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Abstract

Aims

Given the pivotal role played by the gut microbiota in regulating the host immune system, interest has 

arisen in the possibility of controlling fish health by modulating the gut microbiota. Hence, the need for a 

better understanding of the host-microbiota interactions after disease responses to optimise the use of 

probiotics to strengthen disease resilience and recovery. 

Methods and Results

We tested the effects of a probiotic feed additive in rainbow trout and challenged the fish with the 

causative agent for enteric redmouth disease, Yersinia ruckeri. We evaluated the survival, host immune 

gene expression and on the gut microbiota composition. Results revealed that provision of probiotics and 

exposure to Y. ruckeri induced immune gene expression in the host associated with changes in the gut 

microbiota. Subsequently, infection with Y. ruckeri had very little effect on microbiota composition when 

probiotics were applied, indicating that probiotics increased stabilisation of the microbiota. Our analysis 

revealed potential biomarkers for monitoring infection status and fish health. Finally, we used modelling 

approaches to decipher interactions between gut bacteria and the host immune gene responses, 

indicating removal of endogenous bacteria elicited by non-specific immune responses.

Conclusions

We discuss the relevance of these results emphasising the importance of host-microbiota interactions, 

including the protective potential of the gut microbiota in disease responses. 

Significance and Impact of the Study

Our results highlight the functional consequences of probiotic-induced changes in the gut microbiota and 

the resulting host immune response. 

Keywords: Rainbow trout, Yersinia ruckeri, host-microbiota interactions, Biomarker predictions, 

Aquaculture, Intestinal microbiology, Infection, Probiotics, Modelling
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Introduction
Infectious diseases cause significant production losses in aquaculture every year and have become a 

major constraint to the expansion of aquaculture. Given the pivotal role played by the gut microbiota in 

regulating the host immune system (de Bruijn et al., 2018; Nie et al., 2017) and gross performance (Feng 

et al., 2018; Li et al., 2015), interest has arisen for the possibility of modifying gut microbiota to induce 

disease resilience and improve the health status in farmed fish. Modulation of gut microbiota, for 

example by using probiotics or synbiotics, prior to infection might have beneficial effects, like increased 

disease resilience from a robust gut microbiota, and could lower the impacts of infections in production 

settings (Ingerslev et al., 2014; Ohtani et al., 2020; Villumsen et al., 2020). It has also been shown how 

probiotics can modify both gut microbiota and the gut metabolome in rainbow trout (Rasmussen et al., 

2021). However, further investigations are needed to illuminate how probiotics affect disease resilience 

(i.e., survival) and microbiota reestablishment as well as the combined changes of the host immune gene 

expression and the associated gut microbiota during bacterial infections. 

Given the functional importance of the gut microbiota in improving host fitness, introduction or 

enhancement of beneficial microbes may be a promising approach for protecting farmed aquaculture 

relevant animal species from emerging diseases (de Bruijn et al., 2018). To understand the mechanisms 

underlying fish disease, one should focus on the infection process from an ecological and holobiont 

perspective instead of a simplified focus on the potential pathogens or the diseased host (De Schryver and 

Vadstein, 2014; Limborg et al., 2018; Xiong et al., 2016, 2019). We envisage identification of key 

biomarkers strongly associated with host health and pathogenic infections provide a valuable alternative 

tool for monitoring gut health and  early disease outbreaks (Bozzi et al., 2021). 

Yersinia ruckeri, the causative agent of enteric red mouth disease (ERM or yersiniosis), has a wide host 

range, broad geographical distribution, and causes significant economic losses in the fish aquaculture 

industry (Kumar et al., 2015). ERM is traditionally associated with rainbow trout (Oncorhynchus mykiss), 

but its incidence in Atlantic salmon (Salmo salar) has increased globally within the last decade (Bastardo 

et al., 2011; Costa et al., 2011; Ormsby et al., 2016; Shah et al., 2012). Furthermore, in recent years it has 

become a well-established infection model in rainbow trout (Ohtani et al., 2019, 2020; Rømer Villumsen 

et al., 2020), thus Y. ruckeri provides an excellent model for investigations of host-microbe interactions. 

We find it important to disentangle host-microbe interactions post infection of Y. ruckeri, to elucidate 

more long-term dynamics, while modifying the gut microbiota with probiotics. Previous studies A
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investigated the effect of Y. ruckeri in small juvenile rainbow trout (mean weight = 4.3 g ± 1.8 g ) 

combined with  different diets, including fish meal and plant diet (Ingerslev et al., 2014). However, there is 

still little information about the broader interplay among immune genes, probiotics, and bacterial 

biomarkers of the gut microbiota post infection of Y. ruckeri.

In this study we investigate the effects of a commercial probiotic on rainbow trout fingerlings and their 

survival when exposed to a Y. ruckeri infection. We monitor combined responses of both the gut 

microbiota using bacterial 16S rDNA metabarcoding and the intestinal immune response of the host trout 

post infection with an extended array of 24 immune related genes. Lastly, we combined gut microbiota 

biomarker predictions and correlated response models to recover putative interactions between bacteria 

and host immune system.
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Material and methods

Ethical Approval

The Danish Animal Experiments Inspectorate, under license no. 2015-15-0201-00645 approved the 

protocols regarding experimental animals described for this study. The study is thus approved under the 

Danish law regarding experimental animals. 

Rainbow trout

The sourcing of fish and rearing procedures used in this study have previously been described in a 

separate study (Villumsen et al., 2020). Briefly, we obtained rainbow trout eggs from the AquaSearch 

FRESH strain (all-female, AquaSearch OVA, Billund, Denmark). Eggs were hatched and reared at the 

Bornholm Salmon Hatchery (Nexø, Denmark) that has a disease-free record and upon arrival, the eggs 

were disinfected using Desamar K30. During the rearing period, the fish were fed commercial pelleted 

feed.

Experimental setup

Prior to experimental feeding, the fish were transported to the BioMar A/S research facilities (Hirtshals, 

Denmark). Initial mean weight was 1.82 g (SD=0.035 g) when fish arrived at the research facility at 

Hirtshals on January 30th, 2019. All individuals were divided into 30 tanks for acclimation over 14 days. 

Once acclimated, fish were divided into five tanks per diet type. Each tank of 150 L contained 80 fish at 

start of the feeding phase, which were reduced to 40 fish per tank at start of disease challenge. At start of 

feed trial were mean weight 4.30 g (SD=0.12 g). The experimental feeding trial was carried out over an 

eight week period, as previously described (Rasmussen et al., 2021). Mean starting weight prior to 

infection of the rainbow trout was measured by bulk weight (mean weight = 30.1 g).  

Disease challenge with Y. ruckeri

After four weeks rainbow trout were infected with Yersinia ruckeri serotype O1 biotype 2 (strain ID: 

07111224), using a bath infection method, as previously described (Ohtani et al., 2019).
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Culturing was carried out as previously described (Rømer Villumsen et al., 2020). Briefly, cryopreserved Y. 

ruckeri was cultured on 5 % blood agar plates for 48 hours, at room temperature. Single colonies were 

then used to inoculate Luria-Bertani broth, which was subsequently incubated at room temperature for 

36 hours. Prior to infection, the bacteria were harvested by centrifugation and resuspended in clean tank 

water to 1:10 of their initial volume.

Fish in all infection tanks were anaesthetized and moved to designated infection containers holding nine 

liters of aerated tank water. The infection was started by addition of 1 L of the 10X concentrated bacterial 

suspension to the respective infection containers to a final dose of 2.16x108 colony forming units (CFU) 

ml-1, as determined by plating of serially diluted infection suspension onto 5 % blood agar plates and 

counting the colonies, accounting for dilutions. Following the 3 hours infection period, all fish were netted 

and returned to their respective holding tanks and closely monitored several times per day in accordance 

with the experimental animal license for 29 days.

Upon reaching the ethical endpoints specified in the license, individuals were euthanized by an overdose 

of benzocaine. 

Feeding and Sample collection

Sample collection was carried out at two sampling time points; four weeks after trial start (immediately 

prior to infection) and eight weeks after trial start (four weeks after infection). The sampling was carried 

with 40 individuals for the four groups, which includes feeding type and infection state (CTRL with no 

infection, CTRL with infection, PRO with no infection, and PRO with infection), at the end of the trial four 

weeks post infection, resulting in 160 samples. For microbial profiling, samples were taken from mid- and 

distal gut sections at both time points by dissecting gut content from both sections, using sterile scalpels 

and tweezers. Inoculation loops were used to ensure a normalised amount of gut content from each 

sample. All samples were preserved in SHIELD™, provided by Zymo Research, following the Zymo 

Research standard procedure. Weight, fork length, and qualitative comments regarding wounds were 

recorded for all individuals. All individuals were euthanised, according to the approved experimental 

guidelines, using Benzocaine in water prior to dissection, as detailed in a previous study (Villumsen et al., 

2020). 
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Profiling the V3-V4 region of the bacterial 16S rRNA gene

DNA extractions for 16S profiling were carried out using Zymo Research Quick-DNA/RNA (Cat. D2131) 

following suppliers’ recommendation. Prior to analysis, all samples were randomised. Data for the first 

time point, prior infection were previously investigated (Rasmussen et al., 2021). Extracts were quality 

controlled for inhibitors and optimal PCR settings prior to metabarcoding. Metabarcoding was carried out 

by amplifying the V3-V4 region of the bacterial 16S gene, using the primers 341F (5'-

CCTAYGGGRBGCASCAG-3') and 806R (5'-GGACTACNNGGGTATCTAAT-3) (Yu et al., 2005) combined with 

unique forward and reverse 8bp tags (Supplementary Material S1). All amplifications were carried out in 

triplicates to minimise procedural false positives (Alberdi et al., 2018). Library preparation was carried out 

using Illumina NEBNext® Ultra™ IIDNA Library Prep Kit. Amplicons were sequenced on an Illumina 

NovaSeq 6000 PE250bp to obtain 250bp paired end reads aiming for a minimum 10,000 reads per PCR 

replica.

Intestinal gene-transcription Real-time quantitative PCR
Total RNA from the distal intestine of all individuals was purified by means of the GenElute Mammalian 

Total RNA Miniprep Kit (cat.no. RTN350, Merck Life Science ApS, Denmark) and subsequently treated with 

DNase (cat.no. AMPD1; Merck Life Science ApS) to remove potential DNA contamination. The RNA 

concentration was measured using a Nanodrop spectrophotometer (cat.no. ND-2000, Saveen & Werner 

ApS, Denmark). The RNA samples were kept at −80 °C until further use. The RNA was subjected to reverse 

transcription using a BioRad T100 Thermal Cycler (cat.no. 186-1096, BIO-RAD, Denmark) by means of 

TaqMan Reverse Transcription Reagents (cat.no. N8080234, Thermo Fisher Scientific, Denmark) using 

poly-T primer in a 20 µL reaction volume containing a maximum of 1,000 ng of RNA. The reactions 

conditions were 10 min at 25 °C, 60 min at 37 °C, and 5 min at 95 °C. The resultant cDNA was diluted six 

times by adding 100 µL of RNase-free water (cat.no. 10977-035 RNase, Thermo Fisher Scientific, Denmark) 

and was subsequently stored at 5°C as the PCR was performed immediately hereafter. 

An AriaMx Real Time PCR System (cat. no. G8830A-04R-010, AH Diagnostics, Denmark) was used to 

conduct real-time PCR. The reaction mixture consisted of 6.25 µl of 2× Brilliant III Ultra-Fast QPCR Master 

Mix (cat.no. 600880, AH Diagnostics, Denmark) in a 12.5 µL reaction. The final concentrations were 5.5 

mM of MgCl2, 0.8 µM of forward primer and 0.8 µM of reverse primer. The supplementary Material S2 

describes the primers and probes of the qPCR assays. The PCR conditions were one cycle for 3 min at 94°C 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

followed by 40 cycles at 94 °C for 5 s and 60 °C for 15 s. Each run of a gene included wells without 

template and wells with template but without reverse transcriptase. 

The 24 genes chosen comprised genes involved in both innate and adaptive immunity, including genes 

encoding c3 (Complement factor 3), rtCATH1 and rtCATH2 (cathelicidin 1 and cathelicidin 2), ifn-γ 

(interferon gamma), igdm (membrane bound immunoglobulin D), Igds (secreted immunoglobulin D), igm 

(immunoglobulin M), igt (immunoglobulin T), il1β (Interleukin 1β), il2 (Interleukin 2), il4 (Interleukin 

4/13a), il6 (Interleukin 6), il8 (Interleukin 8), il10 (Interleukin 10), il12 (Interleukin 12), il17 (Interleukin 

17AF, Interleukin 17C1, and Interleukin 17C2), il22 (Interleukin 22), lysozyme, saa (serum amyloid A), tcr-β 

(T-cell receptor beta), tgf-β (transforming growth factor beta) and tnf-α (tumor necrosis factor alpha). 

Finally, when subjecting the Cq-values of three reference housekeeping genes arp (acidic ribosomal 

phosphoprotein P0), elf1- α (elongation factor 1 alpha) and β-actin in all possible combination to 

Normfinder (Andersen et al., 2004), the lowest stability value obtained was when using the average of all 

three. Thus, the average of the three reference genes served as an endogenous control and used to 

calculate the Cq. 

Yersinia ruckeri detection in head kidney of rainbow trout post infection
Representative sampling from euthanized individuals was performed to ensure that Koch’s postulate was 

satisfied using both culture and PCR. Sterile sampling of anterior kidney was performed using a sterile 

transport swab. Each swab was streaked onto blood agar plates, and subsequently enriched by incubation 

in 2 ml Luria-Bertani medium (48 hours at room temperature). Swab tips were then boiled in 500 µl sterile 

water (95℃, 10 min), centrifuged (14.000 G, 5 min), following which, 200 µl of the supernatant was kept 

at -80℃ until further processing. A PCR reaction was run using Thermo Scientific DreamTaq Green 

reagents (12.5 µl DreamTaq Green PCR Master Mix, 0.4 µM of primers), including YER8 forward primer 

(5’-GCGAGGAGGAAGGGTTAAGTG-3’), and YER10 reverse primer (5’-GAAGGCACCAAGGCATCTCTG-3’) 

(Gibello A. et al., 1999). 1 µl template DNA was added to nuclease-free water for a total reaction volume 

of 25 µl. PCR amplifications were carried out using the following conditions: 95 °C for 3 min followed by 25 

cycles of 92 °C for 1 min, 60 °C for 1 min, 72 °C for 1 min, and a final extension at 72 °C for 5 min.

Furthermore, the level Y. ruckeri was assessed by qPCR using primers and a TaqMan probe as previously 

described (Supplemental Material S2). 
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Data processing for bacterial 16S rRNA gene profiling 

Raw sequence data were quality controlled, using FastQC/v0.11.8 (Andrews, 2010) to remove low quality 

reads. Demultiplexing and removal of adaptors and low quality reads were done with 

AdapterRemoval/v2.2.4 (Lindgreen, 2012), with a base quality threshold of 30 and a minimum read length 

of 50bp. Microbial 16S data were further filtered, trimmed according to error rate, and ASV were 

detected using the clustering algorithm implemented in DADA2 (Callahan et al., 2016). Taxonomy was 

assigned through r-package DADA2 using Silva/v138. Post clustering algorithms were applied to minimise 

false positives using r-package LULU (Frøslev et al., 2017) and subsequently contaminations were 

removed from samples, using decontam (Davis et al., 2018). 

Statistical analysis

All statistical tests were performed using standard numerical and scientific computing libraries, using R 

(version 3.6.1). Throughout the analyses in the present study, a 95% confidence level was applied using a 

threshold α-level of 0.05 for rejection of the null-hypothesis that there is no difference between the 

groups in question.

Survival rate estimates of non-infected and infected rainbow trout

Data from the experimental infection were analysed using the Kaplan–Meier survival analysis tool. 

Moribund fish from which the bacterial pathogen could be re-isolated were computed as mortalities. In 

case the pathogen could not be re-isolated, the individual was computed as a censored individual. Based 

on the course of the survival curves, the log-rank (Mantel-Cox) method was chosen for the analysis. 

Hazard ratios (log-rank method) were calculated pairwise between all experimental groups, as previous 

studies (Rømer Villumsen et al., 2020).

Intestinal microbiota diversity analysis

Composition analysis was carried out using phyloseq (McMurdie and Holmes, 2013) and differential 

abundance analysis across feeding groups was carried out using r-package metacoder with wilcoxon rank 

sum test and FDR correction for multiple comparisons (Foster et al., 2017). Diversity analysis of the gut 

microbiota across feeding types was carried out applying Hill numbers, using r-package hilldiv (Alberdi and 

Gilbert, 2019a, 2019b).A
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Bacterial biomarker prediction based on amplicon sequence variants
By default, we have selected the generalised linear model (GLM), which has an easier model 

interpretability and lower model complexity compared to the random forest approach. However, when 

logistic regression underfits the dataset the random forest method can be a better choice, therefore we 

have chosen to use both approaches and evaluated those to ensure reliability of biomarker predictions. 

The bacterial biomarker predictions were carried out using the r-package animalcules (Zhao et al., 2021).

Intestinal immune gene-transcription analysis
The gene expression data were analysed using Microsoft Office Excel and GraphPad Prism 9 (GraphPad 

Software, San Diego, California, USA). Relative immune gene expression was analysed using the simplified 

2−ΔΔCq method (Livak and Schmittgen, 2001) as all of the qPCR assays had efficiencies within 100 ± 5% 

(Schmittgen and Livak, 2008). Due to the exponential nature of the folds calculated by 2−ΔΔCq, they were 

not normal distributed; negative log2-transformation of folds results in ΔΔCq, which have the same 

distribution and standard deviation as ∆Cq; the latter was used for the subsequent statistical analysis. 

One-way ANOVA with Tukey's multiple comparisons test was applied for evaluating the effect of the feed 

additives on immune gene expression. Significant gene regulation was defined as having both a p-value 

<0.05 and a fold change of at least 2. Two-way ANOVA was performed to assess the source of variation of 

the feeding regime and the infection status (p< 0.05). The result of the gene expression was depicted 

using the geometrical means with geometrical standard deviations (GSD) of the levels calculated as 2-Cq; 

please note GSD is not to be ± but rather multiplied/divided with the geometrical mean.

Correlated response models between bacterial biomarkers and 

predictors
Correlated response models were carried out using r-package BORAL (Hui, 2016), using default settings. 

To estimate response models, based on generalised linear models, we applied relative abundance of 

estimated biomarkers from previous biomarker predictions. Predictors for correlation included feeding 

types, infection stage, measured 16S transcripts of Y. ruckeri in head kidney and 12 of the 24 immune 

genes used for overall investigation, since they were found significantly affected by feeding type and 

infection from the two-way ANOVA results (p < 0.05 and fold change > 2.0). Distributions of relative 

abundance of biomarker ASVs were assessed prior to modelling to improve models, minimise false 

positives, and minimise dispersion. To increase the power of our models we applied Markov chain Monte A
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Carlo (MCMC) methods for resampling, which were incorporated in BORAL. To account for residual 

correlation between species, we included two unknown latent variables(Warton et al., 2015). 

Subsequently, latent variables were used to estimate the proportion of variance explained by predictors 

and unknown variables. 

Results

Infection with Y. ruckeri leads to increased mortality

During the experimental period, two groups of rainbow trout were reared on a standard diet with or 

without an added probiotic strain. One group of rainbow trout were fed a commercial control feed 

without any supplements (hereafter referred to as CTRL). Simultaneously another group of rainbow trout 

were fed the same control feed supplemented with a commercial probiotic, Pediococcus acidilactici 

MA18/5M (hereafter referred to as PRO). Within both feed groups we infected one subgroup of fish with 

the pathogen Y. ruckeri serotype O1 biotype 2, while another subgroup was retained as control and was 

not exposed to the pathogen. Investigation of the survival of rainbow trout showed an increased mortality 

of infected fish with the survival rate dropping to 55 % ± 7 % post infection compared to 100 % for non-

infected fish. Furthermore, the log-rank test (p = 0.97) and Hazard ratio (HR = 1, 95% CI, 0.72–1.40) 

indicated no difference in survival between the two feeding types, CTRL and PRO (Figure 1 a). We used 

qPCR to detect Y. ruckeri in all sampled, infected fish post infection, and this revealed presence of Y. 

ruckeri in 32 out of 40 fish (80 %) for CTRL and 29 out of 40 (72.5 %) positive fish in PRO, whereas Y. 

ruckeri could not be detected in the non-infected groups (Figure 1 b). 

Y. ruckeri infection is associated with a dysbiosis of the gut microbiota 

throughout the rainbow trout intestinal tract

We performed bacterial profiling of both the mid and distal intestinal content of 40 juvenile rainbow trout 

for each feeding type both before and after Y. ruckeri challenge. We used the V3-V4 region of the 16S 

rRNA gene resulting in microbial profiling of 320 samples from 160 individuals, including both gut 

sections. Microbial profiling resulted in 540 amplicon sequence variants (ASVs). Furthermore, filtering to 

retain only ASVs contributing with more than 1% of the relative abundance reduced the total number to 

39 ASVs. A
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The 10 most abundant genera comprised 87 % of the total number of microbial reads from rainbow trout 

in this trial, revealing a highly uneven intestinal microbiota diversity, where only a few bacteria comprise a 

most of the bacterial community, indicating a low diversity microbiota. The top 10 most abundant genera 

included Mycoplasma, endosymbionts8 (related to Enterobacteriaceae family), Massilia, Pseudomonas, 

Aeromonas, Escherichia/Shigella, Ralstonia, Staphylococcus, Pseudorhodobacter, and Lactobacillus (Figure 

2 a). Richness analysis of all 540 ASVs, based on Hill numbers, revealed significantly higher richness of the 

high abundant ASVs in the microbiota in infected individuals fed CTRL. Subsequently, for PRO the 

microbial richness was found to be unaffected by infection of Y. ruckeri at any order of diversity (Table 1). 

For CTRL, not only bacterial richness was affected by infection. Principal Coordinate Analysis (PCoA), using 

weighted Unifrac distance, revealed a clear clustering between non-infected and infected individuals for 

CTRL (Figure 2 b). Composition analysis of the CTRL groups showed that the composition of non-infected 

individuals was highly similar, whereas samples from the infected groups showed a higher variation 

among individuals (Figure 2 b). Furthermore, microbial composition analysis of both richness and 

composition revealed no differences between non-infected vs. infected fish reared on the PRO diet (Table 

1 and Figure 2 b). 

The non-infected CTRL samples were overall characterised by a low microbial diversity and dominance of 

Mycoplasma, which comprised 83% (SD ± 20.3%) of all recovered reads. Besides Mycoplasma, we 

observed a sporadically higher amount of relative abundance of Pseudomonas and Massilia within the 

non-infected CTRL. Differential abundance analysis of top 20 most abundant genera of samples from the 

infected groups revealed a change in the microbiota during infection, where the relative abundance of 

Mycoplasma dropped substantially to 15% (SD ± 23.1%) post infection. Infection of CTRL fed individuals 

resulted in a significant increase of Defluviimonas, Psychrobacter, Weissella, Aeromonas, 

Escherichia/Shigella, and endosymbiont8 (Figure 2 b). The differential abundance analysis between 

infection states of PRO revealed that endosymbiont8 decreased significantly in relative abundance as 

response to infection, as the only genus for the PRO group, indicating a highly stable microbiota between 

infection states for the top 20 most abundant ASVs (Figure 2 c). 
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Prediction of putative microbial biomarkers for Y. ruckeri infection in 

rainbow trout

Prevalence analysis revealed Mycoplasma and endosymbiont8 to be associated with non-infected 

individuals, whereas Pseudomonas, Massilia, and Leuconostoc were more prevalent in samples from 

infected rainbow trout fed the CTRL feed (Figure 3 a). To ensure a proper biomarker prediction for 

infection, we applied two different prediction methods, including generalised linear models (GLMs) and a 

random forest approach (RF). When applying modelling and prediction of specific genera before and after 

Y. ruckeri challenge, we found that especially Mycoplasma and Pseudomonas were outstanding in 

importance as biomarkers related to infection state followed by Massilia and endosymbiont8 in 

decreasing importance, respectively (Figure 3 b) (Supplementary Table S1). These predictions were 

confirmed using both GLMs and RF with a high positive prediction fraction compared to false positives 

and we consistently found an area under the curve (AUC) around 0.9 for both GLMs and RF in CTRL fed 

fish (Figure 3 c). 

We also applied the prediction analysis between infection states for the PRO groups, but we found this 

group less suitable for predicting biomarkers for infection, which resulted in lower AUC of 0.66 and 0.67 

for RF and GLMs, respectively. We hypothesise that this is due to a highly similar microbiota between 

infection states for rainbow trout fed on the PRO diet. Our predictions of biomarkers in PRO resulted in 

four different genera, including endosymbiont8, Ralstonia, Peptostreptococcus, Bacteroides when using 

GLMs (Supplementary Table S1). The prevalence analysis indicated that these biomarkers all had a higher 

relative abundance in non-infected samples (Figure 3 d). Especially endosymbiont8, and Ralstonia were 

scoring high in importance as predictors, related to infection in PRO, indicating that decrease in 

abundance of these ASVs could potentially be strong biomarkers for infection. Subsequently, we chose to 

include predictors only with the highest AUC for downstream analysis of the interplay between host 

immune system and biomarker ASVs (Figure 3c and Figure 3f).

Probiotics and Y. ruckeri infection alter gene expression involved in 

immune responses

Four weeks after challenge, the intestinal transcription level of the 24 tested immune related genes was 

measured from all sampled individuals of all four groups, including CTRL and PRO of both infection states, A
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resulting in 160 samples. Our panel included genes from the innate and adaptive immune system, and 

several pro- or anti-inflammatory cytokines (Supplementary Material S2). Of the 24 immune related 

genes, 12 fulfilled both a significant alteration (p<0.05) and a fold change of at least ± 2 between groups 

according to One-way ANOVA tests, which were considered indicative of a change in expression 

(Supplementary Material S3), not assigned to biological variation. Among the non-infected fish, we 

observed a reduced expression of c3, rtCATH2, ifn𝛾, igm, and il10 in fish fed with the PRO diet (Figure 4). 

Our results indicate an alteration in transcription of rtCATH1, rtCATH2, il1𝛽, saa, and tnf𝛼 four weeks after 

the Infection of Y. ruckeri, whereas expression of genes encoding igm, igt, il6, and lysozyme was only 

elevated in infected CTRL groups (Figure 4). Furthermore, we observed significant interactions between 

usage of probiotics and Y. ruckeri infection in transcription of genes encoding rtCATH1, igm, il6, and 

lysozyme. In all cases of interaction between probiotics and Y. ruckeri infection a decrease in immune 

gene expression in fish fed on the PRO diet was observed, indicating that the use of probiotics leads to an 

altered immune response during Y. ruckeri infection. To assess the quality of our immune gene selection, 

we clustered our samples according to immune gene profiles within each sample for both CTRL and PRO 

(Supplementary Figure 2a-b). Our analysis showed good clustering of samples according to their infection 

stage, indicating that the immune gene selection is a good proxy for infection for both the CTRL and PRO 

fed groups. 

Correlated response models reveal putative biomarker associations with 

expression of genes involved in immune responses

Model-based methods have emerged as a powerful approach for analysing multivariate abundance data 

in bacterial communities. Our correlated response models consist of fitting generalised linear models to 

each bacterial ASV and variable, including feed, infection state, immune genes, and detection of Y. ruckeri, 

while including latent variables to account for residual correlation between species due to for example 

unmeasured covariates. Here, we used a Bayesian resampling approach to create correlated response 

models to infer the effect of each immune gene expression on the detected biomarker ASVs for both the 

CTRL and PRO groups (Figure 5 a-b).

Our correlated response models confirmed our findings above in that application of probiotics was 

associated with a reduced abundance of Mycoplasma. Contrary, the probiotic seemed to be positively 

correlated with all other biomarkers (Figure 5 a). Furthermore, infection with Y. ruckeri had a positive 

correlation with Massilia, Pseudomonas, and Ralstonia. Subsequently, Mycoplasma showed a negative A
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correlation with infection state while endosymbiont8 and Peptostreptococcus were unaffected by the 

infection (Figure 5a). No apparent direct effect of systemic pathogen load, measured as Y. ruckeri 

transcripts in the head kidney, on intestinal biomarkers (Figure 5 a). 

Transcription of lysozyme encoding gene had a significant correlation with intestinal biomarkers, including 

endosymbiont8, Mycoplasma, and Pseudomonas. Lysozyme expression levels showed to be positively 

correlated with Pseudomonas, while it was negatively associated with endosymbiont8 and Mycoplasma. 

Also, transcription of saa had a significant positive correlation with Ralstonia and a significant negative 

correlation with endosymbiont8. Further, igm was positively correlated with endosymbiont8, but had a 

negative correlation with Mycoplasma, indicating that these immune factors could have modulating 

effects on Mycoplasma and endosymbionts8, during infection with Y. ruckeri. Interestingly, we found that 

the probiotic seemed to decrease expression of IgM both before and at the end of the disease challenge 

(Figure 4). Furthermore, transcription of rtCATH2 and ifnγ were both positively correlated with 

Pseudomonas and Ralstonia, whereas transcription of il10 was negatively correlated with Ralstonia 

(Figure 5 a). 

By including two unknown latent variables we have accounted for interactions between biomarkers. Our 

analysis revealed that the variance of Ralstonia, Peptostreptococcus, and Mycoplasma were highly 

affected, with more than 50%, by known predictors, including feed, infection of Y. ruckeri, and immune 

gene expression profiles, whereas endosmybionts8, Pseudomonas, Massilia were less affected by known 

predictors, indicating that other variables like microbe - microbe interactions may better explain variation 

in these biomarkers (Figure 5 b). 
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Discussion

Probiotics influence microbiota composition and host immune response 

Application of probiotics in aquaculture to increase health and modify immune responses, has been 

investigated for decades. However, very little is known about the biological interplay among probiotic 

strains, infectious pathogens, host immune responses, and the host gut microbiota. Our study revealed no 

difference in survival rates between feed types, indicating that P. acidilactici did not increase disease 

resistance of rainbow trout when exposed to a Y. ruckeri infection, though P. acidilactici-based synbiotic 

formulations previously have shown a tendency of slight decrease in relative risk (Villumsen et al., 2020). 

The gut microbiota composition of rainbow trout in the PRO group remained stable during the infection 

phase indicating that probiotics stabilise the gut microbiota during the bacterial infection. Such 

stabilisation of the microbiota might be beneficial for recovering from putative loss of growth 

performance during infection, suggesting that application of probiotics could be beneficial for the growth 

performance of rainbow trout, where previous reports showed an increase of lipid efficiency ratio as a 

response to application of P. acidilactici (Rasmussen et al., 2021) and especially when P. acidilactici are 

accompanied with synbiotic feed supplementation, like citrus flavonoids (Villumsen et al., 2020). 

Furthermore, previous results in juvenile rainbow trout showed an increased protection against Y. ruckeri 

as a result of a potential prebiotic effect from fibres in a plant based diet (Ingerslev et al., 2014). On the 

other hand, earlier investigations revealed no significant differences in survival were seen when infected 

by Y. ruckeri while fed with feed supplements even though investigations recovered an alteration in gut 

microbiota and immune system related to both infection and feed supplements, which confirm our results 

(Jaafar et al., 2013). 

Our results revealed that both probiotic and infection significantly affected the intestinal microbiota 

composition, clearly demonstrating a labile nature of the natural microbiota, which is easily modified. In 

our study, we do see a stabilising effect of microbiota composition, when applying probiotics, though this 

composition is nothing like the treatment naïve microbiota composition, as found in CTRL. Together, 

these results highlight the importance of jointly considering effects on both the host fish as well as its core 

microbiota when optimising probiotics for the future sustainable solutions. 
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Among all immune related genes investigated, we observed a tendency of a lower immune response four 

weeks post infection, in fish fed with PRO. Five of the 24 genes showed a significantly reduced 

transcription in the PRO groups, including transcription of c3, rtCATH1, ifnγ, igm, and il10. Interestingly, 

the microbiota composition was found to be more stable between non-infected vs. infected fish when all 

fish were fed with P. acidilactici. Simultaneously, we also see a lower immune response, suggesting that a 

stable microbiota could putatively result in a better protection against pathogens, by immune system 

homeostasis for small sized rainbow trout as studied here (Hill et al., 2010; Mazmanian et al., 2005; 

Sekirov et al., 2008; Wu and Wu, 2012). 

Our results indicate an association between P. acidilactici and decreased intestinal immune responses at 

the late stage of infection in young and small rainbow trout, which might be beneficial for decreasing 

symptoms of infected individuals, since host immune mechanisms can promote both resistance and 

tolerance to disease (McCarville and Ayres, 2018). Furthermore, it should be noted that another study 

revealed that large 300+ gram rainbow trout fed a P. acidilactici enriched diet showed an upregulation of 

intestinal pro-inflammatory cytokines, like il1β, and il8, while the anti-inflammatory il10 was 

downregulated, indicating that probiotics might be more beneficial for older and bigger individuals for 

optimising vaccine efficiency (Al-Hisnawi et al., 2019). The dependence of fish size and weight on disease 

resistance towards Y. ruckeri was recently investigated showing significant increase in disease resistance 

in heavier fish (Ohtani et al., 2019). Decreasing the host immune response can have an unforeseen 

consequence for vaccine optimisation whereas a strong immune response is wanted during infections 

with virus (Cao et al., 2017) and bacteria (Hoare et al., 2017) to optimise immune responses. However, it 

should be noted that our measurements are based on sampling four weeks post introduction of Y. ruckeri 

and these individuals are more in a recovering phase post infection.  Thus, this is not a direct measure in 

the acute infection stage. Future studies should aim at applying more holistic approaches to better 

understand the functional mechanisms by which probiotic strains and gut microbiota interact with host 

immune responses. Hologenomics represents one such promising approach that combines multiple omics 

layers including metatranscriptomics and metabolomics (Limborg et al., 2018; Nyholm et al., 2020). 

Bacterial biomarkers could offer a shortcut to understand interactions 

between host and microbe

Currently, we lack functional insight into host-microbiota interactions. This is in part due to the complexity 

of microbiota communities resulting in multi-dimensional and highly complex datasets. A way to minimise A
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the complexity of such datasets would be to focus on predicted key bacterial biomarkers (Dix et al., 2016). 

Here, we identified several bacterial potential biomarkers that are informative regarding infection with Y. 

ruckeri. These biomarkers include the genera Mycoplasma, endosymbionts8, Pseudomonas, Ralstonia, 

Masilia, and Peptostreptococcus (Figure 3 b and Figure 3 e). Detection of such biomarkers can facilitate 

analyses on how host immune responses affect host-microbe interactions, while taking feed type, 

infection status, and systemic infection of Y. ruckeri, into account. Furthermore, to minimise potential 

false positives we included unknown latent variables to account for unknown associations among the 

predicted biomarker genera (Hui, 2016). While important bacterial biomarkers cannot provide a complete 

picture of the microbiota, application of biomarkers enables us to effectively monitor key host-microbiota 

interactions. We argue that conservatively detecting key biomarkers, using generalised linear models and 

random forest, present a promising framework for similar studies aiming to develop a cost-efficient 

toolbox for monitoring fish health throughout a production cycle. We do note that, to really exploit the 

potential of biomarkers, datasets from multiple locations, diets, and infections should be interpreted. In 

our study we do find some consensus in bacterial dynamics, during infection of a pathogen with previous 

investigations (Bozzi et al., 2021). Investigations of host-microbe interactions where influence from 

environmental factors have been minimised could be applied in the future to confirm our predictions. To 

do such research other models could be applied, like the usage of gnotobiotic or germfree models. Such 

models could confirm the protective effect of essential endogenous bacteria, during Y. ruckeri infection, 

since our results are mainly predictions and the causal effect can still be difficult to determine (Llewellyn 

et al., 2014; Pérez-Pascual et al., 2021).

Using our modelling approach, we recovered potential biomarker species in rainbow trout. First, 

Pseudomonas, Ralstonia, and Massilia were positively associated with infection in the CTRL group. This 

indicates that these bacteria were indicative for in infected individuals. While we cannot decipher the 

exact mechanisms explaining these microbial dynamics, a likely scenario include that non-specific host 

immune responses were altered by infection resulting in a changed intestinal environment leading to 

(re)colonisation of new, or low abundance, bacteria such as Pseudomonas, Ralstonia, and Massilia. 

Secondly, the microbiota stabilising effect of the probiotic P. acidilactici, may originate from interactions 

with the constitutively expressed intestinal antibodies or interspecific interactions between 

microorganisms. 

As one of many examples it is known that Pseudomonas bacteria produce antimicrobial substances, such 

as surfactants, which eliminate other microorganisms (Al-Jubury et al., 2018). Thirdly, we observed that 

Mycoplasma was dominant in the non-infected CTRL group, but nearly absent in all other samples. This A
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observation indicates that some of the genera in the microbiota, like Mycoplasma, are natural bacteria in 

the gut microbiota and could potentially be important in the naive gut of young rainbow trout and other 

salmonids, though not crucial for the immune system, since the survival rates between CTRL and PRO, 

which were missing Mycoplasma, were insignificant. This then raises the question whether the relative 

abundance of Mycoplasma can be considered as a biomarker for a healthy non-disturbed gut microbiota 

due to its low resilience (Bozzi et al., 2021; Cheaib et al., 2021; Holben et al., 2002; Llewellyn et al., 2016; 

Nguyen et al., 2020; Rasmussen et al., 2021)? It should also be noted that antimicrobial activity could also 

originate from Y. ruckeri itself, although we only find limited amounts of Y. ruckeri in the gut.

Investigating interactions between host immune responses and bacterial biomarkers, we found that host 

immune responses, like non-specific cathelicidin antimicrobial peptides (cAMPs) could lead to suppression 

of naive bacteria and an increase of putative obligate pathogenic bacteria, like Pseudomonas, which has 

previously been associated with infection (Bozzi et al., 2021). On the other hand, it may be that many 

different beneficial bacteria do not induce cAMPs or lysozyme, because the host is tolerant towards them 

in contrast to pathogenic bacteria such as Pseudomonas. Therefore, the increase of cAMPs and lysozyme 

may be a direct response to an increase of Pseudomonas caused by other factors. Here, it should also be 

noted that Pseudomonas has previously been considered as  a potential candidate probiotic against other 

pathogens than Y. ruckeri, due to its biofilm formation abilities  (De la Fuente et al., 2013; Gram et al., 

1999).

In our investigation we found a positive correlation between Pseudomonas and cathelicidin 2, but not 

cathelicidin 1, indicating that induced expression of unspecific cAMPs could have unintended outcomes 

for a naive microbiota, as cathelicidin 2 has shown less specific cAMPs activity (Brunner et al., 2020). A 

similar pattern was seen for lysozyme, where a positive correlation was found with Lysozyme expression 

and the presence of potentially pathogenic Pseudomonas, whereas a negative correlation was found with 

endosymbionts8 and Mycoplasma that were both associated with healthy fish.  Recent investigations of Y. 

ruckeri infections in spleen, kidney and liver reported an association between high gene expression of a 

broad range of cytokines and effector molecules, including, IL-1β, IL-6, TNFα, cathelicidins 1 and 2, SAA, 

and lysozyme with high abundance of Y. ruckeri in the acute phase of infection. These previous 

investigations show that the systemic expression of immune related genes was all lower in post disease 

challenge compared to the acute phase, indicating that post 21 days is more a recovering stage of 

infections.  Furthermore, authors found an still elevated expression of TNFα and several effector 

molecules, like C3, cathelicidins 1 and 2, and lysozyme, suggesting a role of systemic immune control of Y. A
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ruckeri post infection, confirming our findings of an elevated expression of local effector molecules in the 

intestine post challenge (Zuo et al., 2020). 

The approach demonstrated here illustrates a simple but general framework for future studies 

investigating host-microbe interactions in animals. Further, aquaculture case studies provide a particularly 

useful model system for investigating host-microbe interactions as previously proposed (Limborg et al., 

2018). Indeed, aquaculture settings include the following three advantages: I) gut microbiota communities 

in piscivore teleost tend to be communities of low complexities and with lower diversity (Huang et al., 

2020), II) host genetic variation is more easily controlled as individuals often share the same broodstock 

ancestry, and III) it is possible to use semi- controlled environments in industrial settings, like recycled 

aquaculture systems.
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Tables

Table 1. Tukey's range test of microbial diversity based on Hill numbers between infected vs. non-

infected rainbow trout for the CTRL and PRO feeding groups.

Feeding Type Hill Order Estimate Low Conf. High Conf. Adj. P-value

0 -3.538 -8.969 1.894 0.20 ns

1 -5.180 -6.099 -4.262 2.42E-14 ****

CTRL

2 -2.984 -3.525 -2.442 2.71E-14 ****

0 1.675 -3.985 7.335 0.56 ns

1 1.675 -3.985 7.335 0.56 ns 

PRO
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Figure Legends 

 Figure 1 Survival and detection of Yersinia ruckeri post infection for the CTRL and PRO feed groups. 

A) Survival plot of non-infected individuals in black solid lines and infected individuals post infection 

for CTRL (blue) and PRO (orange) in dashed lines. Log-rank test and Hazard ratios between infected 

feeding types are annotated in the figure. B) Boxplot of gene expression level (2-∆Cq) of Yersinia ruckeri 

in CTRL and PRO with and without infection. Red coloured numbers indicate the number of fish found 

positive with Y. ruckeri, where sample size for all groups were 40 individuals. Comparison between 

feeding types was analysed using the Tukey HSD test. 

 

Figure 2 Bacterial composition of rainbow trout gut microbiota before and after Y. ruckeri Serotype 

O1 challenge for CTRL and PRO. A) Bacterial composition based on top 10 most abundant bacterial ASV 

classified to genus level. Each facet indicates groups of feeding types and infection stage, which follows;non 

infected CTRL, infected CTRL, non-infected PRO, and infected PRO. B) Principal Coordinates Analysis (PCoA) 

of the microbial composition in all samples and feeding groups using Unifrac distances. Distribution of 

individual samples for CTRL and PRO is plotted using the same axes but shown in separate plots for 

visual purposes. Grouping of infected and non-infected rainbow trout on different feeding types is 

visualised using green for infected and blue for non-infected. C) Heat Tree of species composition of 

the 20 most abundant ASVs throughout the gut combined with pairwise comparisons of the infection 

states for both CTRL and PRO, where blue colours indicate significantly higher abundance in non-

infected individuals and green colours indicate significantly higher abundance in infected individuals. 

The colour of each taxon reflects differential abundance between the two groups being compared 

with colours determined by the log2 ratio of median proportions of reads observed for each feeding 

type. The Log2 changes were determined using a Wilcoxon rank-sum test followed by a Benjamini-

Hochberg (FDR) correction for multiple comparisons. All Insignificant genera were set to Log2 ratio 

median proportion of 0. Size of nodes relates to the number of ASVs found within the given taxonomic 

group.  
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Figure 3 Biomarker Prediction of Y. ruckeri infection in rainbow trout fed on CTRL (A-C) and PRO (D-

F). A, D are prevalence plots between infected vs. non-infected samples with the colour of circles 

indicating to which infection states the microbiota is related for the CTRL (A) and PRO (D) groups. Blue 

indicates genera prevalent in non-infected individuals, whereas green indicates genera more 

prevalent in infected individuals. Only genus names with a consensus prediction between generalised 

linear models (GLMs) and a random forest approach (RF) for being a biomarker are annotated. B, E) 

Importance plots of bacterial predictors for infection in individuals fed on CTRL (B) and PRO (E), where 

only the top 10 percent has been selected. Predictions were carried out using GLMs and RF, which is 

indicated by colour legend. C, F) Receiver operating characteristic (ROC) plots of biomarker prediction 

for both GLMs and RF in individuals fed CTRL (C) and PRO (F). Area under the curve (AUC) was 

calculated for all ROC plots, as an estimation for prediction efficiency of both GLMs and RF. AUCs were 

annotated in figure C and F. 

 

Figure 4 Significantly different gene expression levels between diets and infection status. The x-axes 

indicate the four test groups including CTRL without Y. ruckeri, CTRL with Y. ruckeri, PRO without Y. 

ruckeri, and PRO with Y. ruckeri. The y-axes indicate gene expression level calculated as 2-DCq. The 

numbers inside brackets indicate fold change between the paired groups and asterisks indicate 

significant fold changes according to One-way ANOVA tests (>2-fold change and p<0.05). Brackets 

indicate relation between groups tested, using Tukey’s HSD for pairwise comparison. The upward 

pointing triangle in the upper right corner of each plot shows the significant sources of observed 

variations (p<0.05 Two-way ANOVA) as indicated by capital P (Probiotic feed), Y (Infection by Y. 

ruckeri) and I (Interaction of P and Y).  
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Figure 5 Fitted Bayesian regression analysis between biomarkers and immune gene expression and 

feed types. A) Correlated response models consisting of fitted generalized linear models. Coefficient 

plots are shown for six different biomarker ASVs (along y-axis) in response to 15 different predictor 

variables including addition of P. acidilactici, infection status, systemic Y. ruckeri detection as well as 

expression levels for 12 of the 24 immune gene palettes. Circles in the horizontal bars indicate the 

coefficient median, filled bars indicate the 95% confidence interval. The shade of green indicates the 

relation between the coefficient, confidence intervals, and null, meaning darkest green indicates 

significant correlations (p < 0.05). B) Proportion of biomarker variance in CTRL, explained by 

predictors, including feeding types, infection stage, systemic amount of Y. ruckeri, and immune genes 

and two unknown independent variables, which accounts for residual covariance of the biomarker.
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