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The aquaculture industry faces growing pressure to reduce the use of antibiotics for
control of bacterial diseases. In this study we tested the effectiveness of dietary cecropin
A, an insect-derived antimicrobial peptide, at preventing mortality and reducing incidence
of carrier status in rainbow trout (Oncorhynchus mykiss) challenged by immersion with
Yersinia ruckeri. Additionally, we conducted longitudinal analyses of microbiome changes
to elucidate effects of both cecropin A and bacterial infection. An in vitro experiment
indicated that Y. ruckeri is susceptible to cecropin A. However, dietary cecropin A did not
improve the survival of fish challenged with Y. ruckeri, nor did it decrease the persistence
of Y. ruckeri in the intestine of fish that survived infection. Moreover, levels of intestinal Y.
ruckeri as measured by gPCR suggested that cecropin A may have negatively impacted
the ability of fish to resist colonization by this bacterial pathogen. Concomitantly with the
survival experiments, the microbiomes of challenged and mock-challenged fish were
sampled at days 0O, 3, 8, and 30. The microbiomes were in general dominated by
Mycoplasma sp. at days 0, 3 and 8, independent of diet, and whether fish had been
challenged or mock-challenged. At day 30, the microbiomes of mock-challenged fish fed
the +cecropin diet were characterized by lower internal (alpha) diversity (p<.01), greater
relative abundance of Mycoplasma sp., and a decrease in gram-negative taxa, when
compared to the microbiomes of fish fed the control diet. The opposite was observed in
the microbiome of challenged fish. Lastly, correlation analysis of amplicon sequence
variants (ASVs) revealed a negative correlation between the presence of Y. ruckeri and
seven ASVs, including Mycoplasma sp., suggesting possible beneficial effects of these
taxa. In addition, six ASVs were positively correlated to Y. ruckeri, including
Flavobacterium succinicans — a known opportunistic fish pathogen. In conclusion, this
study revealed that dietary cecropin A was bioactive and exerted significant effects on the
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microbiome but did not improve fish resistance to infection by Y. ruckeri. Based on our
observations and other published results, it appears that high relative abundance of
Mycoplasma sp. correlates with higher resistance to intestinal colonization by

bacterial pathogens.

Keywords: antimicrobial, AMP (antimicrobial peptides), infection challenge, aquaculture, Mycoplasma sp.,

one health

INTRODUCTION

Historical use of antibiotics is not well-documented for
aquaculture (Schar et al, 2020), but evidence from regional
studies where data is available supports the claim that the
rapid growth and intensification of aquaculture production in
the past fifty years have been fueled in many cases by heavy
antimicrobial use (Millanao et al., 2011; Rico et al., 2013; Cabello
et al., 2016; Chuah et al., 2016). As international momentum
coalesces around tighter regulation of antibiotic use, it is essential
that the aquaculture industry continue to develop alternative
strategies for control of infectious disease (Stentiford et al., 2017).

The primary focus of most research on fish disease has been has
rightfully been on prevention rather than treatment of outbreaks.
Development of vaccines, better nutrition, increasingly rapid and
accurate diagnostic services, improvements in farm siting and
biosecurity, and selective breeding for disease resistance have all
been instrumental breakthroughs in maintaining fish health
(Austin, 2012). In recent years, the role of the fish microbiome
has also been increasingly investigated in aquaculture contexts (de
Bruijn et al,, 2018; Legrand et al,, 2020; Infante-Villamil et al,
2021). The microbiome of fish is influenced by diet (Ringo et al.,
2016), and this has been shown to mediate changes in the immune
response to infection (Ingerslev et al, 2014). Changes in fish
microbiome are associated with infection states of various
pathogens, including bacteria (Li et al.,, 2016; Bozzi et al,, 2021),
viruses (Reid et al., 2017; She et al., 2017) and parasites (Llewellyn
et al, 2017; Vasemigi et al, 2017). Furthermore, a number of
studies have shown that modification of the microbiome via
probiotic bacteria can improve immune parameters and disease
resistance in fish (Yi et al., 2018; Chen et al., 2019; Gauthier et al.,
2019). Despite these findings, however, current understanding of
what constitutes a healthy or natural microbiome for most fish
species is limited (Legrand et al., 2020).

In addition to preventive strategies, it is also worth
considering whether it will be possible to one day replace
antibiotics for disease intervention. Therapeutic antibiotic
treatments remain an important backstop for fish welfare in
the event of disease outbreaks, even though resistance has led to
diminishing utility in some regions (Cabello and Godfrey, 2019).
One proposed alternative is to replace or augment the use of
conventional antibiotics with natural or synthetic antimicrobial
peptides (AMPs), also referred to as host-defense peptides.
AMPs are a part of the innate immune response in animals,
fungi, and plants, and are also produced by bacteria. They are
typically small (10-50 amino acid) cationic peptides with the
ability to inhibit bacterial growth in vitro, though many are now

known to have additional functions in immune signaling.
Structurally, AMPs are characterized by a combination of
positively charged and hydrophobic residues which facilitate
their interaction with bacterial cell membranes (Fjell et al.,
2012). Bacterial resistance to AMPs can develop via selective
pressure (Joo et al., 2016), but there are a number of reasons why
AMPs are likely to be refractory to recapitulating the current
AMR crisis (Lazzaro et al., 2020).

AMPs have been tested as dietary supplements in feeds for a
variety of terrestrial animal production systems, including swine,
poultry, and cattle, and a number of positive effects including
mitigation of disease symptoms and modest increases in growth
and/or feed efficiency have been reported (Silveira et al., 2021). A
growing body of research in recent years has also begun to
investigate the effects of AMPs in fish, examining their effects on
growth (Zhou et al., 2008; Dong et al., 2015; Ge et al.,, 2020; Hu
et al,, 2021), immune status (Wang et al, 2021), and disease
resistance (Lygren et al., 1999; Liu et al., 2014; Chettri et al., 2017;
Ting et al., 2018; Lee et al., 2019; de Sousa et al., 2021; Rashidian
et al.,, 2021; Simora et al., 2021). For the most part, these studies
have not reported adverse effects of AMPs, and about half have
shown protective effects in the context of infection. Of the studies
listed above, only Ge et al. looked at the effect of AMPs on the
microbiome, finding that microbial diversity was increased
relative to the control group in fish fed the highest tested dose
of AMP (Ge et al., 2020). Furthermore, in studies that have tested
AMPs in the context of fish infection, their application has nearly
always been prophylactic rather than therapeutic.

There remains a knowledge gap in the understanding of how
microbiome-based approaches to fish health management
interact with other strategies, and in the effectiveness of AMPs
administered close to or after the onset of infection.
Conventional antibiotics have been shown in mammalian
systems to negatively impact resistance to some diseases by
disrupting the microbiome (Theriot et al., 2014; Langdon et al.,
2016; Gutierrez et al., 2020). While the body of literature is much
smaller, similar effects have been shown in fish: treatment with
streptomycin sulfate prior to challenge with Vibrio anguillarum
increased mortality in black molly (Poecilia sphenops) (Schmidt
et al, 2017), and pre-treatment with olaquindox increased
mortality in zebrafish (Danio rerio) challenged with
Aeromonas hydrophila (He et al, 2017). In both of these
studies, the authors attributed the observed changes in disease
resistance to disruption of the microbiome by antibiotic
treatment. These findings, and evidence for the importance of
the microbiome in general, would appear to be in tension with
the fact that historically a significant portion of antibiotic use in
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aquaculture has been prophylactic (Ibrahim et al.,, 2020):
presumably this is the case because farmers have concluded
that the health benefits of prophylactic antibiotic use outweigh
the costs. Understanding the effect that antimicrobials - either
conventional antibiotics or AMPs - exert on the microbiome,
and the consequences of those effects on fish health, is key to
integrating the findings of these developing fields.

In this study, we examined the effect of a canonical insect-
derived AMP - Hyalaphora cecropia cecropin A - on the
microbiome, disease resistance, and carrier status of Rainbow
trout (Oncorhynchus mykiss) in the context of bacterial infection.
The cecropin family of AMPs is highly expressed in insects when
exposed to infection by gram-negative bacteria (Lemaitre et al.,
1997) and has strong in vitro activity against this group of
bacteria. Our hypothesis was that introduction of cecropin A
in the diet would protect trout against the gram-negative
bacterium Yersinia ruckeri, the causative agent of enteric
redmouth disease (ERM) and would reduce the prevalence of
detectable load of Y. ruckeri in the intestine over the course of
infection and recovery. The timing of when to introduce
cecropin to the fish was an important consideration. In most
previous studies of AMPs involving a disease challenge, fish
spend at least a month on experimental feeds before being
exposed to pathogens. In the context of this project, we aimed
to better evaluate the potential effectiveness of dietary cecropin as
a tool for disease intervention. Therefore, we opted to begin
feeding 3 days prior to the challenge. This gave a sufficient
window to ensure that fish would accept the experimental feed
while minimizing changes to the underlying host biology. We
also sought to understand how the fish microbiome responds
over the course of infection and how, if at all, dietary cecropin
might modify this response. Our findings reveal that in this
experimental context, cecropin A did not improve resistance to
infection or clearance of Y. ruckeri from the intestine. Analyses of
intestinal microbiomes indicated that fish fed a control diet
displayed a lower alpha-diversity following a challenge with Y.
ruckeri compared to those fed the +cecropin diet, whereas in
mock-challenged fish an increase in alpha diversity was observed
in both diet groups.

MATERIALS AND METHODS

In vitro Activity of Cecropin A Against
Yersinia ruckeri

Recombinant cecropin A peptide (Abbexa, Ltd., Houston, TX)
was used for this project. Its activity against Y. ruckeri was first
tested in vitro in three replicate experiments. Log-phase broth
culture of Y. ruckeri strain CSF007-82 (Nelson et al., 2015) was
diluted to a density of 1.5-5 x10° CFU/ml and incubated at 16°C
with serial dilutions of cecropin A in triplicate wells of a 96 well
plate. ODgoo was recorded for 48 hours using an Elx808
absorbance microplate reader (BioTek). Samples with no
change in ODgqo after 48 hours were deemed fully inhibited;
the minimum inhibitory concentration (MIC) was defined as the

lowest tested concentration of cecropin A for which no change in
ODgq was observed. To differentiate between bacteriostatic and
bactericidal concentrations, samples with no apparent bacterial
growth were plated on tryptic soy agar. The bactericidal
concentration was defined as the lowest concentration of
cecropin A that killed 99.9% of the initial inoculum.

Diet Production and Analysis

Two diets, hereafter referred to as the control and +cecropin diets,
were created for this experiment using BioClarks Fry 1.2-mm pellets
(Bio-Oregon, Longview, WA) as a basal diet. This diet was selected
because, in contrast to many commercial diets for fry, it does not
contain immune-stimulating ingredients. The +cecropin diet was
generated by vacuum-spray coating the basal diet with aqueous
cecropin A: 110 mg of cecropin A per kilogram of basal diet, which
is within the range used in previous studies of this AMP in fish diets
(ZiRui et al., 2014; Lin et al,, 2015). The control diet was generated
by vacuum spray-coating the basal diet with sterile water. Both diets
were lyophilized and stored at -20°C. Proximate analysis of
remaining diet samples was performed by Exact Scientific Services
(Ferndale, WA) at the conclusion of the study (Table S1).

Fish Care and Handling

Rainbow trout (Oncorhynchus mykiss) fry were provided by the
New York State fish hatchery at Bath, NY where they were kept
outdoors in flowthrough concrete raceways. All animals were
cared for in compliance with the Guide for the Care and Use of
Laboratory Animals and American Association of Laboratory
Animal Science Position Statements, and all experimental
protocols were approved by the Cornell University
Institutional Care and Use Committee (IACUC). Upon arrival
at the Cornell aquatic facility, fish were kept in a 700 liter
fiberglass tank under flowthrough conditions at 12 + 1°C and
fed BioClarks Fry 1.2-mm pellets at a rate of 3% of total
bodyweight per day. Over a third week of acclimation,
temperature was gradually increased from 12 = 1°C to
15 + 1°C. For the duration of the experiment, effluent from
fish tanks was collected and decontaminated with a chlorine
injection system prior to being released into the sewer system.

For the first trial, 172 fish (average body weight = 2.5g) were
randomly assigned to one of four treatments: control diet mock-
infection (28 fish), +cecropin diet mock-infection (28), control
diet infection (58), or +cecropin diet infection (58). Three days
after commencement of feeding the experimental diets, fish were
either challenged with Y. ruckeri or mock-challenged as
described below. Six fish were sampled at each of the first three
timepoints and all remaining fish were sampled at day 30. Upon
completion of this trial, all tanks were sterilized and flushed with
water for 48 hours in preparation for the second trial.

The second trial focused on repeating the infection treatments
with larger sample sizes: 138 fish (avg. = 4.0g) were randomly
assigned to each diet. Fish were fed the experimental diet for
three days before being challenged with Y. ruckeri. Eight fish
from each diet group were sampled at each of the first three
timepoints and 10 fish per diet group were sampled at day 30.
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Bacterial Challenge Design and Sampling
Fish were challenged by immersion with Y. ruckeri strain
CSF007-82 at a concentration of ~8x10® CFU/ml. The mock-
challenge group was immersed in water with a corresponding
amount of sterile tryptic soy broth (TSB). Challenges took place
at a target stocking density of 7.5g/L in randomly assigned 10-L
tanks within a zebrafish rack modified to operate as a
flowthrough system with supplemental aeration. Water flow
was paused during the challenge. Bacterial concentration was
verified by plating of water samples from each tank. After 1 hour,
flow was restored to rapidly flush out the system; after 24 hours,
fish were transferred back to 700-L flowthrough tanks and
maintained on the experimental diets for the remainder of the
experiment. Mortalities and morbidities were monitored for 30
days. Appetite was notably depressed in the challenged group
from day 3 to day 14 post-infection; during this period feeding
was reduced to 1% of total estimated bodyweight per day. For all
other days, feeding was 3% of total estimated bodyweight.
Samples were collected at 4 timepoints: immediately prior to
the challenge (day 0), and then on days 3, 8, and 30 post-
challenge. Sampled fish were euthanized via overdose with
buffered MS-222 and all intestinal tissue (including contents)
posterior to the pyloric caeca were aseptically collected, flash
frozen, and stored at -80°C. In addition, posterior kidney
samples from challenged fish were streaked on TSA plates for
confirmation of infection. At 30 days post-challenge all
remaining fish were euthanized with buffered MS-222.

DNA Extraction From Fish Intestines

DNA was extracted as previously described (Sibinga and
Marquis, 2021). Briefly, whole intestines were weighed before
an initial homogenization step using 1.3mm chrome steel beads
and DNA extraction buffer (200 mM NaCl, 200 mM Tris- HCI
pH 7.5, 20 mM EDTA, 5% SDS). A volume of the primary
homogenate corresponding to 20 mg of intestine was
subsequently subjected to a secondary homogenization step
with 0.1-mm zirconia/silica beads. DNA was isolated via
phenol:chloroform extraction and isopropanol precipitation
before resuspension in Tris-EDTA buffer.

qPCR Detection of the Y. ruckeri 16S
rRNA Gene

Quantitative polymerase chain reaction (qQPCR) was performed
using a 7500 real-time PCR instrument (Applied Biosystems) for
detection of Y. ruckeri in intestinal DNA extracts. We used a
previously published hydrolysis (Taqgman) primer/probe set
targeting the Y. ruckeri 16S rRNA gene (Ghosh et al., 2018).
The primers target the V2 and V3 regions, while the probe
targets the conserved region in between. Reactions of 10ul were
performed in triplicate wells of a 96-well plate using 5ul 2X
PrimeTime Gene Expression Master Mix (Integrated DNA
Technologies, Coralville, IA), primers (400nM each), probe
(100nM), and DNA template (1ul). Samples for which the 16S
gene was detected in at least two of three wells were considered
positive for Y. ruckeri.

PCR Amplification of 16S rRNA Gene for
DNA Sequencing

Intestinal DNA extracts were diluted 1:10 before being amplified
by PCR targeting the 16S rRNA gene sequence (region V4) using
the universal primers 515F and GoLay-barcoded 806R and the
PCR program as previously described (Caporaso et al., 2011).
Samples were amplified in duplicate with the following
thermocycler protocol: hold at 94°C for 3 min; 30 cycles of
94°C for 455, 50°C for 1 min, 72°C for 1.5 min; and hold at
72°C for 10 min, and the duplicate final amplified products were
pooled. Amplicons were further purified using Mag—Bind®
RxnPure Plus (Omega Bio-tek, Inc., GA) and quantified with
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), and 150 ng of amplicons from each sample
were pooled and paired-end sequenced (2x250bp) on an
Mumina MiSeq instrument in the Genomic Facility at Cornell
Institute of Biotechnology.

Analysis of 16S rRNA Gene Sequences
Sequence data processing was performed using the QIIME 2
(v 2020.2) pipeline (Caporaso et al., 2010). The Divisive
Amplicon Denoising Algorithm 2 (DADA2) (Callahan et al,
2016) method was applied to quality-filter sequences and
categorize amplicon sequence variants (ASVs). Taxonomic
alignment of all ASVs was performed using Wasabi
(Veidenberg et al., 2016).

The resulting ASVs were assigned taxonomy by mapping
with the Greengenes 16S rRNA Gene Database (McDonald et al.,
2012). Feature tables were generated collapsed at various
taxonomic levels including phylum, class, order, family, genus,
and species. The QIIME2 diversity plugin was used to compute
Shannon’s diversity index and Bray-Curtis distances for alpha
and beta diversity evaluation (Bolyen et al., 2019). Beta diversity
distances were calculated between all samples to facilitate
comparisons between and within each group. The QIIME
output data was then imported to Rstudio (Version 1.0.136)
with several packages including phyloseq (McMurdie and
Holmes, 2013), microbiome (Lahti and Shetty, 2012; Lahti
and Shetty, 2019), tidyverse (Wickham et al.,, 2019),
EnhancedVolcano (Blighe et al., 2021) and ggplot2 (Wickham,
2016) for normalizing and plotting of the input data.

Statistical Analysis

Fish survival was plotted using a Kaplan-Meier curve; sampled
fish and those surviving to the end of the experiment were
censored at the appropriate time points. Analysis of survival data
used JMP Pro 14 software to conduct a Gehan-Breslow-
Wilcoxon test and a Cox proportional hazard model
accounting for diet and trial effects. Detection data was
analyzed using Fisher’s exact test for each timepoint with
Bonferroni correction for multiple comparisons. QIIME 2
(v 2020.2) and Rstudio (v 1.0.136) were used to analyze
sequence data. In the QIIME workflow, samples with poor
quality (as evaluated by over 60% chimeric reads) were ignored
in subsequent analysis and graphing (Table S2). Shannon and
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Bray-Curtis diversity metrics were tested against sample
metadata factors using QIIME2 diveristy plugin (Bolyen et al.,
2019). Shannon index was compared with pairwise Kruskal-
Wallis tests. Bray-Curtis distances were compared with pairwise
permutational multivariate analysis of variance (PERMANOVA)
tests using 999 permutations and Benjamini/Hochberg FDR p-
value adjustment for pairwise comparisons. Volcano plots for
identifying differentially abundant taxa between two selected
groups were calculated via DESeq2 (Love et al, 2014). The
correlation coefficients plot between Y. ruckeri and taxonomic
variables was generated by calculating the Pearson correlation
between centered log-ratio transformation of the abundance of
taxonomic variables and the Cq value of Y. ruckeri level in
the intestine.

RESULTS

Cecropin A Inhibits the Growth of

Y. ruckeri In Vitro

We first tested the in vitro activity of cecropin A, an insect AMP,
against Y. ruckeri, a fish bacterial pathogen. The minimum
inhibitory concentration (MIC) of cecropin A against Y.
ruckeri was 3.75 UM under the parameters tested in this study,
while partial inhibition of growth was observed as low as 0.47uM
(Figure 1). Plating revealed that 3.75 UM is bacteriostatic: while
there was no change in ODg after 48 hours, by plate count the
bacterial population actually doubled in this time period. By
contrast, both the 7.5 uM and 15 UM concentrations were
bactericidal over the same timeframe. The 3.75 uM MIC in
this study corresponds to approximately 6.6x10™'° moles (4x10®
molecules) of cecropin A for each bacterial cell. Assuming equal
distribution of peptide among feed particles and equal
consumption of feed by each fish, the feed in this study would
have supplied each fish with approximately 3.4x10” moles
(2.1x10" molecules) of cecropin A per day.

Cecropin A (M)
B e -e-0
0.23
A 047
—¥— 0.94
/,/E —¢-1.88

ODg (normalized)

—-3.75

T T
0 12 24 36 48
Time (hours)

FIGURE 1 | Dose-dependent inhibition of Y. ruckeri by cecropin A in vitro. Y.
ruckeri was incubated at 16°C in broth supplemented with serial dilutions of
cecropin A. The experiment was performed in a 96-well plate and ODggp Was
recorded in triplicate wells per sample for a period of 48 hours. Plotted values
are the average of three independent experiments. No change in ODggo Was
observed in wells containing 3.75, 7.5, and 15 pM cecropin A (latter two
concentrations not shown).

Cecropin A Did Not Protect Fish

Against Y. ruckeri

Considering that cecropin A inhibits the growth of Y. ruckeri in
vitro, we aimed to assess whether adding cecropin A to diet could
improve fish resistance to a challenge with this bacterial
pathogen. Fish were fed a diet supplemented or not with
cecropin A and challenged with Y. ruckeri by immersion. The
infection challenge was performed twice, with the second trial
immediately following the first. Fish were monitored for a period
of 30 days post-challenge (Figure 2). In the first trial, mortalities
were observed between day 5 and 9 for the control diet group,
and between day 4 and 9 for the +cecropin diet group. Survival
rates were 31% and 20% for the control and +cecropin diet
groups, respectively. In the second trial, mortalities were
observed between day 5 and 14 for the control diet group, and
between day 4 and 22 for the +cecropin diet group. Survival rates
were 43% and 32% for the control and +cecropin diet groups,
respectively. No mortality was observed in mock-challenged fish
for either diet group. A Cox proportional hazards model
combining data from both trials revealed a statistically
significant difference between the trials (p<0.001) but not the
diets (p=0.059); the infection trials were therefore considered
separately for analysis. Differences in survival between diet
groups were not statistically significant for either trial.

Cecropin A Did Not Reduce the
Prevalence of Y. ruckeri in Intestines

of Fish

While cecropin A did not significantly impact survival, we next
assessed whether it had on an effect on the ability of fish to clear
Y. ruckeri from the intestine following infection challenge. The
presence of Y. ruckeri in the intestines of fish was monitored at 3,
8, and 30 days post-challenge using a qPCR assay described in a
previous study (Sibinga and Marquis, 2021). In the first trial, Y.
ruckeri was detected in 83% and 100% of fish at day 3 and 8,
respectively, independent of the diet (Table 1). At 30 days post-
challenge, 88% of fish in the control diet group and 100% of fish

Mock-Chall q
=== Control

------ +Cecropin

50 1= Challenged

- ~~- Control (Trial 2)
~—- +Cecropin (Trial 2)
—— Control (Trial 1)
—— +Cecropin (Trial 1)

% Survival

T T T T
0 5 10 15 20 25 30
Days Post-Challenge

FIGURE 2 | Kaplan-Meier curve showing survival of fish fed either the control
or the diet supplemented with cecropin A following an immersion challenge
with Y. ruckeri. Each trial was analyzed independently. There were no
statistical differences between the two diet groups for either trial according to
the Gehan-Breslow-Wilcoxon test: p=0.15 for Trial 1, p=0.16 for Trial 2. No
mortality was observed in mock-challenged fish fed either diet.
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TABLE 1 | Detection of Y. ruckeri 16S DNA in intestinal extracts by gPCR.

Diet group

3 days
Trial 1
Control 5/6 (83%)*P
+Cecropin 5/6 (83%)
Trial 2
Control 7/8 (88%)
+Cecropin 7/8 (88%)

Time post-infection

8 days 30 days

6/6 (100%)
6/6 (100%)

7/8 (88%)
4/4 (100%)

8/8 (100%)
8/8 (100%)

8/10 (80%)
10/10 (100%)

Fish positive for Y. ruckeri by gPCR over total number of sampled fish with % in parentheses.

PComparisons were performed separately for each time point and replicate using Fisher’s exact test. No statistically significant differences were found between diet groups for any

time point.

in the +cecropin diet group were positive for Y. ruckeri; this
difference was not statistically significant. In the second trial, Y.
ruckeri was detected in 88% of fish at day 3 in both the control
and +cecropin diets, and in 100% of fish at day 8 independent of
the diet. At 30 days post-challenge, 80% of fish in the control diet
group and 100% of fish in the +cecropin diet group were positive
for Y. ruckeri. No statistically significant differences in prevalence
of carrier status were observed between diet groups for any of the
time points sampled. There were signs, however, that the
bacterial load of carrier fish in the +cecropin diet may have
been elevated. 10 of the 11 samples with the lowest cq values
(which correspond to high abundance of Y. ruckeri) across both
trials were found in the +cecropin diet group (Figure S1). Based
on a standard curve of purified Y. ruckeri DNA, these fish were
all estimated to possess >1.5x10* bacterial cells per 20 mg
intestinal tissue (data not shown).

Cecropin A Modifies the Intestinal
Microbiome of Mock-Challenged Fish

We began our examination of the microbiomes in this study by
comparing the differences between the control and +cecropin
diet groups in mock-challenged fish. At the start of trial 1, the
microbiomes were dominated by a single amplicon sequence
variant (ASV) from the genus Mycoplasma (Figure 3A). Over
time, the internal (alpha) diversity and richness of both microbial

communities increased, as measured by Shannon index, though
this increase was more modest in fish fed the +cecropin diet: at
day 30 the control diet had significantly higher alpha diversity
(Figure 3B). Given the initial high relative abundance of
Mycoplasma sp., increases in alpha diversity roughly
corresponded to decreases in Mycoplasma sp.; accordingly,
control diet group fish had lower average relative abundance of
Mpycoplasma sp. The rapid increase in alpha diversity observed in
the control diet group led to significantly different microbiomes
between diet groups at day 30, as evaluated by PERMANOVA
(Figure 3C). Using DESeq2, we identified a number of ASVs
significantly enriched at day 30 in the microbiomes of mock-
challenged fish fed the control diet: 28 of the 31 ASVs identified
in this screen were putatively matched by 16S sequence to gram-
negative phyla (Figure S2 and Table S3).

Cecropin A Influences the Alpha-Diversity
of the Intestinal Microbiome of Fish
Challenged by Bacterial Infection

We performed two challenge trials to investigate the effect of dietary
cecropin on the fish microbiome in the context of infection. Fish in
trial 2 were from the same origin and age cohort as those in trial 1
but had been maintained in a separate room in the Cornell aquatic
facility for the duration of trial 1. Initial microbial community
structure differed between the two trials, with fish at the start of trial
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1 displaying higher average relative abundance of Mycoplasma sp.
than those at the start of trial 2 (Figure 4A). The relative abundance
of Mycoplasma sp. appeared to increase following the infection
challenge in both trials but this effect was more pronounced in trial
2, owing to lower initial relative abundance (Figure 4A). Reflecting
the observed patterns in Mycoplasma sp. relative abundance, alpha
diversity was higher for most fish in the second trial than the first,
but the same pattern was observed in both cases (Figure 4B). In fish
challenged with Y. ruckeri, a drop in alpha diversity was observed
from day 0 to day 3 independent of diet (Figure 4B). Alpha
diversity subsequently appeared to increase in both groups at day
8 and again at day 30 post-challenge. The magnitude of these
increases, however, was notably smaller for fish fed the control diet
than for those fed the +cecropin diet. At day 30 post-challenge,
alpha diversity was higher for fish fed the +cecropin diet in trial 1
(p=0.012); the same trend was apparent in trial 2, though in this case
the difference between diet groups was not statistically significant
(p=0.054) (Figure 4B). This suggests that dietary supplementation
of cecropin A can improve the recovery of alpha diversity of the
microbiome following Y. ruckeri infection.

Identification of ASVs Corresponding to

Y. ruckeri and Correlation Analysis

We next aimed to determine what microbiome states were
associated with detection of Y. ruckeri. There was a strong
correlation between Y. ruckeri qPCR threshold count, which
depends on the abundance of copies of the target sequence at the
beginning of the reaction, and the relative abundance of
ASV_3428 and ASV_1057 (Figure S1). Using BLAST, both
candidate ASVs’ sequences aligned to the published 16S
sequence of the Y. ruckeri CSF007-82 strain used in this study
(Nelson et al,, 2015). Both sequence variants, which differed by
one base pair, appeared in each challenge trial, suggesting that
the frozen stock of Y. ruckeri used in this study may have
contained both genotypes. Phylogenetic alignment of ASVs

identified a total of 5 additional ASVs with at least 99.5%
sequence identity to Y. ruckeri CSF007-82. All of these
additional ASVs were extremely rare, however, occurring in fewer
than 2% of fish sampled and only at very low abundance. A
comparison of qPCR and sequencing data confirmed that while
identification of carriers was possible using sequence data, this
method was less sensitive than qPCR: only 30% of the fish identified
as carriers by qPCR had sequence reads corresponding to Y. ruckeri
after quality control and filtering.

ASV_3428 and ASV_1057 were then used to conduct a global
correlation analysis in the microbiomes of challenged fish.
Statistically significant correlations were identified for 14 ASVs
(Figure 5). Six ASVs were found to have positive correlations to
Y. ruckeri, including ASVs from the genera Flavobacterium,
Achromobacter, and Sphingomonas. Seven ASVs were
negatively correlated with Y. ruckeri, suggesting possible
benefits for fish health. These ASVs included two strains
identified as belonging to the family Lactobacillaceae, as well as
ASV_1159, which was characterized only to the class level as a
Betaproteobacteria in the GreenGenes database. ASV_1159 was
detected in all but one fish sampled in this study, though the
average relative abundance was less than 4%. Also negatively
correlated with Y. ruckeri was the Mycoplasma sp. species that
was dominant in most fish. The negative correlation of Y. ruckeri
and Mycoplasma sp. at the individual level contrasts with the
observation that at the fish population level exposure to
Y. ruckeri led to an increase in Mycoplasma sp. relative
abundance at (Figure 4A).

DISCUSSION

This project aimed to evaluate the impact of dietary cecropin A,
an insect-derived AMP, on fish health. Specifically, this project
aimed (i) to determine if dietary cecropin A aids in fighting
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colonization of the fish intestines by Y. ruckeri, the cause of
enteric redmouth disease, and (ii) to evaluate the effects of
dietary AMPs, such as cecropin A, on the integrity of the
intestinal microbiota. First, we observed that dietary cecropin
A had a slight negative effect on fish health, with trends towards
decreased survival and increased pathogen load in fish that
survived infection at the 30-day time point. Second, we
observed that Mycoplasma sp. dominated for the most part the
intestinal microbiome of fish independent of diet in the early
stages of the experiment. By day 30, the microbiome of mock-
challenged fish showed an increase in alpha diversity
independent of diet. However, fish fed the +cecropin diet had
higher relative abundance of the dominant strain of Mycoplasma
sp. compared to fish on control diet. On the contrary, following a
challenge with Y. ruckeri, the microbiome of surviving fish fed
the +cecropin diet group showed higher alpha diversity and
lower relative abundance of Mycoplasma sp. than the control diet
group at the 30-day time point. Overall, these observations
indicated that cecropin A was biologically active, although not
beneficial to fish health when given as a feed ingredient.
Nevertheless, the observed changes in intestinal microbiota of
challenged and mock-challenged fish over a period of 30 days
should contribute to a better understanding of the relationship
between AMPs, microbiome composition, and fish health.

As expected, cecropin A proved to be inhibitory of Y. ruckeri in
vitro. This supported our experimental approach, though it was of
limited use in determining an effective oral dose for in vivo
experiments. To set our experimental dose of cecropin A, we
relied on previously published studies using cecropin as a feed
additive in nile tilapia [75, 150, 225 mg/kg (Lin et al., 2015)] and
crucian carp [100, 150, 200, 250 mg/kg (ZiRui et al., 2014)]. Both of
these studies reported increased growth and survival in the context

of an infection challenge, as well as measurable changes to
physiological parameters including immune status and tissue
composition at higher doses. A study in turbot using a higher
dose range (250, 500, 750, 1000 mg/kg) reported negative effects on
the microbiome diversity and disease resistance at 1000 mg/kg (Dai
et al., 2020). Accordingly, we set our experimental dose at 110 mg of
cecropin A per kg of feed. The moisture content of the +cecropin
diet was 9.2% compared to 6.2% for the control diet. This could be
the result of suboptimal storage — the diets were kept at -20°C and
daily opening of the cold container in the humid conditions of the
aquatic facility may have resulted in accumulation of condensation;
because there was only a small amount of +cecropin feed remaining
at the end of the study, this effect would have been more
pronounced for this diet. While we cannot rule out the possibility
that this had an effect on the nutritional quality of the +cecropin
feed, both diets were comfortably above the published requirement
for rainbow trout of this size (National Research Council, 2011).

We observed a trend towards lower survival in the +cecropin
diet following a challenge with Y. ruckeri, though this difference
was not statistically significant. Overall survival was lower than
anticipated, resulting in fewer samples for microbiome analysis.
We subsequently repeated the challenge in a second trial using
fish from the same cohort and larger sample sizes. In the second
trial, survival in both groups was somewhat improved relative to
the first trial, which could be explained by the fact that younger
fish are more susceptible to infection with Y. ruckeri (Ohtani
etal., 2019). The trend, however, was similar to the first trial with
a lower survival rate in the group of fish fed a diet supplemented
with cecropin, though again not statistically significant.

Since dietary cecropin did not improve survival, we next tried
to determine if it could reduce the prevalence of Y. ruckeri in the
trout intestine over the course of infection and recovery. We
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ASV_3932 Firmicutes Bacilli Lactobacillales Lactobacillaceae NA NA
ASV_2891 Bacteroidetes [Saprospirae] [Saprospirales] Chitinophagaceae Sediminibacterium NA
ASV_501 Tenericutes Mollicutes Mycoplasmatales Mycoplasmataceae =~ Mycoplasma NA
ASV_1159  Proteobacteria Betaproteobacteria NA NA NA NA
ASV_2086 Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae Deefgea NA
ASV_2076 Proteobacteria Gammaproteobacteria  Xanthomonadales ~ Sinobacteraceae NA NA
ASV_4681 Firmicutes Bacilli Lactobacillales Lactobacillaceae NA NA
Positive correlation with Y. ruckeri
Phylum Class Order Family Genus Species

ASV_3213 Bacteroidetes Flavobacteriia
ASV_4425 Proteobacteria Betaproteobacteria
ASV_3173  Proteobacteria Gammaproteobacteria
ASV_1095 Proteobacteria Alphaproteobacteria
ASV_550 Proteobacteria Alphaproteobacteria
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FIGURE 5 | Correlation analysis between ASV_3428 and ASV_1057 identified as Y. ruckeri and elements of the microbiome. All taxa shown have a statistically
significant correlation (p < 0.05) to Y. ruckeri after correction. The size of the circles represents the significance of the correlation (larger circles have lower p-values)
and the color denotes the direction and strength of the correlation. For example, ASV_4425 is strongly positively correlated to ASV_3428 and ASV_1057 with high
statistical significance. Taxonomic assignments for each ASV were generated by comparison to the Greengenes database. NA, Not Assigned.
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found no significant differences in the likelihood of detection
between diet groups for any timepoint, suggesting that cecropin
did not help eliminate Y. ruckeri from the gut. We did, however,
observe that most of the fish with high absolute abundance of Y.
ruckeri as measured by qPCR of intestinal DNA extracts came
from the +cecropin diet group, possibly suggesting that this
group experienced more severe infections.

The microbiomes of fish in this study started out, and to some
extent remained, overwhelmingly dominated by a single taxon
identified as belonging to the genus Mycoplasma. At the beginning
of the first trial, Mycoplasma sp. accounted for at least 75% of the
sequence reads in all sampled fish. For fish not exposed to the
infection challenge, however, the proportion of Mycoplasma sp.
tended to decrease over time, especially in fish fed the control diet
(Figure 3A). Though the larger fish in the second trial began with
lower mean relative abundances of Mycoplasma sp. compared to
those in the first trial, in both trials we observed that exposure to Y.
ruckeri was linked to higher mean Mycoplasma sp. relative
abundance by day three post-challenge (Figure 4A). It should
be noted that in challenged fish, decreased feed intake from day 3-
14 introduces an additional variable. We extracted DNA from
whole intestinal samples, so lower feed intake would be expected
to alter the ratio of digesta to mucosa in these samples. In fish,
digesta samples tend to have higher microbial diversity than
mucosa samples (Gajardo et al., 2016); decreased feed intake
post-challenge could therefore help explain the observed
decrease in alpha diversity in this period. Interestingly, while
exposure to Y. ruckeri led to higher Mycoplasma sp. levels at the
population level, for individual fish higher detected levels of Y.
ruckeri were associated with lower relative abundance of
Mycoplasma sp. (Figure 5 and Figure S1). This suggests that
relative abundance of Mycoplasma sp. may be an indicator of the
ability of the fish to maintain low pathogen loads.

In addition to Mycoplasma sp., negative correlations were
observed between Y. ruckeri and six other ASVs, including two
from the family Lactobacillaceae (Figure 5). These are strong
candidates to be considered health-promoting members of the
microbiome as certain Lactobacillus spp. are well-established
probiotics, and members of this family have been shown to
improve growth and resistance to bacterial infection in rainbow
trout (Mohammadian et al., 2019). On the other hand, positive
correlations to Y. ruckeri included Flavobacterium succinicans,
which has previously been identified as a likely opportunistic
pathogen in the context of bacterial gill disease (Good et al.,
2015). Additional positive correlations included genus-level
identifications that are consistent with previously reported fish
pathogens: Serratia (McIntosh and Austin, 1990; Baya et al., 1992)
and Lactococcus (Karami et al., 2019). Furthermore, a member of
the Sphingomonas genus has recently been reported as an
opportunistic pathogen of rainbow trout (Canak et al, 2021).
This suggests that Y. ruckeri infection created a niche for the
opportunistic expansion of other potential pathogens.

Mycoplasma sp. relative abundance in the intestine has recently
been proposed as a biomarker of health in rainbow trout
(Rasmussen et al, 2022). One of the earliest sequence-based
analyses of the salmonid gut revealed that Mycoplasma sp.

comprised more than 95% of the microbiome in wild Atlantic
salmon (Salmo salar) (Holben et al., 2002). More recently,
Mycoplasma sp. has been recognized as a natural and likely
beneficial component of the salmonid microbiome (Llewellyn
et al., 2016; Huyben et al.,, 2018; Heys et al., 2020; Rasmussen
et al., 2021). Increased relative abundance of Mycoplasma sp. in
the intestine has been shown to correlate with greater resistance to
disease (Li et al., 2016; Karlsen et al., 2017; Brown et al., 2019;
Bozzi et al., 2021). Furthermore, in systems where Mycoplasma sp.
is present, it frequently comprises a majority of all sequence reads;
this is consistent with the observation that for salmonids, lower
alpha diversity is at least in some cases associated with microbiome
health rather than dysbiosis (Karlsen et al., 2017; Llewellyn et al.,
2017; Vasemdgi et al., 2017; Lavoie et al., 2018; Zhang et al., 2018).

Our study offers a rare longitudinal view of Mycoplasma sp.
abundance in the trout gut before, during, and after an acute
infection challenge. Our data show that average Mycoplasma sp.
relative abundance was elevated in DNA extracted from whole
intestines in the time points immediately following the bacterial
challenge. This is in contrast to the findings of Rasmussen et al.
who saw marked decreases in average Mycoplasma sp. relative
abundance in the digesta of trout fed a control diet following Y.
ruckeri infection (Rasmussen et al., 2022). However, in keeping
with that study, we also observed that during infection, high
Mycoplasma sp. relative abundance at the individual fish level
was associated with lower relative abundance of Y.
ruckeri (Figure 5).

A recent survey of wild and hatchery-reared Atlantic salmon
from the United Kingdom and France identified Mycoplasma sp.
as more abundant in hatchery fish than wild fish and as the sole
core element of the microbiome across three separate hatcheries
(present in >80% of individuals), though the relative abundance of
Mpycoplasma sp. varied substantially by hatchery (Webster et al.,
2018). The fish in this study were received from a hatchery where
they were kept at high stocking density. Over the experimental
period, we observed a trend towards reduction in Mycoplasma sp.
relative abundance, and an increase in alpha diversity (Figure 3A).
Brown et al. observed differences in Mycoplasma sp. relative
abundance and alpha diversity of rainbow trout held at different
densities (Brown et al., 2019), suggesting that the lower stocking
density in our facility may have played a role in this shift. This
highlights a potential larger issue in the design of microbiome-
oriented studies of fish disease: research settings are unlikely to
replicate the stocking density and immune stress experienced by
fish in farm and hatchery settings. It should be noted that
Mpycoplasma sp. has not been found in all studies of the
salmonid microbiome, including two high-profile papers that
sought to define reference microbiomes for Atlantic salmon
(Gajardo et al, 2016) and rainbow trout (Wong et al, 2013).
The factors that favor proliferation of Mycoplasma sp. in the
microbiome are a topic worthy of further study.

Interestingly, the population-level decline in Mycoplasma sp.
relative abundance over time that took place in mock-challenged
fish was less pronounced in this study for fish fed the +cecropin
diet (Figure 3A), though the mechanism underlying this
difference remains unclear. The difference in microbiomes
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between the two diet groups could potentially help explain the
reported effectiveness of longer-term prophylactic treatment of
fish with AMPs prior to infection challenge (Lee et al, 2019;
Rashidian et al., 2021; Simora et al., 2021). However, when fish had
been challenged by exposure to a bacterial pathogen, the opposite
was true: infection challenged fish fed the +cecropin diet had a
more pronounced drop off in Mycoplasma sp. relative abundance
at day 30 post-challenge than fish fed the control diet, suggesting
that cecropin A may have interfered with innate resistance
mechanisms to infection.

This study highlights the complexity of the interactions
between AMPs, the microbiome, and the host response to
infection. Cecropin did not prove to be effective at preventing
mortality, and if anything appeared to exacerbate the infectious
burden in this context. That said, there are many variables that
we did not test that could affect this outcome - for example, the
dose of cecropin and the timing of the challenge relative to the
introduction of the AMP. Examination of the fish microbiome
over the course of infection supports the idea that Mycoplasma
sp. is intimately involved in the fish resistance to colonization by
Y. ruckeri. Any future use of AMP-based therapeutics in
aquaculture settings will likely have to take into account the
effects of AMPs on the host microbiome and immune system.
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