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Abstract: Microplastics are a persistent and increasing environmental hazard. They have been 

reported to interact with a variety of biotic and abiotic environmental stressors, but the 

ramifications of such interactions are largely unknown. We investigated virus-induced 

mortalities in a commercially important salmonid following exposure to microplastics, plastic 

microfibers, and natural (non-plastic) microparticles. Microplastics or microparticles alone were 

not lethal. Mortality increased significantly when fish were co-exposed to virus and 

microplastics, particularly microfibers, compared to virus alone. This presents the unique finding 

that microplastics (not natural microparticulate matter) may have a significant impact on 

population health when presented with another stressor. Further, we found that mortality 

correlated with host viral load, mild gill inflammation, immune responses, and transmission 

potential. We hypothesize that microplastics can compromise host tissues, allowing pathogens to 

bypass defenses. Further research regarding this mechanism and the interplay between 

microplastics and infectious disease are paramount, considering microplastics increasing 

environmental burden. 

Keywords: microplastics, microfiber, virus, co-stressor, aquaculture, rainbow trout 
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1. Introduction 

Plastic production, use, and environmental release are increasing worldwide. Despite 

their longevity, plastics may weather and fragment into microplastics (≤ 5mm) over time. This 

has led to the ubiquitous accumulation of microplastics in aquatic, terrestrial, and atmospheric 

environments (Borrelle et al., 2020; Geyer et al., 2017; Hale et al., 2020). Humans are also 

exposed and microplastics have recently been detected in human blood and placenta (Leslie et 

al., 2022; Ragusa et al., 2021). While long presumed to be toxicologically inert, research 

suggests that plastic pollution presents health risks to living resources and humans (Bucci et al., 

2020). Oversimplification of microplastics as a single homogeneous contaminant, however, 

ignores their toxicological complexity, as microplastics vary in size, shape, density, polymer 

chemistry, additive composition, and more (Rochman et al., 2019). Available research suggests 

that many effects of microplastics are sub-lethal and derive from their physical and chemical 

characteristics (Bucci et al., 2020; Zimmermann et al., 2019). Further, to date, the relative 

toxicities of naturally occurring polymeric microparticles (e.g., cellulose-based) have been rarely 

investigated despite their abundance in the environment. Thus, our ability to evaluate the 

toxicological significance of exposure to synthetic microplastics versus other microparticles is 

limited. Similarly, microfibers (as opposed to spheroidal microplastics) have been less 

commonly investigated despite their dominance in some environments (Athey and Erdle, 2021). 

It has been postulated that microplastics may act in concert with other stressors, such as 

causative agents of infectious disease (pathogens) (Lamb et al., 2018; Leads et al., 2019; 

MacLeod et al., 2021). Indeed, pathogen fitness and virulence (i.e., infection-related morbidity 

and mortality) can be influenced by environmental pollutants (Springman et al., 2005). For 

example, prevalence of plastic debris and disease were reported to be correlated in Asian Pacific 
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corals (Lamb et al., 2018). Possible mechanisms include, but are not limited to: plastics act as a 

sterile vector for pathogens (Amaral-Zettler et al., 2020); interactions of hosts with plastic causes 

tissue damage and has deregulatory or pro-inflammatory effects on the immune system (Hale et 

al., 2020; Zwollo et al., 2021); or coincident plastic, chemical (including contaminants sorbed to 

the plastic surface), pathogen (e.g., arising from local human populations), and/or other 

pollutant(s) combine to compromise the host. Available research is limited and has not yet 

adequately clarified these interactions (Lamb et al., 2018; Leads et al., 2019). Considering the 

ubiquity of microplastic pollution and pathogens in the environment, more research is warranted 

to protect valuable resources. This is especially true for fisheries and aquaculture species, whose 

environments can be both pathogen- and microplastic-laden (Jennings et al., 2016). 

Here, we probed the effects of microplastics alone or with co-exposure to an aquatic virus 

of worldwide concern, infectious hematopoietic necrosis virus (IHNV), on a species of 

commercial and conservation relevance, rainbow trout (Oncorhynchus mykiss). This is a well-

studied virus and host, as IHNV leads to significant financial and ecosystem losses globally for 

multiple types of salmonid species (Bootland and Leong, 2011; Dixon et al., 2016). We 

evaluated resulting fish mortality and possible underlying histopathological and immunological 

mechanisms. Microparticles included a polystyrene microplastic (expanded polystyrene, ground 

and sieved to ~20 µm), nylon microfiber (10 x 500 µm flocking fibers), and a natural 

microparticle, ‘spartina’ (marsh grass, Spartina alterniflora, washed, high-temperature dried, 

ground, and sieved to ~20 µm). Microplastics were selected with consideration for the variety of 

plastics that are used intensely in fisheries activities (e.g., polystyrene buoys and floats, nylon 

nets or lines), as well as other sources. For example, polystyrene originating from building 

insulation and single-use food containers is also commonly observed in stranded debris and 
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nylon fibers are widely used in textiles. Fish were exposed to microparticles in water at one of 

three concentrations over eight weeks. After four weeks, half of the fish were acutely exposed by 

immersion to a controlled dose of IHNV. For each treatment, fish were monitored for in vivo 

mortality and viral shedding. A fourth tank for each high particle concentration and controls 

(IHNV+ and -) was maintained for destructive sampling to analyze tissue viral load, 

histopathology, and immunological markers over time. We hypothesized that chronic exposure 

to polystyrene microplastics and nylon microfibers would increase IHNV virulence (compared to 

fish co-exposed to virus alone, or to the natural microparticle and virus), and that insights into 

the mechanism underlying virulence changes, as well as population level impacts, could be 

gained from viral load/shedding, histopathological and immunological analyses. 

2. Methods 

2.1 Particle Preparation 

Expanded polystyrene foam, commonly used as building insulation, was purchased from 

a local houseware store. Foam was embrittled and ground in a Retsch CryoMill, sieved to ≤20 

µm with Retsch AS 200 air jet sieve and Gilson Performer III Sieve shaker (Seeley et al., 2020). 

Spartina alterniflora (marsh cordgrass) was collected from estuarine marshes near Yorktown, 

VA by cutting dead stems near the base. Grass was sorted in a fume hood, washed with 

deionized water, and dried in a muffle oven at 60˚C. Sections were ground in a blender, then the 

Retsch CryoMill, and sieved as above. Undyed nylon 6’6 fibers were obtained from Claremont 

Flock, Inc. Fibers measured 0.8 denier (approximately 10 µm) in diameter and 0.5 mm in length. 

Size ranges of the particles were measured using a Beckman-Coulter Laser Diffraction Particle 

Size Analyzer, which measures the longest diameter of a particle. Photo-flo (© Eastman Kodak 

Company) was added to the particle/water mix to increase dispersion and decrease particle 
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clumping for analysis with the particle size analyzer (not in experiment). Particle size analysis 

confirmed the 500 x 10 µm measurement of nylon fibers provided by the manufacturer. The 

median diameter of polystyrene particles was 26.8 µm; 25% of particles were less than 16.4 µm. 

The median diameter of spartina particles was 39.2 µm; 25% of particles fell below 21.3 µm. 

Particle size analysis and microscopic images of particles are provided in Fig. S1. The data 

illustrated that spartina contained longer particles than polystyrene (a product of the plant 

cellular structure) which passed through the sieve via their shortest axis; this and any potential 

clumping may account for the overall greater size particles than polystyrene despite using the 

same sieving approach. The laser analyzed the nylon fibers at different orientations in the fluid. 

This likely accounts for the wide range of diameters measured.  However, the predominance of 

measurements of 10 and 500 µm supported our expectation that these were the primary size axes 

of the nylon fibers (as provided by the manufacturer). The particles displayed similar behaviors 

and buoyancy in the experimental tanks, characterized by a brief period of floating on the water’s 

surface (less than 10 minutes) and ultimately distributing within tank, a result of mixing from 

aeration. 

2.2 Experimental Design and Procedures 

Fertilized eyed rainbow trout (Oncorhynchus mykiss) eggs were obtained from the 

National Center for Cool and Cold Water Aquaculture in West Virginia (NCCCWA; within 

USDA's Agricultural Research Service). Trout were hatched and reared at the Virginia Institute 

of Marine Science (VIMS), according to guidelines from the Institutional Animal Care and Use 

Committee (IACUC-2020-06-24-14322-arwargo) and previously established protocols (Everson 

et al., 2021). Briefly, fish were maintained at 1-3% weight food, fed daily. Fish were initially 
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held in a specific pathogen-free recirculating system supplied with UV-irradiated fresh well-

water at 12 ± 1˚C until reaching the desired size for experiments. 

For the experiment, fish were transferred to a flow-through tower rack tank system 

(Aquaneering) housed in a BSL-II aquatic animal laboratory at VIMS, supplied by UV-irradiated 

fresh well-water at 15°C.  Room air temperature was maintained at 15.8 ± 0.4˚C, water 

temperature at 15.0 ± 0.2˚C, dissolved oxygen at 100.1 ± 0.5% saturation, and lighting on a 12-

hour diurnal cycle. Fish were housed in 6 L tanks (20 fish each) with one water line, two air 

stones, and fry screens, to facilitate particle circulation and oxygenation through the entire tank. 

Water flow rate was set to 300-350 mL min-1 . During the experiment, fish were fed 2.0% of 

their average body weight every four days, 1 hour after the start of a tank flush with fresh water 

(below). Average fish weight was 5.2 ± 0.4 g fish-1 at the start of the experiment. 

Fish received one of 20 possible treatments, outlined in Fig. 1 and Table S1.  Each 

treatment contained triplicate tanks of 20 fish tracked for mortality and sampled for viral 

shedding. A fourth replicate was included for destructive tissue sampling in the high particle 

treatments and controls. Treatments and replicate tanks were randomly distributed throughout the 

tower rack system. For plastic exposure, fish were dosed with particles every other day, 

beginning on the first day of the experiment. In the first half of the experiment (weeks 1-4, prior 

to IHNV exposure) water in all tanks was held static for 24 hours during particle exposure. The 

flow was then resumed and tanks flushed for 24 hours to maintain water quality. Fish were 

switched to clean tanks after two weeks to remove buildup of feces debris and reduce ammonia 

levels (water ammonium maintained ≤5-8 ppm). In the second half of the experiment, the static 

plastic exposure period was reduced from 24 to ~10 hours, followed by a 38-hour flushing period 

rather than conducting tank changes to reduce risk of contamination of IHNV across tanks. In 
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total, the experiment lasted 56 days with 28 particle dosing events. Day 1 was considered the  

first day of fish exposure to microplastics. The experiment was monitored at the same time daily, 

recording temperature and dissolved oxygen continuously on YSI probes, and manually 

inspecting the number of  fish mortalities in each tank.  
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Fig. 1 Experimental design, consisting of 20 possible treatments. Fish were exposed to no 

microparticles or microparticles at one of three concentrations, in the presence or absence of  

virus. T he high dose  microparticle treatments and  no particle treatments  (IHNV+ and  -)  had a 

fourth replicate for destructive sampling, resulting in  68 tanks total (Table S1).  

 To reduce microplastic discharge to the local wastewater system, during the first hour of  

each tank flushing effluent was pumped through a series of in-line filters  (75 µm, 20 µm, 5  µm 

and 1 µm), before passage through UV-irradiation (sufficient for virus inactivation) and eventual  

discharge to the municipal wastewater system.   

  Halfway through the experiment (day 28), fish were dosed with virus or  a  mock control. 

Experimental virus, IHNV (Salmonid novirhabdovirus) isolate C  (genotype  mG119M; GenBank 

accession number AF237984) was obtained from established laboratory stock (titer of  7.56×108  
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plaque forming units (PFU) mL-1) diluted to 1.0 ×106 PFU mL-1 in Minimum Essential Media 

(MEM) with 10% fetal bovine serum (Jones et al., 2020). Fish were dosed with 5 mL of diluted 

IHNV stock in 995 mL water, to reach a final IHNV dose of 5.0 ×103 PFU mL-1, in a 1-hr static 

immersion challenge, followed by resumption of water flow to the tanks(Jones et al., 2020). 

Non-virus (IHNV-) treatments were mock dosed with 5 mL of MEM with 10% fetal bovine 

serum.  

To quantify viral shedding, 800 µL water samples were collected on days 28, 30, 32, 34, 

36, 38, 40, 42, 48, and 54, from each of the triplicate survival analysis tanks per treatment. Water 

was collected at the end of the static period just prior to flushing, such that virus had maximum 

and consistent time to accumulate in tanks, then stored at -80˚C prior to extraction and analysis. 

A 210 µl volume of sampled water then underwent RNA extraction and quantitative real time 

polymerase chain reaction (qPCR) for IHNV quantification as detailed in Jones et al. 2020. 

Tissue samples were collected following virus exposure on day 31, 35, 42 and 56 (3, 7, 

14, and 28 days post-virus respectively; Fig. S2). Five fish were euthanized via overdose of 

tricaine methanesulfonate (MS-222) from each tissue sampling tank (Table S1) on each 

dissection day. On day 56 some tissue sampling tanks had less than 5 survivors, so fish were 

collected from survival analysis tanks of the same treatment, since it was the last day of the 

experiment and survival no longer needed to be tracked (number collected from another tank in 

no particle IHNV-: 3; no particle IHNV+: 3; spartina IHNV+: 2; polystyrene IHNV+: 4; nylon 

IHNV+: 5). Fish were weighed, and dissected following standard procedures to excise two gill 

arches (left side) and the anterior kidney (Gauthier et al., 2021). One gill arch and approximately 

100 mg of anterior kidney tissues were preserved separately in 750 uL of RNAlater 

(ThermoFisher) for viral load and immune marker analysis and stored until RNA purification at -
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80˚C. A second gill arch was preserved in a buffered formalin fixative (Z-Fix, Anatech) for 

paraffin histology. 

Routine methods of paraffin histology were used for the analysis of gill arches (Gauthier 

et al., 2021). Briefly, individual gill arches were washed, decalcified, dehydrated in a graded 

series of ethanols, cleared in xylene substitute, and embedded in paraffin wax. Tissue blocks 

were sectioned to 5 µm with a rotary microtome, stained with haematoxylin and eosin, and 

prepared slides were evaluated on an Olympus AX-70 photomicroscope, focusing analysis on the 

best-preserved section of gill tissue for each sample. A severity scale 0-3 was applied for semi-

quantitative comparison between samples, where 0: no pathology observed, 1: mild (low-density 

mild focal inflammation, no necrosis), 2: moderate (moderate density inflammation involving 

~10−25% area of tissue, moderate signs of early necrosis) and 3: severe (>25% area of tissue, 

recruitment of immune cells, advanced necrotic region(s) and multiple areas of pyknosis, 

karyolysis, and/or karyorrhexis). 

Total RNA extraction from gill arches and anterior kidneys proceeded following Zwollo 

et al., 2021. Briefly, RNA was purified using RNAzol RT (Sigma-Aldrich) reagent, which does 

not require DNAse I treatment. Extracted RNA was quantified using a Nanodrop 

spectrophotometer. RNA purity for all samples was  ≥ 2.0 for 260/280, and as a secondary 

measure, 230/280 ratios were ≥2.0.  

cDNA was synthesized with iScript™ Reverse Transcriptase Supermix (Bio-Rad 

Laboratories), using 1 ug of total RNA in a 20 uL reaction, according to manufacturer’s 

instructions. Quantitative real time polymerase chain reaction (qPCR) was used to quantify 

number of copies of IHNV N-gene in parallel with analytical standards (Purcell et al., 2013), as 

well as immune markers membrane-bound immunoglobulin mu (memHCmu), secreted 
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immunoglobulin mu (secHCmu), secreted immunoglobulin tau (secHCtau), interferon gamma 

(IFNγ) and macrophage colony-stimulating factor receptor (MCSFR). Reactions were run at 25 

µL total volume containing 1 µL of cDNA, and using 60˚C annealing temperature. Primers and 

probe sequences and references can be found in Table S3. In general, five fish were included per 

treatment; in certain cases, a sample was removed due to poor RNA quality, detailed in Table S2. 

All TaqMan probe sequences (N-gene, secHCtau) were run in a single replicate per fish, while 

SybrGreen probe sequences were ran in triplicate per fish. IHNV N-gene was expressed as the 

log-adjusted viral RNA copy number per µg extracted RNA (Jones et al., 2020). For all immune 

markers, the relative fold change (RFC) was calculated using critical threshold (Ct) values, 

normalized to the no particle IHNV- control on day 31, according to Livak and Schmittgen, 2001 

2-ΔCt method (Livak and Schmittgen, 2001), which does not require a reference gene. ARP gene 

expression was also quantified and explored as a reference gene control, but found to be 

differentially expressed through time, despite similar total RNA extraction yields.  Differences in 

yield were accounted for by loading the same amount of RNA in RT reactions as discussed 

above. Tissues collected on day 56 (28 days post-IHNV exposure) were not analyzed for viral 

load or immune gene expression. 

2.3 Statistical Analyses 

All graphical and statistical analyses were completed in R and significance was inferred 

with α = 0.05. For all data sets, every possible combination of fixed and random effects was 

modeled, and the best fit model determined using Akaike Information Criterion (AIC) and 

parsimony, with significance at ∆ ΑIC ≥ 2 (R package ‘stats’ version 4.0.5) (RStudio Team, 

2021).  Statistical results are shown as test statistic value with factor and residual degrees of 

freedom given as subscripts.  
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Mortality analyses were visualized with Kaplan-Meier survival curves using package 

‘survival’ (Fig.1) and differences between treatments determined with Cox proportional hazard 

models in R with the “coxph” function (RStudio Team, 2021; Therneau, 2015). The maximum 

model tested included fixed factors of virus presence/absence (2 levels: virus, mock; categorical), 

a ‘treatment’ factor in which microparticle dose and type were combined (10 levels: no particle, 

low nylon, medium nylon, high nylon, low polystyrene, medium polystyrene, high polystyrene, 

low spartina, medium spartina, and high spartina; categorical) and their interactions, and random 

factor of tank. A first analysis was conducted to investigate the effect of virus exposure on 

survival, with only the factor virus and the other factors pooled. Because no mortality was 

observed in IHNV- treatments, a second analysis was conducted among IHNV+ fish only, to 

avoid issues related to non-proportional hazards (same fixed and random factors) and failed 

convergence of interactions between treatment/virus. This model was used to report significant 

differences between IHNV+ control (no particle) and all IHNV+ particle co-exposure treatments. 

IHNV load in water was illustrated for all tanks treated with virus for high concentration 

only (Fig. 3A) and all concentrations in the supplement (Fig. S3). Tanks not treated with virus 

and day 28 (day 0 after virus exposure) were not included in statistical analyses, because 

virtually no fish had started shedding virus by day 28 and our goal was to determine how viral 

load differed after the point shedding began. Statistical analyses were conducted with a linear 

fixed effects model (R package ‘nlme’ version 3.1-152) (Pinheiro et al., 2021). The maximum 

model tested included fixed factors as above including treatment, day (continuous variable) and 

their interactions, and the random factor of tank; with log10(Viral RNA copies/ug RNA) as a 

response variable. The best fitting model included treatment, day, and their interaction, as well as 

the random influence of tank. 
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IHN viral load (log10 transformed) in gill and anterior kidney samples were analyzed 

separately for each tissue type using a linear model (R package ‘stats’ version 4.0.5) (RStudio 

Team, 2021). The maximum model included categorical factors of microparticle, collection day, 

and their interactions. The best model for both anterior kidney and gill included the microparticle 

treatment and collection day; the model for anterior kidney included their interaction, while gill 

did not. 

Gills pathological severity scale was illustrated including all fish sampled (n = 5), apart 

from four gills that were not successfully embedded for analysis (n = 4 for spartina IHNV- day 

31, nylon IHNV- day 42, polystyrene IHNV+ day 56, no particle IHNV+ day 56 n = 4). The 

maximum linear model (R package ‘stats’ version 4.0.5) (RStudio Team, 2021) was tested 

including all categorical factors (microparticle, virus, and day) and their interactions. The best 

model was this maximum model, for which a three-way ANOVA was run (R package ‘stats’ 

version 4.0.5) (RStudio Team, 2021). Significant differences in three-way interactions between 

treatments were analyzed with the post-hoc Tukey honest significant differences test (R package 

‘stats’ version 4.0.5) (RStudio Team, 2021), with full comparisons provided in supplementary 

material and comparisons deemed biologically significant reported. 

Genetic markers for immune response were evaluated using linear models (Table S2), 

and the results of IFNγ and secreted IgT in the gill tissue graphed and analyzed separately. The 

maximum linear model (R package ‘stats’ version 4.0.5) included all categorical factors of 

microparticle, virus, day and their interactions; with ΔCt expression as a response variable. The 

best linear model was fit to the data and included all factors but not any of their interactions. 

Although we looked at interactions and did not find them to improve the model, power to resolve 
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them may have been limited; however, main effects are discussed and their relation to other 

patterns observed. 

Prior to all the analyses, data were analyzed graphically (interquartile and variance plots) 

to validate normality and homogeneity of variance model assumptions. No outliers were found 

that justified removal of any data points from the data set. Complete output of statistical analyses 

and best fit models can be found in the supplementary materials. Results are typically presented 

with subscripts on test statistic denoting factor, residual degrees of freedom. P-values were 

rounded to the third decimal place and values less than 0.001 shown as <0.001. 

3. Results 

3.1 Viral-mediated fish mortality 

Fish mortality was monitored daily (Fig. 2). There was no significant mortality (3 of 1560 

fish dead) prior to IHNV exposure, regardless of microparticle exposure. The hazard of death 

increased significantly (354-fold) among fish exposed to virus compared to those unexposed 

(Cox proportional hazard analysis, X2
1,17.16 = 33.73, p-value <0.001; Fig. 2). Because virtually no 

mortality was observed in virus negative treatments, we focused additional analyses on the virus-

exposed groups. Among virus-exposed fish, all microparticle types increased mortality compared 

to no particle exposure treatments; however, the significance and magnitude of this effect 

depended on particle type and dosage. The greatest increase in mortality was observed in the 

high dose nylon fiber treatment (10 mg L-1), reaching approximately 80%, compared to 20% for 

fish with no microparticle exposure, increasing hazard of death by 6.4 times (Fig. 2A; X2
1,15.71 = 

11.10, p-value < 0.001). Despite suggestive trends (i.e., p-value 0.05-0.1), the medium and low 

nylon fiber dosages (1.0 and 0.1mg L-1) did not significantly increase the hazard of death (p-

values >0.05). Exposure to 1 mg L-1 polystyrene microplastics increased the hazard of death by 
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299 3.2 times (X2
1,15.71  = 4.10, p-value = 0.043). However, the  high and low (10 or 0.1 mg L-1) 

polystyrene treatments did not have a significant  effect. Mortality was not significantly enhanced 

by co-exposure to spartina microparticles  at any concentration (Fig. 2C). The observed temporal  

kinetics  of  mortalities was  consistent  between  treatments and with previous  in vivo  IHNV work  

(Wargo et al., 2010).   

300 

301 
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305 Fig. 2.  Co-exposure to  IHN virus and microparticles, especially nylon fibers, resulted in  

increased fish mortalities.  Most mortalities occurred between 7 and 17 da ys  following IHNV 

exposure, illustrated as  the proportion of fish s urviving over time. Virus unexposed (IHNV-, 

dashed lines) treatments elicited little to no fish mortality, compared to virus exposed (IHNV+,  

solid lines).  Fish not exposed to any microparticles are denoted with a black line, while  

microparticle exposures  are denoted in blue (nylon, A), orange (polystyrene, B) and green 

(spartina, C). Color shade corresponds to low (0.1 mg L-1), medium (1.0 mg L-1) and high (10.0 

mg L-1) microparticle exposure concentrations. Significant differences in survival between 

IHNV+ no particle and particle treatments are denoted (Cox proportional hazard  analysis, p-

value  ≤ 0.05 : *,  ≤ 0.01 : **,  ≤ 0.001 : ***).  
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3.2 IHNV Shedding and Body Burden 

Host entry, replication, and shedding are important factors in understanding viral 

virulence, fitness, and population level spread (i.e., transmission) (Wargo and Kurath, 2012). 

Viral shedding in surrounding tank water was quantified at ten different time points following 

infection (Fig. 3A; all treatment data provided in Fig. S3), providing the total amount of virus 

shed by all fish in each tank over the previous 24 hours. Previous studies have shown fish to fish 

variation in shedding can be high, yet the kinetics of viral shed observed here are consistent with 

traditional single-fish systems (Jones et al., 2020; Wargo et al., 2021), and treatment-level 

differences were observed. IHNV shedding peaked two to three days post-infection and 

significantly decreased over time (day effect, linear mixed effects model, T1,229 = -4.9, p-value < 

0.001) as fish died (and were removed) or survived and cleared infection. The high nylon dose 

co-exposed fish shed significantly more virus than fish exposed to virus alone (treatment effect, 

T1,20 = 2.175, p-value = 0.042), unlike other microparticle co-exposures. This trend appeared to 

be primarily driven by the peak period of viral shedding (days 1-4 post exposure to virus) (Figs. 

2A, S3, S4). 
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Fig. 3. Viral load in water and tissue samples over time. (A) Virus shed in water is illustrated 

for the high concentration of each microparticle treatment and no particle control. Points 

represent mean viral RNA copies uL-1 water of triplicate tanks per treatment (±1 standard error 

of mean (SEM)). Viral shed was significantly influenced by collection day (linear mixed effects 

model, T1,229 = -4.9, p-value < 0.001) and higher overall in nylon co-exposed fish than those 

exposed to virus alone (T1,20 = 2.175, p-value = 0.042). (B) IHNV loads in anterior kidney and 

gill tissues are presented for each collection day. Bars show mean viral RNA copies in one µg of 

RNA (±1 SEM) for fish terminally sampled on each day. Only fish with virus detected are 

included in means; number of virus positive out of total sampled are shown as ratios at the base 

of each bar. 

Host viral tissue burden was quantified in both the anterior kidney and gill at 31, 35 and 

42 days (3, 7 and 14 days post-IHNV exposure, respectively; Fig. 3B). The anterior kidney is a 

key site of IHNV replication and commonly analyzed to quantify IHNV body burden, while the 

gill is believed to be a primary point of host-entry (Drolet et al., 1994).  In the anterior kidney, 

viral load was significantly influenced by the interaction between microparticle type and 
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collection day (F6,35 = 2.739, p-value = 0.027). In gills, viral load was significantly influenced by 

nylon microfibers (linear mixed effects model, T1,41 = 2.395, p-value = 0.021). Shortly following 

virus exposure (day 31), viral loads in the anterior kidney and gill of infected fish were similar 

between microparticle and non-particle treatments. In the anterior kidney, tissue burden was 

significantly higher in nylon and polystyrene co-exposed fish on day 35, compared to non-

particle control (Fig 2, Tukey post-hoc test, p-values = 0.029 and 0.018, respectively). This 

appears to be driven by an increase in viral load after day 31 for fish exposed to nylon and 

polystyrene, as well a decrease in viral load for fish not exposed to microparticles, although 

neither of these trends were significant on their own. No other biologically significant 

differences were observed between particle types or days in anterior kidney. In the gills, nylon 

microfiber co-exposure had significantly higher viral loads compared to the no particle IHNV+ 

treatment, regardless of day (T1,41 = 2.395, p-value = 0.021). There was also more virus present 

in gills on day 35 compared to day 28 across all microparticle types (day main effect, T1,41 = 

2.284, P=0.028), in this case primarily driven by an increase in particle treatments, with little 

decrease in no particle treatment, compared to day 31. These trends are similar when fish whose 

tissue viral loads were below quantitation (i.e., low or no infection) were included (Fig. S5). 

3.3 Histopathology 

Histopathological analysis was focused on gill tissues as they are an important site of 

IHNV entry into fish (Drolet et al., 1994). We hypothesized that increased gill pathology 

associated with microplastic exposure may be a driver of increased mortality in fish. Gill tissues 

were examined from the same fish for which viral loads were quantified, as well as five 

terminally sampled fish. Each fish gill was rated on a severity scale from 0 to 3, where 3 was the 

highest degree of observed tissue response (e.g., respiratory epithelial tissue damage, 
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inflammation, leukocyte invasion; Fig. 4A). In general, gills of fish exposed to IHNV exhibited 

severe pathology compared to the predominantly normal healthy gill architecture (no particle 

IHNV-; Fig 3B), significantly so for IHNV+ nylon on days 35, 42 and 56 (post-hoc Tukey’s 

honestly significant difference test p-values <0.001), IHNV+ polystyrene on day 35 (p-value < 

0.001), and IHNV+ no particle on days 42 and 56 (p-values = 0.024 and 0.017, respectively), 

within a given day. Spartina/virus co-exposed fish had significantly lower pathology than 

nylon/virus co-exposed fish on days 35, 42 and 56 (p-values <0.001, 0.024 and 0.024, 

respectively). In nylon/virus co-exposed fish, pathological severity of IHNV infection was 

significantly higher in gills sampled on days 35, 42 and 56 than day 31 (p-values <0.001), a sign 

of worsening infection with time. Likewise, severity of pathology increased significantly from 

day 31 to 35 for polystyrene co-exposed fish (p-value = 0.002). This rapid increase in severity of 

tissue pathology compared to the no particle control suggests that microplastic-exposed fish may 

already have been in a pro-inflammatory state by the time virus challenge was initiated (day 28), 

or this may be a function of the rapid increase in viral load at this time. It is also possible that the 

observed increase in pathology over time may have diminished due to rapid mortality of the most 

susceptible and diseased animals. The suggested plateau or even decrease in pathology on day 56 

could be evidence of this phenomenon (Fig. 4).  Despite such a potential bias, observed 

pathology was still significantly higher for the nylon/virus treatment, where mortality was the 

greatest, compared to no particle and spartina particle controls. 
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Fig. 4. Histopathological analyses of trout gill tissues. (A) Microscopic images of gill tissues 

at 40 times magnification (black bar: 20 µm; Olympus AX-70 photomicroscope). Healthy tissue 

(severity: 0) are on the left and unhealthy tissue sections on the right (severity: 3). Healthy tissue 

exhibited normal primary gill filament and secondary lamellae cell structure. In contrast, fish 

with increased pathology exhibited significant damage to the gill tissue, including widespread 

respiratory epithelial cell hyperpigmentation (prominent areas circled), necrosis (bracketed 

region in right severity scale 3 image), and inflammation indicated by hypertrophy, hyperplasia 

and leukocytic infiltrates. (B) Pathological severity scale for each particle and virus treatments 

(IHNV+: solid lines; IHNV-: dashed lines), averaged for each treatment with +/- 1 SEM (n = 5). 

According to a three-way ANOVA, the severity of histological response was significantly 

affected by the interaction between microparticle, virus, and collection day (F9,124 = 7.631, p-

value < 0.001). 
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Evaluation of gill tissues in fish not exposed to IHNV was also essential, as respiration of 

microplastic-laden water may lead to gill inflammation and pathology. Increased pathology was 

only observed in a small subset of samples for microparticle-only exposed fish. These exhibited 

minor sites of focal inflammation, leukocytes infiltration and epithelial damage, recorded as a 

severity scale of 1 (Fig. 4B; Fig. S6) (Hu et al., 2020). Viral replication may have been enhanced 

by the low-severity inflammatory response observed in fish exposed to microplastics alone and 

supports analysis of a pro-inflammatory host response in the gills following microplastic 

exposure. Moreover, we were unable to identify microplastic particles in histologic tissue 

sections. This could be due to the multiple rinse steps required for excised gill arch preparation 

or a lack of substantial microparticle integration into the tissue matrix. 

3.4 Immune Response 

To further explore gill inflammation and immune response as a cause of increased 

disease mortality, immune gene expression was evaluated. Several genes spanning the innate and 

adaptive branches of the immune system were measured in gill and anterior kidney of fish 

collected for viral load analysis. The relative fold change (RFC) in expression of these genes 

compared to the day 31 negative control (no particle, IHNV-) was analyzed following standard 

practices (Livak and Schmittgen, 2001), illustrated for interferon gamma (IFNγ) and secreted 

immunoglobulin tau (IgT) in gill tissues (Fig. 5). (Other markers’ information is provided in 

supplemental materials and Table S2.) 
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Fig. 5. Response of IFNγ (A) and secreted IgT (B) in gill tissue over time. The relative fold 

change (RFC; log10-adjusted) compared to the control (no particle, IHNV-) on day 31 is plotted 

for each microparticle and virus treatment on each collection day, with +/- 1 SEM (n = 5, with 

exceptions: Table S2). For IFNγ, expression was significantly affected by microparticle, day and 

virus, but not their interactions (linear mixed effects model, F6,97 = 26.26, p-value <0.001). For 

secreted IgT, expression was also significantly affected by microparticle, day and virus, but not 

their interactions (linear mixed effects model, F6,97 = 7.655, p-value <0.001). 

IFNγ is integral in early anti-viral activity and commonly analyzed as a marker of IHNV 

immune response (Purcell et al., 2012, 2010). IFNγ generally triggers pro-inflammatory 

responses through activation of monocytes and neutrophils (Zou and Secombes, 2016). Previous 
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work has primarily evaluated IFNγ in hematopoietic tissues or whole-body homogenates of 

juvenile fish, even though gills may be an important site of IHNV entry into host organisms 

(Dixon et al., 2016; Purcell et al., 2012). We found a marked increase in IFNγ in gills of fish 

after exposure to virus (T1,97=11.92, p-value <0.001), in agreement with previous studies (Purcell 

et al., 2010). Expression of IFNγ was also significantly higher in fish exposed to nylon 

microfibers (T1,97 = 2.42, p-value = 0.018) and polystyrene microplastics (T1,97 = 2.20, p-value = 

0.03), regardless of virus exposure (Fig. S7). Increased IFNγ expression suggests that 

microplastics increased the pro-inflammatory state of gills prior to virus exposure. It is likely, 

therefore, that microplastics acted as a mild physical irritant on the gill respiratory epithelium. To 

further evaluate innate host defenses beyond IFNγ, we measured expression of macrophage 

colony stimulating factor receptor (MCSFR) expression, which identifies phagocytic 

macrophages/monocytes in teleost fishes (Takizawa et al., 2016). No differences in MCSFR 

expression between treatment groups were observed (Table S2). 

Secreted IgT is a key component of teleost fish mucosal antibody response (Purcell et al., 

2012). Our results demonstrate that infection with IHNV significantly increased secreted IgT 

expression compared to uninfected fish (T1,97 = 4.56, p-value < 0.001), indicating that there was a 

mucosal antibody response to IHNV in the gills. This response increased over time, as 

demonstrated by significantly increased expression from day 31 to 42 (T1, 97 = 3.01, p-value = 

0.003). This pattern of initially low and increased expression through time appeared to be most 

pronounced in the nylon microfiber and IHNV co-exposed fish (and to a lesser degree, spartina 

microparticle co-exposed fish), suggesting potential delay in secreted IgT response, although 

there was no statistical interaction between time, microparticle, and/or virus exposure. Secreted 

IgT expression was significantly higher among fish exposed to nylon, polystyrene or spartina 
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microparticles (T1,97 = 2.81, 2.36, 2.08, and p-values = 0.006, 0.02 and 0.04, respectively) than 

those not exposed to microparticles, regardless of IHNV exposure (Fig. S8). This suggests that 

the presence of microparticles increased the mucosal antibody response but that this activation 

was not protective, as co-exposure to virus and microplastics is correlated with both increased 

viral load/shedding and mortality in our study. This agrees with other research that has shown 

correlations between level of inflammation, pathogen load, and disease expression (Quddos and 

Zwollo, 2021). In addition to secreted IgT, secreted and membrane-bound forms of the more 

systemic immunoglobulin Mu (IgM) were also analyzed to assess humoral immune response, 

because in vitro work suggested that B-lymphoid development in the anterior kidney was 

suppressed by the presence of the polystyrene microplastics (Yang, 2020; Zwollo et al., 2021).. 

We did not observe any change in expression of the membrane form of immunoglobulin mu 

between treatments in anterior kidney tissues (Table S2). The response was highly variable 

between sampling times, suggesting our analyses may not have had sufficient temporal 

resolution or power (limited sample size) to distinguish any relationship between humoral 

immunity and microparticle exposure in vivo. Effects to B-lymphopoeisis sould be most 

pronounced if microparticles translocated to the tissue of the anterior kidney, but this was not 

examined in this study. 

4. DISCUSSION 

Assessment of the risks of microplastic exposure must consider that, in the actual 

environment, organisms are subject to multiple stressors (e.g., pathogens, toxic chemicals, 

altered temperature and pH), not just microplastics alone. We hypothesized that microplastics 

would increase IHNV virulence, while the natural microparticle (spartina) would have no effect 
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– a product of particle chemistry (natural polymer v. synthetic polymers with chemical 

additives). Our results were consistent with this hypothesis as only microplastics (nylon 

microfibers and polystyrene microplastics) had a significant effect on virulence. Toxicity may 

derive from chemical constituents (Zimmermann et al., 2019), or more simply the higher 

crystallinity (i.e., hardness) common in synthetic polymers (Andrady, 2017). Expanded 

polystyrene is commonly used in buoys and floats, as well as single use containers and shipping 

packaging (Darnerud, 2003; Jang et al., 2017). The polystyrene used here was produced for 

home insulation and contained the brominated flame retardant hexabromocyclododecane. The 

nylon microfibers were free of known additives, apart from TiO2 as a delustrant (manufacturer 

reported). Spartina is a lignocellulose-based polymer (Hodson et al., 1984). The microparticle 

treatments with the greatest influence on IHNV virulence (polystyrene and nylon) were 

composed of petroleum-based polymers, but the expected toxicity of their additives (i.e., 

hexabromocyclododecane) did not correlate with mortality. This suggests that the physical 

properties of the microplastics drove effects more than the chemical additive constituents.  We 

note that our experimental design (i.e., tank flushing and dosing every other day) may have 

diminished possible leachate effect compared to environments where polluted plastic 

concentrations are chronically high, which is difficult to simulate in a laboratory setting in vivo. 

However, microplastic and leachate concentrations in the environment can be highly variable 

through time, due to tidal, circulation, or variable inputs (Hale et al., 2020). How this variability 

influences disease dynamics would be an exciting are of research. 

The size and shape of nylon microfibers may also be important drivers of IHNV-induced 

mortality. Indeed, recent work propounds that microfibers have distinct toxicological impacts 

(Bucci and Rochman, 2022). Although it is often speculated that smaller particles may have the 
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greatest magnitude of effect due to cellular-level interactions, the polystyrene and spartina in our 

study were similarly small but enhanced mortality less so than nylon microfibers (Besseling et 

al., 2019). We calculated (using particle sizes and densities) that our mass-based exposures 

equated to nearly 100-fold fewer nylon microfibers (approximately 29,000 to 290) than 

polystyrene microplastics (2,400,000 to 24,000) per liter. This underscores the relative potency 

of the nylon microfibers; that is, fewer microfibers caused a greater effect than more numerous 

polystyrene microplastics. By using a large range of doses, we spanned possible environmental 

concentrations, which are typically stochastic and are likely underestimated due to sampling and 

analytical biases (Hale et al., 2020). 

Interestingly, virulence response to nylon microfiber exposure followed a clear dose 

response, while polystyrene did not. Although dose generally correlates with toxicity, the 

absence of a dose response in polystyrene-exposed fish may indicate that smaller microparticles 

(polystyrene and spartina) might have aggregated in water at high doses, effectively decreasing 

the number of ‘particles’ to which an organism is exposed. Microplastic agglomeration can be 

influenced by size, surface charge/chemistry, biofilm formation, microplastic concentration and 

salinity (Shupe et al., 2021; Summers et al., 2018). We cannot exclude this hypothesis as no 

mechanisms beyond aeration were used to disperse particles, even though particles were visually 

observed to disperse within tanks. We do not believe that the lack of a dose response was a result 

of variation between tanks or individual fish within tanks because this was accounted for in our 

models by including tank as a random effect (model 1: X2
13.93,17.16 = 34.33, p-value = 0.002; 

model 2: X2
13.52,15.71 = 33.82, p-value = 0.002). 

The data presented on viral shedding and host viral load support the conclusion that host 

viral replication increased and, perhaps more importantly, clearance rate decreased when fish 
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were co-exposed to virus and microplastics (especially nylon microfibers and polystyrene 

microplastics), leading to exacerbated disease and mortality. This resulted in more viral shedding 

in the nylon co-exposure. Together, this suggests that the increased mortality associated with 

exposure to microplastics was driven by higher viral loads for a longer period of time, as well as 

possibly compromised tolerance for the same viral load. Again, co-exposed microparticle type 

was an important driver of these dynamics, with nylon having the most pronounced effect. These 

data agree with previous work that IHNV in vivo fitness, particularly duration of infection, can 

correlate with virulence in fish (Jones et al., 2020; Wargo et al., 2021, 2017, 2010). Further, the 

increase in shedding following nylon and viral co-exposure suggests that between-host 

transmission may also be increased by microplastic co-exposure. This has major epidemiological 

implications for the spread and burden of disease at a population level.  

Enhanced in-host and shed viral load among microplastic and virus co-exposed fish was 

associated with tissue damage . Expression of select markers indicative of host defense 

mechanisms suggest that microplastic/IHNV co-exposed fish did not exhibit plastic-induced 

immunosuppression of the marker genes analyzed here. Rather, there was evidence of a pro-

inflammatory immune response among uninfected fish exposed to microparticles, particularly 

microfibers. In addition, although phagocytic cells (including macrophages, monocytes, 

granulocytic cells, and phagocytic B cells) have been documented to engulf microplastics ≤10 

µm in vitro (Zwollo et al., 2021), the number of polystyrene or spartina particles of this size 

encountering fish gills may have been insufficient to trigger a phagocytic response detectable by 

MCSFR. Neutrophil marker myeloperoxidase (MPO) should be investigated in future work. 

One explanation for these results is that microparticles lead to enhanced host viral entry 

(initially into host barrier epithelial cells) and stress, which lead to reduced viral clearance, when 
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microparticles were present (Fig. 6). Successful host colonization is the first step in establishing 

infection, to which fish present both physical and immunological defenses (Salinas, 2015; Wargo 

and Kurath, 2011). Here, microparticles may have damaged epithelia after contact with 

respiratory surfaces or the digestive tract, if ingested (as demonstrated by Hu et al., 2020) – both 

sites of IHNV possible host invasion (Bour et al., 2020; Dixon et al., 2016; Hu et al., 2020). 

Similarly, such tissue damage may cause a proinflammatory or other response in host, and allow 

for greater IHNV replication or reduced efficacy in virus clearance. The likelihood that a particle 

could damage associated epithelia and cause stress may be a function of its physical properties. 

Synthetic polymers may be less flexible (more crystalline) than natural materials (Andrady, 

2017). Shape may also be critical; asbestos and workers lung are a product of the particle shape, 

not chemistry (Pimentel et al., 1975; Siegrist and Wylie, 1980). Recent research has found that 

microplastics can cause intestinal abrasion, and that longer plastic microfibers (≤200 µm) may be 

more damaging (Zhao et al., 2021). This may explain why smaller polystyrene microplastics 

enhanced virulence of IHNV (and without a clear dose response), but less so than nylon 

microfibers, and warrants further investigation. Duration of microparticle exposure prior to 

pathogen should also be considered; longer exposure times may result in increased tissue damage 

and inflammation, as seen here, versus shorter exposures without microplastic exposure prior to 

pathogen introduction (Leads et al., 2019). Further, although microplastic biofilms have been 

proposed as a viral vector which could enhance exposure pathways (Amaral-Zettler et al., 2020), 

our fish were actually exposed to IHNV in the absence of microparticles (plastic dosing occurred 

before and after viral exposure). In a separate in vitro study, we observed that viral load was not 

affected by the presence of microparticles over 48 hours. This indicates that microparticle 

sorption, leached additives, or unbound monomers did not influence viral exposure 
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575 concentrations  (Fig. S9).  Based on the data gathered here, enhanced  host  colonization  or viral  

replication  caused  by physical interactions of the  host with microparticles  (particularly  

microfibers) seems  a  probable  explanation, but warrants further investigation.  
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580 Fig. 6. Proposed mechanism of  microplastics  increased virulence.  When exposed to virus  

alone (blue virions), mucosal and epithelial barriers of the gill and intestinal tract block some 

virus from entering the tissues. When exposed to microparticles and then virus, the  

epithelial/mucosal barrier may incur mild physical damage to membranes causing inflammatory  

response. Damage is greater for microfibers, which are larger  and may be  more likely to become 

entrapped in and damage the outer membrane of delicate epithelia. This may facilitate greater  

viral entry and host stress (facilitating greater viral replication and reductions in clearance),  

ultimately increasing disease virulence.  Illustration not to scale.  
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Overall,  our results  demonstrate that exposure to microplastics increased lethality of a  

serious infectious disease in an economically important fish species. This effect was most 

pronounced for nylon microfibers. To  explore  this  finding, we evaluated viral shedding, host  
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viral load, histopathology of the gills and aspects of immune response. We found that fish co-

exposed to the highest concentration of nylon microfibers and virus had a greater viral load and 

shedding, more tissue damage on gills, and pro-inflammatory immune response. Therefore, we 

hypothesize that the increase lethality of virus in this co-exposure was caused by greater 

infection severity. Our results have substantial implications, given the widespread distribution 

and increasing concentrations of microplastics, particularly microfibers. The proposed 

interactions between microplastics, pathogens and hosts merit further investigation. Importantly, 

the characteristics of microplastics (i.e., size, shape, chemistry, crystallinity) responsible for 

eliciting detrimental effects should be explored. The question of whether microparticles of a 

larger size or microfibers of a natural material cause similar damage also remains open. Our 

results also indicated microplastic co-exposure may enhance viral transmission.  This could have 

major epidemiological consequences, such as increase pathogen prevalence and spillover from 

plastic-exposed to non-exposed populations. Our findings have implications across a range of 

aquatic and terrestrial host-pathogen systems. This includes humans, who are also coincidentally 

exposed to microplastics and infectious agents in indoor environments (Prata et al., 2020); the 

latter has been dramatically illustrated in the case of the SARS-CoV-2 virus (Chen et al., 2021). 

Host and pathogen systems such as the one used here can serve as a model for the relationship 

between pathogens and microplastics, and interdisciplinary work regarding the mechanisms 

underlying this relationship should be prioritized. This study supports the supposition that 

microplastics may be a global threat, of which the ramifications must be considered in the 

context of multiple stressors and realistic ecosystems. 
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