SR as compared to IG fish was unexpected given that 330 

cytokine expression and numbers of Ig+ cells were higher in SR fish and previous studies with 331 
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susceptible fish have shown severe inflammation in moribund fish [19, 20]. Inflammation in SR 332 

on day 12 occurred only in the lamina propria and did not arrest parasite proliferation or prevent 333 

parasites from reaching the epithelium. Because fish were not sampled at a time when the fish 334 

were clinically disease, it is unknown if inflammation, cytokine expression and numbers of Ig+ 335 

cells would have continued to increase with disease progression. Earlier sampling may also have 336 

aided in a better understanding of inflammation patterns. For example, increased expression of 337 

the pro-inflammatory cytokines that respond quickly to infection, such as TNFα and IL-1β, may 338 

have occurred prior to day 12. If upregulation occurred prior to our sampling in IG fish, this 339 

could explain the increased histological inflammation in IG fish compared to SR fish.  An 340 

alternate hypothesis for the lower inflammation observed in SR fish at day 12 is that IL-10, a 341 

potent anti-inflammatory cytokine, may have suppressed both IL-6 and IFNγ [35, 36]. In 342 

addition, although cytokine expression was upregulated in SR at day 12, this expression may not 343 

have been sufficient to elicit the extent of inflammation observed in IG Chinook.  344 

While both Chinook strains were exposed to the same infectious dose and the number of 345 

infecting parasites was similar, the infection intensity measured in the intestine of SR on day 12 346 

was approximately four times higher than that of IG fish. We offer two explanations for the 347 

reduced number of parasites in the intestine of the IG strain by day 12. First, parasites could be 348 

eliminated prior to arrival in the intestine (i.e. in the blood) and/or second, elimination could 349 

occur upon arrival in the intestine before our first sampling time. Although not examined in this 350 

study, we hypothesize that the immune response in resistant Chinook reduces the numbers of 351 

proliferating parasites in the blood during migration from the gills to the intestine between the 352 

time of initial infection and our first measurement on day 12. We have some support for this 353 

hypothesis; blood collected daily from IG fish after exposure to the parasite for two weeks 354 

indicated a reduction in parasite numbers by day 12 [37]. These additional defenses may limit the 355 

number of parasites invading the intestine and account for the difference in the timing of the 356 

response in the intestine between the Chinook strains.  357 

Over the course of the infection, the numbers of parasites in the intestine of resistant fish 358 

remained low, likely because proliferation was controlled by the inflammatory response. 359 

Additionally, the high survival of infected IG fish in the presence of these extensive 360 

inflammatory lesions and resolution of the infection in cohorts by day 90 supports the successful 361 

regulation of this response. By day 90, there were no significant differences in IFNγ expression, 362 
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inflammation and the number of Ig+ cells from controls, indicating a return to basal levels. 363 

Therefore, although both strains of fish elicited an inflammatory response and recruited Ig+ cells 364 

to the intestine, the response was only effective for IG Chinook and was likely aided by the 365 

reduction of parasites prior to entering the intestinal tissues.  366 

As a continued inflammatory response in the intestine would lead to immunopathology, 367 

downregulation of inflammatory cytokines prevent host tissue damage [38]. Although our study 368 

was limited to a single exposure to the parasite, decreased expression of IFNγ along with 369 

increased numbers of Ig+ cells suggests a switch from a T helper 1 (Th1) to a T helper 2 (Th2) 370 

response in resistant fish. For fish living in a river, exposure to C. shasta actinospores would be 371 

continuous, potentially leading to chronic inflammation. Thus, a switch to Th2 would prevent 372 

chronic inflammation and may stimulate a protective antibody response [39]. In susceptible 373 

rainbow trout infected with a presumably non-pathogenic strain of C. shasta, parasites were 374 

identified in the presence of increased mucosal IgT antibody [24]. Although it is not known if 375 

this response is protective against C. shasta, protective antibody responses have been 376 

demonstrated in fish surviving other myxozoan infections [40, 41, 42, 43].  377 

 Previous studies examined the host response to C. shasta in susceptible rainbow trout 378 

infected with a different parasite genotype than used in this study [22, 23]. Although this 379 

complicates comparisons between resistance strategies, we did see some similarities between 380 

infections among fish species. Ibarra et al. [8] noted formation of granulomata around the 381 

parasite and hypothesized that C. shasta resistance results from the ability of the fish to mount an 382 

effective immune response. Bartholomew et al. [16] found parasites in the lumen without 383 

triggering inflammation and low mortality in resistant trout, suggestive of tolerance. In our study, 384 

although we did not observe granulomata or parasites in the lumen, resistant IG fish exhibited 385 

greater inflammation and had lower infection intensities compared to susceptible fish. Over time, 386 

infection intensities decreased, suggesting that the inflammatory response and/or the increase in 387 

numbers of Ig+ cells was capable of eliminating parasites prior to sporulation or movement into 388 

the intestinal lumen. Although the details of our observations were different than those observed 389 

in rainbow trout and steelhead, the hypotheses regarding resisting parasite establishment (in the 390 

intestine) as well as the development of an effective immune response in the form of an 391 

inflammatory response and/or antibody response are supported in this study. 392 
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 Similarities exist in the host response against C. shasta and other myxozoans with 393 

tropism for the intestine of its fish host. In sharpsnout sea bream (Diplodus puntazzo) infected 394 

with Enteromyxum leei, the immune response is decreased compared with resistant gilthead sea 395 

bream (Sparus aurata), although infection severity is higher and disease progression is faster in 396 

the sharpsnout sea bream [44, 45]. This finding is comparable to the response of the susceptible 397 

SR strain to C. shasta infection on day 12 of our study, where parasite intensity was higher in the 398 

resistant IG strain, but inflammation was lower. Gilthead sea bream also demonstrated 399 

recruitment of lymphocytes to the intestine and upregulation of pro-inflammatory cytokines early 400 

in infection [45, 46]. This response is similar to the inflammatory response in the resistant IG 401 

fish in our study. Gilthead sea bream also displayed upregulation of anti-inflammatory cytokines 402 

later in the study, which may have correlated with a decrease in lymphocyte infiltration into 403 

intestinal tissues [45, 46]. This trend was not detected in our study, although a sample point 404 

between 25 and 90 days may have provided further resolution of the response. Thus, an 405 

increased immune response in the intestine appears to be a common response to invasion by 406 

myxozoan parasites with intestinal tropism, but resistant fish appear to be able to mount a more 407 

effective response than susceptible fish. 408 

 409 

5. Conclusions 410 

 411 

Results of this study demonstrated that fish with increased resistance to enteronecrosis 412 

elicit an effective immune response capable of eliminating parasites. The effectiveness of the 413 

response is dependent on the parasite dose, as resistant fish can succumb to disease at high doses. 414 

The trends in cytokine expression and inflammatory cell recruitment to the intestine differed in 415 

timing and magnitude between susceptible and resistant fish. Expression of IFNγ, IL-6 and IL-10 416 

was higher in susceptible fish at day 12, but expression continued to increase in resistant fish by 417 

day 25. Despite the increased expression of cytokines later in resistant fish, the histological 418 

inflammatory response was more intense in resistant fish at day 12.  This may be due to 419 

upregulation of pro-inflammatory cytokines in resistant fish earlier in the infection or the 420 

expression of IL-10, a potent anti-inflammatory in susceptible fish. We also observed differences 421 

in the numbers of parasites detected in the intestine, with fewer parasites in the intestine of 422 

resistant fish. Because resistance is a genetically controlled trait [4], these fish may elicit an 423 
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earlier immune response en route or upon arrival to the intestine. One mechanism for this may be 424 

pathogen recognition receptors. To better understand the role of innate immunity in prevention of 425 

clinical disesase, future studies should determine the parasite dose range in which an effective 426 

immune response can be initiated but not overwhelmed. Additionally, new insights on the 427 

infectious dose, route of infection and timing of host response to the parasite in the intestine 428 

create new opportunities to investigate the possibility of a protective antibody response to C. 429 

shasta.  430 

 431 
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7. Table and Figure Captions 447 

Table 1. Primer sequences, primer concentration, reaction efficiency, product size, and GenBank 448 

accession number for Chinook salmon cytokine expression analysis. 449 

 450 

Fig. 1. Average Infection Intensity (a), Inflammation (b) and numbers of Ig+ cells (c) for 451 

susceptible Salmon River (SR) and resistant Iron Gate (IG) Chinook salmon on days 12, 25 and 452 

90. Each bar represents nine fish. For the top and middle figures, upper case letters indicate 453 

differences between fish strains on day 12 and lower case letters indicate differences among days 454 

for IG using Kruskal-Wallis with Wilcoxon rank sum for pairwise comparisons. All controls 455 

scored 0. For the bottom figure, upper case letters indicate significant differences between fish 456 

strain-day using a two-way ANOVA with Tukey’s test for highly significant differences. Control 457 

values are not depicted for continuity.  458 

 459 

Fig. 2. Inflammation in Salmon River (SR) and Iron Gate (IG) Chinook salmon stained with 460 

Giemsa. Arrows indicate parasite foci. Areas of inflammation in the lamina propria of SR 461 

intestine at day 12 post infection adjacent to tissue with no inflammation (a, b). Inflammation in 462 

IG intestine in serosa, lamina propria, muscularis and stratum granulosum at day 12; although 463 

lymphocytes are numerous, no parasites are present (c−e). Inflammation in IG intestine at day 25 464 

in lamina propria, surrounding blood vessels and resulting distortion of villi (f, g). Inflammation 465 

in IG intestine at day 90 largely limited to the lamina propria; no parasites are present (h, i).  466 

 467 

Fig. 3. Ceratomyxa shasta parasite foci (indicated with arrows) in Salmon River (SR) and Iron 468 

Gate (IG) Chinook salmon stained with Giemsa. Trophozoites in the intestinal epithelium of SR 469 

in the absence of inflammation at day 12 (a, b). Parasites within foci of inflammation in the 470 

intestinal serosa of IG at day 12 (c, d).  471 

 472 

Fig. 4. Ig+ cells (brown) in the intestinal tissue of control (a) and infected (b) Salmon River 473 

Chinook salmon on day 12. Sections were counterstained with hematoxylin.  474 

 475 
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Table 2. Fold change in intestinal expression of cytokine genes of susceptible Salmon River (SR) 476 

and resistant Iron Gate (IG) strains of Chinook salmon after infection with Ceratomyxa shasta. 477 

Numbers in bold indicate significant changes in treatment from control (p < 0.05). 478 

479 
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Figure 3 657 
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Figure 4 688 
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Table 1 719 
Gene Primer sequences (5'-3') Primer concentration  Product size  GenBank # 

  and efficiency (bp)  

β actin (F) GGACTTTGAGCAGGAGATGG 4 µM, 99.4% 186 Chinook salmon 

  (R) ATGATGGAGTTGTAGGTGGTCT     FJ546418 

IL-1β (F) ACCGAGTTCAAGGACAAGGA 6 µM, 99.9% 181 Chinook salmon 

  (R) CATTCATCAGGACCCAGCAC     DQ778946 

IL-2 (F) TTTCCTTTTTGACGCTTTTTCTCA 4 µM, 99.6% 204 Rainbow trout 

  (R) CGAGGCATTCTACTTTCACAGT     NM_001164065 

IL-6 (F) CAGTTTGTGGAGGAGTTTCAGA 2 µM, 99.3% 118 Rainbow trout 

  (R) TGTTGTAGTTTGAGGTGGAGCA      NM_001124657 

IL-10 (F) CTACGAGGCTAATGACGAGC 6 µM, 99.5% 100 Rainbow trout 

  (R) GATGCTGTCCATAGCGTGAC     AB118099 

IFNγ (F) CAACATAGACAAACTGAAAGTCCA 4 µM, 99.4% 129 Chinook salmon 

  (R) ACATCCAGAACCACACTCATCA     GT897806 

TGFβ (F) AGATAAATCGGAGAGTTGCTGTG  2 µM, 99.9% 275 Rainbow trout 

  (R) CCTGCTCCACCTTGTGTTGT     X99303 

TNFα (F) ACCAAGAGCCAAGAGTTTGAAC 2 µM, 98.0% 154 Chinook salmon 

  (R) CCACACAGCCTCCATAGCCA     DQ778945 

 720 
 721 

Table 2 722 

 723 

 
SR-day 12 IG-day 12 IG-day 25 IG-day90 

Cytokine 
Fold 

Change SE 
Fold 

Change SE 
Fold 

Change SE 
Fold 

Change SE 

TNFα 1.04 -2.67−2.51 -1.01 -3.79−3.41 1.59 -1.57−3.40 2.26 1.05−4.48 

IL-1β -1.44 -4.05−2.15 -1.22 -3.28−3.43 -1.20 -3.53−3.11 1.03 -1.67−1.77 

IL-6 5.51 2.27−13.27 2.55 1.02−7.39 4.59 -1.70−111.63 -1.18 -2.11−1.51 

IL-10 14.22 7.22−39.46 3.55 -3.45−47.03 2.29 -4.69−24.17 -1.09 -1.95−1.56 

IFNγ 28.97 13.01−66.55 3.65 1.32−11.67 5.43 -1.16−41.23 -1.19 -2.78− 1.85 
 724 

 725 

 726 




