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Abstract 

Several studies have shown that males and females differ with regard to their ability to 

survive pathogen infections. However, fewer studies have compared male and female immune 

responses following pathogen exposure. The purpose of this study was to examine sex-based 

differences in pathogen resistance and immune responses following exposure to a pathogen in 

adult fathead minnows (Pimephales promelas). To accomplish this, male and female fathead 

minnows were injected with Yersinia ruckeri, a pathogen known to cause enteric red mouth 

disease, and their responses were measured at multiple levels of biological organization. Results 

showed that at the whole organism level, male fish were less able to survive pathogen infection 

relative to female fish. At the tissue level, pathogen-injected fish experienced significant 

decreases in hematocrit relative to sham-injected fish; however, males and females did not differ 

from one another. At the molecular level, several genes were found to be significantly 

upregulated in response to pathogen-injection. Of these upregulated genes, significant 

differences in expression due to sex were noted in interleukin 1β and complement components 3 

and 4. Taken together, this evidence confirms differences in male and female immune function 

and provides molecular level data that may help explain sex-specific differences in pathogen 

resistance.   
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Introduction 

Several previous studies have shown that males and females differ in their ability to fight 

and survive pathogen infections. Specifically, these studies have shown that males have reduced 

pathogen resistance (Bo et al. 2011, Thornton et al. 2018), increased likelihood of infection 

(Pickering and Christie 1980), and more severe infections (Pickering and Christie 1980) relative 

to females. This suggests that males and females may mount different immune responses upon 

pathogen infection.  Identifying sex-specific responses to infection may illuminate differences 

between the male and female immune systems and provide mechanistic information that may 

explain reduced pathogen resistance among males relative to females.  

The fathead minnow (Pimephales promelas), a newly developed model for 

immunotoxicity has been used to evaluate immune responses following exposure to 

environmental toxicants. However, few studies have compared male and female immune 

responses following pathogen exposure. Though sexual dimorphism in pathogen resistance has 

been noted in fathead minnows (Thornton et al. 2018), it is unclear whether other immune 

parameters are sexually dimorphic. It is important to expand the knowledge of male and female 

differences in immunity because immune function parameters can be used as endpoints in studies 

aimed at assessing the effects of toxic compounds on immunity (Thornton et al. 2018). Since the 

immune responses of males have been seen to differ from females (Bo et al. 2011, Pickering and 

Christie 1980) the sex of an organism needs to be taken into consideration not only when 

designing immunotoxicity studies, but also study results.  

The goal of this study was to characterize sex-based differences in pathogen resistance 

and immune responses to a pathogen using the fathead minnow. The specific objectives of this 

study were to compare pathogen resistance and pathogen-stimulated immune responses between 
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male and female fathead minnows. To evaluate pathogen resistance minnows were presented 

with a pathogen (Yersinia ruckeri) and their mortality was monitored for 14 days post injection. 

To compare immune responses to Y. ruckeri, male and female minnows were injected with either 

saline or pathogen and their responses were measured at the tissue and molecular levels.  At the 

tissue level, liver index and hematocrit were measured. At the molecular level, the expression of 

genes related to inflammation, complement activation and leukocyte function were assessed. 

 

Methods 

Animal Husbandry 

All animal procedures were approved by the Texas Christian University’s (TCU) Institutional 

Animal Care and Use Committee (protocol #17/12). Adult male and female fathead minnows 

used in this study were from the TCU minnow colony. All fish were housed in aerated glass 

aquaria with dechlorinated municipal water. Tanks were maintained at 25.5°C ± 0.4 under a 16 

hours light:8 hours dark photoperiod. One-third water changes were performed daily, and fish 

were fed Tetramin flakes twice each day.  These conditions were maintained for all phases of the 

study. 

 

Experimental Design 

Two experiments were conducted. The first experiment, which consisted of three trials, sought to 

assess differences in male and female pathogen resistance. Fish were injected with Y. ruckeri, a 

pathogen known to cause enteric red mouth disease, and monitored for 14 days to track 

mortality. In each trial, 16 males and 16 females were injected with the pathogen. This pathogen 

was chosen due to its use in previous pathogen resistance challenges of fathead minnows 
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(Thornton et al. 2018). Fish were housed in 54L aerated glass aquaria during each of the three 

14-day pathogen resistance trials. Water quality from the 14-day studies was as follows (mean ± 

standard deviation): conductivity, 434.4 ± 22.5 μS/cm; pH, 8.1 ± 0.1; salinity, 0.20 ± 0.0 ppt; 

hardness, 135.6 ± 26.6 mg/L; and alkalinity, 125.8 ± 15.6 mg/L. 

The second experiment aimed to identify differences between male and female immune 

responses following Y. ruckeri injection. A 2x2 study design was employed with sex (male vs. 

female) and exposure history (sham-injected vs. pathogen-injected) as factors. Immune responses 

of each group (sham males, pathogen males, sham females and pathogen females) were 

evaluated 8 hours post-injection by obtaining liver tissue samples for the assessment of tissue 

and molecular level immune responses, allowing for comparison of both baseline and stimulated 

immune responses. For experiment two, 23 male fathead minnows were randomly sorted into 2 

groups: saline (sham) injected fish and pathogen-injected fish. Females were sorted in a similar 

manner. For experiment two, 23 randomly selected males and 25 randomly selected females 

were sorted as follows: 9 sham males, 10 sham females, 14 pathogen males and 15 pathogen 

females. The same injection process occurred for pathogen-injected fish as in experiment one, 

while the sham fish were injected with a saline solution (Hank’s Balanced Salt Solution, HBSS). 

Fish were housed in 9L glass aquaria with adequate aeration after being presented with the 

pathogen challenge or saline until tissue collections at 8 hours post-injection.  

 

Pathogen Preparation and Injection 

Y. ruckeri was chosen due to its use in previous pathogen challenges (Carlson et al. 2002, Wiens 

et al. 2010, Thornton et al. 2018). To prepare the injection solution, Y. ruckeri from a stock 

supply was grown on agar plates at room temperature for 72 hours. Then, a single bacterial 

colony was inoculated in tubes containing 4mL of nutrient broth. Three tubes of nutrient broth 
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were inoculated with bacteria, and one was left uninoculated to use as a blank when measuring 

optical density, used to estimate the number of bacteria in the solution. These four tubes were 

then placed at a 45° angle on a shaker plate set at 160 rpm in an incubator set at 26°C, and left to 

grow for 12 hours. The culture was then concentrated via centrifugation, washed and 

resuspended in HBSS and diluted until optical density of 0.770 (± 0.06) was obtained using a 

spectrophotometer. The concentration of bacteria in each suspension was confirmed by serially 

diluting and plating the solution, then counting the number of colonies formed after three days. 

For experiment 1, bacterial suspension concentrations (CFU/mL) for the three trials were as 

follows: trial 1 was 2.23 x 109, trial 2 was 1.29 x 109 and trial 3 was 1.22 x 109. For experiment 

2, the number of CFU was 1.22 x 109. 

Immediately prior to pathogen injections, fish were anesthetized in 0.1 g/L buffered 

tricaine methanesulfonate (MS-222) and weighed. A 27-gauge needle was used for 

intraperitoneal injection of the solution containing Y. ruckeri at volume of 10 L/g of fish 

resulting in the delivery of Y. ruckeri at concentrations of 2.23 x 107, 1.29 x 107, 1.22 x 107 and 

1.22 x 107 CFU/g in trials 1,2 and 3 of experiment 1 and experiment 2, respectively. Doses for 

bacterial injection were selected based on a previously generated dose response curve which 

produced 50% mortality in an all-male population Fish in the sham-injected group were injected 

with HBSS at a volume of 10 L HBSS/g body mass. Following injection, fish were 

immediately placed back into their original tanks and monitored to ensure full recovery after 

anesthesia.  

 

Immune Response Evaluation 

To obtain tissues and determine organ indices, fish were euthanized 8 hours post-injection via 

immersion in 0.3 g/L buffered MS-222. Body mass and length were obtained, followed by 
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collection of blood from the caudal vein and removal of the liver and spleen. Liver and spleen 

masses were measured for the calculation of liver-somatic index (LSI) and spleen index (SI), 

which were calculated by dividing tissue mass by the total body mass and multiplying by 100.  

Blood from the caudal vein of the fish was collected in hematocrit tubes, sealed into the 

tube on one end with clay and spun using hand-powered paper centrifuges, constructed from a 

model previously developed to separate plasma from whole blood (Bhamla et al. 2017). Tubes 

were spun until the blood had clearly separated into two distinct layers. Hematocrit tubes were 

then photographed, and the relative volume of red and white blood cells was measured using 

Image J. To calculate hematocrit percentage, red blood cell volume was divided by total volume 

of blood and multiplied by 100.  

 

Gene Expression Analysis 

Following collection, livers were frozen on dry ice and stored at -80°C in 2.0 mL tubes for 

subsequent gene expression analysis. From the collected samples, those from 10 male and 10 

female individuals were randomly selected from the pathogen-injected fish for analysis, while 6 

male and 6 female sham-injected individuals were randomly selected. Livers obtained for gene 

expression analysis were homogenized using a QSonica tissue sonicator, and total RNA was 

extracted from each sample using the Maxwell 16 LEV simplyRNA Purification kit following 

manufacturer instructions. The total RNA content of each extracted sample was then quantified 

and tested for purity for using the NanoDrop 1000, and RNA was considered sufficiently pure if 

the 260:280 absorbance ratio was ≥1.8. RNA was converted to cDNA using the Quantabio 

cDNA synthesis kit. The synthesis reactions contained 2 µL of qScript cDNA Supermix and 8 

µL of RNA diluted in nuclease free water. Reactions were carried out in a TC100 thermocycler 

(Bio-Rad) with a program of 5 min at 25°C followed by 30 min at 42°C and 5 min at 85°C. The 
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resulting cDNA was diluted with 30 µL of reverse transcriptase buffer. All qPCR reactions 

contained 0.4 µL of cDNA, 4.3 µL of nuclease free water, 0.3 µL of 10 µM primer mix and 5 µL 

PerfeCta SYBR Green FastMix (Quantabio) and were run in triplicate across two 96-well plates. 

Reactions were completed using a CFX Connect real-time PCR machine with a cycling program 

that consisted of an activation step (95°C for 30 sec), 40 cycles of denaturing (95°C for 10 sec) 

and an annealing step (primer specific temperature for 15 sec).  

Target genes of interest are shown in Table 1, along with their function, primer sequence 

and annealing temperature. Primer sequences for 18, c3, elas 2, il-1β, il-11, il-10 and cox2b were 

obtained from Thornton et al. 2017, while those not obtained from the literature were created 

using Primer 3 (https:// http://biotools.umassmed.edu/bioapps/primer3_www.cgi).  

Because fathead minnow gene sequences for c4, c9 and hep1 were not available in 

GenBank primers were designed using consensus sequences generated from the following 

members of the Cyprinidae family: zebrafish (Danio rerio) and common carp (Cyprinus carpio). 

The consensus sequence was created using Primer 3 then entered into NCBI Basic Local 

Alignment Tool (BLAST) program (http://blast.st-va.ncbi.nlm.nih.gov) to confirm sequence 

similarity with other teleost species. Optimal annealing temperature was determined for each 

original primer se by conducting qPCR reactions on a thermal gradient. Annealing temperature 

was selected based on greatest target amplicon yield.  

Gene expression was quantified using a standard curve, and each target gene was 

normalized using ribosomal protein L8 (l8) as a reference gene. There were no significant 

differences in l8 expression between male and female fathead minnows indicating the suitability 

of l8 as an appropriate reference gene.  

 

http://blast.st-va.ncbi.nlm.nih.gov/
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Table 1. Genes measured, gene function, forward (F) and reverse (R) primer sequences, and annealing temperature (AT) 

used for gene expression analysis in livers of fish from experiment two 

Gene Gene Function Primer sequence (5’ → 3’) AT (°C) 

Complement component 3 (c3) Involved in the classical, alternative and 

lectin pathways 

 

F: gtgccagtgtgcagaagaaa 

R: ttcccctcaacatcctcatc 

60 

Elastase 2 (elas2) Protease to destroy bacterial membrane 

 

 

F: atcgtgcatgagaactggga 

R: atgaggttggtcacgaggtt 

62 

Interleukin 1β (il-1β) Stimulate the transcription of 

proinflammatory genes 

 

F: agaccaatctctacctcgcttgtac 

R: ttaatggtgtttaatgtttcactgatctc 

60 

Interleukin 11 (il-11) Leads to platelet production 

 

 

F: tgttagcatctgccttccct 

R: tcgttctgttcagccactca 

60 

Interleukin 10 (il-10) Decreases the inflammatory response 

 

 

F: ctcatttgtggagggctttc 

R: tacagctgttggcagaatgg 

61 

Cyclooxygenase 2 (cox2) Stimulates production of prostaglandins 

during the inflammatory response 

 

F: ggagctttatgctgctttgc 

R: acatggcccgttgacattat 

54 

Complement component 4 (c4) Involved in the classical and lectin 

pathways 

 

F: gctggtgaggacttgaaagc 

R: caatttgccccttactccaa 

51 

Complement component 9 (c9) Involved in forming membrane attack 

complex and cell lysis 

 

F: ctggtgagggtggagatgtt 

R: catcacccaaaccttcgact 

60 

Hepcidin 1 (hep1) Important antimicrobial peptide in the 

innate immune system  

F: tggagagtgaagcaccacag 

R: ggacagatggctttgactt 

51 

Ribosomal protein (l8) Reference gene F: gcccatgtcaagcacagaaaa 

R: acggaaaaccaccttagccag 

63.8 

 

Statistical Analysis 

Statistical analysis was performed using JMP 11 software (11.2.0). Survivorship between male 

and female pathogen resistance was analyzed using a Wilcoxon test. Significant differences in 

normalized gene expression between sexes of pathogen-injected groups and sham-injected 

groups were determined using a two-way ANOVA with sex and pathogen exposures as factors. 

Statistical differences in LSI, SI and hematocrit percentages were analyzed using a two-way 

ANOVA. Statistical significance was declared at α = 0.05 for all tests.  
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Results 

Pathogen Resistance. Because there were similar patterns and no significant differences in male 

survival nor female survival seen across the 3 trials, data was pooled across trials and then 

analyzed using a Wilcoxon test. Across three pathogen resistance trials, male fish had significant 

differences in survivorship (Figure 1, Wilcoxon Test, p < 0.01).  

   

Figure 1. Survival curve for pathogen-injected males and females. Significant difference between groups and sexes denoted by 

asterisk. (n=48 for each group) 

 

 

Tissue Morphometric Assessment. For spleen index, a 2-way ANOVA revealed that neither sex 

(F1,44= 1.21, p= 0.27, Fig. 2), pathogen (F1,44= 2.15 p= 0.15), nor the interaction between sex and 

pathogen (F1,44= 0.17, p= 0.68), had a significant effect. For liver index, a 2-way ANOVA 

revealed a significant effect of sex (F1,44= 12.12, p < 0.01, Fig. 3) and pathogen (F1,44= 20.95, p < 

0.01), but not the interaction between sex and pathogen (F1,44= 0.03, p = 0.87).  

* 
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Figure 2. Mean spleen index for sham-injected females (white bars) and males (grey bars), pathogen injected-females (white 

stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injected.  Bars indicate standard error. (n= 6—10)  

 

Figure 3. Mean liver index for sham-injected females (white bars) and males (grey bars), pathogen-injected females (white 

stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection.  Bars indicate standard error. Significant 

difference denoted by asterisk. (n= 6—10) 

 

Hematocrit Percent. For hematocrit percentage, a 2-way ANOVA revealed a significant effect of 

pathogen (F1,43= 22.93, p < 0.01, Fig. 4). However, neither sex (F1,43= 0.34, p= 0.56),  nor the 

interaction between sex and pathogen (F1,43= 0.70, p= 0.41),  had a significant effect on 

hematocrit.  
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Figure 4. Mean hematocrit percentage for sham-injected females (white bars) and males (grey bars), pathogen-injected females 

(white stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection.  Bars indicate standard error. 

Significant difference denoted by asterisk. (n= 10—15) 

 

Immune Gene Expression Analysis. For elas2 expression, neither sex (F1,28= 0.37, p= 0.55, data 

not shown), pathogen (F1,28= 0.10, p= 0.76), nor the interaction between sex and pathogen (F1,28= 

0.31, p= 0.58), had a significant effect. For c3 expression a significant effect of sex (F1,28= 5.72, 

p = 0.02, Fig. 5) was detected. However, neither pathogen (F1,28= 3.66, p= 0.06), nor the 

interaction between sex and pathogen (F1,28= 0.98, p= 0.33), had a significant effect.  Analysis of 

c4 expression yielded similar results with sex (F1,28= 9.19, p < 0.01, Fig. 6), but not pathogen 

(F1,28= 0.86, p= 0.36), nor the interaction term (F1,28= 0.44, p= 0.51), having a  significant effect. 

The expression of c9 was significantly impacted by pathogen (F1,28= 13.37, p < 0.01, Fig.7), but 

not by sex (F1,28= 1.40, p= 0.25)—nor the interaction between sex and pathogen (F1,28= 0.24, p= 

0.62). For il-1β expression significant effects due to sex (F1,28= 5.42, p = 0.02, Fig. 8), pathogen 

(F1,28= 15.21, p < 0.01) and the interaction between sex and pathogen (F1,28= 5.27, p = 0.02) were 

detected. The expression of cox2b was significantly impacted by pathogen (F1,28= 26.35, p < 

0.01, Fig. 9). However, neither sex (F1,28= 1.49, p= 0.23), nor the interaction between sex and 
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pathogen (F1,28= 1.75, p= 0.19), had a significant effect. Analysis of il-10 expression produced 

similar results with pathogen (F1,28= 26.51, p < 0.01, Fig. 10), but not sex (F1,28= 2.35, p= 0.14), 

nor the interaction between sex and pathogen (F1,28= 2.22, p= 0.15),  having a significant effect. 

The expression of  il-11 was significantly impacted by pathogen (F1,28= 10.42, p < 0.01, Fig. 11), 

but not sex (F1,28= 1.88, p= 0.18), nor the interaction between sex and pathogen (F1,28= 1.91, p= 

0.18). Similar results were seen in hep1 expression with a significant effect of pathogen (F1,28= 

52.84, p < 0.01, Fig. 12). However, neither sex (F1,28= 0.93, p= 0.34), nor the interaction between 

sex and pathogen (F1,28= 0.36, p= 0.55) had a significant effect. 

 

Figure 5. Relative hepatic gene expression of c3 in sham-injected females (white bars) and males (grey bars), pathogen-injected 

females (white stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection. Bars indicate standard error. 

Significant difference between sexes denoted by asterisk. (n= 6—10) 
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Figure 6. Relative hepatic gene expression of c4 in sham-injected females (white bars) and males (grey bars), pathogen-injected 

females (white stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection. Bars indicate standard error. 

Significant difference between groups and sexes denoted by asterisk.  (n= 6—10) 

 

Figure 7. Relative hepatic gene expression of c9 in sham-injected females (white bars) and males (grey bars), pathogen-injected 

females (white stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection. Bars indicate standard error. 

Significant difference between groups and sexes denoted by asterisk.  (n= 6—10) 
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Figure 8. Relative hepatic gene expression of il-1β in sham-injected females (white bars) and males (grey bars), pathogen-

injected females (white stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection. Bars indicate standard 

error. Significant difference between groups and sexes denoted by asterisk.  (n= 6—10) 

 

Figure 9. Relative hepatic gene expression of cox2b in sham-injected females (white bars) and males (grey bars), pathogen-

injected females (white stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection. Bars indicate standard 

error. Significant difference between groups and sexes denoted by asterisk.  (n= 6—10) 
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Figure 10. Relative hepatic gene expression of il-10 in sham-injected females (white bars) and males (grey bars), pathogen-

injected females (white stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection. Bars indicate standard 

error. Significant difference between groups and sexes denoted by asterisk.  (n= 6—10) 

 

 

Figure 11. Relative hepatic gene expression of il-11 in sham-injected females (white bars) and males (grey bars), pathogen-

injected females (white stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection. Bars indicate standard 

error. Significant difference between groups and sexes denoted by asterisk.  (n= 6—10) 
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Figure 12. Relative hepatic gene expression of hep1 in sham-injected females (white bars) and males (grey bars), pathogen-

injected females (white stripes) and males (grey stripes) for fish evaluated 8 hours post pathogen injection. Bars indicate standard 

error. Significant difference between groups and sexes denoted by asterisk.  (n= 6—10) 

 

Discussion 

The goal of this study was to evaluate sex-based differences in the immune response 

fathead minnows following presentation with a pathogen by examining whole organism, tissue 

level, and molecular responses to the pathogen, Y. ruckeri. Differences in survivorship after 

pathogen exposure were detected between male and female fish. This sex-specific difference at 

the whole organism level was supported at the tissue level with sex-specific differences in LSI, 

as well as at the molecular level as evidenced by significant differences in the expression of 

several immune-related genes between males and females.  

 

Whole-organism responses 

Significant differences in survival between males and females were detected across the three 
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storm and potentially septic shock (Chousterman et al. 2017) rather than an effective innate 

immune response. The observed increase in male susceptibility to infection aligns with results 

seen in other studies. Specifically, Pickering et al. (1980) saw an increase in disease 

susceptibility and more severe infections in male brown trout (Salmo trutta), relative to females 

after parasite infection. While Thornton et al. (2018) saw that males has decreased survival 

compared females after presentation with a pathogen. Taken together, the results of this study 

and previous studies indicate that there are sex -based differences in immunity and in the ability 

of organisms to effectively mount responses to pathogens.  

In addition to the differences in survivorship, the timing of death has an interesting 

pattern between sexes. In both trials, large numbers of male fish were more prone to succumbing 

to disease within the first 48 hours post infection, while female fish showed fewer instances of 

mortality overall and if mortality occurred, it was later in the trials, suggesting that the initial 

immune response of male fish may have been impaired compared to that of female fish or that 

the immune response mounted by males actually contributes to mortality. Given that initial 

immune responses are mediated by the innate immune system (Abbas et al. 2012, Parham 2015), 

this finding suggests that males may be mounting different innate immune responses than 

females. 

 

Tissue-level responses 

The spleen is an organ used to filter red blood cells and trap antigens for activation and clonal 

expansion of leukocytes, making it an important tissue in innate immune function (Press et al. 

1998). Spleen size is expected to increase during a normal immune response to a pathogen such 

as Y. ruckeri, because the organ is used to recruit leukocytes (Harun et al. 2010, Thornton et al. 
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2017). There were no significant differences in SI between males and between females 

regardless of their pathogen exposure history. Furthermore, there were no differences in SI 

between sham- and pathogen-exposed fish. This suggests that neither sex not pathogen exposure 

influence SI (and possibly leukocyte recruitment or proliferation) during the innate response. 

Previous studies, including one is using the same host-pathogen model system, saw an increase 

in SI in males after pathogen injection (Harun et al. 2010, Thornton et al. 2017). However, these 

studies examined SI at 72 h post injection, rather than at 8h post injection as was done in the 

current study. Thus, it may be possible that 8 h was not a sufficient amount of time for spleen 

size to increase to a detectable degree. In the absence of pathogen-induced alterations in SI, it 

remains unclear whether sex influences alterations in spleen size after pathogen infection.  

 The liver is an organ used to produce acute phase proteins in response to cytokine 

stimulation and store macrophages to phagocytose pathogens, which contributes to the systemic 

response to local inflammation, clearing of pathogen, destroyed cells and associated waste 

molecules (Parker and Picut 2005, Press et al. 1999). There were significant differences in LSI 

between pathogen- and sham-injected fish in both males and females, which suggests that the 

pathogen exposure caused an increase in liver size due possibly to the role of the liver in the 

production of inflammatory cytokines or other immune mediators. There was also significant 

differences between males and females suggesting that sex may influence acute phase protein 

production or phagocytosis processes that occur in the liver with males having higher levels of 

production an indicator of a larger immune response to the pathogen.   

Hematocrit was also obtained as an indicator of tissue level response. Hematocrit is a 

measure of the relative volume red blood cells compared to total blood volume (Billett 1990). It 

is established that Y. ruckeri, causes hemorrhaging within the body of the infected fish (Kumar et 
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al. 2015). As such, it is expected that pathogen-injected fish would have decreased hematocrit 

percentages. However, since the immune system is increasing the number of white blood cells 

during the early stages of infection it is possible that volume of white blood cells increases 

relative to volume of red blood cells leading to the observed decrease in hematocrit among 

pathogen-injected fish. There were no differences between the hematocrits of male and female 

pathogen-injected fish which suggests that the impacts of pathogen on red blood cell lysis and 

relative leukocyte volumes does not differ between the sexes.  

 

Molecular-level responses 

At the molecular level, gene expression analysis of liver tissue showed statistically significant 

differences in c3, c4, c9, il-1β, cox2b, il-10, il-11 and hep 1 expression between sham- and 

pathogen-infected fish. There were no significant differences in expression of elas2 in pathogen 

or sham individuals of either sex, indicating that neither pathogen exposure nor sex affect its 

expression. Sham-injected fish represent baseline immune function while pathogen injected fish 

indicate stimulated immune function.  

Complement proteins (c3, c4 and c9) are involved in the innate immune system and aid in 

the destruction of the pathogen (Dunkelberger and Song 2009). Differences between male and 

female levels of c3 expression were detected, regardless of pathogen exposure history, indicating 

sex-based differences in c3 expression. There were no significant differences between baseline 

and stimulated immune responses for both sexes; however, there was a two-fold increase in 

expression in pathogen-stimulated females compared to their sham counterparts, while sham and 

stimulated males has similar expression patterns, which matched those of pathogen-stimulated 

(but not sham) females. This could indicate that females are ramping up the use of complement 
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pathways in response to pathogen, while males may not be utilizing the complement system or 

are not able to increase it past baseline levels. Complement component 3 is involved in the 

classical, alternative, and lectin pathways and binds to microbes which helps with phagocytosis, 

inflammation, and leads to membrane attack complex assembly (Boshra et al. 2006). The sex-

based difference suggests that the expression of c3 in males may alter how they utilize the 

complement system since it is involved in all three immune pathways to help neutralize 

pathogens and clear them from their system. There were also significant differences seen in c4 

expression between males and females in sham and pathogen groups. Complement component 4 

is activated in the classical and lectin pathways and binds to microbes which also helps with 

antigen-uptake processes and lead to membrane attack complex (MAC) assembly (Boshra et al. 

2006). Males had higher expression at baseline and following pathogen stimulation compared to 

sham and pathogen females. In addition to the sex-based difference in c3, this result suggests that 

males are utilizing the complement pathways in a different way than females, which may 

contribute to their decreased pathogen resistance. Additionally, there were differences between 

pathogen- and sham-injected levels of c9 expression in both sexes, indicating there was an 

increased demand for c9 after pathogen injection. Complement component 9 forms part of the 

MAC which creates a pore in the cell allowing fluid and ions to flow in leading to cell death 

(Boshra et al. 2006). The increased expression in pathogen-injected fish suggests that an 

increased number of MACs formed leading to apoptosis of infected cells, a response that is 

expected after exposure to pathogen in an effort to eliminate the pathogen from the body of the 

fish. However, sex-specific differences in c9 expression were not observed suggesting that males 

and females are both using this method to assist in clearing the pathogen from the body.  
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Cytokines are proteins that facilitate communication between cells and help modulate the 

immune response (Romo et al. 2016). There were differences seen in il-1β expression between 

pathogen- and sham-injected fish of both sexes and between males and females, regardless of 

exposure history. Pathogen-exposed males had higher expression of il-1β than pathogen-exposed 

females, sham-injected males and sham-injected females. The inflammatory cytokine il-1β is 

released from macrophages and stimulates the transcription of other pro-inflammatory genes in 

nearby cells as part of the immune response (Weber at el. 2010). The increase in il-1β  is likely 

due to an increase in macrophages and suggests an increased inflammatory response. The 

heightened inflammatory response of males could be why they had decreased survivorship in the 

face of pathogen infection. More specifically, the elevated inflammatory response initiated by 

males relative to females within the first 8 hours post infection may be responsible for the high 

number of male deaths seen in the first 48 hours after infection. There were differences seen in 

cox2b expression between pathogen- and sham-injected fish, but not between males and females. 

The proinflammatory protein cox2b is translated as a result of increased il-1β released from 

macrophages to amplify the inflammatory response and stimulate the production of 

prostaglandins (Morita et al. 2002, Weber et al. 2010). Pathogen-injected fish, regardless of sex, 

had higher expression than sham-injected fish, which was expected since the fish likely were 

increasing production of white blood cells in an effort to eliminate the pathogen and remove 

damaged tissues. There were significant differences in expression of il-10 between sham- and 

pathogen-injected fish of both sexes. The anti-inflammatory cytokine il-10 dampens the 

inflammatory response by inhibiting the production of inflammatory cytokines (Moore et al. 

2001, Bazzoni et al. 2010). Pathogen-injected males and females had higher expression of il-10 

than sham-injected males and females, which is expected since these fish had higher levels of 
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inflammation and thus needs a way to regulate the amount of inflammation to prevent damage to 

the system (Chen et al. 2017). This increase could help explain the decreased pathogen resistance 

in males because males are mounting a more extensive inflammatory response compared to the 

females, but unlike the females they are not increasing this anti-inflammatory cytokine to keep 

the inflammation at tolerable levels. Without keeping the inflammation within physiological 

limits, it could cause damage to tissues in the body and possibly lead to death of the fish (Chen et 

al. 2017). 

There were significant differences in il-11expression in sham- and pathogen-injected fish 

of both sexes, but not between males and females. The cytokine il-11 is involved in 

erythropoiesis which leads to platelet production (Quesniaux et al. 1997, Du et al. 1997). 

Pathogen-injected males and females had higher levels of expression, which makes sense in light 

of the known mode of action of Y. ruckeri, which causes internal hemorrhaging (Kumar et al. 

2015). The increase in il-11 may lead to increases platelet production to stop the internal 

bleeding caused by the pathogen. Though there were no significant differences between males 

and females in sham or pathogen groups, pathogen-exposed males experienced a 346-fold 

increase in il-11 relative to sham-injected males, while pathogen-exposed females experience 

only a 77-fold increase relative to sham-injected females. This apparent increase in il-11 suggests 

that males may be experiencing more internal hemorrhaging (and thus require increased il-11 

production) than females. If this is indeed the case, the reduced pathogen resistance of males 

relative to females suggests that the male response to hemorrhaging is insufficient to combat the 

lethal effects of Y. ruckeri.  There were significant differences in expression of hep1 in sham- 

and pathogen-injected fish of both sexes but not between males and females. Hepcidins are 

antimicrobial peptides that have iron regulatory properties and are involved in the innate immune 
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system (Bo et al. 2011, Lauth et al. 2004, Nevas et al. 2015). The increase in hep1 among 

pathogen-injected fish is consistent with previous reports documenting an increase in hepcidins 

in bass (Morone chrysops and Morone saxatilis) after exposure to E. coli. However, another 

explanation for the increase in hep1 is due to its iron-regulatory properties and the ability to clear 

iron when there is too much in the body (Lauth et al. 2004). Because Y. ruckeri lyses red blood 

cells, which releases iron into the blood, hep1 expression could have increased in pathogen-

injected fish not to kill Y. ruckeri, but to remove iron from the blood stream.  

 

Conclusions 

The results of the present study results provide information regarding differences in male 

and female immune function and provides molecular and tissue-level parameters that help 

explain differences in pathogen resistance between males and females. A description of these 

parameters is necessary for the future use of this species as a model in immunotoxicity studies. 

As described above, males and females differ in their ability to survive exposure to a pathogen 

and their immune responses. Thus, the sex of organisms should be taken into consideration when 

designing and interpreting immunotoxicity studies, as it likely represents a confounding factor. 
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