
Scotland's Rural College

Supplementation of lactobacillus-fermented rapeseed meal in broiler diet reduces
Campylobacter jejuni cecal colonization and limits the l-tryptophan and l-histidine
biosynthesis pathways
Khattak, F; Galgano, SG; Pedersen,,  N. R; Hui, Yan; Matthiesen,,  R; Houdijk, JGM

Published in:
Journal of the Science of Food and Agriculture

DOI:
10.1002/jsfa.13378

First published: 23/02/2024

Document Version
Peer reviewed version

Link to publication

Citation for pulished version (APA):
Khattak, F., Galgano, SG., Pedersen, N. R., Hui, Y., Matthiesen, R., & Houdijk, JGM. (2024). Supplementation
of lactobacillus-fermented rapeseed meal in broiler diet reduces Campylobacter jejuni cecal colonization and
limits the l-tryptophan and l-histidine biosynthesis pathways. Journal of the Science of Food and Agriculture.
Advance online publication. https://doi.org/10.1002/jsfa.13378

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 10. May. 2024

https://doi.org/10.1002/jsfa.13378
https://pure.sruc.ac.uk/en/publications/4480d001-be65-4fba-8cda-409a7d837a85
https://doi.org/10.1002/jsfa.13378


Khattak Farina (Orcid ID: 0000-0001-8206-5788) 
Galgano Salvatore (Orcid ID: 0000-0002-5600-3206) 
 
 
Supplementation of lactobacillus fermented rapeseed meal in broiler diet 

reduces Campylobacter Jejuni caecal colonisation and limits the L-

tryptophan and L-histidine biosynthesis pathways 

Farina Khattak,a* Salvatore Galgano,a Ninfa Rangel Pedersen,b Yan Hui,c Rikke 
Matthiesen, b and Jos Houdijk a 

 
a Monogastric Science Research Centre, SRUC, Edinburgh, UK, b Fermentationexperts AS, 
Denmark, c University of Copenhagen, Department of Food Science, Frederiksberg, 
Denmark  

*(Email: Farina.Khattak@sruc.ac.uk) 

 

 

 

Running title: Lactobacillus fermented rapeseed meal impact on Campylobacter jejuni    

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1002/jsfa.13378

This article is protected by copyright. All rights reserved.

http://orcid.org/0000-0001-8206-5788
http://orcid.org/0000-0002-5600-3206
mailto:Farina.Khattak@sruc.ac.uk
http://dx.doi.org/10.1002/jsfa.13378
http://dx.doi.org/10.1002/jsfa.13378
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjsfa.13378&domain=pdf&date_stamp=2024-02-23


 
 

Abstract 

BACKGROUND: Campylobacter jejuni (C. jejuni), a widely distributed global foodborne 

pathogen primarily linked with contaminated chicken meat, poses a significant health risk. 

Lowering this pathogen abundance in poultry meat is challenging but essential. This study 

assessed the impact of lactobacillus-fermented rapeseed meal (LFRM) on broilers exposed 

to C. jejuni contaminated litter, evaluating growth performance, Campylobacter levels, and 

metagenomic profile. 

RESULTS: By day 35, the litter contamination successfully colonised broilers with 

Campylobacter spp., particularly C. jejuni. In the grower phase, LFRM improved (P < 0.05) 

body weight and daily weight gain, resulting in a 9.2% better feed conversion ratio during 

the pre-challenged period (days 13 to 20). LFRM also reduced C. jejuni concentration in the 

caeca (P < 0.05), without altering alfa and beta diversity. However, metagenomic data 

analysis revealed LFRM targeted reduction in the abundance of C. jejuni biosynthetic 

pathways of L-tryptophan and L-histidine and gene families associated with transcription 

and virulence factors whilst also possibly leading to a selected stress-induced resistance 

mechanisms.  

CONCLUSION: The study demonstrated that LFRM inclusion improved growth and 

decreased caecal Campylobacter spp. concentration and relative abundance of pivotal C. 

jejuni genes. Performance benefits likely resulted from LFRM metabolites. At the molecular 

level, LFRM may have reduced C. jejuni colonisation, likely by decreasing abundance of 

energy transduction and L-histidine and L-tryptophan biosynthesis genes, otherwise 

required for bacterial survival and increased virulence.  

Keywords: Lacto-fermented rapeseed meal, campylobacter, broilers, metagenomics 
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INTRODUCTION  

The 2019 EU One Health Zoonoses report highlights campylobacteriosis as the first most 

reported bacterial zoonosis in humans.1 Broiler chickens are potential reservoirs for 

Campylobacter species, such as C. jejuni or C. coli, which are pathogenic to humans. 2 While 

chickens are commonly asymptomatic after colonisation, the manifestation of symptoms and 

the presence of the entity also vary depending on the season and country, potentially 

resulting in 20 to 100% of the flocks being positive at slaughter.3 This poses a subsequent 

risk for consumers. 4,5  

Classic-antimicrobial interventions on-farm, such as in-feed antibiotics to decrease 

Campylobacter load, are not easily implemented due to country-depended legislation, but 

most importantly, due to the possible development of antibiotic resistance. 6,7 Consequently, 

a significant effort has been put in place to develop alternatives to classic antibiotics, such 

as prebiotics, bacteriophages, plant extracts, organic acids, and medium-chain fatty acids, 

with demonstrated bactericidal activity against Campylobacter spp. 8–12  

The One Health approach emphasizes the interconnectedness between human and animal 

health and the environment, stressing the impact of each on the others. This concept is crucial 

for Campylobacter control in poultry, addressing zoonotic transmission risks, environmental 

impacts of farming, and the necessity for collaborative efforts to reduce antibiotics. 

Strategies like fermented rapeseed meal align with One Health principles, concurrently 

addressing animal health and food safety for comprehensive control measures. Amongst the 

tested antimicrobial alternatives, 9,13–15 studies have shown that feeding fermented rapeseed 

meals (FRMs) could promote gut health by increasing Lactobacillus spp., organic acids 16 

and decreasing E. coli, and Salmonella spp. in broiler chickens, 17 pigs, 18 rabbits 19 and 

minks. 20 The positive effects of FRMs could be linked to the fermentation process typical 

of their manufacture, which could increase the bioavailability of protein, promote the 
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synthesis of vitamins and antioxidants, reduce the content of antinutritive compounds such 

as glucosinolates, phytates, and non-starch polysaccharides21–24 and help improving nutrient 

digestibility, growth and immune response in turkey, 23 rabbits, 19 and fish. 25,26  

Rapeseed meal, especially when it has undergone a fermentation process, has generated 

significant attention as a substitute protein source for monogastric animals. The nutritional 

benefits of feeding lactobacillus fermented rapeseed meal (LFRM) have already been 

demonstrated. 27 Most of these growth-promoting benefits were associated with increased 

feed digestibility and utilization by reducing the negative impact of anti-nutritional 

components and promoting gut morphology and antioxidant capacity in the body. 28 

However, the role of LFRM in reducing pathogenic bacteria is not well understood, and its 

impact on biosynthetic pathways remains unexplored. Implementing the applied approach 

of using nutritional interventions to reduce pathogens in the animal gut can reduce reliance 

on antibiotics for disease prevention and treatment but can also significantly improve overall 

animal health and productivity, ultimately leading to safer animal products and better 

economic returns for commercial farmers. The current study is thus designed to explore the 

effect of supplementing LFRM in broilers that are artificially exposed to C. jejuni infection 

and, investigate its ability to reduce C. jejuni load, and assess its impact via both colony 

forming unit (CFU) enumeration and short-read metagenomic analysis whilst also 

evaluating the performance of birds through the production cycle. 

MATERIALS AND METHODS 

Lacto-fermented rapeseed meal (LFRM)  

The LFRM, a complementary feed ingredient produced by Fermentationexperts A/S, is 

rapeseed meal fermented with lactic acid bacilli, Lactiplantibacillus plantarum and two 

Pediococcus species (P. pentosaceus and P. acidilactici) and multi-enzyme product 
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containing xylanase, β-glucanase, and phytase. The final product contains an added 

probiotic bacterium Enterococcus faecium, a lactic acid content of 5.5% and a protein 

content of about 34%. The product is commercially known as EP100i, and the chemical 

composition of LFRM is presented in Table 2. 

Animals, diets, housing, and C. jejuni challenge 

The study was carried out in compliance with the ARRIVE guidelines. The in-vivo 

experiment was carried out under the Animal Scientific Procedures Act (1986) and approved 

by the ethical review committee of Scotland’s Rural College (SRUC). 

A total of 144  Ross 308 male day-old broilers were allocated randomly to two dietary 

treatments, with twelve birds per pen and six replicates per treatment. Moreover, cloacal 

swabs from one bird per pen were carried out on arrival (d0) to confirm the absence of C. 

jejuni after inoculation of the swab on charcoal cefoperozone deoxycholate agar (CCDA, 

PO0119 Oxoid, Ltd. Ireland) and inoculation at 42°C ±1°C under microaerophilic conditions 

(CN0025A, Oxoid Ltd., Ireland) for 48 hours. The study followed a randomised complete 

block design. Basal iso-nitrogenous and iso-energetic wheat-soyabean meal control diets 

(Treatment 1, T1 Table 1) were manufactured as one batch for each feeding phase, i.e., 

starter (day 0 to 13), grower (day 13 to 20) and finisher (day 20 to d35). Treatment 2 (T2) 

was generated by incorporating 3% and 4% LFRM on the top of the base diet of T1 during 

the grower and finisher phases, respectively. Diets were manufactured with coccidiostat 

(Maxiban) but contained no veterinary antibiotics. All diets were in the form of mash and 

were formulated to meet the breed's nutrient requirements. Birds had ad libitum access to 

feed and water. Birds were reared on fresh wood shavings in clean floor pens, having a 

stocking density of 33kg/m2 at d42. On d20, all broilers were artificially infected with the C. 

jejuni ATCC33291 strain (7 x 106 CFU g-1) through a seeded litter tray procedure.11
 Farm 
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and technical staff responsible for animal care, sample collection, and analytical analysis 

were blinded to treatment allocations. Blinding of treatments was done by randomly 

assigning a unique number to each treatment, i.e., on feed bags, floor pens, and sampling 

pots.  

Growth performance 

Weights of birds and feed were recorded on d0, d13, d20, and d35 and used to calculate the 

average body weight (ABW), average daily weight gain (ADWG), average daily feed intake 

(ADFI), and feed conversion ratio (FCR) per pen. Days 0 to 20 and 20 to 35 are reported as 

pre- and post-challenge periods, respectively.  

Sample collection 

At d35, nine birds/pen were humanly euthanised via cervical dislocation, and both caeca 

were collected. The caecal content of one bird per pen was artificially expelled under sterile 

conditions and immediately stored at 80°C for downstream gDNA isolation and library 

preparation for shotgun metagenomic sequencing. The caecal content of the remaining 8  

birds per pen was pooled together through four sets of two birds per pen (n = 48 samples per 

treatment) and was immediately used for C. jejuni CFU enumeration.  

Enumeration of Campylobacter spp. 

The concentration of C. jejuni (CFU g⁻¹ ) was calculated through CFU enumeration carried 

out on caecal content isolated as previously described 29, approximately 1 g of caecal content 

was 1:10 diluted (10-1) in sterile phosphate-saline buffer (PBS), thus four further 10-fold 

serial dilutions were carried (i.e., from 10-1 to 10-5). Therefore, 100 µL of each dilution was 

plated on CCDA plates and incubated at 42°C ± 1°C for 48 hours under microaerophilic 

conditions as described above. After incubation, the colonies per plate were counted, and 

the concentration of C. jejuni (CFU g⁻¹  of content) was calculated by multiplying the 
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number of colonies on each plate by the dilution factor of that plate and by dividing this by 

the volume used for each plate. 

Genomic DNA isolation, library preparation, shotgun metagenomic sequencing and 

bioinformatic analysis. 

Genomic DNA was isolated from caecal content using the Bead-Beat Micro AX Gravity Kit 

(A&A, Gdynia, Poland) according to the manufacturer’s instructions. The concentration and 

purity of the purified DNA were evaluated using Qubit fluorometer (ThermoFisher 

Scientific). The gDNA was then subjected to 150 bp pair-end shotgun metagenome 

sequencing on the Novaseq platform (Illumina), which was carried out by a commercial 

sequencing service provider (Novogene, Cambridge, UK). Raw shotgun metagenomic reads 

were filtered, taking into account both broiler and eventual human host contaminations via 

using KneadData, which integrated FastQC, 30 Trimmomatic 31 and Bowtie2. 32 Thus, 

quality-filtered reads were used to assign the taxonomy via the MetaPhlAn V3 pipeline, 33 

which allowed the creation of total sum scaling (TSS) normalised taxonomy tables at 

phylum, genus, and species levels. The latter was used in Vegan V2.6-4 34 in R to generate 

both α and β diversity metrics. The abundance of microbial metabolic pathways and gene 

families were profiled via functional profiling of the metagenome using HUMAnN 3.0, 35 

outputting copies per million (CPM), therefore taking into account the sequencing depth for 

each sample. 

Statistical analysis 

The study design was a randomised complete block design with 6 blocks and 6 treatments. 

The pen was the experimental unit for all the parameters measured. The possible significant 

differences in growth performance were evaluated by the analysis of variance in a GenStat 

19 statistical software package (IACR, Rothamsted, Hertfordshire, UK) with a P<0.05 level 
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of significance. Log10 transformed CFU concentration, the output of the CFU enumeration 

and α-diversity metrics were analysed via fitting a linear mixed model (LMM) in R V4.3.136 

using the function “lmer()” from the package lme437, and calculating the P values through 

type III ANOVA via Satterthwaite’s degrees of freedom method, using the R package 

lmerTest. 38 The LMM was fitted with “treatment” as a categorical fixed effect and the 

hierarchy of block/pen as a random effect, or block only when the number of observations 

was equally abundant as the number of pens (n=12). The differential abundance at the 

taxonomical level was analysed via a linear mixed model fitted through the MaAsLin2 

package39 following total sum scaling (TSS) normalisation via MetaPhlAn V3, and Log10 

transformation, with treatment as a fixed effect and block as random effect. Single species 

significance was assessed via LMM using lme4 as previously described. Βray-Curtis 

dissimilarity matrices (β-diversity) were analysed via PERMANOVA and depicted via 

principal coordinate analysis (PCoA) plots Vegan V2.6-4. MaAsLin2 was also used to 

analyse metagenomic data via fitting a zero-inflated negative binomial regression (ZINB), 

with treatment as a fixed effect and block as random effect and applying a cumulative sum 

scaling (CSS) normalisation to the input files, to take into account of the bias typical of both 

sampling depth and dominating high abundant features (i.e., unintegrated). In this case, the 

pathways abundance table, a subset of the pathway’s abundance table, and a subset of the 

gene families abundance table, both containing only features related to C. jejuni were 

analysed via MaAsLin2 as per above. MaAsLin2 outputs were accompanied by both a P 

value and a Q value, the latter accounting for the false discovery rate, therefore, significantly 

differential abundant results were considered when both P and Q values were < 0.05, whilst 

tendency was defined as 0.05 < P, Q < 0.1. 

RESULTS  
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Growth performance 

The growth performance data during the starter (0 to 13 d), grower (13 to 20 d), and finisher 

(20 to 35 d) phases are presented in Table 3. The growth performance for each treatment 

group was similar (P > 0.05) during the starter phase, i.e., prior to LFRM supplementation. 

During the grower phase, birds fed diets supplemented with 3% LFRM were, on average, 

8.5% heavier at d20, resulting in a 13.2% greater ADWG than the control (P < 0.05). The 

increase in ABW in LFRM birds was also reflected in a 9.2% better FCR during 13 to 20d 

(pre-challenge period). However, the differences were not significant when compared to the 

control group (P < 0.1). At the end of the Campylobacter-challenged finisher phase, during 

which ADWG and FCR were similar between treatments, ABW of LFRM birds tended to 

be heavier than control birds (+5%; P < 0.1). No differences were observed when ADFI 

data were compared between the treatment groups during different phases of growth (P > 

0.05). The birds remained healthy throughout the trial period, and the overall mortality was 

low (0.69%) and not treatment associated. 

 

Caecal C. jejuni concentration 

None of the cloacal swabs carried out at day 0 were positive for Campylobacter spp. after 

inoculation of CCDA plates. The seeded litter challenge model was successful in the 

horizontal transfer of Campylobacter spp. in birds within pens, as indicated by the presence 

of the pathogen in all pens at d35. As depicted in Figure 1, the LMM was carried out on 

CFU enumeration of Campylobacter spp. showed a significant reduction in the caecal 

content bacterial concentration (F(1,41)=15.13, P < 0.05) in the LFRM group (7.19 ± 0.58 

Log10 CFU g⁻¹ ) compared to the control group (7.67 ± 0.31 Log10 CFU g⁻¹ ). 

Metagenomic analysis 
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Microbiota 

In terms of α-diversity, neither Shannon nor Pielou’s index revealed any significant 

differences between the control and the LFRM group, similarly, the Bray-Curtix 

dissimilarity index did not show any significant difference among the microbial 

communities, according to the β-diversity. At phylum level (Figure 2), there were no 

significant differences between control and LFRM groups, whilst Firmicutes were the most 

abundant phylum in both control (49.85 % ± 21.75 %) and LFRM (54.9 % ± 17.38 %), 

followed by Bacteroidetes with a relative abundance of 29.2 % ± 20.18 % in control and 

35.42 % ± 12.66 % in the LFRM group. Proteobacteria was the third most abundant genus 

(13.12 % ± 6.97 % in control and 7.42 % ± 6.64 % in LFRM), followed by Actinobacteria 

(7.8 % ± 16.32 % in control and 2.23 % ± 2.59 % in LFRM) and Chlamydiae (0.03 % ± 0.03 

% in both control and LFRM). Similarly, no significant differences were found in the relative 

abundance at genus level (Figure 3), whose five most predominant components in control 

and LFRM were Alistipes, (29.2 % ± 20.18 %, 35.05 % ± 11.94 %), an unclassified 

Firmicutes genus (17.7 % ± 8.28 %, 23.06 % ± 14.34 %), Escherichia (8.66 % ± 4.32 %, 

5.54 % ± 5.87 %), Lachnoclostridium (5.86 % ± 4.4 %, 7.45 % ± 4.29 %) and Flavonifractor 

(7.29 % ± 10.11 %, 5.97 % ± 1.64 %). At species level, C. jejuni was 4.46 % ± 5 % abundant 

in the control group and 1.88 % ± 2.61 % in LFRM (Figure 4). However, the log10 

transformed abundance was not found to be significantly different between groups 

(F(1,10)=1.45, P = 0.256). 

Microbiome 

We did not observe any statistical differences in α- and β- diversity calculated on the 

abundance of pathways or gene families through the experimental groups (Figures 5, 6 and 

7). Hereafter, each pathway or gene family is accompanied by the average CPM ± standard 
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deviation in the control and LFRM groups, respectively, in brackets. At a community level, 

a total of ten pathways were differentially abundant in the control and LFRM groups (P < 

0.05, Q < 0.05, Supplementary Information 1), amongst which 4 were not annotated to the 

used database for the alignment at the time of writing, and therefore classed as unintegrated 

by HUMAnN 3.0. The remaining 6 pathways were significantly more abundant in the 

control group compared to LFRM (P < 0.05, Q < 0.05). All values depicted in brackets are 

for control, followed by LFRM. The super-pathway of geranylgeranyl diphosphate 

biosynthesis II (via MEP) of Bifidobacterium animalis (0.37 CPM ± 0.61 CPM, 1.77 CPM 

± 2.52 CPM), the thiamine diphosphate salvage II (98.33 CPM ± 25.32 CPM, 115.77 CPM 

± 24.32 CPM), gluconeogenesis III (135.51 CPM ± 16.01 CPM, 149.16 CPM ± 20.32 CPM), 

the pyrimidine deoxyribonucleotides de novo biosynthesis IV (16.77 CPM ± 11.99 CPM, 

14.95 CPM ± 15.59 CPM), the 5-aminoimidazole ribonucleotide biosynthesis II (626.83 

CPM ± 89.94 CPM, 699.04 CPM ± 56.89 CPM) and the super-pathway of 5-aminoimidazole 

ribonucleotide biosynthesis (626.83 CPM ± 89.94 CPM, 699.04 CPM ± 56.89 CPM). In 

parallel, a total of 12 pathways were significantly differentially abundant (P < 0.05, Q < 

0.05) between control and LFRM group (Supplementary Information 2), of which 1 was 

classed as unintegrated after HUMAnN 3.0 alignment. The remaining 11 pathways were 

significantly more abundant in the control compared to the LFRM group, and were the L. 

histidine biosynthesis pathway (Figure 8, 6.61 CPM ± 10.09 CPM, 3.13 CPM ± 6.92 CPM), 

the 5 aminoimidazole ribonucleotide biosynthesis I pathway (5.97 CPM ± 8.82 CPM, 2.98 

CPM ± 5.84 CPM), the L-tryptophan biosynthesis pathway (Figure 9, 4.84 CPM ± 6.72 

CPM, 2.31 CPM ± 5.36 CPM), the super-pathway of pyrimidine ribonucleotides de novo 

biosynthesis (5.18 CPM ± 7.6 CPM, 2.39 CPM ± 5.05 CPM), the thiamine diphosphate 

salvage II pathway (3.92 CPM ± 5.22 CPM, 1.78 CPM ± 4.36 CPM), the  octanoyl acyl 

carrier protein biosynthesis pathway (4.56 CPM ± 6.1 CPM, 1.85 CPM ± 4.28 CPM), the 
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heme b biosynthesis II oxygen independent pathway (4.25 CPM ± 6.15 CPM, 2.19 CPM ± 

4.95 CPM), the pyruvate fermentation to isobutanol engineered pathway (4.83 CPM ± 7.34 

CPM, 2.42 CPM ± 5.1 CPM), the super-pathway of sulphur oxidation (8.65 CPM ± 9.71 

CPM, 5.48 CPM ± 10.55 CPM), the gondoate biosynthesis anaerobic (8.14 CPM ± 11.1 

CPM, 4.13 CPM ± 8.37 CPM), and the pre Q0 biosynthesis (4.73 CPM ± 7.53 CPM , 

2.11 CPM ± 4.5 CPM). 

At C. jejuni level, a total of 28 gene families were found to be significantly differentially 

abundant in the two experimental conditions (P < 0.05, Q < 0.05, Supplementary 

Information 3), of which 19 were more abundant in the control compared to LFRM and 9 

were more abundant in the LFRM group compared to the control. Amongst the gene families 

found to be more abundant in the control group, 5 were not aligned to any known gene 

family at the time of writing, 1 was aligned to a putative lipoprotein (D2MY87), and 1 was 

aligned to DUF2165 family protein. The remaining 12 gene families more abundant in the 

control were the A0A0B6UXT5 membrane protein 9 3.52 CPM ± 4.11 CPM, 2.14 CPM ± 

3.7 CPM), the filamentous hemagglutinin domain protein (Figure 10 A,1.57 CPM ± 3.23 

CPM, 0.24 CPM ± 0.6 CPM), the 50S ribosomal protein L14 (2.57 CPM ± 3.31 CPM, 1.51 

CPM ± 3.25 CPM), the ribosome silencing factor UPI000257FDBE (1.46 CPM ± 1.81 CPM, 

1.43 CPM ± 1.98 CPM), the TipAS antibiotic recognition domain (9.34 CPM ± 7.04 CPM, 

9.34 CPM ± 3.49 CPM), the MetQ NlpA family ABC transporter substrate binding protein 

(1.41 CPM ± 2.02 CPM, 0.49 CPM ± 1.12 CPM), the Group 3 truncated haemoglobin ctb 

(1.63 CPM ± 2.24 CPM, 1.14 CPM ± 2.09 CPM), the arsenical resistance operon repressor 

(Figure 10 B, 6.48 CPM ± 9.89 CPM, 5.74 CPM ± 12.19 CPM), the enoyl acyl carrier protein 

reductase FMN ( 1.41 CPM ± 1.68 CPM, 0.9 CPM ± 1.94 CPM), the methyltransferase 

A0A1J6QWD4 (1.67 CPM ± 2.18 CPM, 0.86 CPM ± 1.93 CPM), and the 

phosphoribosylformylglycinamidine synthase subunit PurS (2.14 CPM ± 3.9 CPM, 1.43 
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CPM ± 2.11 CPM). Within the 9 gene families more abundant in the LFRM group, 3 were 

not assigned to any known gene family at the time of writing, whereas the remaining 6 gene 

families were the membrane protein A0A2X2R173 (19.28 CPM ± 24.25 CPM, 29.94 CPM 

± 65.31 CPM), the protein translocase subunit SecE (2.28 CPM ± 3.32 CPM, 2.56 CPM ± 

3.45 CPM), the RNA polymerase sigma factor A0A1L1WRX1 (2.84 CPM ± 3.07 CPM, 

24.28 CPM ± 26.29 CPM), the exodeoxyribonuclease V subunit alpha (0.24 CPM ± 0.39 

CPM, 1.23 CPM ± 0.62 CPM), the adenyltransferase A9J069 (Figure 10 C, 2.71 CPM ± 

3.09 CPM, 5.55 CPM ± 2.86 CPM) and the AadE gene (Figure 10 D, 2.62 CPM ± 2.91 

CPM, 7.66 CPM ± 4.58 CPM). 

DISCUSSION  

The One Health significance of the multi-drug resistant organism (MDRO) Campylobacter 

spp., both as a zoonotic agent and related to the spread of antimicrobial resistance, requires 

the development of new nutritional strategies to lower its carriage in live animals. Amongst 

nutritional strategies, fermented rapeseed meal has been used to improve growth,  nutrient 

digestibility, 40 gut health 20,41–43 and to control Salmonella spp.44 To our knowledge, this is 

the first study to demonstrate that LFRM supplementation in a broiler diet has the ability to 

reduce caecal concentration of C. jejuni. This observed positive effect can be attributed to 

the metabolites present in LFRM, which may inhibit the growth dynamics of various 

bacteria.45–47 A possible mechanism of action could be related to faster nutrient absorption 

in the small intestine, which in turn could lead to reduced substrate availability for some 

specific microbes in the lower gastrointestinal tract. 47 It can thus be speculated that rapid 

absorption in the small intestine results in fewer undigested residues reaching the large 

intestine, where microbes depend on these fermentation residues for growth and survival. 

Moreover, during the LFRM fermentation process, some of the dietary fibre is solubilised 

which would otherwise resist digestion by the host endogenous enzymes, thus increasing 
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their solubility and decreasing viscosity. Consequently, it alters the pH and nutrient 

composition of the gut, making the gut environment less favourable for the growth of certain 

specific microbial species. 48 Moreover, the probiotic species typical of fermented feedstuff 

like LFRM may hinder the proliferation of microorganisms such as Campylobacter spp. 

This is likely achieved by modulating the rest of the microbiota, for example, by providing 

intermediate metabolites for cross-feeding. Additionally, they generate molecules such as 

bacteriocins and hydrogen peroxide, further inhibiting microbial growth. 49,50 These positive 

effects have been demonstrated in other monogastric animals. A significant decrease in 

fungi, E. coli, Salmonella spp., and Clostridium perfringens in faeces of sows fed fermented 

rapeseed-meal diets has been observed. This is also accompanied by enhancements in the 

host-immune system and health, including a reduction in diarrhoetic symptoms and 

mortality rates. 40 In accord with these findings, we also observed an improved ABW and 

ADWG in birds fed LFRM during the pre-challenged grower phase. From a nutritional point 

of view, the fermentation process may enhance the quality of the feed due to a) the reduction 

of anti-nutritional factors such as glucosinolates, tannins, and phytate compounds,17,51,52 b) 

the reduction of fibre content 53–55, c) the increase in protein digestibility 56 and d) the 

increase in the level of lactic acid bacteria (LAB).57,58  

One of the reasons for the positive impact of LAB in fermented feed is due to their role in 

preventing the establishment of harmful bacteria via pH reduction through the production of 

organic molecules such as lactic acid, 59,60 direct competition for the same resources, and 

production of active molecules such as bacteriocins61,62. Past studies have shown that 

fermented liquid feed, characterised by a high Lactobacillus count and a pH of 4, was 

associated with a reduced occurrence of Salmonella spp. in pigs 63,64 and a decreased 

vulnerability to Campylobacter spp. and Salmonella spp. in broilers 65 However, other 

researchers demonstrated no significant interactions between fermented liquid feed and the 
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levels of Salmonella enteritidis and Campylobacter spp. after simultaneous challenge. 65 

Furthermore, research on mink 20, rabbits19 and poultry41 has also shown a reduction in 

pathogenic bacteria in animals receiving fermented rapeseed meal. 

All the birds in the current study were artificially challenged with C. jejuni at day 20 to 

mimic commercial pathogen dynamics. Indeed, regardless of the species, 66 Campylobacter 

is rarely detected in commercial broiler flocks of less than 3 weeks of age, likely due to the 

persistence of maternal antibodies. 67 However, commercially, the whole flock becomes 

colonised within 4 to 7 days after the first bird is infected, without any apparent clinical sign 

in the host until slaughter age. 68–70 Campylobacter colonisation is reported to negatively 

influence the expression of nutrient transporter genes in the chicken gut, 71  thus could 

potentially negatively affect bird's final body weight.72 Nevertheless, our study indicated no 

negative effect on growth performance. Instead, it suggested that birds fed LFRM tended to 

be heavier at the end of the challenged phase (days 20 to 35), which was likely a carry-over 

effect of the positive impact on weight gain observed by the end of the grower phase.  

The current metagenomic analysis revealed that, at C. jejuni level, the L-histidine and the 

L-tryptophan biosynthesis pathways were less abundant in LFRM compared to the control 

group. Tryptophan is an essential amino acid involved in protein synthesis and other 

biological processes that humans and animals need to obtain from food,73 and it has been 

established that the tryptophan biosynthetic pathway is required for pathogenic bacteria to 

cause disease. 74,75 In many bacteria, tryptophan is synthesised de novo, 76 whilst commensal 

pathogenic are auxotrophic for tryptophan production, and a biosynthetic deficit causes 

bacteria to lose virulence within the host organism.77 On the other hand, intracellular 

pathogens, such as C. jejuni, could also uptake amino acids from the host to fulfil their 

metabolic needs. 78 The significance of these molecules is demonstrated by the well-

documented defence mechanisms against Chlamydia, Leishmania and Mycobacterium, 
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during which the host limits their access to tryptophan, leading to a decreased bacterial 

ability to establish and maintain infections, where intracellular pathogens are starved of 

tryptophan by the action of the degradative enzyme indoleamine 2,3-dioxygenase. 79 

Like tryptophan, histidine biosynthesis is a crucial pathway for various cellular processes. It 

is, therefore, reasonable to assume that the availability of histidine could influence the 

growth of Campylobacter species. However, the specific relationship between the histidine 

biosynthesis pathway in Campylobacter and its role in bacterial growth and virulence has 

not been yet elucidated. Histidine, also an essential amino acid, plays a crucial role in protein 

formation and catalytic processes and is significant in regulating various cellular functions. 

80–82 Histidine is synthesised de novo in plants and bacteria and performs multifaceted 

functions, and research has shown that the enzymes responsible for its production are 

potential targets for tuberculosis treatment.26,83–85Therefore, our findings could inform on 

the possible decreased histidine availability linked to the decreased abundance of C. jejuni 

in the LFRM group. 

A total of 29 C. jejuni gene families were differentially abundant between control and LFRM 

groups, most of them encoding for membrane, ribosomal, and carrier proteins. 86 The 

filamentous hemagglutinin domain protein was more abundant in the control group. This 

gene is known in Bordetella pertussis for encoding for a surface-exposed protein acting as 

a main virulence attachment factor, 86 while in C. jejuni it has been shown to affect host cell 

binding, 87 thus a possible decrease in the LFRM group could signify a decreased ability to 

invade host cells, which could be at the basis of the lower pathogen concentration observed 

in chickens administered LFRM. Interestingly, the arsenical resistance operon repressor was 

also more abundant in the control group, in comparison to LFRM. Campylobacter spp. are 

highly resistant to arsenic compounds, commonly found in both environment and livestock-

feed additives, and in Campylobacter spp., the transcriptional repressor ArsR has been 

 10970010, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jsfa.13378 by Scotland's R

ural C
ollege, W

iley O
nline L

ibrary on [06/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

demonstrated to inhibit the expression of the ars operon. 88 Our findings could indicate that 

a lower abundance of ArsR-like genes was found to be consequential to LFRM 

administration, which could potentially translate into a higher expression of arsenic 

resistance genes within this group. This could potentially inform the response mechanism 

of C. jejuni to extreme stress, during which the bacterium deploys several resistance 

mechanisms in order to increase its chances of survival. In parallel, we also found that the 

aadE gene, encoding for the aminoglycoside 6-adenylyltransferase (AadE) protein, which 

confers resistance to aminoglycoside in Campylobacter spp.,89,90 was more abundant in the 

LFRM group than control, which could corroborate the above theoretical stress-response 

mechanism from this genus. Finally, the gene encoding for adenyltransferase A9J069 was 

also more abundant in the LFRM group, which possibly belonging to the same gene clade 

as aadE, as it also confers resistance to aminoglycosides in Campylobacter spp.90  

Our findings suggest that strategies hindering the bacterial production of tryptophan and 

histidine in the gut could decrease the microbial pathogenicity, likely aiding in the reduction 

of Campylobacter growth. These insights stem from metagenomic data and have the 

potential to lay the foundation for understanding the mechanism of action of LFRM when 

incorporated into a broiler diet. 

CONCLUSIONS 

Our study demonstrates that supplementing broiler diets with LFRM resulted in increased 

body weight during the grower phase and a reduction in the concentration of C. jejuni near-

harvest. Likely, these positive effects primarily originated from the fermentation-

metabolites within the LFRM, which are known to improve nutrient digestibility, elevate 

the level of lactic acid, and modulate immunity levels. Our study supports the view that 

incorporating LFRM in broiler diets could potentially decrease the risk of 
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campylobacteriosis from poultry. Our findings could also indicate that, in response to the 

LFRM treatment, C. jejuni virulence could decrease, which might have been related to the 

observed lower pathogen concentration in the same group. However, an increased stress-

induced resistance could have been induced in response to the treatment. We also speculate 

that strategies that have the ability to limit L-tryptophan and L-histidine biosynthetic 

pathways can restrict Campylobacter growth and potentially combat its colonisation and 

could likely be utilised as a target for non-antibiotic solutions to help reduce human cases 

of campylobacteriosis. 
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Table 1. The ingredients and analysed nutrient composition (g kg-1) of control diets fed to broilers 
from day 0 to 35 post-hatch 
Items (g kg⁻¹  ) STARTER GROWER FINISHER 

Barley  104.0 83.0 71.0 
Wheat 500.0 550.0 600.0 
Soya bean meal 260.0 230.0 190.0 
Full fat soya  50.0 50.0 50.0 
L Lysine HCl 4.0 3.0 3.0 
DL-methionine 4.0 3.5 3.0 
L-threonine 1.5 1.5 1.5 
Soya Oil 40.0 45.0 47.5 
Limestone  12.5 12.5 12.5 
Monocalcium phosphate 15.0 12.5 12.5 
Salt 2.5 2.5 2.5 
Sodium bicarbonate 1.5 1.5 1.5 
Vitamin-Trace minerals premixϯ 4.0 4.0 4.0 
Maxiban G160 Premix 0.6 0.6 0.6 
Ronozyme WX 0.2 0.2 0.2 
Ronozyme P 5000 (CT) 0.2 0.2 0.2 
Analysed Nutrient Composition (g kg−1)  
Dry matter 899.0 898.2 899.5 
Fat (ether extract) 63.9 68.5 71.1 
Crude Protein* 218.4 206.4 191.4 
Fibre 3.08 3.02 2.97 
Ash 6.02 5.68 5.50 
 
ϯThe vitamin and trace minerals premix provided (units kg−1 diets): retinol 16 000 iu; 
cholecalciferol 33 000 iu; tocolpherol 75 iu; thiamine 3 mg; riboflavin 10 mg; pyridoxine 3 mg; 
cyanocobalamin 15 𝜇𝜇g; phylloquinone 5 mg; nicotinic acid 60 mg; pantothenic acid 14.5 mg; folic 
acid 1.5 mg; biotin 275 𝜇𝜇g; choline chloride 250 mg; iron 20 mg; copper 10 mg; m100 mg; cobalt 
1 mg; zinc 82 mg; iodine 1 mg; selenium 0.2 mg; molybdenum 0.5 mg. 

*Crude protein = Nitrogen x 6.25 
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Table 2. The chemical analysis of LFRM (EP100i) 
Nutrient g kg-1 
Dry Matter 890 
Crude Protein 340 
Crude Fat 38 
Crude Fiber 118 
Crude Ash 70 
Sugars 32 
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Table 3. Effect of dietary treatments on growth performance of broilers 
Parameters T1 T2 SED P value 
Starter phase  
ABW d0 (bird kg⁻¹ ) 0.042 0.042 0.000 0.940 
ABW d13 (bird kg⁻¹)  0.308 0.319 0.016 0.519 
ADWG d0-13 (bird kg⁻¹)  0.020 0.021 0.001 0.521 
ADFI d0-13 (bird kg⁻¹)  0.032 0.033 0.001 0.155 
FCR d0-13 1.544 1.569 0.053 0.641 
Grower Phase (pre-challenged phase) 
ABW d20 (bird kg⁻¹ ) 0.680 0.738 0.020 0.014 
ADWG d13-20 (bird kg⁻¹ ) 0.053 0.06 0.003 0.031 
ADFI d13-20 (bird kg⁻¹ ) 0.076 0.077 0.004 0.828 
FCR d13-20  1.432 1.300 0.116 0.280 
Finisher phase (post-challenged phase) 
ABW d35 (bird kg⁻¹ ) 2.113 2.220 0.052 0.066 
ADWG d20-35 (bird kg⁻¹ ) 0.096 0.097 0.003 0.680 
ADFI d20-35 (bird kg⁻¹ ) 0.15 0.151 0.006 0.858 
FCR d20-35  1.565 1.563 0.062 0.973 
Overall performance 
ADWG d0-35 (bird kg⁻¹ ) 0.059 0.061 0.001 0.154 
ADFI d0-35 (bird kg⁻¹ ) 0.091 0.092 0.004 0.741 
FCR d0-35  1,537 1.494 0.046 0.537 

T1, Control; T2, LFRM at 3% and 4% in diets during the grower and finisher phase, respectively. ABW, 
Average body weight; ADWG, Average daily weight gain; ADFI, Average daily feed intake; FCR, feed to 
gain ratio (ADFI/ADWG);  P values, Significantly different (P≤0.05) or trending (0.05<P≤0.10).  
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Figure 1. Caecal CFU enumeration of Campylobacter spp. 
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 Figure 2. Phylum level taxonomy 
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Figure 3. Genus level taxonomy 
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Figure 4. Campylobacter jejuni relative abundance (shotgun sequencing) 
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 Figure 5. Microbiome Alpha-diversity on path abundance (Pielou’s diversity index)  
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Figure 6: Microbiome Alpha-diversity gene family abundance (Pielou’s diversity index) 
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Figure 7: Microbiome: Beta-diversity of pathways abundance (Bray Curtis 

dissimillarities: Permanova P = 0.32, R2 = 0.09 
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Figure 8. L-histidine biosynthesis pathway of Campylobacter jejuni. 
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Figure 9. L- tryptophan biosynthesis pathway of Campylobacter jejuni. 
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Figure 10. Differential abundance of Campylobacter jejuni gene families 
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