ACCESSION NO:  2023-0001

ALASKA DEPARTMENT OF FISH AND GAME
DIVISION OF COMMERCIAL FISHERIES - FISH PATHOLOGY SECTION
333 RASPBERRY ROAD, ANCHORAGE, AK  99518-1599 - Phone (907) 267-2244/Fax 267-2194

REPORT OF LABORATORY EXAMINATION

LOT (YEAR, STOCK, SPECIES):  Yukon River (Pilot Station) Chinook salmon, Oncorhynchus tshawytscha   
							 
FACILITY: ADF&G, Arctic-Yukon-Kuskokwim

CONTACT PERSON/ADDRESS:  	Fred West, ADF&G Commercial Fisheries, 333 Raspberry Rd., Anchorage, AK 99518 

SAMPLE DATE: 6/10-7/15/2022	DATE SAMPLE RECEIVED: 7/5, 7/8, & 7/29/2022 

SPECIMEN TYPE: Heart; Kidney						LIFE STAGE: Adult					 	WILD: Yes 

NUMBER OF SAMPLES: 202 paired heart and kidney 

STATE: Paired heart and kidney each preserved in both formalin and DNA stabilization buffer

[bookmark: _Hlk145399334]HISTORY/SIGNS: HISTORY/SIGNS: These samples were submitted as part of a multi-year, multi-agency research project to assess the impacts of Ichthyophonus on Yukon River Chinook salmon (Ferguson et al., 2022). This is a collaborative study with USFWS that was developed in response to concerns raised by local Yukon River fishers who have observed a recent rise in Ichthyophonus infections concurrent with small run sizes and unprecedented harvest restrictions. There has also been a large Difference Between Estimates (~40-50%) of fish abundance between the sonar project near the mouth of the river versus at the border that may indicate en route mortality. The overall goal of our work is to develop an annual monitoring program to evaluate the prevalence and density of Ichthyophonus in these fish and develop a predictive model to estimate annual Ichthyophonus-associated mortality. This planned work is developmental and will collect baseline samples needed to evaluate the feasibility of this goal. The sample location for this program would be at the Pilot Station test fishery because it is low enough in the basin to provide information for in season management. Samples from fish that have died from handling mortalities could also be used from this location to minimize the impact of lethal sampling.  

Fish sampled at Pilot Station were supposed to be from handling mortalities where they are believed to have similar infections as those that do not die from handling based on the same length and age distributions. However, this year some fish had to be lethally sampled due to the low run abundance that resulted in less handling mortalities. Field staff did not record whether each sample was obtained from a fish that was lethally dispatched or from a fish that had died naturally from handling (i.e., handling mortalities). Therefore, it was not possible to compare infections between the two different groups of sampled fish.

This laboratory report represents an intermediary product for the study at-large, which is akin to an updated progress report. Therefore, reported results and analyses may be amended at any time and thus should be regarded as preliminary. Finalized results and analyses for this multi-year study will be reported in future Department reports and/or peer reviewed manuscripts. 
 
REASON FOR SUBMISSION: Yukon River Chinook salmon Ichthyophonus research

FINAL REPORT DATE: 10/2/2023

CLINICAL FINDINGS
[bookmark: _Hlk145410233]The following terms used in this report are defined in accordance with Bush et al., 1997.
1. Prevalence: Prevalence is the number of hosts infected with one or more parasites of a particular species divided by the number of hosts examined. It is commonly expressed as a percentage when used descriptively and as a proportion when incorporated into mathematical models.
2. Intensity: Intensity is the total number of parasites of a particular species within a single infected host. When using mean or median intensity, this would exclude uninfected hosts within the sampled population. However, enumerating all parasites from an entire fish in this study is not practical, so density will be used instead (see #4 below). 
3. Abundance: Abundance is the total number of parasites of a particular species in a sample that would include zero parasites within a host (i.e., uninfected). When using mean or median abundance, this would include both uninfected and infected hosts within the sampled population. Mean abundance is equivalent to mean intensity multiplied by prevalence.
4. Density: Density is the number of individuals of a particular parasite species in a measured sampling unit taken from a host or habitat, e.g., in units of area, volume, or weight. When using mean or median density, this would exclude uninfected hosts within the sampled population (i.e., analogous to intensity, but derived from a sub-sample of host tissue). This is the main metric used in this study because enumerating all parasites from the entire fish is not practical.
The Variance to Mean Ratio (VMR) is a normalized measure of the dispersion of a probability distribution, i.e., quantifies if observed occurrences are clustered or dispersed compared to a standard statical model. This metric has the following interpretation:

VMR = 0 (not dispersed)
0 < VMR < 1 (under-dispersed)
VMR = 1 (random)
VMR > 1 (over-dispersed) 

This is commonly used to define the degree of parasite dispersion among hosts (e.g., Anderson and Gordon, 1982; Rousset et al., 1996). It is calculated by dividing the sample variance by the sample mean of abundance. Temporal declines in this ratio within a sampled host population have been used as a qualitative indicator of Parasite-Associated-Mortality (e.g., Godon & Rau, 1982; Kalbe et al., 2002).  

FIELD DATA:  Sampled fish had an average length of 713mm (380-914mm) and age of 1.4 (one yr. freshwater, 4 yrs. saltwater; 26 not aged) (Figure 1); 54.5% males, 45.5% female; 52.5% US-origin, 43.1% Canadian-origin, 4.5% not assigned (2 failed genotyping/poor quality, 2 unsampled, 5 unassigned-origin)
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Figure 1. Length and age distributions of Yukon River Chinook salmon sampled at Pilot Station in 2022
Gross Pathology: 

7/202 	(3.5%) hearts with grossly visible white foci noted by field staff, but only 4/7 (57.1%) hearts with grossly visible white foci positive by qPCR and/or histology.
 
Fish #’s with gross lesions detected in the field: 81, 85, 117, 149, 155, 156, 181. Fish #’s 117 and 181 were test-negative by both qPCR and histology, but histopathology indicated multifocal myonecrosis, edema and hemorrhage due to unknown cause(s). Fish # 156 was test-negative by both tests, however, prior to final dilution on qPCR, approximately 20.8 total copies were detected indicating a low-level infection that may have been associated with gross lesions, but too low of an infection to detect by histology.	
qPCR Extraction and assay details:
[bookmark: _Hlk134621744]
Ichthyophonus-Specific qPCR: 

Approximately 500mg of heart tissue was homogenized in buffer by bead-beating. A subsample was then taken containing roughly 20mg of homogenized tissue and DNA was then extracted following the Simplified Workflow for the MagMAX CORE Nucleic Acid Purification Kit on a KingFisher Flex purification system. A synthetically produced gene fragment, gBlock (Integrated DNA Technologies), was used for the standard curve. The Limit of Quantification (LOQ) for this assay was 10 gene copies per reaction, corresponding to a CT value of 31.6-35.6. This qPCR targets the multicopy 18S rDNA gene and was performed according to the validated qPCR assay by White et al. (2013).

It was initially assumed that qPCR-negative samples were also test-negative by histology since qPCR has a higher sensitivity of detection and thus only qPCR-positive samples were evaluated by histology to reduce efforts in labor, time, and cost. However, during data analysis we observed that there were lower-than-expected test-positive qPCR values compared to histology that were suspected to be due to an excessive amount of DNA template, so samples were diluted at a final dilution of 1:30 after assessing a dilution series and re-tested. Additionally, only 4µl (instead of 8µl) was used as template. This approach was required to quantify parasite DNA more accurately in highly-positive samples that may have caused previously low-level positives to be below the LOQ. However, the focus of the study is to quantify heavy infections for assessing the impacts of infection density rather than just prevalence, so there is less of a need to evaluate the low-level infections. We will continue to use this dilution step in future testing and perform histology on all samples as a secondary test. Data were not normally distributed so the medians instead of the means were statistically analyzed. Results are presented as gene copies/mg rather than gene copies/g to be more consistent with the literature. This is also directly comparable to the histology results (i.e., 1mm3 = 1mg)

71/202  hearts with quantifiable Ichthyophonus DNA at or above the LOQ (35.1%). 

There was a significantly lower prevalence of Ichthyophonus in Yukon Chinook salmon within the 700mm length category compared to the 800mm length category (Table 1; p = 0.03; Fisher Exact test). There was a near significant difference in prevalence between fish aged at 1.3 years compared to those at 1.4 years (p = 0.05; Fisher Exact test) and a suggestive, but insignificant difference in prevalence between female and male fish (p = 0.06; Fisher Exact test). However, there were no significant differences in median infection density. 

[bookmark: _Hlk145427446]The VMR using qPCR was 2.5x107, indicating that parasites were highly aggregated within the fish host population (i.e., a VMR > 1). This means that there were fewer fish carrying most of the parasites compared to most of the fish that were either uninfected or lightly infected.









Table 1. Summary of qPCR-derived and histology-derived Ichthyophonus infections in Yukon River Chinook salmon from Pilot Station by sex, country of origin, age, and length where pairwise comparisons of prevalence were tested by the Fisher Exact test and median density by the Mann-Whitney U test. Means could not be tested due to non-normal distribution of data. Different letters in the same infection metric column indicates a significant difference of p<0.05.
	
	qPCR
	Histology
	

	
	n
	Prevalence (%)
	n
	Median Density (copies/mg)
	n
	Prevalence (%)
	n
	Median Density (schizonts/mm3)

	Overall
	202
	35.1
	71
	8.6 x105
	202
	34.7
	70
	15.3

	     Female
	92
	42.4a
	39
	6.5x105a
	92
	42.4a
	39
	13.6a

	     Male
	110
	29.1a
	32
	9.8x105a
	110
	28.2b
	31
	15.7a

	     Canadian origin
	87
	49.5a
	31
	1.3x106a
	87
	32.2a
	28
	30.6a

	     US origin
	106
	50.0a
	43
	6.2x105a
	106
	36.8a
	39
	8.4a

	     Age (fw.sw)
	
	
	
	
	
	
	
	

	          1.2     
	19
	31.6a
	6
	9.4x105a
	19
	31.6a
	6
	11.6a

	          1.3
	67
	23.9a
	16
	8.6x105a
	67
	25.4a
	17
	25.6a

	          1.4
	78
	39.7a
	31
	8.1x105a
	78
	38.5a
	30
	12.6a

	          1.5
	8
	50.0
	4
	5.1x107
	8
	50.0
	4
	121.6

	         ≥2.2
	4
	50.0
	2
	9.8x105
	4
	50.0
	2
	13.7

	     Length (mm)
	
	
	
	
	
	
	
	

	        ≤600      
	29
	37.9abc
	11
	1.4x106a
	29
	37.9abc
	11
	14.9a

	          700
	56
	23.2ab
	13
	8.8x105a
	56
	23.2ab
	13
	25.6a

	          800
	82
	41.5ac
	34
	8.3x105a
	82
	41.5ac
	34
	10.4a

	          900
	34
	38.2abc
	13
	6.5x105a
	34
	35.3abc
	12
	41.7a

	         >900
	1
	0.0
	0
	0
	1
	0
	0
	0



Tetracapsuloides bryosalmonae (PKX) and Flavobacterium psychrophilum-Specific qPCR: 

DNA from approximately 30mg of kidney tissue was extracted using the Digestion Workflow for the MagMAX CORE Nucleic Acid Purification Kit on a KingFisher Flex purification system. A synthetically produced gene fragment, gBlock (Integrated DNA Technologies), was used for the standard curve. The LOQ for the PKX assay was 10 gene copies per reaction, corresponding to a CT value of 32.3-34.4. This qPCR targets the 18S rDNA multi-copy gene and was performed in accordance with Bettge et al. (2009). The LOQ for the F. psychrophilum assay was 10 gene copies per reaction, corresponding to a CT value of approximately 31.2-32.6 and equates to approximately 10 bacteria. This qPCR targets a single-copy gene for a hypothetical protein with unknown function and was performed in accordance with Marancik & Wiens (2013).

  0/202	kidneys with quantifiable F. psychrophilum DNA at or above the LOQ
  0/202 	kidneys with quantifiable T. bryosalmonae DNA at or above the LOQ
		
HISTOPATHOLOGY:  5µ sections of heart tissue, hematoxylin and eosin stains and/or Periodic Acid-Shift (PAS) stain; serial sections with approximately 100µm spacing; 5 sections/sample. Histology was performed on all samples. Data were not normally distributed so the medians instead of the means were statistically analyzed.
							
70/202	overall prevalence of Ichthyophonus by histology (34.7%)

Histology-derived infection prevalence yielded similar trends as those from qPCR where there was a significantly higher prevalence of Ichthyophonus in Yukon Chinook within the 700mm length category compared to those within the 800mm length grouping (Table 1; p = 0.03; Fisher Exact test). However, there was also a significantly higher prevalence in female compared to male fish as assessed by histology (Table 1; p = 0.04; Fisher exact test), which was only suggestive with the qPCR data. There was no significant difference in prevalence between fish age at 1.3 years compared to those at 1.4 years using histology (p = 0.11; Fisher Exact test), as compared to the near significant difference with the qPCR data. As with qPCR-derived results, there were no significant differences in median infection density.

The VMR using histology was 604.3, indicating that parasites were highly aggregated within the fish host population (i.e., a VMR > 1). This means that there were fewer fish carrying most of the parasites compared to most of the fish that were either uninfected or lightly infected. 

The average volume of heart tissue examined for histopathology for the Pilot Station Chinook salmon samples was 1.37mm3 whereas that from Rapids Chinook salmon samples was 1.20mm3 (8mm diameter biopsy bunch sectioned at 5µm; Acc. No. 23-004) which was approximately 0.17mm3 or 12.4% larger. A larger amount of heart was examined for Pilot Station fish because infections tend to be lower in fish sampled from the lower reach of the river compared to those at Rapids so additional effort was spent estimating these infections. However, there was no statistical difference in median infection density after scaling counts by 12.4% to match the amount of tissue examined from Rapids fish (p = 0.60, Mann-Whitney U test). Therefore, future sampling will involve the exact same amount of tissue volume from each site, which will be the amount used on Rapids Chinook salmon (i.e., both sites will employ a 0.8mm biopsy punch). 

Overall, Ichthyophonus infections were associated with necrotizing and non-necrotizing granulomatous inflammation occurring as focal or multifocal pericarditis and/or myocarditis that was occasionally accompanied by myonecrosis. Approximately 27% of the infected fish had the highest inflammation score (Fig. 3; Table 2). One fish (#172) had a very high Ichthyophonus burden estimated to be 1,598 schizonts/mm3 where the tissue sample contained a significant amount parasite biomass (Fig. 4). This was the heaviest infection by histology encountered so far in the study. There were 8 heart samples that were test-negative for Ichthyophonus but had varying degrees of edema and/or necrosis due to unknown cause(s). One sample appeared to have bacteria that could later be confirmed with a Gram-stain.
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Figure 3. Histopathology of Ichthyophonus infections in Yukon Chinook salmon showing examples of inflammation index. a) Grade-0, parasite is intimately associated with myocytes and void of inflammation (arrow), b) Grade-1, parasite surrounded by mild inflammation (arrow), c) Grade-2, parasites encapsulated by discrete granulomas (arrow), d) Grade-3, obliterative necrotizing granulomatous inflammation (arrow), parasite present in lesion in previous section, n = caseous necrosis.
[image: ]
Figure 4. Histopathology of an adult Yukon River Chinook salmon heart sample from Pilot Station with a high Ichthyophonus (arrows) burden where parasite biomass occupied a significant amount of tissue. This was the heaviest infection by histology encountered so far in the study. PAS stained.
Comparison of qPCR to histology: 

Prevalence: Prevalence by qPCR was 35.1% compared to 34.7% as determined by histology, which was not statistically different (p > 0.99; Fisher Exact test). 

Density: Comparing infection density of qPCR (copies/mg) and histology (parasites/mm3) indicated a linear relationship with this dataset. qPCR was chosen to be the explanatory (independent) variable where gene copy number/mg was tested to correlate to histology as the response (dependent) variable of parasite numbers/mm3. The assumption of normality of the dependent variable with respect to the independent variable was assessed by inspection of the residual vs fitted plot, which showed a violation of this assumption. However, the purpose of this comparison is to provide a rough estimate of how many parasites in histologic section are correlated with a given qPCR copy number value because the latter is an abstract metric of infection. This would allow for a more straightforward comparison to historical studies that used histology as the gold standard and would facilitate a better understanding when communicating to other fish health experts and researchers. qPCR results were a significant predictor of histology results (p < 0.0001; linear regression) with an excellent linear fit having an adjusted R2 value of 0.90 (Fig. 5). The prediction intervals are provided in the figure to describe the range of infections in histology associated with a given qPCR value. 

Predictions were as follows: 

105 copies/mg = 2.3 schizonts/mm3 (-85.3 to 89.9 schizonts/mm3) 
106 copies/mg = 22.0 schizonts/mm3 (-65.6to 109.5 schizonts/mm3) 
107 copies/mg = 218.2 schizonts/mm3 (130.3 to 306.2 schizonts/mm3) 
[bookmark: _Hlk145411936]
Using the point estimates from each prediction point and averaging them, this would equate to approximately 44,920.8 copies/schizont. This was consistent with the estimated average copy number per schizont from the raw data that indicated the parasite had 60,000 copies/schizont in this dataset by simply dividing the total copies/mg by the total schizonts/mm3 for each sample with data from both tests. The parasite increases in size with time so the number of copies per schizont will likely vary within a range of values.

An additional value of performing the linear regression analyses is that it has provided a means to explore categorizing infection levels as low, medium, or high. In general, samples with qPCR results of ≤1.0x105 copies/mg have correlated with single-digit counts of schizonts/mm3 in histology, those with >1.0x105 copies/mg, but <1.0x107 have corresponded to mostly double-digit counts of schizonts/mm3 in histology, and those with ≥ 1.0x107 copies/mg represent mostly triple-digit counts of schizonts/mm3 in histology. Given the tight correlation between the two tests and the consistent finding of a similar categorization scheme from multiple datasets, the current criteria to categorize infections is as follows:

1. Low = qPCR results of ≤ 1.0x105 copies/mg or histology results of ≤10 schizonts/mm3

2. Medium = qPCR results of >1.0x105 copies/mg, but <1.0x107 or histology results of >10 schizonts/mm3, but <100 schizonts/mm3

3. High = qPCR results of ≥ 1.0x107 copies/mg or histology results of ≥100 schizonts/mm3 

Categorizing infection levels is currently exploratory and may change prior to final reporting.
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Figure 5. Linear regression of parasites in histology as a function of parasite 18S SSU gene copy number/mg by qPCR for Pilot Station 2022 samples. Shaded bar = confidence band of the linear regression, red lines = prediction intervals. 
DIAGNOSIS: Ichthyophoniasis

[bookmark: _Hlk145422890]COMMENTS/RECOMMENDATIONS: The following is a discussion on infection trends observed from the preliminary test results and analyses of the Pilot Station samples collected in 2022. These results are also descriptively compared to those from the 2021 testing efforts from fish collected at that location (Appendix A below), but final statistical evaluation across study years and sample locations will be forthcoming in additional reports separate from the laboratory reports. 

Based on qPCR, infection prevalence this year was estimated to be about 35% with a median infection density of 8.6x105 gene copies/mg. Yukon Chinook salmon within the 700mm length category had a significantly lower prevalence compared to those within the 800mm length category. Ichthyophonus has been shown to persistently infect Yukon Chinook salmon (Elliott et al., 2021), so this would account for more older/larger fish being infected compared to fewer infected younger/smaller cohorts. Similarly, fish aged at 1.3 years compared to those at 1.4 years had a nearly significantly lower prevalence. There was a suggestive, but insignificantly lower prevalence in male fish compared to females. There were no differences in median infection density. An important finding was that samples require an additional dilution to accurately detect and quantify infections because clinically diseased fish contained too much target DNA. This delayed reporting this year but was invaluable for refining techniques for future testing. Lastly, kidney samples were test-negative for T. bryosalmonae (PKD agent), and F. psychrophilum (Bacterial Coldwater Disease agent).   

Histology results yielded similar trends as those from qPCR in that fish within the 700mm size class also had a significantly lower prevalence than those in the 800mm size class. However, this test showed that males did have a significantly lower prevalence than females. This was not too surprising as Kocan et al. (2003; 2004) has shown that more females tend to become infected than males, presumably due to increased foraging on infected prey to reach a critical size for successful spawning. Again, there were no significant differences in median infection density by fish group. Specifically, there was no difference in median infection density between US and Canadian origin Chinook salmon, as was the case by histology last year where Canadian fish had a significantly higher infection (Acc. No. 21-0039). There appeared to be a difference as US fish had about a 27% lower median infection density, but this was not statistically different. Ichthyophonus-infected fish this year had a similar inflammation grading index as those examined last year, with about a third of the infected fish having the highest severity rating. Lastly, the size of schizonts in histologic sections may indicate the age of the parasite where smaller parasites likely represent recent infections that fish acquired from infected prey that they consumed presumably to reach the critical size prior to committing to upriver migration (Kocan, pers. comm.). There were several fish last year and this year that had large numbers of parasites that likely represent recent infections. This has spurred additional investigations by the Fish Pathology Lab to screen forage fish species from the NOAA Northern Berring Sea survey to better understand the source of these marine infections.   

Using qPCR, the infection prevalence in 2022 in Chinook salmon collected at Pilot Station was 13% lower compared to 2021 (Appendix A). However, the median infection density was approximately 1.1 log higher (~92%) in 2022 (Appendix A), which was significant in exploratory analyses. This means that fewer fish were infected, but those that were infected had higher levels than those returning the previous year. This was an interesting finding where data exploration indicated that there were more moderately to heavily infected fish in 2021 compared to 2022, which also coincided with a higher Difference Between Estimates of fish abundance with the sonar projects. There appeared to be no difference when using histology data (Appendix A), which was likely because of the lower sensitivity of this assay. The run size for this Chinook salmon stock was the lowest on record. This resulted in fewer handling mortalities at the Pilot Station Sonar project, so this required lethally sampling 150 fish to meet the sample size goal. Unfortunately, data were not recorded on which fish had to be lethally sampled compared to those that involved sampling handling mortalities so it was impossible to test for a difference in infection between these groups that could skew results. However, this will be noted for the 2023 sampling season.

There was a poor correlation between gross lesions and confirmed Ichthyophonus infection where only four of seven hearts with grossly visible white lesions were positive by either test method. Two of these fish (#’s 117 & 181) had multifocal myonecrosis, edema and hemorrhage due to unknown cause(s). The third fish (#156) was initially low-level test-positive by qPCR (20.8 total gene copies) prior to the final dilution so this sample may have had associated gross lesions, but the infection was too light to detect by histology. This emphasizes the need to have a secondary test to confirm results from screening assays, such as gross assessment or even qPCR. Results from any screening tests should be confirmed with a secondary test. In addition to providing vital information about other pathogens that were not present in this case, histopathology also provides a means to assess disease severity based on associated tissue changes. Although there were many samples that lacked grossly visible lesions that were test-positive by either or both tests, these likely represent subclinical infections that may manifest clinical disease in these fish as they migrate further upriver while the parasite replicates and disseminates throughout the fish.
  
There was a significant linear correlation between qPCR and histology, with an adjusted R2 value of 0.90. However, the assumption of normality of the dependent variable with respect to the independent variable was violated. Regardless, the correlation was sufficient for assessing and exploring this relationship rather than using it to make more accurate predictions using the regression equation. For example, when there is a sample with lower-than-expected gene copies/mg by qPCR using the linear regression with histology data, then this could be because the parasite varies in size and thus gene copy number as well. Some samples may have many small parasites that would have lower-than-expected gene copy numbers than a sample with fewer parasites that are much larger and contain much more gene copies (or vice versa). Additionally, this analysis provided a rough estimate of how many parasites in histologic section are correlated with a given qPCR value of gene copies/mg, which provides a less abstract infection metric for describing infections. Although the prediction intervals were quite large, there was a general trend where qPCR values of 105 likely represent single digit or low double-digit numbers of schizonts/mm3, 106 involving moderate to high double digit (and perhaps low triple digit) numbers, and 107 corresponding to moderate to high triple digit numbers of parasites/mm3 in sections. Obviously negative values would not be possible and thus represents samples where no parasites might be encountered in histology, which occurred in samples with copies/mg less than 107 but never at or above this level. This was consistent with the estimated average copies/schizont being 6x104 using the raw data and the previously published value of 1.4x104 copies/schizont by Lowe et al. (2018) in Pacific herring (Clupea harengus). The assumption that qPCR-negative samples are also negative by histology was found to be inaccurate so all samples will be evaluated by both tests as we continue to develop an annual monitoring program. This emphasizes the need for a secondary test for confirmation, which can also provide additional invaluable information on fish health when using histology as a paired test. Although a future monitoring program is intended to rely on qPCR as a rapid, high-throughput screening assay for in-season assessment, histology or another secondary test could still be performed post-season to finalize results. This would be a similar approach to other in-season assessment programs where finalized results may change slightly, but data in-season have been sufficient for informing timely management. Both tests also yielded a high VMR indicating that parasites were highly aggregated within the fish host population where fewer fish carried most of the parasites compared to most of the fish that were either uninfected or lightly infected. This is a common phenomenon in parasitology and although fewer fish had heavy infections compared to the remainder of the samples, these are most likely to be most impacted and thus represent the proportion of the population where a mortality risk assessment is needed for management. 
 
[bookmark: _Hlk143769718]In summary, infection prevalence was lower in 2022 compared to 2021, but infection density was higher based on qPCR testing. Females had a higher infection prevalence based on histology data, and fish in the 700mm size class had a significantly lower prevalence than those in the 800mm size category by both tests. This further supports the previously reported phenomenon that Ichthyophonus infections in this host population persists and accumulates with age/size. Histology continues to be a critically important test to incorporate into ongoing research efforts as it provides confirmation of infection, information on disease severity, and the ability to assess other infectious and non-infectious diseases. All samples will be assessed by both qPCR and histology going forward. The delayed reporting this year was due to the finding that samples require additional dilution for qPCR testing since samples from clinically diseased fish have too much target DNA. However, the time and effort spent on investigating this issue was worthwhile because it greatly improved our understanding and accuracy of testing future samples.
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TECHNICAL ASSISTANCE: D. Stewart, F. Woitel  

COPIES TO:  	FY23, Yukon Ich, Walter (USFWS), Herron (USFWS), Ross (DFO), Zuray (Rapids 
				Research Center), Kocan (Univ. WA), Hershberger (USGS), Von Biela (USGS), Clinton 
				(UAF), Linderman, Liller, Hamazaki, Lee, Pfisterer, Wiglesworth, Lozori, Morrill, Jallen, 
				Gleason, Decker, Brazil, Borba, Davis, Henley, Morris, Wilson, Vercessi, Pryor, Meyers     

[bookmark: _Hlk144206856]LITERATURE CITED:  

[bookmark: _Hlk145410417][bookmark: _Hlk144206865]Anderson, R., & Gordon, D. (1982). Processes influencing the distribution of parasite numbers within host populations with special emphasis on parasite-induced host mortalities. Parasitology, 85(2), 373-398. doi:10.1017/S0031182000055347

Bettge, K., Segner, H., Burki, R., Schmidt-Posthaus, H., & Wahli, T. (2009). Proliferative kidney disease (PKD) of rainbow trout: Temperature- and time-related changes of Tetracapsuloides bryosalmonae DNA in the kidney. Parasitology, 136(6), 615-625. doi:10.1017/S0031182009005800

Elliott, D. G., Conway, C. M., McKibben, C. L., MacKenzie, A. H., Hart, L. M., Groner, M. L., Purcell, M. K., Gregg, J. L., & Hershberger, P. K. (2021). Differential susceptibility of Yukon River and Salish Sea stocks of Chinook salmon Oncorhynchus tshawytscha to ichthyophoniasis. Diseases of aquatic organisms, 144, 123–131. https://doi.org/10.3354/dao03577

Ferguson, J., F. West, and Z. W. Liller. 2022. Evaluating parasite associated mortality of Yukon Canadian-origin Chinook salmon. Alaska Department of Fish and Game, Division of Commercial Fisheries, Regional Operational Plan No. ROP.CF.3A.2022.03, Anchorage.

[bookmark: _Hlk145410436]Gordon, D. M., and M. E. Rau. 1982. Possible evidence for mortality induced by the parasite Apatemon gracilis in a population of brook sticklebacks (Culaea inconstans) Parasitology 84, 41-47.

Kalbe, M. K. M. Wegner, and T. B. H. Reusch. 2002. Dispersion patterns of parasites in 0+ year three-spined sticklebacks: a cross population comparison. J. Fish Biol 60: 1529–1542.

Kocan, R., P. Hershberger, J. Winton. (2003) Effects of Ichthyophonus on survival and reproductive success of Yukon River Chinook salmon. Federal Subsistence Fisheries Resource Monitoring Program, Final Project Report No. FIS 01-200. U. S. Fish and Wildlife Service, Office of Subsistence Management, Fisheries Information Services Division, Anchorage, Alaska.

Kocan, R., Hershberger, P., Winton, J. (2004) Ichthyophoniasis: An emerging disease of Chinook salmon in the Yukon River. J. Aquat. Anim. Health, 16 (2), 58-72.

[bookmark: _Hlk144122834]Lowe, V. C., Hershberger, P. K., & Friedman, C. S. (2018). Analytical and diagnostic performance of a qPCR assay for Ichthyophonus spp. compared to the tissue culture 'gold standard'. Diseases of aquatic organisms, 128(3), 215–224. https://doi.org/10.3354/dao03221

[bookmark: _Hlk144206917]Marancik, D. P., & Wiens, G. D. (2013). A real-time polymerase chain reaction assay for identification and quantification of Flavobacterium psychrophilum and application to disease resistance studies in selectively bred rainbow trout Oncorhynchus mykiss. FEMS microbiology letters, 339(2), 122–129. https://doi.org/10.1111/1574-6968.12061

[bookmark: _Hlk145410460]Rousset, F., Thomas, F., De Meeûs, T., & Renaud, F. (1996). Inference of Parasite-Induced Host Mortality from Distributions of Parasit Loads. Ecology, 77(7), 2203–2211. https://doi.org/10.2307/2265713

[bookmark: _Hlk144206948]White, V.C., Morado, J.F., Crosson, L.M., Vadopalas, B., Friedman, C.S. (2013) Development
and validation of a quantitative PCR assay for Ichthyophonus spp. Dis. Aquat. Organ. 104,
69-81.


ACCESSION No.  2023-0001	- 1 -
[bookmark: _Hlk145416112][bookmark: _Hlk145416128]Appendix A. Summary of gross, qPCR, and histology results from tested Chinook salmon samples collected at across study sites and years to date. These are provided for descriptive comparisons as final analyses are forthcoming in future study reports. VMR = variance to mean ratio. Grade 3 histology score is described above in the histology section. Ramp rate = fold change (x) in median infection density from fish sampled at Pilot Station compared to those from Rapids to estimate the amount of parasite proliferation in fish between these two localities. The category of heavily infected fish is a metric that is being developed from this research and is currently defined as samples with ≥ 1x107 copies/mg by qPCR or ≥100 schizonts/mm3 by histology based on visual inspection of the data, exploratory plots, and the results from the linear regression analyses; note: this is the percentage of infected fish (i.e., uninfected fish excluded) within this category. †= Data from samples collected at Rapids in 2021 are presented using 42 paired qPCR and histology samples, but excludes the additional 20 samples that were only sampled for histology, including these samples changes the histology prevalence to 38.7% (24/62) and median intensity to 128.7; *= the extraction for qPCR testing of the samples collected in 2021 was drastically different than that used for samples collected in 2022 forward that may limit comparison of data with the pilot study performed in 2021. 

	
	
	
	Gross 
	qPCR
	Histology

	Year
	Site
	Acc. No.
	Lesions (%)
	Prevalence (%)
	Median density (copies/mg)
	Ramp Rate (x)
	Heavily infected (%)
	VMR
	Prevalence (%)
	Median density (schizonts/mm3)
	Ramp rate (x)
	Grade 3 histology score (%) 
	Heavily infected (%)
	
VMR

	2021*
	Pilot
	21-039
	NA
	48.5
	7.0 x104
	1.1
	0
	8.2x105
	43.7
	20.5
	5.8
	29.9
	28.7
	157.1

	2021*
	Rapids†
	22-012
	29.0
	54.8
	8.0 x104
	
	0
	2.8x106
	45.2
	66.2
	
	NA
	52.6
	484.8

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	2022
	Pilot
	23-001
	3.5
	35.1
	8.6 x105
	2.7
	15.5
	2.5x107
	34.7
	15.3
	1.6
	27.1
	21.4
	604.3

	2022
	Rapids
	23-004
	35.5
	38.0
	[bookmark: _Hlk145427479]2.3x106
	
	22.4
	2.7x107
	34.0
	25.1
	
	NA
	27.9
	205.4

	2022
	Eagle
	23-005
	22.0
	40.0
	4.1x105
	NA
	0
	[bookmark: _Hlk145504952]4.8x106
	38.0
	13.9
	NA
	21.1
	10.5
	86.8





image3.jpeg
2% R
4 ® . @ .
[c » ..‘o
LrYs L2
i S «®
. n:..l € . .
- . t 1 ;
. .&f.’ O\Q ; 5
i e .
et ?
o i o ® N
Q\.OT. g St W L
s ce -vﬂ .
.‘of '~t - A o
] ﬂ\o T -aoaa.-, 2

o ‘ ; e 9 L
R N
2 ® @ of p i
- S

1mm




image4.jpg
1500~

)

500-

Histology (Schizonts/mm3

Parasites in histology as a function of gPCR gene copy number

y=0.15+2.2x10"-5x

26007 40007 Ges07
GPCR (gene copy #img)




image5.tiff




image1.jpg
vqmecr

cvEGEGEEEEE

Length Distribution of Chinook salmon sampled.
atPilotstationin 2022

s

os¥sEEEIEE

Age Distribution of Chinook salmon sampled at
Pilottationin 2022

[e—




image2.jpeg




