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Could combining plants be the key to enhancing livestock health and
reducing antibiotic use” This question prompted this thesis's research
Into the enhanced antibacterial properties of plant combinations to
control gastrointestinal infections in piglets and chickens. In the study
with organically raised piglets. combinations of garlic and fruit powders
were used to mitigate pathogenic £ coli infections, effectively
preventing postweaning diarrhea and promoting a healthier gut
microbiome. Research on chickens examined the efficacy of
combining a natural source of antibacterial fatty acids and essential
oils to combat necrotic enteritis caused by pathogenic C. perfringens.
reducing the disease’s impact.

The PhD research project was conducted as part of MonoGutHealth, a
training network funded by the European Commission
(Marie Skiodowska-Curie Actions).
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“FPor fortuna, Maconao no es un lugar, sino un estado ae animao’

-Gabriel Garcia Marquez

"It is important to draw wisaom from many different places. If we take it from only one place, it
becomes rigid and stale. Understandaing others, the other elements, and the other nations will
help you becorme whole"

- lroh.



MAIN SUPERVISOR

Martin Jensen, Senior Scientist
Department of Food Science - Differentiated & Biofunctional Foods
Aarhus University, Denmark

CO-SUPERVISORS

Nuria Canibe, Senior Researcher
Department of Animal and Veterinary Sciences - Gut & Host Health
Aarhus University, Denmark

Ole Hgjberg, Senior Researcher
Department of Animal and Veterinary Sciences - Gut & Host Health
Aarhus University, Denmark

Ricarda Margarete Engberg, Head of education- Associate Professor
Department of Animal and Veterinary Sciences - Gut & Host Health
Aarhus University, Denmark

ASSESSMENT COMMITTEE

Carl-Otto Ottosen, Professor
Department of Food Science - Plant, Food & Climate
Aarhus University, Denmark

Nadia Everaert, Associate Professor

Department of Biosystems - Nutrition & Animal Microbiota EcoSystems Lab (NAMES)
KU Leuven, Belgium

Andrew Van Kessel, Professor

Department of Animal and Poultry Science
University of Saskatchewan, Canada

ISBN: 978-87-7507-565-2

DOI: 10.7146/aul.538




PREFACE

The PhD project "Multicomponent Antibacterial Plant Cocktail for Better Health in Piglets
and Broilers" was done in connection to the MonoGutHealth (Training and research for
sustainable solutions to support and sustain qut health and reduce losses in monogastric
livestock) project, an Innovative Training Network funded by the European Commission under
the Horizon 2020 Marie Sktodowska-Curie Action. Additionally, part of the experimental work
contributed to the MAFFRA Il project (Plant Cocktails with Antibacterial Effect Against Weaning
Diarrhea in Organic Piglets—Applied Proof of Concept) funded by the ORDDA4 initiative from the
Green Development and Demonstration Program (GUDP) under the Danish Ministry of
Environment and Food, coordinated by ICROFS (International Centre for Research in Organic
Food Systems).

The experimental work was conducted at Aarhus University, Denmark in the Departments
of Animal and Veterinary Science, and Food Science. Part of the 16S rRNA sequencing data
analysis was done during a three-month research stay at Teagasc Morepark in Ireland under the
quidance of Gillian Gardiner, Peadar Lawlor, and Paul Cormican. Furthermore, two half-month
secondment placements were completed with the Center for Free-Range Animals (Centre for
Frilandsdlyr) and DLG in Denmark, where training was provided on sustainable feed practices,
commercial production, and the use of feed additives in pig farming.

-
monogUtheal’[h MAFFRA |

Plants as antibacterial feed for preventing diarrhoea in piglets

Optimal gut function in monogastric livestock

- This project has received funding from the Ic Ro FS Rt
: : European Union’s Horizon 2020 research and
* * innovation programme under the Marie

) International Centre for Research d
Sklodowska-Curie arant agreement No 955374. in Organic Food Systems
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SUMMARY

With growing efforts to address antimicrobial resistance, environmental pollution, and
sustainable development, there is a substantial drive to reduce conventional antimicrobials in
food systems. Plant-based antibacterial combinations offer a promising solution to control
pathogens and support animal health. Piglets and broilers are prone to enteric diseases due to
production conditions and physiological stress. Weaning stress leads to Enterotoxigenic
Escherichia coli (ETEC) proliferation in piglets, causing postweaning diarrhea (PWD). Similarly,
netB+ Clostridium perfringens in broilers leads to necrotic enteritis. Both diseases impose
significant economic burdens, highlighting the need for sustainable solutions. This PhD thesis
investigates plant-based antimicrobials to control ETEC-induced PWD in piglets and netB+ C.
perfringens-induced necrotic enteritis in broilers. The aim is to innovate a plant-based
antibacterial combination approach to prevent gastrointestinal bacterial diseases in farm
animals, reducing reliance on conventional antimicrobials.

Study | investigated the efficacy of dietary supplementation of garlic combined with apple
pomace or blackcurrant against PWD induced by ETEC in organically raised piglets. Piglets
receiving these treatments had better growth performance, reduced diarrhea, and reduced
ETEC excretion compared to those that did not receive the supplements. The combinations also
positively impacted the diversity and stability of the fecal microbiota, indicating that these
supplements can selectively target gut pathogens and support piglet health. Study Il further
evaluated the impacts of dietary supplementation of garlic combined with apple pomace or
blackcurrant on the gastrointestinal ecosystem of pigs fed organic diets three weeks after ETEC
challenge and treatment supplementation. Results showed that while ETEC-challenged pigs
had a higher abundance of potential pathogens, pigs fed the supplemented diets had higher
abundance of potentially beneficial bacteria and improved fermentation profiles, favoring
carbohydrate over protein fermentation. Overall, garlic combined with apple pomace or
blackcurrant promoted a healthier gut microbial ecosystem. Study lll investigated the efficacy
of dietary supplementation with palm kernel fatty acids (rich in lauric acid) and clove essential
oil against necrotic enteritis induced by netB+ C. perfringens in broiler chickens. In vitro testing
revealed synerqistic antibacterial activity of the combination. The chickens receiving the
combination showed improved growth performance, reduced intestinal lesions, and lower C.
perfringens counts compared to the control group. The combination primarily modulated the
gut microbiota during the infection, but lower C. perfringens abundance was maintained over
time. Overall, the combination of palm kernel fatty acids and clove essential oil effectively
controlled necrotic enteritis.

This thesis underscores the effectiveness of plant-based antibacterial combinations in
controlling gastrointestinal pathogens. The studies showed that the combinations reduced
disease severity and improved animal performance by selectively targeting pathogens without
negatively impacting the gut microbial ecosystem. These solutions offer a valuable tool for
managing enteric diseases, reducing dependency on conventional antimicrobials, and
supporting sustainable practices. Future studies should refine the antibacterial concentrations of
plant combinations, investigate more complex or different combinations, narrow down active
components and their synergies, explore complementarity with other strategies, and assess their
practical effectiveness and cost-benefit scenarios under different settings.
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SAMMENDRAG

Med en voksende indsats for at adressere antimikrobiel resistens, milj@forurening og
bceredyqgtig udvikling er der en betydelig motivation for at reducere konventionelle
antimikrobielle stoffer i fedevaresystemer. Plantebaserede antibakterielle kombinationer er en
lovende lasning til at kontrollere patogener og understette dyrenes sundhed. Smdagrise og
slagtekyllinger er tilbojelige til at f& tarmsygdomme pd& grund af produktionsforhold og
fysiologisk stress. Fravaenningsstress ferer til proliferation af Enterotoksigene Escherichia coli
(ETEC) hos smdgrise, hvilket fordrsager fraveenningsdiarré (PWD). Tilsvarende ferer netB+
Clostridium perfringens hos slagtekyllinger til nekrotisk enteritis. Begge sygdomme medfarer
betydelige gkonomiske byrder, hvilket understreger behovet for bceredygtige I@sninger. Denne
ph.d.-afhandling undersgger plantebaserede antimikrobielle stoffer til kontrollering af ETEC-
induceret PWD hos smdgrise og netB+ C. perfringens-induceret nekrotisk enteritis hos
slagtekyllinger. Formdlet er at innovere en plantebaseret kombinationstilgang til forebyggelse
af gastrointestinale bakteriesygdomme hos husdyr og dermed mindske afhcengigheden af
konventionelle antimikrobielle stoffer.

Forseg | undersggte effekten af et fodersupplement med hvidleg kombineret med ceble
pomace eller solbcer mod PWD induceret af ETEC hos okologisk opdrcettede smdgrise.
Smdagrise, der modtog disse behandlinger, havde bedre vcekstydelse, reduceret diarré og
nedsat ETEC-udskillelse sammenlignet med dem, der ikke modtog et fodersupplement.
Kombinationerne pdvirkede ogsd positivt diversiteten og stabiliteten af den feekale mikroflora,
hvilket indikerer, at disse fodersupplementer selektivt kan angribe tarmpatogener og
understatte smdgrises sundhed. Forsag Il evaluerede yderligere effekten af fodersupplementet
med hvidleg kombineret med ceble pomace eller solbcer pd det gastrointestinale okosystem
hos svin, der fodres med okologisk foder tre uger efter ETEC-challenge og tildeling af
foderbehandling. Resultaterne viste, at mens ETEC-challenged grise havde en hgjere andel af
potentielle patogener, havde de grise der fik tildelt fodersupplement en hgjere andel af
potentielt gavnlige bakterier og forbedrede fermenteringsprofiler, hvilket favoriserede
kulhydrat- frem for proteinfermentering. Samlet set fremmede hvidleg kombineret med ceble
pomace eller solbcer et sundere tarmmikrobielt akosystem. Forsag lll undersagte effekten af et
fodersupplement med palmekernefedtsyrer (rig p& laurinsyre) og ceterisk klgverolie mod
nekrotisk enteritis induceret af netB+ C. perfringens hos slagtekyllinger. In vitro-test afslerede
forstcerket antibakteriel aktivitet pd baggrund af kombinationen. Kyllingerne, der modtog
kombinationen, viste forbedret vaekstydelse, reducerede tarmlcesioner og lavere C. perfringens
forekomst sammenlignet med kontrolgruppen. Kombinationen modulerede primcert
tarmmikrobiotaen under infektionen, men lavere forekomst af C. perfringens blev opretholdt
over tid. Samlet set kontrollerede kombinationen af palmekernefedtsyrer og ceterisk klaverolie
effektivt nekrotisk enteritis.

Denne afhandling understreger effektiviteten af plantebaserede antibakterielle
kombinationer til kontrollering af gastrointestinale patogener. Forsegene viste, at
kombinationerne reducerede svcerhedsgraden af sygdommene og forbedrede dyrenes
ydeevne ved selektivt at angribe patogener uden at pdvirke tarmens mikrobielle gkosystem
negativt. Disse lesninger udger et veerdifuldt redskab til hdndtering af enteriske sygdomme,
reduktion af afhcengigheden af konventionelle antimikrobielle stoffer og understatter
bceredyqgtig praksis. Fremtidige forseg ber raffinere den antimikrobielle koncentration af
plantekombinationerne, indskrcenke aktive stoffer og deres synergieffekter, udforske
komplementaritet med andre strategier og vurdere deres praktiske effektivitet og nyttevcerdi
scenarier under forskellige forhold.
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RESUMEN

Con los crecientes esfuerzos para abordar la resistencia a los antimicrobianos, la
contaminacion ambiental y el desarrollo sostenible, existe un impulso sustancial para reducir los
antimicrobianos convencionales en los sistemas alimentarios. Las combinaciones antibacterianas
de origen vegetal ofrecen una solucion prometedora para controlar patdgenos y promover la salud
animal. Los lechones y los pollos de engorde son propensos a enfermedades entéricas debido a las
condiciones de produccion y el estrés fisioldgico. El estrés del destete conduce a la proliferacion de
Escherichia coli enterotoxigénica (ETEC) en los lechones, causando diarrea post-destete (DPD). De
manera similar, Clostridium perfringens netB+ en los pollos de engorde provoca enteritis necrética.
Ambas enfermedades imponen cargas econdmicas significativas, destacando la necesidad de
soluciones sostenibles. Esta tesis doctoral investiga los antimicrobianos de origen vegetal
para controlar la DPD inducida por ETEC en lechones y la enteritis necrdtica inducida por C.
perfringens netB+ en pollos de engorde. El objetivo es innovar un enfoque de combinacion
antibacteriana de origen vegetal para prevenir enfermedades bacterianas gastrointestinales en
animales de granja, reduciendo la dependencia de los antimicrobianos convencionales.

El Estudio | investigd la eficacia de la suplementacion dietética de ajo combinado con orujo
de manzana o grosella negra contra la DPD inducida por ETEC en lechones criados orgdnicamente.
Los lechones que recibieron estos tratamientos tuvieron un mejor rendimiento, menos diarrea y
menor excrecion de ETEC en comparacion con aquellos que no recibieron los suplementos. Las
combinaciones también impactaron positivamente en la diversidad y estabilidad de la microbiota
fecal, indicando que estos suplementos pueden atacar selectivamente a los patdégenos intestinales
y apoyar la salud de los lechones. El Estudio Il evalué ademds los impactos de la suplementacion
de ajo combinado con orujo de manzana o grosella negra en el ecosistema gastrointestinal de
cerdos alimentados con dietas orgdnicas tres semanas después del desafio con ETEC vy la
suplementacion del tratamiento. Los resultados mostraron que, mientras los cerdos desafiados con
ETEC tenian una mayor abundancia de patdégenos potenciales, los cerdos suplementados tenian
una mayor abundancia de bacterias potencialmente beneficiosas y perfiles de fermentacion
mejorados, favoreciendo la fermentacion de carbohidratos sobre la de proteinas. En general, el gjo
combinado con orujo de manzana o grosella negra promovid un ecosistema microbiano intestinal
mds saludable. El Estudio Il investigd la eficacia de la suplementacion dietética con acidos grasos
de nucleo de palma (ricos en dcido Idurico) y aceite esencial de clavo contra la enteritis necrética
inducida por C. perfringens netB+ en pollos de engorde. Las pruebas in vitro revelaron una actividad
antibacteriana sinérgica de la combinacion. Los pollos que recibieron la combinacién mostraron un
mejor rendimiento de crecimiento, menos lesiones intestinales y menores conteos de C.
perfringens en comparacion con el grupo de control. La combinacion moduld principalmente la
microbiota intestinal durante la infeccién, pero la menor abundancia de C. perfringens se
mantuvo con el tiempo. En general, la combinacidn de dcidos grasos de nucleo de palmay aceite
esencial de clavo controld eficazmente la enteritis necrdtica. Esta tesis subraya la efectividad de
las combinaciones antibacterianas de origen vegetal en el control de patdgenos
gastrointestinales. Los estudios mostraron que las combinaciones redujeron la severidad de
la enfermedad y mejoraron el rendimiento animal al atacar selectivamente a los
patdégenos sin impactar negativamente el ecosisterna microbiano intestinal. Estas soluciones
ofrecen una herramienta valiosa para manejar las enfermedades entéricas, reducir la
dependencia de los antimicrobianos convencionales y apoyar prdcticas sostenibles. Los
estudios  futuros  deberian  refinar las  concentraciones  antibacterianas de las
combinaciones vegetales, investigar combinaciones mds complejas o diferentes, identificar
los componentes activos y sus sinergias, explorar la complementariedad con otras estrategias y
evaluar su efectividad prdctica y escenarios de costo-beneficio en diferentes entornos.

Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers v



LIST OF INCLUDED MANUSCRIPTS
Study I:

Antibacterial plant combinations prevent postweaning diarrhea in organically raised piglets
challenged with enterotoxigenic Escherichia coliF18
Jerez-Bogota K, Jensen M, Hajberg O, Cormican P, Lawlor PG, Gardiner GE and Canibe N

Published: Frontiers in Veterinary Science, 10. DOI: 10.3389/fvets.2023.1095160

Study II:

Effects of Garlic with Apple Pomace or Blackcurrant Supplementation on the Gastrointestinal
Microbial Ecosystem in Organic Pigs After Weaning

Kevin Jerez-Bogota, Martin Jensen, Ole Hajberg and Nuria Canibe

Manuscript ready for submission to: Journal of Animal Science.

Study il
Efficacy of Medium Chain Fatty Acids and Essential Oils Against Necrotic Enteritis in Broilers
Kevin Jerez-Bogota, Martin Jensen, Ole Hajberg, Nuria Canibe and Ricarda Engberg

Manuscript ready for submission to: Poultry Science.

Vi Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers



LIST OF OTHER CONTRIBUTIONS DURING THE PHD

Feeding antibacterial plant combinations to mitigate post-weaning diarrhoea in organic piglets
challenged with enterotoxigenic Escherichia coliF18. Jerez-Bogota, K. S., Hojberg, O., Jensen, M.
& Canibe, N., Jul 2022, Digestive Physiology of Pigs 2022 - Rotterdam, Netherlands. Poster. In:
Animal - Science proceedings. 13,2,p. 218 1 p., P195.

Plantecocktail reducerer colibakterier hos eko-smdagrise. Jensen, M., Jerez-Bogota, K. S., Hojberg,
O. & Canibe, N., Mar 2022, In: @kologi - Inspiration til jordbruget. 2. Contribution to newspaper,
Communication.

Plantecocktail reducerer colibakterier hos @ko-smdgrise. Jerez-Bogota, K. S., Hojberg, O,
Jensen, M. & Canibe, N., Jul 2022, Aarhus Universitet - DCA - Nationalt Center for Fedevarer og
Jordbrug. Communication

Plantecocktail reducerer diarré hos okologiske fravaenningsgrise. Jerez-Bogota, K. S., Hojberg,
O., Jensen, M. & Canibe, N., Jun 2022, In: Hyologisk. p. 32-35. Contribution to newspaper,
Communication.

Antibacterial plant blends modulate gut microbiota in organic piglets challenged with £ coli
F18. K. Jerez-Bogota, M. Jensen, O. Hgjberg and N. Canibe. Book of Abstracts of the 74th Annual
Meeting of the European Federation of Animal Science. Published: 2023 Pages: 1092.
DOI:10.3920/978-90-8686-936-7

MonoGutHealth D2.11 Microbiome composition and plant additives. Jerez-Bogota K, Jensen M,
Hgjberg O, Cormican P, Lawlor PG, Gardiner GE and Canibe N. Project deliverable report.

MonoGutHealth D3.6 Antibacterial plant stability and efficacy in vivo. Jerez-Bogota K, Jensen M,
Hojberg O, and Canibe N. Project deliverable report.

MonoGutHealth D3.2 Antibacterial plant stability and efficacy in vitro. Jerez-Bogota K, Jensen M,
Canibe N, Engberg R, Hajberg O. Project deliverable report.

MonoGutHealth General Project Meetings Presentations: Poland, Germany, Belgium and Ireland
(Best presenter award).

Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers vii



MY OWN CONTRIBUTION TO THE THESIS

The thesis document was written by me and received advise and feedback from my supervisors,
primarily Martin Jensen and Nuria Canibe. Emma Bonde Stanek proofread the summary and
translated it into Danish (Sammendrag). Pemille Aagaard Madsen reviewed the Sammendrag.

Study I: The experimental conception and desing was conceived by my advisors before | joined
the project. The animal experiment and sampling were conducted by researchers and
technicians at the Department of Animal and Veterinary Science Aarhus University (AU-ANIVET)
before | arrived in Denmark. Although | was anticipated to participate, the delay in my arrival
due to the COVID pandemic prevented my involvement. | performed DNA extraction, gPCR
enumerations assay and prepared samples for DNA sequencing with guidance from Trine
Poulsen (AU-ANIVET), with sequencing data procured by Samantha Joan Noel (AU-ANIVET). |
coordinated the analysis of feed samples, blood acute phase proteins, the analyses were carried
out by technicians (AU-ANIVET). Allicin content in garlic were done at the department of Food
Science of Aarhus University (AU-FOOD), coordinated by Martin Jensen. | performed calculations
and statistical analysis, receiving advice from Leslie Foldager, Gavin Simpson and Nuria Canibe
(AU-ANIVET). During a research stay at Teagasc, Ireland, | received bioinformatics teaching from
Paul Cormican, | completed the analyses and received feedback from Anna Schénherz (AU-
ANIVET). | interpreted the data and wrote the manuscript, incorporating ideas, revisions and
feedback from coauthors.

Study lI: The study used samples taken from animal experiments in Study |. The analysis of
microbial metabolites in the digesta was performed by me with guidance from Thomas
Rebsdorf (AU-ANIVET). The mucosal gene expression and antioxidant enzyme activities
protocols and analyses were developed by me with advice from Kasper Poulsen, Inger Marie
Jepsen, Darya Vodolazs'ka and Rikke Bredsgaard Kjcerup (AU-ANIVET). | performed DNA
extraction, gPCR enumerations assay and prepared samples for DNA sequencing with guidance
from Trine Poulsen, with sequencing data procured by Samantha Joan Noel. | performed
calculations, bioinformatics and statistical analysis receiving advice from Nuria Canibe and
Anna Schénherz. | interpreted the data and wrote the manuscript, incorporating ideas, revisions
and feedback from coauthors.

Study llI: The study was conceived by me and my advisors. Nuria Canibe and | coordinated the
procurement of oils. | designed the in vitro experiment with quidance from Ole Hgjberg and
assistance from Trine Poulsen. Ricarda Margarete Engberg and | developed the experimental
design and animal experiment, which was conducted at AU-VIBORG with the help of the animal
facilities staff. Trine Poulsen and | handled sampling preparation and logistics. The challenge
protocol was performed by me, Ricarda Margarete Engberg, and Trine Poulsen. Blood and gene
expression samples and analyses (part of Konstantinos Papanikolaou's Master Thesis project)
were carried out by Lene Rosborg Dal and Rikke Bredsgaard Kjcerup. | co-supervised
Konstantinos Papanikolaou, providing insights into jejunal tissue gene expression and statistical
analyses. | performed DNA extraction and prepared samples for DNA sequencing with guidance
from Trine Poulsen, with sequencing data procured by Anna Schdénherz. Trine Poulsen
conducted the gPCR enumerations assays. | performed calculations, bioinformatics, and
statistical analysis with advice from Nuria Canibe. | interpreted the data and wrote the
manuscript, incorporating ideas, revisions, and feedback from coauthors.

viii Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers



TABLE OF CONTENTS

PREFAQCE ...ttt s s bbb RS en s i
ACKNOWLEDGEMENTS .....vieeretsesssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssssssssssssssssssssssessssssnns i
SUMMARY ..ottt s s s s8R SRR i
SAMMENDRAG . .......oisereetsssessssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssesssssssesssssssassssssssssssssasssssssssssssssnssssssansssssessssssssnsess W%
RESUMEN ...ttt s bbb s8££t v
LIST OF INCLUDED MANUSGCRIPTS ......isr st sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanes Vi
LIST OF OTHER CONTRIBUTIONS DURING THE PHD.......cocoiinrnnrisssissssssssssssssssssssssssssssssssssssssssens Vii
MY OWN CONTRIBUTION TO THE THESIS ...t ssssssssssssssssssssssssssssssssssssssssssssens viii
TABLE OF CONTENTS ....coirvtirsctisssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssss IX
LIST OF FIGURES ...t sssss s sssssssssssssssss s ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns Xil
LIST OF TABLES ..ot etsetsssesssesssssssssssssssssssss st st ssssssss st st sss s sss st sssssssss s ssssssssssssssssssssssssssssesssnnssss Xili
LIST OF ABBREVIATIONS ...t ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssns Xiv
GENERAL INTRODUCTION.....cooisritinssisesisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssasssses 1
Chapter 1: BACKGROUND 3
1.1 INTRODUCTION. ... citsrctressiesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssasssens 3
1.2 PIG POSTWEANING DIARRHEA AND BROILER NECROTIC ENTERITIS: ETIOLOGY,

PATHOPHYSIOLOGY AND CONTROL......oiriirrinesiissssiisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 5

1.2.1  Pig PoOStweaning DIQITNEQA .....rresesisssssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 5
ENterotoxXiGEnIC ESCACIICIIQ COM.uuririvmrirsisirisssirissssisssisisssssssssssssssssssssssssssssssssssasssssasssssssssanssss 5
Traditional Control Measures: POStWeaning DIQITAEQ ...........cwwwwvsevisissssssssissssssssens 4

1.2.2  Avian Necrotic Enteritis in Broiler ChiCKENS.......cressssssssssssssssssssssssssssssssssssnns 8
Clostridium perfringens TYPE G (NOIB+.....wwwwweeeeeeeeeeeereeesssssssssssssssssssssssssssmsssssssssssssssssssssees 8
Traditional Control Measures: Broier NECIOHC ENEEITHS ....uuuiirrssssssssssssssssisisssssins 10

1.2.3 Postweaning Diarrhea and Necrotic Enteritis in Organic Systems..........weens 11

1.2.4  Nutritional Alternatives for Prevention of ENteric DiSEASES ......cummmmmmrssssmnssenes 11

1.3  ANTIBACTERIAL PLANTS AND THEIR COMBINATION TO TARGET GASTROINTESTINAL
PATHOGENS. ...ttt 12

1.3.1 Plant Natural Products Targeting Enterotoxigenic £SCAEriChiQ CO/enmmmssenns 13

GQITIC e ssrrvsrrirssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssssssssasssssssssssssssssssssssssssssassssssssssssssssasasssssssnsssssssss 13
ANUDQCLEIIQ] PIOPEITIES.c...svrvsririssssssssssissssssssssssssssssssssssmsssssmsssssssssssmsssssnsssssasssssssssassssssssssassssassssans 17

Antibacterial Activity AQQinst ESCAGITCAIQ COl ..irrrrirrrmmiirissimsisssssssssisssssssisssssssasssssssssens 17

Antibacterial Activity of Garlic Components- Mode Of ACHON .......cvimsssisssesisisins 17

Garlic Products Against Pig POStWEQNING DIQITAGQ ....vv.evvvrvrisssirissassisissississsssssssissssssins 19

ALPIE POITIQCE .....ccoooooevvvtervisssserrisssssssssissssssssisssssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 21

ANIOCCLEIIQ] PrOPDEITIES c...coooosevveerserisississasssssssissasssssssasssssssssssssssasssssssasssssssssssssssssssssasssssasssssssases 22

Apple Pomace Against Pig PoStWeaning DIQITAGQ.........wimmsissssssssssssssisssssssans 23

BIQCKCUITQNE ccoooooosvvessrvtrsssvissssssrsssssssisssssssssssssssssssssssssssssssssssssssssssssasssssssssssssassssssassssssssssssssssssassssssn 24

Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers iX



ANUDQCLEIIQ] PIOPEITIES.c...svrvsririssssssssssissssssssssssssssssssssssmsssssmsssssssssssmsssssnsssssasssssssssassssssssssassssassssans 26

Blackcurrant Against Pig POStWEQNING DIQITACQ ...........oowvvvreseirssissisiisssssssisssssssississsssssissens 26

Combination for ENAQNCEQ ACHVILY wwwuerevissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 26

1.3.2 Plant Natural Products Targeting Clostridium PerfriNQENS....msssssseens 28

Lauric Oils and Medium CAQIN FQELY ACITS ....wwrrrrrisssssssssssssssssssssssssssssssssssssssssssssssssnss 28

ANUDQCLEIIQ] PIOPEITIES.c...vsrvissrsssssisisssisssssssssssssssssssssssmssssssssssssssssmsssssnssssssassssassssassssasssssasssssassssans 29

ESSEINUQ OIS rvvrrressirrrsssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssassssssassssssnssssssssssaassssssn 317

ANIOCCLEIIQ] PrOPDEITIOS ccvvvvvoisssvvirsessssisssssssisssssssissssssssssassssssssssssssssssssssssssssssassssssssssssssasssssssssssssases 37

Combination for ENAQNCEQ ACHVILY wwwerivisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 33

1.4 CHALLENGES AND LIMITATIONS OF USING ANTIBACTERIAL PLANT COMBINATIONS

TO TARGET GASTROINTESTINAL PATHOGENS .........oirrsrreresssssssssssssssssssssssssssssssssssssssssssssssssses 34

14T USE Of PIANt MATEIIAIS ...vvveerreesssnsssessssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnas 34

1.4.2 Challenges in Assessing Interactions in Antibacterial Combinations....... 35

1.4.3 Interactions Between Plants and Gut MIiCrODIOtQ......rersresssssssssssssssssssssens 35

1.5 SUMMARY AND IMPLICATIONS ... rrinrsissssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 36
Chapter 22 METHODOLOGY 37
2.1 INTRODUGCTION. ..oititirecissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 37
2.2  SELECTION OF PLANT MATERIALS ... ooooersesetirsssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssans 37
2.3  ANTIBACTERIAL EFFICACY ASSESSMENT ....oimivvirrrsinnmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 39
2.3.1 In Vitro Methods for Antibacterial Screening of Plant Materials ... 39
CUIUITNG TOCANUQUES .....cooveeoeeervessssrericssssesesiisssssssssisssssssssisssssssssssssssssssasssssssssssssssssssssassssssassssssss 39

In Vitro Gastroint@StnQl SIMUIQEION............owvcreeessrisssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 4]

CO-BASEA MOQIS...cuucssvvossssvissrssisssssiisssssssissssssssssssissssssssssssssssssssssssssssssssssssssasssssassssssssssssssasssssassss 4]

2.3.2  The StUY Of INTEIACHIONS. ... ieveeiereesiiereessisesessssssessssss s sss st sssss s ssss st sssssssnas 42

2.3.3 In Vivo Methods for Antibacterial Screening of Plant Materials........cne 44
Controlled CAQNENGE SHUGIES ........eervcosseeervissseesrvisssssssssisssssssssisssssssssissssssssisssssssssssssssssses 44

Postweaning Diarrhea Caused by Enterotoxigenic E. COl i PigS ... 44

Necrotic enteritis Caused by netB+ C. perfringens in CRICKENS .......oirivsirisssisons 45

NGUUIQ] CAQIENGE STUQUES......oooeooeeevveserrisstvrissesvissssssssiisssssssssissssssssissssssssissssssssasssss 45

2.4 MEASURING EFFECTS ON GASTROINTESTINAL MICROBIOTA AND ECOSYTEM............ 46
2.4.1  Assessment of Gut Pathogens and MICrobIOtA.......crississsisssssssssssssssssssees 46
Bacterial Quantification Using Quantitative ReaQl TIMeE PCR........wsississsiens 47
Bacterial Microbiota Profiling Using 16S rRNA Gene Sequencing.............. 47

2.4.2 MeaSUNNG METADOILES ...t ssss s ssssss s sssssssssssssssssssssssses 50
MELQDOIOMIC APPIOCCIAES ...covorssevorsssirrisssisrsssssssssssssssssssssssssssssssssssssssssssssssssssssmsssssssassssssasssssnns 57

2.5 MEASURING HOST RESPONSES.........oimrreiresrnmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 52
2.5.1 Pig Response During Postwedning DIiQrrNea.........reesessssesssssssssssssssens 52

2.5.2 Chicken Response During NeCrotic ENTEIILIS.......rerreemeessisssessssssessssssssesssssenns 53

2.6 ETHICAL CONSIDERATIONS ...t ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 55

X Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers



Chapter 3: STUDY OVERVIEW 57

3.1 STUDY-I ANTIBACTERIAL PLANT COMBINATIONS PREVENT POSTWEANING
DIARRHEA IN ORGANICALLY RAISED PIGLETS CHALLENGED WITH
ENTEROTOXIGENIC ESCACIHICAIQ CONFT8ietsissssssessessssssssssssssssssssssssssssssssssssssssssssssssssssans 57

3.2 STUDY-Il EFFECTS OF GARLIC WITH APPLE POMACE OR BLACKCURRANT
SUPPLEMENTATION ON THE GASTROINTESTINAL MICROBIAL ECOSYSTEM IN

ORGANIC PIGS AFTER WEANING ......covvvrvvmmmmmmmmmmmmmmmmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 59
3.3 STUDY-IIl EFFICACY OF MEDIUM CHAIN FATTY ACIDS AND ESSENTIAL OILS AGAINST

NECROTIC ENTERITIS IN BROILERS .......rreeerssesessesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssees 61
Chapter 4: GENERAL DISCUSSION 63
Chapter 5: CONCLUSIONS AND PERSPECTIVES 75
STUDY-I 77
STUDY-II 108
STUDY-III 146
=71 TR 123N o o (T 192

Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers Xi



LIST OF FIGURES

Figure 1.1 Summary of the pathogenesis of postweaning diarrhea caused by

enterotoxigenic £5cherichia CONI(ETEC ) .......mmmmmmmmmmmmssssssssssssssssssssssssssssssssssssssssssannns 6
Figure 1.2 Increase in neomycin usage and resistance in weaners after the EU zinc oxide
DDQIN. ettt ettt b bbb R R AR bR R 8
Figure 1.3 Summary of factors involved in the development of necrotic enteritis in chickens.
........................................................................................................................................................................................ 9
Figure 1.4 Proposed modes of action of various strategies to prevent piglet post-weaning
diarrhea and chicken NECTOtIC ENEETILIS. ...t sssessens 12
Figure 1.5 Major chemical components of garlic DUIDS.........cieseseesssseeses 13
Figure 1.6 Organosulfur compounds Of GATlIC: ... 15
Figure 1.7 Summary of main methods for production of different garlic products. .......cc........ 16
Figure 1.8 Summary of the effects of allicin on bacterial Cells. ......———— 19
Figure 1.9 Processing of blackcurrant berries into various Products. .......eeessssesennns 24
Figure 1.10 Using plant combinations to target £7EC and prevention of PWD. ... 28
Figure 1.11 Effect of lauric acid on C. perfringens via transmission electron microscopy....30
Figure 1.12 Chemical structures of selected essential oil components. ... 31
Figure 2.1 Considerations for choice and preparation of plant materials.........n 38
Figure 2.2 Example of isobole method implemented using a checkboard method of
microdilutions for assessments of two-way antibacterial interactions. ... 43
Figure 2.3 Summary of experimental reproduction of necrotic enteritis in broilers and
analytical methods used to AssSEess ItS IMPACT. .....ereeessseesessesssessens 45
Figure 2.4 Summary of select microbial metabolites on relation with intestinal homeostasis,
mucosal immune regulation, and metabolic health of the host. ..., 50
Figure 2.5 Intestinal lesions caused by necrotic enteritis in ChICKENS. ..., 54

Figure 3.1 Overview of study Antibacterial plant combinations prevent postweaning
diarrhea in organically raised piglets challenged with enterotoxigenic Escherichia
COM T8 ettt ssisss s sss s8R R R 57

Figure 3.2 Overview of study Effects of Garlic with Apple Pormace or Blackcurrant
Supplementation on the Gastrointestinal Microbial Ecosystem in Organic Pigs After
WOGINING. cooevvtrereisseeirssssisss s ss s ssssss st ssssss st a0 59

Figure 3.3 Overview of study Efficacy of Medium Chain Fatty Acids and Essential Oils
AQQINSt INECIOHC ENEITHS 1N BIOIIELS. ..vuueeveisereissssiissssiissssissssssssssissssssssssssssssssssssssssssssssssssssssssons 61

Figure 4.1 Relationship between ETEC FA4 relative CFU change and pH relative change in
experiments conducted with antibacterial plant material in VItro. ... 65

Figure 4.2 Principal component analysis of preliminary metabolomic analysis of plant
materials used in Study | AN STUAY l....cressensssssssssssssssssssssssssssssssssssnees 68

Xii Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers



LIST OF TABLES

Table 1.1 Summary of recent studies using garlic products iN PIGIEts.....creeeesneeens 20
Table 1.2 General composition of dry Apple POMACE. ... 22
Table 1.3 Summary of studies on the dietary inclusion of apple pomace in weaning piglets.
..................................................................................................................................................................................... 23
Table 1.4 General composition of blACKCUITANt DEITIES ......cssssssssssssssssssses 25
Table 1.5 Fatty acids content of coconut, and palm Kernel OilS ..., 29
Table 1.6 Recent controlled challenged studies investigating essential oils against necrotic
enteritis iN Droiler ChICKENS. ...ttt ssssssssssssssans 33
Table 1.7 Summary of studies on the combined effects of essential oils and organic acids
on antibacterial efficaCy IN DrOIErS. ... sssssssssssssssssssssens 34
Table 2.1 Summary of some popular in vitro antibacterial screening methods. ..., 40
Table 2.2 Important considerations in 16s rRNA gene sequencing studi€s........c.cerienn, 48

Table 4.1 Concentration of garlic phytochemicals in products used in studies with weaning
1@ | L= €TSS 69

Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers Xiii



LIST OF ABBREVIATIONS

ADG Average Daily Gain

ADFI Average Daily Feed

ANE Avian Necrotic Enteritis

BW Body Weight

cDNA Complementary DNA

CFU Colony-Forming Units

CP Crude Protein

DAS Diallyl Sulfide

DADS Diallyl Disulfide

DATS Diallyl Trisulfide

DM Dry Matter

DNA Deoxyribonucleic Acid

ELISA Enzyme-Linked Immunosorbent Antibody Assay
ETEC Enterotoxigenic Escherichia coli
HPLC High-Performance (High-Pressure) Liquid Chromatography
Ig Immunoglobulin

IL Interleukin

U International Unit

LPS Lipopolysaccharide

MCFA Medium Chain Fatty Acid

MDR Multidrug Resistant

MIC Minimum Inhibitory Concentrations
MHC Major Histocompatibility Complex
MRNA Messenger Ribonucleic Acid

PCA Principal Component Analysis
PKFA Palm Kernel Fatty Acids

PCR Polymerase Chain Reaction
Pig-MAP Pig Major Acute Phase Protein
PWD Postweaning Diarrhea

gPCR Quantitative PCR

RNA Ribonucleic Acid

SCFA Short Chain Fatty Acid

Xiv Antibacterial Plant Combinations for Better gastrointestinal Health in Piglets and Broilers



GENERAL INTRODUCTION

“.in the last years the modern western world has been learning what many Asians and native Americans
have known for centuries, namely that plant extracts and spices can play a significant role in health and

nutritior’ (Wenk, 2003).

Chicken and pig meat have become the dominant types of meat produced globally,
accounting for approximately 40% and 35% of total global production, respectively (FAO STAT,
2023). The trend is primarily driven by technological advancements and improved efficiency.
Additionally, societal demand for affordable, safer, and more sustainable products has favored
the pig and poultry industries, which are noted for their technological progress compared to
other livestock system:s.

The livestock industry as a whole is moving towards more sustainable and health-
conscious production methods (Hongguang, 2023). Paradoxically, increased sustainability and
efficiency often lead to higher intensification. Researchers agree that modern livestock
husbandry practices have put significant pressure on biological systems, resulting in increased
stress on both the systems and the animals (Soren, 2012). One prominent consequence is
heightened susceptibility to infectious diseases (Duarte et al., 2023b). Furthermore, there has
been significant attention on gastrointestinal health issues in monogastric animals, partly due to
the resurgence of enteric diseases following the reduction of routine antibiotic use in livestock
systems (Patience and Ramirez, 2022) and restrictions on zinc oxide due to environmental
concerns (EMA and EFSA, 2017).

Both piglets and broilers are prone to enteric diseases when the production conditions and
their physiological state allow pathogens to thrive. In pig production, weaning is a critical period
marked by physiological and environmental stressors, contributing to the onset of postweaning
diarrhea (Gresse et al., 2017). Pathogenic strains of Escherichia coli are the main infectious
agents behind postweaning diarrhea in piglets (Francis, 2002). In broiler chickens, nutritional,
parasitic, and environmental stress between 2-6 weeks post-hatch can lead to necrotic enteritis,
characterized by diarrhea and intestinal mucosal necrosis (Dahiya et al., 2006). The primary
culprit here is the overgrowth of Clostridium perfringensin the small intestine (Abildgaard et al.,
2010b). Both diseases impose significant economic burdens on pig and poultry production, and
their resurgence following antibiotic bans underscores the need for new methods to support and
enhance gut health in young monogastrics.

In addition to addressing pathogenic bacteria, understanding the complex interplay
between gut microbiota and the host is crucial (Forgie et al., 2019). Alterations in the gut
microbiome can significantly impact nutrient absorption, immune response, and disease
resistance (Patil et al, 2020). A holistic understanding of these interactions is essential for
developing sustainable strategies to support animal health. In this context, the MonoGutHealth
project aims to investigate novel strategies in livestock health, focusing on early-life microbiome
development in the gastrointestinal tract as an alternative to traditional antibiotics, thereby
enhancing sustainability in pig and poultry production.

One promising alternative is the use of botanicals—plants or plant extracts with therapeutic
properties, such as herbs, spices, and extracts (also known as phytogenics or phytobiotics). This
PhD project focuses on developing multicomponent antibacterial plant combinations to
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improve health in piglets and broilers. The aim is to innovate a plant-based approach to prevent
bacterial diseases in farm animals, potentially reducing reliance on antibiotics, heavy metals,
and coccidiostats.

The work presented in this thesis builds upon the contribution of previous projects in
conjunction with parallel initiatives— MAFFRA | (From January 1st, 2016, to December 31st,
2017), MAFFRA Il (January 1st, 2019, to October 31st, 2022), and Monoguthealth (From June 1st,
2021, to present).

During MAFFRA | (Antibacterial Plants Against Diarrhea in Pig Herds), twelve plant species
were identified for their activity against pathogenic £ coli. Ramsons (wild garlic) and acidic
berries were the most effective in vitro, demonstrating both antibacterial and acidifying
properties. In a pilot study, weaning pigs were fed a mixture of ramsons and lingonberries, which
showed a significant reduction in £ coli levels without affecting Lactobacillus populations or
feed intake. MAFFRA Il (Plants as Antibacterial Feed for Preventing Diarrhea in Piglets), aimed
to refine and scale the findings from the pilot study (MAFFRA 1) using more readily available raw
materials and food production "side streams". The activities included in vitro testing of garlic,
apple pomace, and blackcurrant against ETEC, the in vivo challenge experiment documented
in Study | of this thesis, and a demonstration test in a commercial organic pig farm using garlic
and apple pomace (conducted by CFF).

The Monoguthealth (Optimal Gut Function in Monogastric Livestock) project provided
funding for the PhD program as part of the Marie Skiodowska-Curie scholarship, as well as
funding for the experimental work conducted in Study Il and Study lll of the current thesis.
Additionally, Monoguthealth provided the structure for the PhD program as part of the Innovative
Training Network (11 PhD students across 6 institutions, 24 academic and industrial partners)
courses, training and dissemination activities.

Thesis Outline

Chapter 1: BACKGROUND Provides an overview of the etiology and pathophysiology of
these diseases, describe specific antibacterial plant materials of
interest, and analyzes their potential for improving antibacterial
efficacy through synergistic combinations.

Chapter 2: METHODOLOGY Present an overview of the methods for assessing their
antibacterial plants efficacy both in vitro and in vivo, and
measurements of their effects on gut microbiota and host
responses with particular focus on pig PWD and chicken ANE.

Chapter 3: STUDY OVERVIEW A summary of the studies desing and results and an assessment
of the applied methodologies

Chapter 4: GENERAL DISCUSSION  Provides a general discussion of the results in the thesis with
reference to the general literature

Chapter 5: CONCLUSSION AND @ Provides a general discussion of the results in the thesis with
PERSPECTIVES reference to the general literature

Study |, lland lll Attached manuscripts
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Chapter 1: BACKGROUND

1.1 INTRODUCTION

Young monogastrics are vulnerable to pathogenic bacteria, which can result in
gastrointestinal disorders and significant economic losses. The weaning process in piglets,
characterized by environmental and dietary changes, often paves the way for the onset of
postweaning diarrhea (PWD). Meanwhile, in broiler chickens, similar stressors around 2-4 weeks
of life can trigger the onset of avian necrotic enteritis (ANE). In both cases, the etiological agent
is a pathobiont!, Enterotoxigenic Escherichia coli[ETEC) and Clostridium perfringenstype G are
the bacteria involved in PWD and ANE, respectively. Antibiotics have been used for controlling
PWD and ANE but concerns over antimicrobial resistance (AMR) led to restrictions?. Furthermore,
supra-nutritional levels of zinc oxide presented a solution for PWD, but its use in the EU has also
recently been restricted over environmental pollution concerns. The broiler industry, on the other
hand, currently relies on the use of ionophore coccidiostats for control of ANE. Notwithstanding,
“antibiotic free” or “non-antibiotics ever” schemes have been promoted by societal views over
antibiotic usage, encouraging processors and retailers (e.g, meat packing companies,
supermarket chains and food companies) to demand or economically incentivize these
concepts for meat production.

The search for alternative strategies to conventional antimicrobials in livestock systems is
a highly relevant and dynamic research area. Several approaches have been explored,
including management and infrastructure innovations, improved hygiene and biosecurity,
breeding programs, and nutritional strategies (Patience and Ramirez, 2022). Nutritional
strateqgies are being thoroughly investigated due to their significant impact on productivity.
Optimizing nutrient requirements for young monogastrics and adding functional substances to
feed are the most studied nutritional approaches (Lalles et al., 2009). Interest has surged in plants
and plant-based bioactive substances as effective, sustainable, and consumer-acceptable
alternatives to conventional antimicrobials. Indeed, a substantial amount of research has
focused on various plants and plant-derived substances as alternatives to antibiotics (Patience
and Ramirez, 2022, Abd El-Hack et al., 2022).

Among these alternatives, botanicals, phytogenics, phytobiotics, and phytochemicals
have been investigated as promising candidates (see box below). Phytochemicals, such as
flavonoids (quercetin, apigenin), terpenes (limonene, pinene), organosulfurs (allicin,
isothiocyanates), and phenolic acids (caffeic acid, gallic acid), are plant compounds with
antimicrobial, antioxidant, and anti-inflammatory properties (Alvarez-Martinez et al., 2021).
Botanicals, phytogenics, and phytobiotics are terms often used interchangeably to denote a
category of feed additives where the primary components are sourced from plants, including
extracts, essential oils, and complex mixtures. However, the legal framework for feed additives

' Pathobionts are opportunistic microbes that emerge as a result of perturbations in the healthy microbiome
due to complex interactions of various genetic, exposomal, microbial, and host factors that lead to their
selection and expansion (Chandra et al., 2021).

2 The use of antibiotics in animal feed has been prohibited over the years, for instance: Sweden (1986),
Denmark, (1999), the European Union (2006), Korea (2011), the US (2017), and Canada (2018). The EU has
also imposed limits on zinc in feed and routine antibiotic use since 2022,
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in the EU, defined by Regulation (EC) 1831/2003, categorizes additives based on their
functionality (e.g., technological, sensory, zootechnical additives) and includes specific
dispositions about safety and claims.

While plant materials can be part of feed additive formulations, they can also be provided
in other forms, such as supplements topping the feed, feed ingredients, or medicinal products,
each following different legal frameworks (Franz et al., 2020). Given these nuances, the current
thesis will favor the broader term "plant materials”, allowing for a more flexible investigation into
their potential benefits in animal nutrition and health.

Some plants materials can effectively manage PWD and ANE by either combating
bacteria directly or indirectly through modulating gut microbiota or host immunity (Emami and
Dalloul, 2021, Duarte et al., 2023b). Furthermore, the combination of modes of action may result
in enhanced action against pathogenic bacteria resulting in more effective strategies (Bailey
and Stokes, 2022, Canibe et al., 2022). Remarkably, most available data on the use of plant
materials as in-feed non-antibiotic feed additives comes from combination strategies (Windisch
et al., 2008, Rossi et al., 2020), often derived from commercial blends. Synergistic effects from
bioactive constituents in plant extracts (or by-products of chemical reactions) are often cited as
reasons for enhanced efficacy in numerous blends (Wagner and Ulrich-Merzenich, 2009).
However, systematic research focusing on individual plants or substances and their interactions
is still scarce (Rossi et al., 2020).

The aim of this chapter is to review the scientific literature on plant materials as
antibacterial agents, with a particular focus on their combined use for enhanced efficacy in
managing PWD in piglets and ANE in broiler chickens.

Definitions on Plant Based Products Used in Animal Nutrition and Health Literature

Phytochemicals: Naturally occurring compounds found in plants with potential biological activities.
Examples: Flavonoids (quercetin, catechins), terpenes (limonene, pinene), organosulfurs (allicin,
isothiocyanates), phenolic acids (caffeic acid, gallic acid), carotenoids (beta-carotene, lycopene).
Notes: They are not requlated as feed additives themselves but fall under broader regulations for
food/feed safety and health claims.

Botanicals: A broad term for entire or processed parts of a plants or manufacture products used in various
applications, typically medicinal or cosmetics. Examples: herbal extracts and infusions, essential oils (e.q.,
oregano, thyme, peppermint, eucalyptus), spices (e.g., turmeric, ginger, peppers), plant-based powders
(e.q., seaweed, alfalfa), blends. Notes: When used as feed additives, botanicals fall under specific
requlations.

Phytogenics: Plant-derived feed additives used to promote animal health and performance.
Examples: herbs (green tea, chamomile, ginko, dandelion and marigold), botanicals, essential oils
and their components (e.g., oregano, thyme, cinnamon, thymol, carvacrol, cinnamaldehyde), and
oleoresins (different from essential oils, volatile + non-volatile compounds, pigments, waxes,
carotenoids, phenolics, etc. eg black pepper, cinnamon, ginger, capsicum oleoresins). Notes:
Phytogenics is used in the literature but does not correspond to a category as zootechnical feed
additives in the EU legislation.

Phytobiotics: Often used interchangeably with phytogenics, recently favored to emphasized claims
on gut microbiota modulation and gut health promotion.

Plant materials: A general term encompassing various forms of plant-based products used in
animal nutrition and health. Examples: All the above (phytochemicals, botanicals, phytogenics,
phytobiotics), as well as other plant-based ingredients like grains, legumes, and oilseeds with
functional properties. Notes: This is the most inclusive term and covers a wide range of products
subject to various requlations depending on their specific category and intended use.
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1.2 PIG POSTWEANING DIARRHEA AND BROILER NECROTIC ENTERITIS:
ETIOLOGY, PATHOPHYSIOLOGY AND CONTROL

1.2.1 Pig Postweaning Diarrhea

Pig PWD affects piglets within the first two weeks after weaning and manifest as profuse
diarrhea, dehydration, and weight loss (Fairbrother et al., 2005). It is a substantial cause of
morbidity and mortality in young pigs, resulting in economic loss due to the cost of treatment,
impaired growth, and animal losses (Rhouma et al., 2017b). Weaned piglets face challenges
such as litter separation, environmental and dietary changes, and the establishment of new
social hierarchies (Edwards et al.,, 2020). These stressors often result in reduced feed intake,
depression, and lethargy, which may coincide with or contribute to the development of gut
dysfunction and PWD (Gresse et al., 2017).

The characteristics of qgut dysfunction during PWD in piglets have been
extensively reviewed in the studies of Lallés et al. (2004) and Heo et al, (2013). This
dysfunction is characterized by villus atrophy, depressed enzyme activity, impaired
digestion, reduced absorption, local inflammation, mucosal disorders, oxidative stress, and
increased permeability. Although PWD is recognized as a multifactorial phenomenon, the
primary etiological agent is an ETEC infection (Francis, 2002). However, other infectious
agents such as Salmonella, Rotavirus, and Lawsonia intracellularis may also contribute to
its development (Eriksen et al., 2023).

Gut dysbiosis (Gresse et al., 2017) and nutrition (Gao et al., 2019a) have also been linked
to development of PWD. During PWD, a significant reduction in bacterial diversity occurs,
characterized by a decrease in Lactobacillus species and an increase in Proteobacteria (Gresse
et al., 2017). This gut dysbiosis, along with the gut dysfunction, are believed to be central to the
pathogenesis of the condition. Moreover, the protein type and content of the feed are thought
to influence the development of PWD (Rist et al., 2013, Gao et al., 2019a). Due to insufficient
digestion or absorption, excessive protein reaching the large intestine can promote the growth
of pathogenic bacteria and the formation of potentially toxic fermentation byproducts (e.g.
branched-chain fatty acids and biogenic amines) (Rist et al., 2013, Gao et al., 2019q).

Furthermore, the age of the pig at weaning has also been highlighted as a factor
influencing the development of PWD (Serensen et al., 2009). The gastrointestinal digestive
capacity is connected to the age of the pig (Pluske et al., 2018). The stomach plays a crucial role
as the first line of defense against potential pathogenic infections. Thus, high pH and reduced
stomach emptying in piglets after weaning have also been linked to pathogen proliferation and
PWD (Heo et al., 2013).

The interplay between the pigq, its diet, and gut microbiota is crucial for understanding
PWD. However, our current knowledge is evolving, particularly in refining causal relationships
and mechanistic insights of disease onset (Bailey and Stokes, 2022).

Enterotoxigenic Escherichia coli

E. coli are facultative anaerobes and usual inhabitants of the pig gut microbiome (O’Neill
et al, 2023). However, some strains of £ coli have evolutionarily acquired a set of virulence
factors (e.g., adhesins, enterotoxins), which expression is associated with pathogenicity
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(Escobar-Paramo et al., 2004). While there are various enteric £. colipathotypes that affect both
humans and animals (Pakbin et al.,, 2021), the enterotoxigenic is the one primarily associated
with PWD in pigs. During PWD, infection occurs by ingestion of ETEC that colonizes and
proliferates in the small intestine followed by bacterial attachment to receptors on enterocytes
by specific adhesins (Francis, 2002).

In pigs, ETEC isolates produce any of five different fimbriae: K88 (F4), K99 (F5), 987P (Fé),
F41 (F7) and F18 (Francis, 2002). The fimbrial types F18 and F4 are commonly associated with
PWD (Nguyen et al., 2017). Genetic markers, such as single nucleotide polymorphisms on genes
like MUC4, MUC13, and FUTT, have been linked to ETEC resistance or susceptibility, though
individual response variability remains (Luise et al., 2019b). Among the toxins produced by ETEC
strains are heat labile enterotoxin (LT), heat stable enterotoxin type A (STa), heat stable
enterotoxin type B (STb), Shiga toxin type 2e (Stx2e), and enteroaggreqgative £. coliheat-stable
enterotoxin 1 (EAST1) (Francis, 2002).

The pathogenesis is complex and still being elucidated (Joffré et al., 2023). Nevertheless,
some aspects of the disease pathogenesis have been demonstrated to play a role for disease
onset (Figure 1.1). Firstly, ETEC is ingested and needs to survive gastric digestion to reach the
small intestine (Fairbrother et al, 2005). Under suitable conditions, ETEC colonizes and
proliferates in the small intestinal mucosa. The degree of ETEC colonization determines whether
the infection results in disease (Fairbrother et al., 2005). Diarrhea is ultimately induced by
enterotoxins produced by the colonizing ETEC (Luppi et al., 2016). Specifically, the release of
heat-stable and heat-labile enterotoxins activate cyclic nucleotide production (STs increase
cyclic guanosine monophosphate; cGMP, while LT increase cyclic adenosine monophosphate;
cAMP), which alter enterocytes function causing a net efflux of water and electrolytes into the
intestinal lumen (Fairbrother et al., 2005, Pakbin et al,, 2021). Furthermore, enterotoxins can
downregulate the expression of thigh junction proteins and alter immune responses (Pakbin et
al,, 2021). Recent research shows that ETEC can sense various environmental stimuli in the host
and modulate the expression of its virulence genes to cause infection (Joffré et al., 2023).

(3) Colonization and
release of toxins

(4) Increased gut permeability

(2) Attachment of ETEC to (water and electrolytes

receptors using fimbriae

/ into intestine) Reduced
\ i W performance
i . g

: Increased
5. Diarrhea——— mortality

(1) Ingestion
of ETEC

Reduced
Small intestinal epithelial cells productivity

“4mi®_ =ETEC with fimbriae
=Toxin

Figure 1.1 Summary of the pathogenesis of postweaning diarrhea caused by enterotoxigenic
Escherichia coli (ETEC).(1) Pigs ingest ETEC, which survives gastric digestion (2) Once in the small
intestine, ETEC expresses fimbrial adhesins to adhere to epithelial cell receptors. (3) After establishment,
ETEC produces enterotoxins. (4) Enterotoxins cause water and electrolyte loss into the intestinal lumen,
increasing gut permeability. (5) Diarrhea ensues leading to poor performance, reduced productivity, and
increased mortality. Extracted from: Kim et al. (2022) (CC BY 4.0).

6 Chapter 1: BACKGROUND



http://creativecommons.org/licenses/by/4.0/

The prevalence of AMR-associated resistance genes in ETEC has been a longstanding and
evolving issue worldwide, with a notable increase in multidrug-resistant (MDR) strains over the
past decades (Barros et al, 2023). Continuous use of antimicrobials may lead to the
development of pan-resistance, including resistance to vital drugs like fluoroquinolones and
cephalosporins (Barros et al, 2023). High rates of AMR against aminoglycosides,
sulfamethoxazole, tetracycline, trimethoprim, and ampicillin have been detected in Danish
isolates (Garcia et al., 2020). It has been suggested that plasmids encoding virulent enterotoxins
and those associated with antibiotic resistance are commonly transferred together (Barros et al.,
2023).

Traditional Control Measures: Postweaning Diarrhea

Control and prevention strategies for PWD focus on achieving a direct antibacterial effect
against ETEC, improved animal robustness, and neutralizing enterotoxins. Antibiotics® and
pharmacological levels of zinc oxide have been used to control PWD and improve performance
in conventionally raised piglets. Cromwell (2013) provided an overview of the effects of in-feed
antibiotics with data collected in the US between 1960 and 1982. Pigs receiving antibiotics had
an improvement in weight gain of 28% in clean facilities and up to 55% under unclean settings
(Cromwell, 2013). Furthermore, the mortality rates could be reduced from ~16% to 3% when
incorporating in-feed antibiotics (Cromwell, 2013).

The degree of impact of in-feed antibiotics varies according to the challenges presented
to the animals, but the improvements in growth performance and reduced mortality are widely
acknowledged. Yet, the exact mechanism of action is still not completely understood. It has
been suggested that in-feed antibiotics inhibit the growth of the gqut microbiota, thereby
reducing competition for nutrients utilization with the host and reducing the maintenance costs
of the gastrointestinal system (Gaskins et al., 2002). Furthermore, inhibition of subclinical
infections, reduction of detrimental microbial metabolites concentration (e.qg., ammonia or bile
conjugates), and enhanced uptake of nutrients due to a histologically thinner gut have been
observed in antibiotics-treated animals (Brissow, 2015).

Supra-nutritional” supplementation of ZnO ranging from 1000 to 3000 mg/kg in weaner
diets have resulted in reduced diarrhea and increased postweaning growth and intake (Sales,
2013). These links were discovered in the late 1980 and since then, it became another
generalized practice in the industry and an effective alternative to in-feed antimicrobials®
(Patience and Ramirez, 2022). The mechanisms are also still elusive, but it has been suggested
that similar to subtherapeutic doses of antibiotics, a reduction in selected bacterial populations
(Lactobacillus in particular) accompanied by the consequential reduction in fermentation of
nutrients provide the piglet with more available nutrients for absorption (Hejberg et al., 2005).
Immunomodulation and improvement in oxidative status has been suggested as well as a mode
of action of ZnO (Bonetti et al.,, 2021). The timing is another factor for the effectiveness in both
strateqgies as the evidence indicates that extended use of both antibiotics or ZnO are either
ineffective or even detrimental (Patience and Ramirez, 2022).

3 An important distinction should be made between antibiotic treatment and in-feed antibiotic usage. In-
feed antibiotic usage, a practice still prevalent in several parts of the world, involves incorporating
subtherapeutic dosages of antibiotics into animal feed. The praxis has been banned in the EU since 2006.
4 Also known as pharmacological or medical doses of ZnO.

5In the EU, the use of zinc oxide increased significantly after antibiotic use was restricted.
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The associations between in-feed antibiotics and ZnO with antimicrobial resistance and
environmental pollution have been widely recognized® (Holmes et al., 2016, EMA and EFSA,
2017). The use of antibiotics in livestock systems has diminished, in part thanks to prohibitions.
So far, the use of supra-nutritional ZnO has been banned in the European Union since 2022
(Patience and Ramirez, 2022). Data’ from 2021 to 2022 revealed a 7.6% increase in antibiotic
use in weaners (Figure 1.2), largely attributable to increased neomycin consumption. Notably,
this rise occurred concurrently with the EU-wide ban on medical zinc oxide in pigs, implemented
in June 2022 (Duarte et al.,, 2023a).
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Figure 1.2 Increase in neomycin usage and resistance in weaners after the EU zinc oxide ban.(A)
Antimicrobial usage by weaned pigs in Denmark (2013-2022). (B) Prevalence of neomycin-resistance
among porcine clinical £ coliisolates in Denmark (2017-2022). Adapted from: Duarte et al. (2023q).

1.2.2 Avian Necrotic Enteritis in Broiler Chickens

In broiler chickens, ANE commonly occurs around 2 to 6 weeks of age in either clinical
(acute) or subclinical (chronic) forms (Emami and Dalloul, 2021). Ruffled feathers, depression,
diarrheq, huddling, anorexiq, sternal recumbency, and sudden flock mortality are symptoms of
severe clinical forms, accompanied by necrosis of the mucosal lining (To et al., 2017). Poor
growth performance due to impaired digestive function characterizes the subclinical form of
disease, causing the greatest economic impact in poultry production (Van Immerseel et al,,
2009, Abd El-Hack et al., 2022). Also recognized as a multifactorial disease, the main etiological
agent behind ANE is an infection by a pathogenic Clostridium perfringens. Nonetheless,
predisposing factors (e.q., Eimeria infection, antimicrobial withdrawal, stress, and diet among
others) must be present to allow the pathogenic C. perfringens to induce disease (Yang et al.,
2019a).

Clostridium perfringens Type G (netB+)

C. perfringensis a Gram-positive anaerobic spore-forming bacterium, common inhabitant
of poultry systems and the chicken’s gut (Immerseel et al.,, 2004). The C. perfringensisolates are

% In the case of ZnO the connection with antimicrobial resistance is still under scrutiny, reasons for banning in
the EU were mostly related to accumulation of Zn yielding environmental toxicity.

7 1In 1995, Denmark established DANMAP, the first systematic and continuous program to monitor
antimicrobial drug usage and resistance.
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classified following recently updated toxinotypes. Thus, C. perfringenstyping A to G is assigned
depending on their ability to produce one or combinations of the toxins: a-toxin, B-toxin, e-toxin,
\-toxin, C. perfringens enterotoxin (cpe) or necrotic enteritis beta-like (NetB) toxin. The type G
strains, producing a-toxin and NetB toxin but not B-toxin, e-toxin, or -toxin, are primarily
responsible for causing host-specific ANE in chickens (Rood et al., 2018).

Diseased birds display increased intestinal counts of C. perfringens (10%-107 cfu/q), yet,
pathogenesis crucially involves the NetB toxin (Dahiya et al., 2006, Timbermont et al., 2010).
Barbara et al. (2008) reported the displacement of commensal C. perfringens by netB+ isolates
during disease onset thanks to the secretion of bacteriocins. Further, research has shown that
horizontal transfer of NetB toxin-encoding plasmids into commensal strains can also induce
disease (Lacey et al., 2017). Indeed, NetB toxin has been proven essential for the experimental
reproduction of the disease (Pedersen et al., 2008). Field data, however, presents a complex
picture, i.e., netB+ isolates are found in both affected and healthy chickens (albeit less
commonly), netB+ C. perfringens is not always present in confirmed cases, and netB- isolates
also occur during the disease (Lee and Lillehoj, 2021).

It has been suggested that the ability of pathogenic C. perfringensto thrive in the chicken's
intestine is closely linked to the intestinal events and nutritional dynamics to which the chickens
are exposed (Figure 1.3) (Moran, 2014, M'Sadeq et al., 2015) . Eimeria infections are linked to
ANE, the intestinal damage caused by coccidia is a key predisposing factor (M'Sadeq et al.,
2015, Gharib-Naseri et al., 2019), as it enables the overgrowth of C. perfringens type G. During
an Eimeria infection, intestinal damage causes proteins to leak into the intestinal lumen,
providing a nutrient-rich substrate that fosters C. perfringens proliferation and toxin production
(Van Immerseel et al., 2009). Excessive enteric mucogenic activity during coccidiosis is also
favorable for C. perfringens overgrowth (Abd El-Hack et al., 2022).
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Figure reproduced for thesis use with permission from Avian Pathology, 2016. Via Copyright Clearance Center. © Taylor & Francis.

Figure 1.3 Summary of factors involved in the development of necrotic enteritis in chickens.
Abbreviations: CIA (Chicken Infectious Anemia), Cp (Clostridium perfringens), IBD (Infectious Bursal
Disease), MD (Marek's Disease), NSPs (Non-Starch Polysaccharides). Extracted from Moore, 2016.
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The use of rye, oats, barley, and wheat-based diets has been shown to be predisposing for
development of ANE (Annett et al., 2002). These grains have prominent levels of soluble non-
starch polysaccharides (NSP), which increase the viscosity of the digesta. A higher increase in
viscosity increases transit time and mucin production, both factors contributing to C. perfringens
proliferation (Shojadoost et al., 2012, Moore, 2016). Increased water consumption resulting from
non-starch polysaccharide (NSP) intake, and the subsequent development of wet litter, has
been shown to promote environmental C. perfringens sporulation, leading to disease outbreaks
in the field (Moore, 2016).

Diets high in ingredients of animal-origin, particularly fish meal, predispose to ANE due to
the C perfringens ability to readily digest and utilize these proteins (Shimizu et al., 2002,
Shojadoost et al,, 2012). The abundance of glycine in fish meals stimulates C. perfringens
proliferation and a-toxin production (Dahiya et al., 2005). In general, high protein diets provide
a rich substrate and can increase the gastrointestinal pH, thus creating an environment
favorable for C. perfringensto thrive and induce disease (Moore, 2016).

Other factors that alter either the immune status or the gut microbiota have been shown
to influence ANE outbreaks. The presence of mycotoxins in the diet, which impair intestinal
microbiota, has also been linked to ANE development (Antonissen et al., 2015). Viral infections
such as Marek’s disease, infectious bursal disease and chicken anemia compromise the immune
status of chickens potentially also leading to ANE (Hoerr, 2010, Moore, 2016).

Traditional Control Measures: Broiler Necrotic Enteritis

Historically, the broiler industry has also relied on the use of in-feed antibiotics. The
restrictions on its use also resulted in a spike on the reports of ANE (Wierup, 2001, Williams, 2005).
Improvements in hygiene, management and nutrition have contributed to mitigating
challenges, but another player here is the use of ionophore coccidiostats (Frederiksen et al.,
2024). Given the connection of ANE with £imeria infections, the use of coccidiostats has been
an effective tool for controlling ANE.

Coccidiostats (ionophores, synthetics or combinations) are used for the control of Eimeria
infections as a prophylactic measure (Chapman et al.,, 2010). Although efforts have been made
to reduce their use in broiler feed, their utilization remains widespread (Mesa-Pineda et al., 2021).
In general, in the absence of conventional antibiotic growth promoters, broilers perform well
under good hygienic conditions when fed an ionophore (Williams, 2005). Although coccidiostats
are highly effective against coccidiosis, their efficacy against ANE is variable, being reduced
especially under poor hygiene, husbandry and nutrition (Chapman et al.,, 2010).

Coccidiostats provide protection against ANE through a similar mode of action to that
proposed for conventional in-feed antibiotics, i.e., by reducing the population of gram-positive
bacteria, allowing for increased nutrient availability for absorption. However, controversy exists
regarding the use of ionophores coccidiostats, which are indeed a class of antibiotics, not
necessarily relevant for human medicine, but that may also contribute to development of
antimicrobial resistance (Frederiksen et al, 2024). Currently, coccidiostats are generally
approved for use in broiler feed, notwithstanding some industries participate on voluntary
antibiotic-free schemes (Mesa-Pineda et al., 2021).
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1.2.3 Postweaning Diarrhea and Necrotic Enteritis in Organic Systems

Organic farming systems face challenges with PWD and ANE, which are exacerbated by
restrictions inherent to organic requlations. For example, PWD remains the primary
gastrointestinal disorder affecting pigs in these systems, despite older weaning ages typically
employed in organic farming (Leeb et al., 2014). Additionally, the use of ionophore coccidiostats
is restricted in organic broiler systems, complicating the management of coccidiosis and ANE
(Souillard et al.,, 2019).

A significant limitation in organic systems lies in the quality of the diets, which face various
restrictions related to the use of ingredients and feed additives (Lindgren et al., 2014). Minimally
processed plant materials would therefore be preferred in organic systems for provision of
functional effects.

Conventional systems achieve optimal protein levels using high-quality, often
preprocessed protein sources that are unavailable or prohibited in organic production (Blavi et
al,, 2021). Additionally, synthetic amino acids are often added to ensure the provision of essential
amino acids without increasing the overall crude protein content— a practice not permitted
under organic standards (Blair, 2018). Consequently, in organic farming, meeting the necessary
levels of essential amino acids inevitably results in an excess of crude protein, which can
contribute to the development of PWD or ANE.

1.2.4 Nutritional Alternatives for Prevention of Enteric Diseases

Due to the shared features in disease pathogenesis of PWD and ANE, and their association
with the use of conventional antimicrobials, similar strategies have been used to find alternatives
to PWD and ANE. Alternative strategies include management procedures, breeding programs
and nutritional/dietary strategies (Patience and Ramirez, 2022). The use of nutritional or dietary
strategies to control PWD and ANE has been extensively investigated (Rist et al., 2013, M'Sadeq
et al, 2015, Diaz Carrasco et al., 2016, Morgan, 2017, Rhouma et al., 2017q, Gresse et al., 2017,
Gao et al,, 2019q, Girard and Bee, 2020, Jackman et al., 2020, Gomez-Osorio et al., 2021, Abd
El-Hack et al.,, 2022).

Preventive strategies for PWD or ANE can be developed to exert a direct antimicrobial
action against ETEC or C. perfringens (type G) or to diminish the infection by modulating the gut
microbiota or host immunity. Several of these strategies have long been studied, for example
the use of several probiotics has been assessed in multiple studies in both PWD (Barba-Vidal et
al, 2018, Wang and Gdanzle, 2019, Hansen et al., 2022) and ANE (Abd El-Hack et al., 2020,
Yaqgoob et al,, 2022). Several studies report positive outcomes, but the responses are often
inconsistent (Patience and Ramirez, 2022) and largely dependent on the initial sanitary
conditions. A summary of the most frequently investigated strategies is presented in Figure 1.4.

Because of the inconsistency and inefficacy of several strategies, authors argue that
combining strategies may be a better approach for replacing antibiotics in monogastrics (Fan
and Archbold, 2015). However, the possibility of interactions, including synergies and
antagonism, warrants detailed knowledge of their modes of action.
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Figure 1.4 Proposed modes of action of various strategies to prevent piglet post-weaning diarrhea and
chicken necrotic enteritis. *Apply only to piglets. Based on Canibe et al. (2022) and Abd El-Hack et al.

(2022).

1.3 ANTIBACTERIAL PLANTS AND THEIR COMBINATION TO TARGET
GASTROINTESTINAL PATHOGENS

Plant based products functional, including botanicals, phytogenics, or phytobiotics
encompass a diverse array of botanical derivatives provided to animals for additional nutritional
benefits. According to Franz et al. (2020), phytogenic feed additives can be categorized based
on the anatomical part of the plant used, such as herbs (leaves and flowers) and spices (seeds,
fruits, bark, or roots known for their strong flavors or aromas). They can further be classified by
their extraction method (Franz et al., 2020), including essential oils (obtained through distillation
of volatile substances), oleoresins (extracted using non-aqueous solvents), and extracts/tinctures
(produced through maceration, percolation, or supercritical CO? extraction). Furthermore, plant
residues, byproducts, and waste materials from industrial processing made another category
(Franz et al., 2020).

The effectiveness of plant materials on supporting animal health is attributed to their
bioactive components. Plant materials may contain one or multiple bioactive substances
derived from one or several plant species. Therefore, their effects might stem from a single
substance or a combination of them, potentially offering a range of therapeutic benefits
(Wagner and Ulrich-Merzenich, 2009). The bioactive substances in plants come from an array
of compounds known as phytochemicals which provide the plant with protection against stress,
predation, and infection (Forgie et al., 2019). Phytochemicals, categorized by Rossi et al. (2020)
into phenolics (e.g., apigenin, quercetin, curcumin, resveratrol), organosulfurs (e.q., allicin),
terpenes (e.g., eugenol, thymol, carvacrol, artemisinin, capsaicin), and aldehydes (e.q.,
cinnamaldehyde, vanillin), have received significant attention in animal nutrition and health.
Furthermore, the properties of plant phytochemicals impart colors, smells, and flavors, as well as
dictate bioactivities and bioavailability within the GIT (Kemperman et al., 2010, Forgie et al,
2019).

Several phytochemicals have antibacterial activity, making them an attractive alternative
to conventional antimicrobials for controling PWD and ANE. Although the antibacterial
properties of several plant materials are well established in vitro, translating these effects to in
vivo conditions remains a challenge (Wenk, 2001). This gap highlights the importance of the
substantial body of research dedicated to investigating the antibacterial effects of plant
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materials or phytochemicals in piglets and chickens (Windisch et al., 2008, Franz et al., 2010,
Lillehoj et al., 2018, Huang et al., 2018, Abdelli et al., 2021).

The combination of different plants and phytochemicals introduces complexity, as
interactions among individual components within the plants or mixtures can influence the
overall effect (Wagner and Ulrich-Merzenich, 2009, Canibe et al., 2022). On the other hand, it
also provides major benefits when successful. Combination strategies that result in synergistic
interaction can lower the inclusion of individual components due to their combined efficacy,
reduce the risk of developing antibacterial resistance, and restore lost antimicrobial activity
(Cheesman et al.,, 2017).

1.3.1 Plant Natural Products Targeting Enterotoxigenic Escherichia coli

Garlic

Garlic (Allium sativum), originally from central Asia and now globally cultivated, has been
revered for millennia across various cultures for its culinary and medicinal properties (Rivlin,
2001). Garlic preparations have been used for treating leprosy, asthma, typhus, dysentery,
cholera, influenza, and other infectious diseases in humans (Zhang et al., 2020, Sunanta et al,,
2023). Furthermore, it is used in domestic animals as antimicrobial, antiparasitic and growth
promoter (Chen et al., 2021).

The medicinal uses of qgarlic preparations are associated with antioxidant,
hepatoprotective, anti-inflammatory, cardioprotective, anticancer, antidiabetic and
antimicrobial activities (Tudu et al., 2022). Several of these properties have been attributed to
phytochemicals, most of which are organosulfur compounds (Figure 1.5), from that ~ 80%
corresponds to carbohydrates (mostly fructans), ~5.7% protein, ~3.4 % free amino acids (mainly
arginine), ~2.3% organosulfur compounds, and ~1.5 % fiber, fatty acids, phenols and trace
minerals (Zhang et al.,, 2020). Sulfur containing compounds give garlic not only its distinct
organoleptic qualities, but also biofunctional properties (Martins et al., 2016). Garlic bulbs are
also a source of vitamins (e.g., B complex and C), antioxidants, flavonoids, and minerals (e.g., P,
K, and Se) (Lanzotti et al., 2014).

Garlic (Allium sativum)
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Figure 1.5 Major chemical components of garlic bulbs. Extracted from: (Zhang et al., 2020) (CC BY-NC-
ND 4.0 DEED)
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Garlic bulbs contain flavonoids, saponins, sapogenins, phenolic compounds, nitrogen
oxides, amides (Martins et al., 2016). The bioactive molecules profile is largely dependent on
preharvest (genotype, cultivation, cropping) and postharvest conditions (processing, storage,
treatments), as reviewed by Martins et al. (2016) and Sunanta et al. (2023).

The main organosulfur compounds in intact garlic are y-glutamyl-S-alk(en)yl-L-cysteines
and S-alk(en)yl-L-cysteine sulfoxides (Figure 1.6). In the latter group, S-allyl-L-cysteine sulfoxide
(alliin), S-(trans-1-propenyl)- L-cysteine sulfoxide (isoalliin), and S-methyl-L- cysteine sulfoxide
(methiin), and S-allyl cysteine (Bhatwalkar et al, 2021) are found. The most prominent
organosulfur compound associated with garlic is allicin (diallyl thiosulfinate®, CsH100S,), though
no allicin can be found in garlic bulbs. Instead, allicin is produced from alliin by the enzyme
allinase upon crushing of plant cells (Reiter et al., 2020). In undamaged garlic tissues, alliin and
allinase are located in the cytoplasm and vacuole, respectively (Martins et al., 2016). When
garlic cloves are crushed, the rapid transformation of alliin into allicin and other allyl
thiosulfinates is triggered (Lawson and Gardner, 2005). In garlic powder preparations, exposure
of the powder to water initiates this transformation, but only if allinase is not damaged (Lawson
and Hunsaker, 2018). Once formed, allicin undergoes conversion to secondary compounds,
which is influenced by the temperature and pH (Salehi et al,, 2019).

The bioactive molecules profile of garlic is largely dependent on preharvest (genotype,
cultivation, cropping) and postharvest conditions (processing, storage, treatments), as review by
Martins et al. (2016) and Sunanta et al. (2023). Genotype and growing conditions affect the
organosulfur, phenolic content, flavonoids, proximal composition and alliinase content (Hirata
etal, 2016, Wu et al., 2016, Petropoulos et al,, 2018, Phan et al., 2019, Choi et al., 2020b). Sulfur
application during cultivation particularly enhances organosulfur content and overall garlic
quality (Martins et al.,, 2016). Therefore, sulfur fertilization increases allin and other sulfur-
containing metabolites like cysteine, cysteine sulfoxides, glutathione, and glucosinolates
(Martins et al,, 2016).

The chemical composition of garlic is subject to alteration by various post-harvest
processing techniques, selected based on the intended use and desired properties of the final
product. These techniques include, but are not limited to, drying, freeze-drying, blanching,
roasting, frying, high-pressure processing, chemical treatment, and irradiation (Martins et al.,
2016, Sunanta et al.,, 2023). Notably, processing parameters such as temperature, pH, and
duration play a crucial role in determining the final chemical profile. For example, different
drying processes have been reported to decrease the allicin (13% - 23%) and phenolic (45 -
57%) content compared to the fresh garlic (Sunanta et al.,, 2023). A known factor affecting the
potential formation of allicin in garlic products is the denaturation of alliinase. Denaturation
allinase begins at 42 °C, achieving inactivation at 60 °C (direct exposure); however, a cycling
drying regime from 40 to 60 °C has shown to preserved 91% allicin forming potential (Méndez
Lagunas and Castaigne, 2008). Interestingly, storing temperature of 5 °C has shown to increase
the amount of alliin, methiin and isoalliin up to 30%, which has been attributed to the
transformation of y-glutamy! peptides into sulfoxides (Ichikawa et al., 2006).

8 PubChem CID: 65036, Allicin (162.3 g/mol) also known as allimin, allylthiosulfinate, allylthiosulphinic acid
allyl ester, diallyl disulfide-oxide, thio-2-propene-1-sulfinic acid S-allyl ester.
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Figure 1.6 Organosulfur compounds of garlic: (A) Major organosulfur compounds in garlic cloves. (B)
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etal. (2021) (CC BY 4.0).
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Extraction procedures result in concentration of active compounds with different
techniques resulting in different chemical profiles (Figure 1.7). Freeze-drying fresh garlic cloves
preserves its chemical composition; while low-temperature drying forms allicin and allyl sulfides
(Staba et al., 2001). Steam distillation produces allyl sulfides; and maceration in oil creates
products with vinyldithins, allyl sulfides, and ajoene (Staba et al., 2001). Hydroalcoholic short
extraction yields tinctures with variable stability; and long maceration in ethanol converts allicin
to various allyl sulfides, including S-allylcysteine (Staba et al., 2001).

Fresh garlic extract, garlic powder, and garlic paste undergo minimal processing, keeping
most of garlic's natural compounds. Thus, the variability in the composition of these products is
higher than in other processed products (Lawson and Hunsaker, 2018). Aqueous, ethanolic, and
methanolic garlic extracts focus on extracting allicin, with ethanolic extraction yielding a higher
allicin concentration (Bhatwalkar et al., 2021). Garlic oil has greater stability and contains mainly
diallyl disulfide (DADS) and diallyl trisulfide (DATS) (Ross et al., 2001). Phytochemicals such as Z-
10-devinylajoene, iso-E-10-devinylajoene, diallyl sulfide (DAS), DADS, DATS, and mixtures of
diallyl sulfides can be concentrated and isolated through various extraction techniques (Bar et
al,, 2022).

Powders

Processes
{ Crude or fresh garlic extract

‘ Minimal processing, retains most natural compounds

Freeze-drying

Garlic powder
S Some allicin formation, rich in allyl sulfides, retains many attributes of fresh garlic
Low Temperature Drying

Garlic paste
Similar to fresh garlic, retains natural compounds

Extracts

Distillation —m—M™™MM™M@M@M@8 ——M Garlic oil
Contains allyl sulfides, vinyldithins, and ajoene

[

Maceration in Qil ‘ Ajoene
’Contains vinyldithins and allyl sulfides

Aqueous garlic extract
— Variable stability of constituents, referred to as tincture

Hydroalcoholic Short Extraction

e Methanolic garlic extract

Contains various thiosulfinates, stability may vary

| Ethanolic garlic extract
| Higher concentration of allicin, contains allyl sulfides and S-allylcysteine

# Diallyl Sulfide (DAS)

Hydroalcoholic Long Maceration Diallyl Disulfide (DADS)

Diallyl Trisulfide (DATS)

=|J Mixture of Diallyl Sulfides (DASS)

Figure 1.7 Summary of main methods for production of different garlic products. The different techniques
used for extraction of garlic bulbs yield different products, resulting in varied physicochemical properties.
Based on: Staba et al., 2001, Ross et al.,, 2001, Lawson and Hunsaker, 2018, Bhatwalkar et al., 2021.
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Antibacterial Properties

The main antibacterial agent in garlic was first described in 1944, isolated as diallyl
thiosulfinate (C¢H1008S2), and named allicin (Cavallito and Bailey, 1944a). Cavallito and Bailey
described allicin as more bacteriostatic than bactericidal and about equally effective against
gram-positive and gram-negative bacteria. Since then, several studies have reported the
effectiveness of allicin against different bacteria, fungi, oomycetes, protozoa and virus (Reiter et
al, 2017, Rouf et al., 2020). Interestingly, even though the allicin content is a good predictor of
antimicrobial activity and its absence renders inactivity (Cafizares et al., 2004b, Borlinghaus et
al,, 2014), garlic extract is often a more effective antibacterial than pure allicin (Fujisawa et al.,
2009). This suggests that other components in the garlic extract may synergize with allicin,
enhancing its antibacterial efficacy. Cafizares et al. (2004a) observed for example a synergistic
interaction between allicin and allyl-methyl thiosulfinate against Helicobacter pyior.

Allicin receives most attention, but other organosulfur compounds in garlic have also been
found to possess antibacterial properties. These molecules include ajoene (Naganawa et al.,
1996), S-allylcysteine, diallyl sulfide (DAS), diallyl disulfide (DADS), diallyl trisulfide (DATS), and
mixtures of diallyl sulfides (Bhatwalkar et al., 2021) (Figure 1.6). Yet, despite their antimicrobial
properties, none of these compounds appear to be as effective an antibacterial agent as allicin
(Borlinghaus et al., 2014). The relative effectiveness of dallicin is comparable to conventional
antibiotics (e.q., penicillin, ampicillin, annamycin, colistin), but allicin is considered to be effective
against a broader spectrum of microorganisms than most antibiotics (Borlinghaus et al., 2014).
Furthermore, allicin has a broad spectrum of cellular targets compared to antibiotics, thus
making the development of resistance less likely (Muller et al., 2016, Ankri and Mirelman, 1999).
However, the challenges associated with securing patents for natural antimicrobial compounds
may have prevented the advancement of allicin into pharmaceutical products, as clinical
efficacy trials require significant investments (Ankri and Mirelman, 1999).

Antibacterial Activity Against Escherichia coli

Garlic products and various garlic-derived organosulfurs have demonstrated significant
antibacterial activity against different strains of £ coli (Bhatwalkar et al., 2021). Garlic powders,
fresh garlic extract, and garlic paste are effective against commensal and pathogenic enteric
bacteria, including the £ coliO157:H7 strain (Bhatwalkar et al,, 2021). Additionally, fresh garlic
extract exhibited antibacterial activity against MDR £. col/isolates from clinical and food samples
both in vitro (Bhatwalkar et al., 2019) and in vivo assays (Farrag et al., 2019). Aqueous garlic
extract has also shown inhibitory effects on ETEC in vitro (Arora and Kaur, 1999, El Astal, 2004).
Similarly, garlic oil has been found effective against £ colj, as well as other pathogens in disk
diffusion assays (Casella et al., 2013). However, Kim et al., 2004 found no inhibition of garlic oil
against an £ coli B34 strain, which they attributed to the low solubility of the garlic oil in their
assay. Furthermore, allicin itself has shown in vitro efficacy against £ co/i in multiple instances
(Mdller et al., 2016, Marchese et al., 2016). The organosulfur compounds in garlic: DAS, DADS,
and DATS, also exhibit in vitro antibacterial activity against £ co/iO157:H7 (Yin and Cheng, 2003,
Fengetal, 2014).

Antibacterial Activity of Garlic Components- Mode of Action

The main mechanism behind the antibacterial effect of most garlic products is suggested
to be related to reactive sulfur species, primarily attributed to the characteristics of allicin (Figure
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1.8). Allicin reacts readily with free thiols (-SH), targeting a wide range of cellular proteins and
enzymes (Reiter et al,, 2020). The thiol reactivity of allicin has been investigated since its
discovery in the 1940s. Cavallito and colleagues described the reactivity of allicin to thiol groups
and proved it by inactivation with cysteine (Cavallito and Bailey, 1944b, Borlinghaus et al.,
2014). Thus, allicin disrupts cellular processes by binding to thiol groups on proteins.

The mode of action of allicin is known to be complex and multitarget. One molecule of
allicin can potentially bind two thiol groups altering the structure and functionality of proteins
(Borlinghaus et al., 2021). For example, allicin reacts with free thiols of glutathione (GSH),
oxidizing GSH to S-allyl-mercapto-glutathione, which diminishes the cellular GSH pool and
leads to intracellular oxidative stress (Muller et al., 2016). Furthermore, allicin interacts with crucial
enzymes like succinic dehydrogenase, hexokinase, ribosomal proteins, DNA maintenance
proteins and others, altering their functionality (Reiter et al., 2020, Borlinghaus et al., 2021). Thus,
the action of allicin is mostly intracellular and most enzymes with available thiol groups are
susceptible (Borlinghaus et al., 2014). Moreover, some enzymes not containing thiol groups have
been also shown to be susceptible, but the mechanism of inactivation is unknown (Borlinghaus
etal, 2014).

Nucleic acids and proteins synthesis processes have also been shown to be impaired by
allicin exposure in Salmonella (Feldberg et al., 1988). Furthermore, allicin easily penetrates cell
membranes and increases their porosity (Gruhlke et al.,, 2015, Miron et al., 2000). This facilitates
the enhanced activity of conventional antibiotics when combined with allicin, resulting in a
synergistic action (Gruhlke et al., 2015, Miron et al., 2000). Thus, allicin’s effective inhibition of
vital cellular enzymes, combined with its ability to enhance membrane permeability, underlines
its significant impact on bacterial cell viability.

Allicin triggers complex cellular responses in bacteria to combat oxidative stress and
damage. Key responses include the activation of heat shock proteins, antioxidant defenses, and
metal stress responses, which help mitigate protein and DNA damage (Borlinghaus et al., 2014).
Central to these defenses are redox buffer systems like GSH in Gram-negative bacteria and
bacillithiol (BSH) in Gram-positive bacteria, crucial for maintaining redox homeostasis (Muller et
al, 2016). Genes involved in DNA repair, protein folding, and antioxidant defense are
upregulated, ensuring the repair of damaged cellular components (Reiter et al., 2020). Specific
requlons, such as OxyR in £ coli; coordinate these responses requlating genes essential for
oxidative stress resistance (Gruhlke et al., 2015).

The antibacterial mechanisms of other organosulfurs in garlic are less studied, but some
mirror those of allicin, while others uniquely affect cell membranes. Organosulfides (e.g. DAS,
DADS, DATS) also react with free thiol groups of proteins. However, lacking the sulfur bound
oxygen make them potentially less reactive than allicin (Ross et al., 2001). Like allicin, the activity
of garlic oil rich in organosulfides is diminished when treated with cysteine (Ross et al., 2001).
Feng et al. (2014) reported an increasing antibacterial action of the diallyl sulfides according to
the number of sulfur atoms (i.e., DAS < DADS < DATS). On the other hand, other compounds, like
ajoene and DAS, display specific activities that disrupt cell membranes (Lu et al,, 2011, Feng et
al,, 2014). These variations can be attributed to differences in molecular structure and reactivity,
which influence how each compound interacts with bacterial cells.
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Figure 1.8 Summary of the effects of allicin on bacterial cells. The bacteria are: Ec = £ co/iK12, Sa = S.
aureus USA300, Bs = Bacillus subtilis strain 168, Pa = Pseudomonas aeruginosa PAOT, 01 = P. fluorescens
01, AR1 = P. fluorescens AR1. Abbreviations are: Trx = thioredoxin; AhpD = alkylhydroperoxidase D; DsbA
= disulfide bond protein A; GSH = glutathione; GSSG = glutathione disulfide; GSSA = S-
allylmercaptoglutathione; BSH = bacillithiol; BSSB = bacillithiol disulfide; GOR = glutathione disulfide
reductase; GyrA = DNA gyrase subunit A. The heat and oxidative stress regulons induced under allicin
stress in different bacteria are indicated, that are either requlated by S-thioallylation of the redox-sensitive
reqgulators (YodB, OhrR, HypR, CatR) or by other mechanisms, such as increased oxidatively
damaged proteins (e.qg., RpoH, HrcA, CtsR). Extracted from: Borlinghaus et al. (2021) (CC BY 4.0 DEED)

Garlic Products Against Pig Postweaning Diarrhea

Garlic products show promising effects on pig health and performance, particularly
improving growth metrics (Ayrle et al,, 2016, Chen et al., 2021) (Table 1.1). However, studies
directly investigating their impact under experimental £ coliinfection conditions remain limited.
Garlic botanical (steamed distilled oil, 40% propy! thiosulfonates; 10 ppm feed) significantly
reduced diarrhea scores, white blood cell counts, and inflammation markers in pigs
experimentally infected ETEC F-18, while increasing ileal villi height (Liu et al., 2013). Fermented
garlic powder improved ADG and immune responses in pigs challenged with £ col/
lipopolysaccharide, with a notable reduction in fecal £ colicounts (Wang et al., 2011).

In non-challenge studies, fermented garlic powder (Yan and Kim, 2013), purple garlic
powder (Rivera-Gomis et al., 2020), and garlic powder (Thuy and Ha, 2023) were found to
improve average daily gain, feed conversion ratio, and nutrient digestibility, while significantly

Chapter 1: BACKGROUND 19


https://creativecommons.org/licenses/by/4.0/

|
Multicomponent antibacterial plant cocktail for better health in piglets and broilers
PhD Thesis

reducing diarrhea incidence and fecal £ coli concentrations in pigs. However, also in non-
challenge conditions, garlic powder (grain size 0.3-0.8 mm; 0.5% allicin; 0.3 g/kg BW/day)
improved growth performance and clinical health but did not significantly reduce the PWD
symptoms, nor fecal coliforms count (Ayrle et al.,, 2019). In a study using a water-feed deprivation
challenge, garlic-derived DADS and DATS did not improve growth but increased villus height
and ileal mucosa superoxide dismutase activity (Horn et al., 2017).

Recently, garlic oil (10 ppm feed) in combination with capsicum oleoresin was shown to
reduce diarrhea severity while improving gut morphology and modulating immune response in
weaned piglets experimentally infected with ETEC F18 (Wong et al., 2022). Furthermore, they
observed that a lower dose of the same combination was not effective. Although the study did
not assess the degree of interaction between capsicum oleoresin and garlic oil, the combination
proved beneficial. Overall, while garlic products show beneficial effects, further research is
needed to fully understand their efficacy for preventing PWD under varying conditions and

challenges.

Table 1.1 Summary of recent studies using garlic products in piglets. % : Controlled ETEC challenge studies,
LPS: £ colilipopolysaccharide. 7 / v : increased/decreased compared to untreated control.

Garlic product, inclusion Main Findings

Garlic botanical Diarrhea score \, frequency \, TNF-a \, haptoglobin y, (Liu et al,
N [ \ IS\, i illi height 2 2013
0.01 g/kg feed, % white blood cell counts \, neutrophils , ileal villi height )
Fermented garlic powder ADG 2, fecal £ colicount \, rectal temperature \ after LPS ~ (Wang et all,
2 g/kg feed, LPS challenge, improved immune response 2011)
Fermented garlic powder 0.5 g/kg: ADG 2, ADFI 7, nutrient digestibility 7, (Yan and
0.5, 1 and 2 g/kg feed 1-2g/kg: lymphocyte and RBC concentrations 2, fecal £ Kim, 2013)
colfconcentration v
Garlic powder ADG 2, FCR \, diarrhea incidence \ 7.43%, fecal £ coli (Nguyen et
counts \v al, 2017)
2 g/kq feed
Diallyl disulfide and Diallyl No differences in growth or diarrheq, villus height 2, ileal (Horn et all,,
trisulfide mucosa superoxide dismutase activity /7 2017)
3.6 mg /kg BW
(Oral gavage 6 days)
Garlic powder ADG 7, clinical score 2, did not reduce PWD incidence and  (Ayrle et al,,
0.3 g/kg BW/day severity 2019)
(top on feed daily)
Purple garlic powder 4 g/kg: ADG 7, no change in C-reactive protein and (Rivera-
4 and 20 g/kg cortisol, cupric reducing antioxidant capacity 2 Gomis et al,
2020)
Garlic oil 12% + capsicum 0.1 g/kg: diarrhea frequencyY, serum TNF-a, jejunal villi (Wong et al,
oleoresin 0.3% height 7, gene expression of IL1B, PTGS2, TNFA in ileal 2022)

0.05,0.1 g/kg feed %

mucosa v
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Apple Pomace

Apples (Malus domestica) are the primary fruit produced in the EU, with an annual output
of around 13 million tons, highlighting its significant agricultural productivity (Eurostat, 2024).
Despite a global decrease in harvested areas, the production of apples in the EU has continued
to increase, indicating improved agricultural efficiency (FAOSTAT, 2024). About 25-30% of the
weight processed from these apples becomes residue, which includes peels, cores, seeds,
calyxes, stems, and soft tissues (Lyu et al.,, 2020). This byproduct, known as apple pomace, is
valued for its high content of polyphenols, dietary fiber, and organic acids (Nayak et al., 2020,
Ezzat et al., 2022). The substantial production of apples in the EU leads to significant generation
of apple pomace, offering both challenges and opportunities for utilization.

Apple pomace holds significant potential due to its content of valuable phytochemicals,
yet its management presents considerable challenges (Bhushan et al, 2008). One major
challenge is its high moisture content, ranging from 70 to 75%, which makes the pomace bulky
and highly susceptible to rapid decomposition (Bhushan et al., 2008). This requires that any
further uses or proper disposal consider the logistics of transportation and processing. Despite
these challenges, the potential of apple pomace has been extensively explored for beneficial
uses across the animal feed, pharmaceutical, food, and nutraceutical industries (Rana et al.,
2015, Guil-Guerrero et al., 2016, Lyu et al.,, 2020, Ezzat et al., 2022).

Apple pomace contains significant nutritional and industrial potential due to its
composition (Table 1.2). Fresh apple pomace has moisture content of 70-85%, when dried for
storage or further use the moisture is reduced to 4-10% (Rana et al., 2015, Waldbauer et al.,
2017). Most of the dry mass of apple pomace consists of skin-flesh (~95%) and seeds (~2-4%),
these fractions are rich in cell wall polysaccharides and phenolic compounds (Rana et al., 2015).
In the dry apple pomace, the main component is usually dietary fiber ranging from 27-82%, but
generally around 40% (Waldbauer et al., 2017, Antonic et al., 2020a).

Based on the dietary fiber composition, approximately two-thirds correspond to insoluble
fractions (cellulose, hemicellulose, lignin), while pectin accounts for most of the soluble fiber
fractions (Skinner et al., 2018). Sugars (glucose, fructose, sucrose) content in dry apple pomace
can vary widely, accounting for approximately 20-50% depending on the composition of the
apples used, with fructose usually being relatively higher than other sugars present (Waldbauer
et al, 2017, Antonic et al., 2020a). Lipids and protein content is usually below 5%, mostly
contained in the seeds (Skinner et al., 2018). In the mineral composition, potassium is the most
abundant at ~ 398.4-880.2 mg /100 g, alongside varying levels of calcium, phosphorus,
magnesium, iron, zinc, copper, and manganese (Skinner et al., 2018, Antonic et al.,, 2020q).

Apple pomace is also regarded as an important source of phytochemicals and organic
acids. After processing, more than 80% of polyphenols from the apple end in the pomace
(Antonic et al.,, 2020a). The phenolic compounds in apple pomace come primarily from the seed
and peel, principally chlorogenic acid and phloridzin (Rabetafika et al., 2014). The total amount
of polyphenolics ranges from 0.17- 0.99% in dry apple pomace. Catechin, epicatechin, caffeic
acid, procyanidin b2, hyperin and quercitrin have been also found in different quantities
(Antonic et al., 2020a). Malic and citric acids are also organic acids found in apple pomace
(Martdu et al., 2021). Unripe apples generally have a higher content of starch and organic acids
which can later degrade during maturation (Waldbauer et al., 2017). Ursolic acid, major
component of the epicuticular wax in apples, is also present in apple pomace and has received
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attention for its antioxidant, anti-inflammatory, anticancer, and antihepatotoxic activities
(Antonic et al., 2020a).

Table 1.2 General composition of dry apple pomace.

Moisture Content (Fresh) 70-85 Rana et al., 2015; Waldbauer et al., 2017
Moisture Content (Dried) 4-10 Rana et al., 2015; Waldbauer et al., 2017
Total Dietary Fiber 27-82 Waldbauer et al., 2017; Antonic et al., 2020
Fructose 18-31 Quejietal, 2010

Glucose 2.5-12.4 Quejietal,, 2010

Sucrose 3.4-24 Quejietal,, 2010

Lipids and Protein <5 Skinner et al., 2018

Ash 0.38-1.6 Kauser et al., 2024

Pectin 3.5-14.32 Antonic et al.,, 2020

Malic acid 0.05-3.28% Antonic et al., 2020

Total phenolics 0.17-0.99 Antonic et al., 2020

Apple seeds also contain amygdalin, a cyanogenic glycoside. The amygdalin content in
seeds ranges from 1 to 4 mg/g (Bartkiene et al., 2019). When amygdalin is broken down by B-
glucosidase, it can produce cyanide. As seeds are part of apple pomace, cyanide toxicity has
been pointed as a concern in utilization. However, because hydrogen cyanide has a boiling
point of 26°C, it easily volatilizes during thermal processing (Martdu et al., 2021).

The apple source, genetics, pressing conditions, microbial fermentation and post-
processing conditions (drying temperature in particular) have been reported as major factors
affecting final composition of apple pomace (Bhushan et al., 2008, Skinner et al., 2018, Zhang
et al., 2021). Furthermore, the quantity and type of polyphenols varies considerably even from
batch to batch of the same apple variety (Skinner et al., 2018).

Antibacterial Properties

The antimicrobial properties of apple pomace are mainly investigated in relation to
derived extracts (Bruna et al.,, 2024, Kauser et al., 2024), and not the substrate itself. The undried
apple pomace can be a substrate for microorganisms to thrive, although antifungal properties
have been assigned to some apple pomace streams (Kauser et al., 2024). Apple pomace
extracts have been shown to inhibit £ coli, Pseudomonas aeruginosa, Staphylococcus aureus,
and Enterococcus faecalis, (Zambrano et al., 2019, Arraibi et al., 2021, Bruna et al., 2024).

Specific phytochemicals from apple pomace have been found to be antimicrobial. For
instance, ursolic acid has demonstrated activity against Gram positive bacteria (Cargnin and
Gnoatto, 2017). Phloridzin and phloretin extracted from apple pomace have also inhibited the
growth of S aureus and E. coli (Zhang et al., 2016). Notwithstanding, among the functional

22 Chapter 1: BACKGROUND



properties of apple polyphenols, antioxidant activity receives most attention (Skinner et al.,
2018). However, extracting and purifying specific compounds from apple pomace is still
expensive and emerging as technology (Bruna et al., 2024).

Apple Pommace Against Pig Postweaning Diarrhea

Apple pomace has been sparingly investigated in piglet diets, showing various health
benefits, but no studies have used infection challenge models (Table 1.3). In the studies by Sehm
et al. (2006, 2007), inclusion of 35 g/kg feed of apple pomace in weaner diets increased villus
length and decreased GALT activation in Peyer's patches, while postweaning growth was
unaffected. The researchers also observed an uprequlation of apoptotic genes in the liver and
a downrequlation of NFkB and TNFa genes in the stomach, suggesting a potential anti-
inflammatory action (Sehm et al., 2006).

Table 1.3 Summary of studies on the dietary inclusion of apple pomace in weaning piglets. 7/ \:
increased / decreased compared to untreated control.

Dry Apple pomace, Inflammatory and apoptotic genes in liver 2, Inflammatory and  (Sehm et al.,
359 apoptotic in stomach and jejunum \, villus length 7, GALT 2006, Sehm et
e activation in Peyer's patches \, no change in growth, al,, 2007)

digestibility or organ weight.

Fermented apple Apparent digestibility of CP 2, IgA, IgG, IL-6 in serum 2, (Wang GuoJun
pomace, intestinal coliforms , Bacillus and Lactobacillus 2, villus height etal, 2017)

4%, 6%, 8% 7, crypt depth \

Dry Apple pomace, ADG 7 (week 3 postweaning), FCR 2, tendency to fecal (Dufourny et al.,
2% 49, consistency and pathogen counts /7, influenced microbiota 2021)

o richness and profile
Dry Apple pomace, Propionate molar ratio 7, butyrate molar ratio \, increased (Dufourny et al.,
In vitro culture Prevotella and Akkermansia 2022)
medium
Fermented apple ADG 2, albumin and superoxide dismutase 2, aspartate (Ao etal, 2022)
pomace, 5% aminotransferase and malondialdehyde Y, Lactobacillus

abundance 7, Ruminococcus \

More recently, supplementation of piglet diets with 20 and 40 g/kg of apple pomace
improved postweaning growth performance and energy utilization, particularly at the higher
inclusion level (Dufourny et al., 2021). However, it tended to decrease fecal consistency and
increase pathogen counts, which the authors speculated might be related to the fiber profile of
apple pomace. However, the reported carbohydrate profile of the diets does not show major
differences, indicating another underlying reason. Furthermore, apple pomace increased
microbial diversity, though it did not influence short chain fatty acids (SCFA) concentrations
(Dufourny et al., 2021). Dufourny et al. (2019) investigated apple pomace using an in vitro
porcine GIT model; apple pomace increased propionate and decreased butyrate
concentrations and resulted in higher abundances of Prevotella and Akkermansia.

Fermented apple pomace has also been investigated as an alternative to drying and for
increasing nutritional value. In a study by Wang GuoJun et al. (2017), supplementation with 60
g/kg of fermented apple pomace in piglet diets improved serum immune markers such as IgA,
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IgG, and IL-6, reduced intestinal coliform counts, and increased beneficial bacteria populations
like Bacillus and Lactobacillus. Ao et al. (2022) also found that fermented apple pomace (50
g/kg diet) enhanced growth performance, plasma antioxidant indicators, and positively
modulated the gut microbiota. Apple pomace, in both dry and fermented forms, shows promise
as a dietary supplement in piglet diets by improving growth performance, enhancing immune
markers, and modulating gut microbiota. However, further research is needed to fully
understand its potential in preventing postweaning diarrheq, particularly under infection
challenge models.

Blackcurrant

Blackcurrants (Ribes nigrum) are the berries of a perennial shrub native to central and
northern Europe and Asia (Allwood et al., 2019), currently cultivated across the temperate zones
of Europe, Asia, New Zealand and recently North America (Allwood et al., 2019, Cortez and
Gonzalez de Mejia, 2019). Blackcurrants are commonly used for producing juice, jams, and
syrups; it has a distinct rich purple-black color given by the anthocyanin profile of the berries
(Tabart et al,, 2006). Blackcurrant intake has been attributed therapeutical properties due to the
content of anthocyans, flavonols, phenolic acids and polyunsaturated fatty acids (Gopalan et
al, 2012).

Blackcurrant products include blackcurrant powder, pomace, and encapsulates (Figure
1.9). Blackcurrant powder is usually produced from freeze dried fresh berries (Xue et al., 2022)
and it has been used for food and nutraceutical applications (Mofasser Hossain et al.,, 2017). The
blackcurrant pomace is the byproduct resulting from juice extraction, it is regarded as source of
bioactive compounds and dietary fiber (Xue et al., 2022). The pomace can be further processed
into powder or used for extraction of phytochemicals (Reifiner et al., 2019).
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Figure 1.9 Processing of blackcurrant berries into various products. Extracted from Xue et al. (2022) (CC
BY 4.0)

Blackcurrant berries have an approximate composition of ~78% moisture, 1.3% protein,
0.3% fat, 17.5% N free extract, 3% crude fiber and 0.3% crude ash (Jeong et al.,, 2012). Glucose
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and fructose make up about 90% of the total non-structural sugars (~400mg/g DM) in the
blackcurrant berries (Bordonaba and Terry, 2008). In blackcurrant powder (~2% moisture), the
total dietary fiber composition has been reported to be ~42%, from which 22.5% is soluble and
19.5% is insoluble (Hui et al., 2021). The composition of blackcurrants can vary by several factors
including genetic, agronomic and environmental factors (Tian et al., 2019).

Table 1.4 General composition of blackcurrant berries

_

Moisture ~78% Jeong et al,, 2012
Protein 1.3% Jeong et al,, 2012
Fat 0.3% Jeong et al,, 2012
Nitrogen-Free Extract 17.5% Jeong et al,, 2012
Total Dietary Fiber ~42% DM Hui et al,, 2021
Soluble Dietary Fiber 22.5 % DM Hui et al,, 2021
Insoluble Dietary Fiber 19.5% DM Hui et al,, 2021
Ash 0.3% Jeongetal, 2012

Research on blackcurrant composition has primarily focused on the fruit's rich content of
organic acids and phenolic compounds, revealing potential beneficial uses. For instance, citric
acid, which comprises about 85% of the total organic acids (~160 mg/g DM) in blackcurrants,
highlights the fruit's acidic profile (Bordonaba and Terry, 2008). Similarly, the total phenolic
content ranges from ~ 60 to 300 ppm DM, with anthocyanins accounting for about 50% of this
group, predominantly cyanidin and delphinidin derivatives (Slimestad and Solheim, 2002,
Rubinskiene et al., 2005, Tian et al,, 2019). Flavonols follow anthocyanins with concentrations
ranging 18-60 mg/ 100 mg DM, from which myricetin glycosides are the dominants (Tian et al,,
2019). Some phenolic acids are also found in blackcurrant berries from which caffeic and ferulic
acid are the most common (Tian et al,, 2019). The polyphenol content and profile varies by
cultivar and growing conditions (Bordonaba and Terry, 2008, Zheng et al,, 2012, Tian et al., 2019,
Pott et al.,, 2023).

Antibacterial Properties

Research on blackcurrant products has revealed their significant potential in combating a
range of pathogenic microbes. Blackcurrant displays antibacterial activity to Gram positive and
Gram-neqgative pathogens. Blackcurrant juice and extracts have been shown to effectively
suppress various bacteria including Listeria monocytogenes, Pseudomonas aeruginosa, and E.
coli(Miladinovi¢ et al., 2014). Additionally, lyophilized blackcurrant powders have demonstrated
inhibitory effects on Salmonella enterica and S. aureus (Puupponen-Pimid et al,, 2005).
Polysaccharides from blackcurrant seeds decreased the adhesion of Helicobacter pylori to the
gastrointestinal mucosa, showing anti-adhesive properties (Lengsfeld et al., 2004). These results
collectively demonstrate that multiple components within blackcurrants possess the capability
to inhibit a variety of bacteria effectively.

Organic acids and polyphenols in blackcurrants are believed to be responsible for the
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observed antimicrobial activity (Puupponen-Pimid et al., 2005, Raudsepp et al., 2019). These
compounds exhibit a range of bioactive properties, including the ability to disrupt microbial cell
walls and inhibit bacterial enzyme systems (Puupponen-Pimid et al., 2005). Organic acids such
as citric acid lower the pH of the environment, which can inhibit the growth of pathogens
(Puupponen-Pimid et al., 2005). Polyphenols, on the other hand, interact with bacterial proteins
to destabilize cellular functions and prevent proliferation (Papuc et al., 2017). Together, these
substances contribute to the broad-spectrum antimicrobial effects of blackcurrants, making
them potentially valuable in preventing and treating infections.

Blackcurrant Against Pig Postweaning Diarrhea

Studies investigating the dietary inclusion of blackcurrant in piglets are limited, and
available research primarily focuses on the metabolism of anthocyanins by piglets as a model
for human nutrition. Wu et al. (2005) found that blackcurrant delphinidin and cyanidin are
effectively absorbed in the gut and excreted intact in the urine. Additionally, Walton et al. (2006)
reported that supplementation with blackcurrant powder significantly increased the antioxidant
capacity in pig plasma, indicating enhanced systemic antioxidant status and potential anti-
inflammatory effects. In support of this findings, Pieszka et al. (2017) found that dietary
supplementation with blackcurrant pomace in fattening pigs tended to increase feed intake
and increased the oxidative stability and vitamin E content in pork meat. Hence, these studies
point at the potential of blackcurrant supplementation to support oxidative and inflammatory
status of pigs.

Combination for Enhanced Activity

Recent research, including work from our group, has indicated that natural plant materials
like wild garlic bulbs and lingonberries can reduce coliform populations in the GIT of piglets
while preserving lactic acid bacteriq, attributed to the allicin provided by wild garlic and the
organic acids provided by the berries (Canibe et al,, 2018). However, the limited availability and
high cost of these plants prompt the exploration of more accessible alternatives.

Garlic, as a more industrially available allicin-containing material, can leverage its
antibacterial properties. Additionally, integrating either apple pomace or blackcurrants into this
combination could provide a viable alternative for utilizing these bioresources. When paired
with apple pomace, garlic components may interact with the apple pomace dietary fibers and
phenolics. For instance, Lahiri et al. (202 1) reported the synergistic action of allicin and quercetin
aqgainst Bacillus cereus by reducing virulence via biofilm-forming protein binding. The dietary
fiber (e.g. from apple pomace or from garlic itself) in the diet and in the combination may
potentially aid in the slow release of allicin and other phytochemicals, keeping its activity within
the GIT over a longer period (Das et al., 2023).

Allicin has demonstrated significant potential to enhance the effectiveness of antibiotics
through synergistic interactions (Choo et al., 2020). This property of allicin suggests that it might
also act synerqistically with other antibacterial agents, such as those found in apple pomace
and blackcurrants. A similar mechanism has been suggested for the combination of essential
oils with organic acids to target ETEC (He et al., 2022). Essential oils can alter the structure and
function of bacterial cell membranes, leading to membrane swelling and increased
permeability (Langeveld et al., 2014). This change in the bacterial membrane structure makes
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the bacteria more vulnerable to other antimicrobial agents (He et al.,, 2022). By increasing cell
membrane porosity, allicin might facilitate penetration of other antibacterial compounds into
bacterial cells, potentially leading to synergistic action.

Furthermore, combining garlic with apple pomace or blackcurrants introduces a different
set of synergistic effects. For instance, Lencova et al. (2022), reported enhanced antibacterial
action of a garlic extract when combined with erythorbic acid (isoascorbic acid). Similarly,
previous studies’ conducted in our group, investigated the antibacterial effects of various plant
materials at different concentrations, both alone and in combination, against ETEC F4 and F18
using stomach and small intestinal ileal content incubations in vitro (Hajberg, Lauridsen et al.,
2022, Canibe et al., 2022). The combination of ramsons (wild garlic) and acidic berries
(lingonberries or redcurrants) demonstrated a more potent antibacterial effect than when used
individually (Lauridsen et al., 2022). It has been suggested that the synergy likely results from the
combined action of wild garlic's antibacterial components (including allicin) and the organic
acids in the fruits, though the exact mechanism requires further investigation (Hgjberg, Canibe
etal, 2022, Lauridsen et al., 2022).

Furthermore, a pilot in vivo study with piglets resulted in reduction in Enterobacteriaceae
but not lactic acid bacteria in the gastrointestinal tract when fed a diet supplemented with 3%
ramsons and 3% lingonberries (Canibe et al., 2018). These results highlighted the potential of
combining allicin containing plants with fruits and berries resulting in more effective
antibacterial properties. Furthermore, these early findings created a foundation for the current
thesis which aimed to use this proof of concept with more widely available plant materials.

The interactions occurring from the combination of allicin containing garlic and
fruits/berries could play a role in the generation of a hostile environment for ETEC to proliferate
in the piglets GIT (Figure 1.10). The reduced gastric acid secretion in weaned piglets leads to a
higher stomach pH compared to sow-reared piglets, making them more susceptible to enteric
infections and affecting their ability to digest nutrients (Heo et al., 2013). The Acid Binding
Capacity (ABC) of a diet, which reflects its resistance to a low pH, plays a crucial role in this
context (Lawlor et al.,, 2020). Diets with a high ABC can decrease the digestibility of dry matter
and proteins, hinder growth performance, and increase the release of harmful substances like
amine and ammonia, potentially causing diarrhea (Lawlor et al,, 2005, Wang et al.,, 2023).
Therefore, incorporating apple pomace or blackcurrant could lower ABC in the piglet feed
thereby aiding gqastric acidity. This, in conjunction with antibacterial properties of
phytochemicals present in the plant materials could potentially improve efficacy against ETEC.

? MAFFRA | project (Antibacterial Plants Against Diarrhea in Pig Herds), twelve plant species were identified
for their activity against pathogenic £. colj, as described in GENERAL INTRODUCTION section.

Chapter 1: BACKGROUND 27



|
Multicomponent antibacterial plant cocktail for better health in piglets and broilers

PhD Thesis
Limited
Availability High Cost
L ) . Allicin and other
Availability Wild Garlic + antibacterials
Acidic Berries
ezl Plant Materials Enhances
Organic Acids Combinations on Antibacterial
PWD Established crops Properties
Garlic + ; Reduces
: . Apple Pomace / A Ctlrl: ercetln Virulence
Widely available Blackcurrant ninocyanins
Potential ) , Slow Release of
Synergistic Dietary Fiber Allicin
Increased Actions
Membrane Allicin
Permeability Interactions

Antibacterial

Organic acids effects
Cell Membrane ;
Interaction Improved Gastric ABC
Acidity

Figure 1.10 Using plant combinations to target ETEC and prevention of PWD.Potential mechanisms for
synergistic antibacterial effects of combining garlic with apple pomace or blackcurrants in weaning
piglet diets to target ETEC.

1.3.2 Plant Natural Products Targeting Clostridium perfringens

Lauric Oils and Medium Chain Fatty Acids

Lauric oils are oils and fats in which lauric acid (C12:0) is the main fatty acid, comprising
about 50%, compared to less than 1% in most other vegetable oils (Amri, 2011). The most
industrially important lauric oils are coconut and palm kernel oil. Other lauric oils include
babassu, tukum, murumuru, ouricuri, which are locally sourced and produced in small quantities
(Amri, 2011). Both coconut oil and palm kernel oils have prominent levels of medium- and long-
chain saturated fatty acids (Amri, 2011). These plant oils are often referred to as medium chain
triglyceride oils as well (Dayrit, 2014). Coconut oil is more saturated than palm kernel oil, with
iodine values of 6-10 and 14-21, respectively (Amri, 2011). They have a melting point of 25-27
°C and are more resistant to oxidative rancidity than other oils (Kinderlerer, 1994).

Coconut and Palm kernel oils are regarded as rich and natural sources of medium chain
fatty acids (MCFA). The MCFA are not only a source of energy, they are reported to improve the
intestinal epithelial structure and are characterized by strong antibacterial activity (Zentek et al.,
2011, Hanczakowska, 2017). Naturally occurring MCFAs are fatty acids with é to 12 carbons and
one carboxylic group, namely, caproic (Cé:0), caprylic (C8:0), capric (C10:0), and lauric (C12:0)
acids. Furthermore, MCFAs have higher energy density than short chain fatty acids (SCFAs, C2-
C5) (O-Thong et al., 2020). In the animal feed industry and technology, they are often grouped
together with other organic acids as a category for feed additives (Hanczakowska, 2017). The
production of MCFA comes primarily from the palm refining industry, but they can also be
produced from animal fats, petrochemically and via microbial fermentation (Ho Ahn et al,,
2023).

The composition of coconut and palm kernel oils is similar, both oils are rich in lauric acid
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but differ in their levels of caprylic, capric and oleic acids (Table 1.5). Crude coconut oil primarily
contains lauric acid, with significant amounts of caprylic, capric, myristic, and palmitic acids.
Similarly, crude palm kernel oil is also rich in lauric acid, but features notable levels of oleic acid
(Amri, 2011). The fatty acid profile of both oils can be affected by the environmental and
growing conditions (Young, 1983, Montoya et al., 2014).

Table 1.5 Fatty acids content of coconut, and palm kernel oils (Amri, 2011).

Fatty Acid Coconut Oil (%) Palm Kernel Oil (%)

Caprylic Acid (C8:0) 5-10 3-6
Capric Acid (C10:0) 5-8 3-5
Lauric Acid (C12:0) 45-55 45-55
Myristic Acid (C14:0) 17-21 14-18
Palmitic Acid (C16:0) 8-10 7-10
Oleic Acid (C18:1) 5-10 12-19
Other Fatty Acids ~5-7% ~5-7%

Plant oils primarily consist of triglycerides, which are composed of fatty acids and
glycerol. These oils are industrially hydrolyzed into their constituent parts through a process
called fat or oil splitting (Young, 1983). Fatty acids from palm kernel oil and coconut oil are used
in various industries, including food, cosmetics, animal feed, pharmaceuticals, and biodiesel
(Amri, 2011). Since they typically occur as triglycerides, their hydrolysis into free fatty acids is
essential for showing their antibacterial properties (Shilling et al., 2013).

Antibacterial Properties

Hydrolyzed forms of lauric oils, such as free fatty acids and monoacylglycerols, have
demonstrated antibacterial activity against various bacterial species (Thormar, 2010). Extensive
research has shown that lauric acid is particularly effective against Gram-positive bacteria
(Kabara et al, 1972), followed by other MCFA. Notably, early studies also indicated that
monocaprin (the monoglyceride of C10:0) and monolaurin (the monoglyceride of C12:0) exhibit
greater antibacterial activity than their respective free fatty acid forms (Kabara et al., 1972).
These findings suggest that the structural forms of fatty acids, whether free or bonded,
significantly influence their antimicrobial properties.

The antibacterial properties of lauric acid against clostridial pathogens have been
recognized for decades (Galbraith et al, 1971). Subsequent research has specifically
investigated lauric acid as an antibacterial agent targeting clostridial pathogens (Shilling et al.,
2013, Yang et al., 2018, Yang et al., 2019b). Skfivanova et al. (2005) observed strong inhibition
of two Clostridium perfringens strains by lauric acid in a study that evaluated the effects of fatty
acids ranging from C2 to C18. This study also found that myristic, capric, oleic, and caprylic acids
inhibited C. perfringens, at higher concentrations to that of lauric acid, while linoleic acid (C18:2)
was effective against only one strain (Skfivanova et al., 2005). The effectiveness of lauric acid
against C. perfringenshas been consistently reported in other studies as well (Timbermont et al.,
2010, Zeitz et al., 2015, Matsue et al,, 2019, Gomez-Osorio et al., 2021). Moreover, lauric acid
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exhibits low antimicrobial activity against gut commensal lactic acid bacteria such as
lactobacilli, suggesting its potential for selective antibacterial applications without significantly
disrupting beneficial microbiota (Matsue et al., 2019).

The antibacterial mode of action of free fatty acids is not fully understood, but they
commonly target bacterial cell membranes (Thormar, 2010, Yoon et al, 2018). The
amphipathic'® nature of fatty acids facilitates interactions with these membranes (Figure 7),
where they can create temporary or permanent pores of varying sizes (Desbois and Smith,
2010). The membrane-destabilizing activity increases cell permeability disrupts intracellular
systems, and ultimately leads to cell lysis (Thormar, 2010). Additionally, free fatty acids at high
concentrations function as detergents, disturbing the membranes to the extent that proteins or
segments of the lipid bilayer are dislodged, further compromising the integrity and functionality
of bacterial cells (Desbois and Smith, 2010). This multifaceted disruption of cellular structures
underscores the capability of free fatty acids as effective antibacterial agents.

Exposure to lauric acid has been shown to cause significant damage to bacterial cells,
including abnormal cell morphology, disrupted membranes, and leakage of cytoplasmic
contents (Yoon et al., 2015, Yang et al., 2018). It is proposed that lauric acid penetrates bacterial
cells, altering their intracellular pH. This alteration disrupts critical cellular functions such as
enzymes, nutrient transport systems, and ATP-driven pumps, ultimately leading to cell death
(Freese et al., 1973, Khoramnia et al.,, 2013). Notably, in Skiivanova et al. (2005), exposure of C.
perfringensto lauric acid resulted in the separation of inner and outer membranes and complete
cytoplasmic disorganization, although the cell wall structure and cell size remained unchanged
(Figure 1.11). These observations underline the distinct mechanisms of lauric acid compared to
other fatty acids, demonstrating its unique ability to disrupt bacterial systems beyond membrane
disruptions.

¥

©) . e
Figure reproduced for thesis use with permission from Letters in Applied Microbiology, 2005. Via Copyright Clearance Center. © Oxford University Press.

Figure 1.11 Effect of lauric acid on C. perfringens via transmission electron microscopy. Top pictures (a,
b) show bacterial cells growing in control media. While bottom pictures show bacterial cells exposed to
lauric acid (1 mg/ml) for 30 minutes. Extracted from: Skfivanova et al. (2005).

0 The carboxyl group in fatty acids is hydrophilic and becomes ionized when dissolved in water. Meanwhile,
the carbon chain and terminal methyl group are hydrophobic. (Yoon et al., 2018).
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Essential Oils

Essential oils are complex mixtures of volatile compounds isolated by pressing or distillation
from plant materials (Thormar, 2010). Essential oils are formed by mixture of several compounds,
predominantly terpenes, depending on the source phenylpropanoids, organosulfurs, nitrogen
containing compounds and others. Nevertheless, most of the composition is generally given by
1- 3 components that make up 85% of the oils (Zhai et al.,, 2018). For instance, thymol and
carvacrol, which can form about 80% of oregano essential oil. Whereas eugenol in clove
essential oil represents 70 to 90% of the oil (Hu et al., 2018). These major components determine
the biological properties of essential oils. Terpenes, terpenoids and other aromatic constituents
can be found in essential oils at different concentrations (Figure 1.12). Essential oils from A/lium
plants (e.g., onions, leek, garlic) contain mostly volatile thiosulfinates (Ross et al., 2001).
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Figure 1.12 Chemical structures of selected essential oil components. Adapted from Baptista-Silva et al.
(2020).

Antibacterial Properties

Essential oils, combinations, and single components have displayed a wide range of
antimicrobial activities (Rossi et al., 2020). For instance, the essential oils of rosemary, sage,
oregano, thyme, clove, cinnamon, and lemon grass have been effective against the
enteropathogenic strains £. coli, Salmonella spp. and C. perfringens (Franz et al., 2010, Chouhan
et al,, 2017). Single components of essential oils, such as carvacrol, thymol, cinnamaldehyde,
and eugenol, exhibit significant antimicrobial properties against £ coli; Campylobacter jejuni,
Staphylococcus aureus, and Salmonella spp (Zhai et al., 2018).

Additive, antagonistic and synergistic action between components of essential oils have
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been reported (Bassolé and Juliani, 2012). For instance, thymol, carvacrol, eugenol have
demonstrated synergistic or additive effects (Bassolé and Juliani, 2012). Essential oil
combinations may also display interactions. For example, Ahmed Khan and van Vuuren (2021)
investigated an extensive list of essential oils against C. perfringens and found that among 196
combinations, only 9 proved synergistic action, while 77 resulted in antagonistic interactions. In
addition, ingested essential oils can interact with the components of the diet affecting their
antimicrobial efficacy (Zhang et al., 2014).

Essential oils have been extensively used to control ANE in broilers. As summarized by Abd
El-Hack et al. (2022) and Diaz Carrasco et al. (2016), essential oils of oregano, thyme, ginger oll,
carvacrol, peppermint oil and multiple blends (including for example clove, oregano, cinnamon,
rosemary, eucalyptus, anis, among others) have been shown to successfully prevent C.
perfringens and improve broiler growth efficiency. Whereas research on single components has
shown cinnamaldehyde, eugenol, thymol and carvacrol, and their combinations as effective
against ANE (Du et al,, 2015, Du et al,, 2016, Reis et al., 2018, Kumar et al,, 2021).

The antibacterial mode of action of essential oils can act on single or multiple cellular
targets. For example, terpenes interact with bacterial cell membranes by binding phospholipids
affecting the structure and function of the membrane (e.q., proton pumps, ATP regulation)
(Hyldgaard et al., 2012). Eugenol, activity by permeabilizing cell membranes and interacting
with proteins, causing increased transport of potassium and ATP out of cells and inhibiting
various enzymes, including ATPase (Hyldgaard et al, 2012). Cinnamaldehyde, disrupts
microbial functions by cross-linking with DNA and proteins, inhibiting cytokinesis by binding to
the FtsZ protein, and interfering with ATPase activity at sub-lethal concentrations, while also
altering membrane lipid profiles and causing membrane depolarization and loss of integrity
(Hyldgaard et al., 2012). Additionally, essential oils can interfere with membrane proteins and
intracellular targets, leading to uncoupling of oxidative phosphorylation, inhibition of active
transport, loss of pool metabolites, and disruption of DNA, RNA, protein, lipid, and polysaccharide
synthesis (Rossi et al., 2020).

Increasing dosages of essential oils have been shown to alleviate intestinal lesions in
chickens, even though C. perfringens populations remain unchanged (Du et al,, 2016). This
suggests that essential oils may prevent ANE through mechanisms other than direct antibacterial
action. The luminal concentrations of essential oils are lower than their in vitro minimum
inhibitory concentrations (MIC), indicating alternative modes of action (Du et al., 2016). For
instance, quorum sensing inhibitors identified in several essential oils imply their influence on
bacterial virulence development (Saeki et al, 2020). The Agr-Like quorum sensing system is
critical for ANE pathogenesis (Yu et al, 2017). Additionally, essential oils supplementation
enhances immunity in chickens. Specifically, essential oil compounds inhibit NF-kB and MAPK
pathways, regulating pro-inflammatory cytokines and increasing intestinal integrity (Valdez et
al,, 2023). Therefore, essential oils may reduce bacterial virulence through quorum sensing
inhibition and alleviate inflammation by modulating immune responses.

Recent studies incorporating essential oils (Table 1.6) have focused on investigating new
essential oils (Coles et al,, 2021), microencapsulation techniques to enhance stability and
efficacy (Yang et al,, 2016, Jin et al., 2022), and synergistic effects when combined with other
bioactive compounds like lysozyme and organic acids (Du et al., 202 1; Pham et al., 2020). These
efforts aim to improve the antimicrobial, anti-inflammatory, and antioxidant properties of broilers
facing ANE challenges.
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Table 1.6 Recent controlled challenged studies investigating essential oils against necrotic enteritis in
broiler chickens.

Essential Oil Main Findings

Lippia origanoides \ lesions, N morbidity, 2 SOD Coles et al,, 2021
Origanum vulgare 7 BWG, \ Fl drop, N TNF-alpha Jinetal, 2022
(microencapsulated)
Thymol, Carvacrol N mortality, 7 villus height, no effect on C. Du and Guo, 2021
perfringens, essential oils \ lesions but no in
(+lysozyme) 7 .
combination with lysozyme.
Eugenol (+ Garlic tincture) 7 FCR, 2 livability, \ lesions Kumar et al., 2022
Carvacrol, thyme 7 FCR, 7 villus height, N C. perfringens, 7 gene  Pham et al., 2020

expressions (claudin-1, GLP-2, IGF-2), 7

(Encapsulated + Caproic, Lactobacillus, Enterococcus

benzoic, and butyric acid)

Thymol, Carvacrol \ lesions, 7 performance van Eerden et al., 2022

(+ Eimeriavaccination)

Combination for Enhanced Activity

Combining lauric oils with essential oils may offer synergistic interactions that enhance
their antibacterial efficacy. Lauric acid and other medium-chain fatty acids (MCFAs) in lauric
oils, when used in conjunction with essential oils—containing a complex mixture of bioactive
compounds such as terpenes, phenylpropanoids, and organosulfurs—may result in improved
efficacy. Both lauric acid and essential oils disrupt bacterial cell membranes through different
mechanisms and also target intracellular components (Thormar, 2010, Langeveld et al., 2014).
This dual action can lead to more extensive and rapid bacterial cell death, making the
combination particularly effective.

Furthermore, both essential oils MCFAs have been reported to work synergistically
with conventional antimicrobials (Langeveld et al, 2014, Ghany et al., 2024). Additionally,
recent studies have shown that combining essential oils (e.g., thyme, clove, oregano,
cinnamon) with organic acids (e.g., formic, citric, lactic, propionic) effectively enhances
antibacterial efficacy in broilers, improving growth performance, gut health, nutrient
digestibility, and reducing lesions caused by pathogens like C. perfringens (Table 1.7). The high
hydrophobicity of essential oils is thought to alter cell membrane permeability, allowing organic
acids to penetrate the cytoplasm more effectively. Once inside the cells, these organic acids, in
their undissociated form, lower the internal pH and disrupt bacterial metabolism (Stefanello et
al,, 2020).

The combination of lauric acid, other MCFAs, and essential oils offers another promising
strategy for enhancing antibacterial efficacy. For instance, Abdelli et al. (2020) explored the use
of microencapsulated blends of organic acids, including malic, fumaric, and calcium butyrate,
combined with cinnamaldehyde, carvacrol, and thymol. While these studies did not evaluate
the effects of individual components, they demonstrated significant improvements in growth
performance and gut health in broilers under ANE challenge. Nevertheless, as mentioned
before, antagonistic activities has been observed when combining essential oils against C.
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perfringens(Ahmed Khan and van Vuuren, 202 1), thus rigorous screening is necessary to identify
possible interactions when combining essential oils and MCFA.

Table 1.7 Summary of studies on the combined effects of essential oils and organic acids on antibacterial
efficacy in broilers.

Essential Oil Organic Acid Main Findings

Cinnamon, Clove, Propionic, Citric, Butyric Performance 7, Intestinal morphology 2, Gao et al,,
Thyme Cecal microflora 2, Jejunal enzyme activity 2019b
7

Thyme, Clove, Formic, Citric, Lactic Villus height 2, Crypt depth 2, Gut health », Pham et
Oregano Morbidity v, Lesions al.,, 2020
Cinnamaldehyde, Malic, Fumaric, Calcium Growth 2, Villus height 2, Crypt depth 2, Abdelli et
Carvacrol, Thymol Butyrate, Citric acid Ruminococcaceae 7, Lachnospiraceae 7,  al., 2020

Capric, Caprylic, Caproic, EnterobacteriaceaeN, C. perfringens

Lauric
Cinnamon, Clove, Formic, Citric, Lactic Growth performance 7, Nutrient Stefanello
Thyme digestibility #, CLDNT and OCLN 2 etal, 2020
Thyme, Clove, Formic, Citric, Lactic Growth performance 7, Lesions \, Villus Pham et
Oregano height 2, C. perfringens al.,, 2022

1.4 CHALLENGES AND LIMITATIONS OF USING ANTIBACTERIAL PLANT
COMBINATIONS TO TARGET GASTROINTESTINAL PATHOGENS

1.4.1 Use of Plant Materials

While the use of antibacterial plant combinations shows promise in targeting
gastrointestinal pathogens for prevention of PWD and ANE, some challenges and limitations
must be considered. One significant challenge is the variability in plant composition. The
phytochemical composition of plant materials can vary significantly due to factors such as
growing conditions, harvest time, and post-harvest processing (Martins et al.,, 2016, Kuete and
Kuete, 2023). This variability can affect the consistency and efficacy of plant-based treatments.
For instance, essential oils (Figueiredo et al.,, 2008) , garlic (Hirata et al., 2016), blackcurrants(Tian
et al,, 2019) and lauric oils (Amri, 201 1)may have differing concentrations of active compounds
depending on the variety, geographical origin and climate conditions where the plants were
cultivated. This inconsistency can lead to variations in treatment outcomes and inconsistency in
the efficacy across different batches of plant materials. Therefore, addressing the variability in
plant composition is crucial for optimizing the use of plant-based antimicrobials in disease
prevention. Efforts on standardization suggest titration on principal bioactive compounds as
critical measure for antibacterial efficacy testing (Fankam and Kuete, 2023).

While many plant-derived compounds are recognized as safe, their long-term effects and
potential toxicity at higher doses need thorough evaluation. For instance, some essential oils and
plant extracts can cause adverse reactions, such as allergies or gastrointestinal irritation,
particularly when used in high concentrations or over extended periods (Alvarez-Martinez et al.,
2021). Therefore, it is crucial to conduct comprehensive safety assessments to ensure their safe
use in animal feed. Furthermore, requlatory approval process for feed additives can be lengthy
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and complex, posing challenges for their commercialization. Ensuring compliance with
requlatory standards for safety, efficacy, and quality control can be resource-intensive,
potentially limiting the accessibility and affordability of these products (Pandey et al,, 2019).
Hence, investigating minimally processed plant materials that provide functional properties is
an advantage for further utilization.

1.4.2 Challenges in Assessing Interactions in Antibacterial Combinations

Interactions between plant phytochemicals or plant combinations can be classified as
antagonistic, additive/non-interactive, or synergistic. The enhanced effectiveness of plant
blends, compared to individual products, is often attributed to the synergistic effects of the
mixture of bioactive constituents and their byproducts (Wagner and Ulrich-Merzenich, 2009).
While the use of plant combinations has traditionally been preferred over isolated
phytochemicals, this practice complicates the determination of their mode of action due to the
possibility of complex interactions (Rossi et al., 2020). Indeed, most available data on the use of
plant materials as non-antibiotic feed additives in livestock comes from strategies involving
combinations of different plants, with little mechanistic insights (Windisch et al., 2008, Rossi et al.,
2020). Furthermore, “mono-plant” materials may contain several bioactive substances thus
interactions are likely to occur in single plant extracts as well (Wagner and Ulrich-Merzenich,
2009). In several instances single compounds lose their effectiveness when used isolated
(Canibe et al., 2022).

Studying synergy and antagonism among plant-derived bioactive compounds is difficult
due to the complexity of mixtures and the need for advanced methods to identify interactions.
To accurately assess the synergistic effects of plant combinations in vitro, researchers employ
various experimental designs. These include checkerboard assays, time-kill curves, and
response surface modeling (Wagner and Ulrich-Merzenich, 2009, Vaou et al.,, 2022). Recent
developments in metabolomics and high-throughput chemical screening promised an
advanced tool for identifying synergistic and antagonistic interactions among bioactive
compounds in plant materials (Vaou et al., 2022).

1.4.3 Interactions Between Plants and Gut Microbiota

The interaction between antibacterial plant extracts and gut microbiota is a crucial factor
in determining their effectiveness (Igbal et al., 2020). The GIT is inhabited by diverse microbial
communities that are essential for digesting feed and absorbing nutrients. The gut microbiota
produces various metabolites, including short-chain fatty acids (SCFAs), secondary bile acids,
biogenic amines, indolic and phenolic compounds (Vasquez et al.,, 2022). Ammonia, hydrogen
sulfide, neurotransmitters and vitamins are also produced by different gut microbes playing
different roles, in some instances positive but also detrimental, particularly when in excess
(Vasquez et al,, 2022). The composition and activity of the gut microbiome, and consequently
the production of metabolites, vary across different sections of the gastrointestinal tract and are
influenced by factors such as age and diet (Vasquez et al., 2022). Interactions of the GIT
microbiota with the host and the ingested feed are therefore warranted and often overlook
(Danneskiold-Samsege et al., 2019, Forgie et al., 2019, Patil et al,, 2020, Sonnert et al., 2024).

Besides the ability to selectively modulate the composition og GIT microbiota, microbial
interactions can influence the antibacterial activity of plant extracts. For example, gut bacteria
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metabolize polyphenols into simpler, more bioactive compounds, enhancing their effectiveness
(Igbal et al., 2020). Some /actobacillus species can metabolize plant glycosylated polyphenols
into aglycones, which increases their bioavailability (Theilmann et al., 2017).

1.5 SUMMARY AND IMPLICATIONS

The global shift away from antibiotics in livestock has posed significant challenges for the
swine and poultry industries. The restriction of traditional antimicrobials, without effective
alternatives, has led to increased infections and a rise in therapeutic antibiotic use. Despite over
two decades of research yielding significant advancements, optimal antimicrobial strategies
that ensure animal health, productivity and welfare are still needed.

Piglets and broiler chickens are particularly vulnerable to gastrointestinal disorders caused
by pathogenic bacteria. These disorders include PWD in piglets and ANE in broilers, primarily
caused by ETEC and C. perfringenstype G'', respectively. Traditional control methods are being
restricted due to concerns over AMR and environmental pollution. Finding effective solutions
would significantly improve the health, welfare, and productivity of these animals, while
strateqgically contributing to the global fight against AMR.

Sustainable alternatives, such as plant-based antibacterials, offer promising solutions for
enhancing gastrointestinal health in piglets and chickens. Plant materials have demonstrated
strong antibacterial properties and are increasingly recognized as viable solutions. Furthermore,
leveraging synergistic actions by combining different plant materials can enhance antimicrobial
efficacy. Promising strategies include combining garlic with apple pomace or blackcurrant to
target ETEC, and the use of lauric oils and essential oils to target netB+ C. perfringens. This
approach not only meets consumer demands for natural and safe products but also supports
the reduction of antibiotic use, aiding in the global effort to combat AMR.

Advanced screening methods for antibacterial efficacy, including both in vitro and in vivo
testing, provide a comprehensive understanding of the interactions between plants,
phytochemicals, diets, microbiota, pathogens, and hosts. This knowledge is crucial for
developing effective solutions that can be reliably applied in commercial settings.

The aim of this thesis is to assess the efficacy of antibacterial plant combinations for the
prevention of PWD and ANE by targeting gastrointestinal pathogens. A robust framework has
been used to consider the characteristics of the plants, animals, and gut microbiota. The ultimate
goal is to contribute to the balance between productivity, animal welfare, and sustainability in
livestock systems, while addressing the public health challenges posed by AMR.

1 The rest of the text will favor the use of netB+ C. perfringens (as opposed to type G C. perfringens), as it
remains the most commonly used in the literature.
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2.1 INTRODUCTION

The prevalence of gastrointestinal diseases in young monogastric animals, such as PWD
in pigs and ANE in chickens, presents significant challenges to the livestock industry. Both
diseases are multifactorial and involve identified bacterial agents. However, these diseases also
result from complex interactions between the host, pathogens, and the environment. This
multifaceted nature makes the investigation and development of effective solutions a
challenging task. Understanding these intricate host-pathogen-environment interactions is
crucial for devising prevention or management strategies.

Traditional germ theory, which posits that pathogens are the primary cause of infectious
diseases, has been instrumental in developing preventive and therapeutic measures (Ross and
Woodward, 2016). However, this microbe-centric view fails to account for nuances, such as why
certain organisms are more susceptible than others or when some become asymptomatic
carriers. In contrast, the “Full-Blown Host Theory,” proposes that infectious diseases are primarily
driven by the host's pre-existing immunodeficiencies, relegating the pathogens to a mere
environmental trigger (Carlsson and Rdberg, 2024). While this host-centric approach
underscores the importance of host factors, it overlooks the evolved strategies of pathogens that
actively manipulate host responses (Carlsson and Raberg, 2024). Indeed, the rise in studies on
microbiota communities has provided new perspectives on the role of pathogens within
microbial assemblages (O'Toole, 2024). Furthermore, the gut microbiota significantly contributes
to host metabolism and health, influencing in part how the diet is digested and absorbed while
modulating the immune status (Valdes et al.,, 2018). Therefore, the development of strategies to
target qut pathogens and prevent diseases must incorporate a comprehensive view of the
problem involving aspects of host, diet and microbes and their interactions to address diseases
with complex pathogenesis such as PWD and ANE.

The studies in this thesis aim to provide a comprehensive understanding of the effect of
using antibacterial plant material for the prevention or treatment of PWD in pigs and ANE in
chickens. The following sections detail the rationale behind the experimental design, sample
collection, diagnostic endpoints and analytical techniques employed in this research. The text
cover the selection and preparation of plant materials for antibacterial testing, methods for
assessing their antibacterial efficacy both in vitro and in vivo, and measurements of their effects
on gut microbiota and host responses with particular focus on pig PWD and chicken ANE.

2.2 SELECTION OF PLANT MATERIALS

The process of selecting and processing plants for antibacterial testing involves several
critical steps (Figure 2.1). The first selection of plant materials is influenced by previous reports of
antibacterial effects or screening studies, often based on general properties or anecdotal
evidence (Kuete and Kuete, 2023). Cultivation and collection involve choosing the plant variety,
employing proper cultivation methods, and determining the optimal timing and conditions
(Kuete and Kuete, 2023). The next phase involves processing the plants for antibacterial
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applications. This step includes optimizing drying or extraction methods to enhance
antibacterial effects or prevent the loss of properties (Kuete and Kuete, 2023). Identifying and
characterizing active substances is critical for reporting and quality assurance, requiring
extraction techniques like chromatography and characterization methods such as spectrometry
(Ma and Qi, 2021). Finally, quality control involves the assessment of organoleptic,
morphological properties, physicochemical properties, chromatographic profile, and toxicity
(Kuete and Kuete, 2023).

Furthermore, the limitations imposed subsequent utilization need to be taken into account.
For instance, if the plant materials are to be incorporated into the diet of the animals, the
processing steps involved in the feed may affect their efficacy. Various feed processing steps
can influence the characteristics of the plant materials, including grinding (particle size
reduction), mash conditioning (temperature, moisture content, retention time), pelleting or
extrusion (temperature, pressure, shearing, moisture content, retention time), and cooling/drying
systems (der Poel et al.,, 2020). Recognizing and controlling these factors is essential to ensure
the efficacy and consistency of the final products.

/ Variety and Location

Cultivation and collection P Cultivation methods
\D Collection timing and conditions

Drying

Processing
\b Extraction methods/solvents

Selection and processing of plants
///—b{ Separation techniques

Isolation and characterization of active substances

\D Characterization techniques

|

Organoleptic and morphological properties

/b{ Physicochemical properties

Quality control

\h Chromatographic profile

Toxicity assessment

Figure 2.1 Considerations for choice and preparation of plant materials. Steps involved in the quality
assurance  for  antibacterial  applications. Based on: Kuete and Kuete  (2023).
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In this thesis
Study-l and Study-II: Garlic, apple pomace and blackcurrants

The plants selected for the study were chosen based on previous in vitro and pilot studies
conducted in our research group, with the primary decision criteria being the selection of an allicin-
containing plants and sources of organic acids, based on earlier tests using wild garlic and acidic
berries. Garlic was chosen as the source of allicin, and blackcurrant berries were selected as
sources of organic acids and polyphenols. Additionally, apple pomace was included for its
phytochemical content and to provide a sustainable use for this currently underutilized material.
All plant materials were organic to align with their application in organic diets.

Garlic was selected based on screening several varieties for optimal allicin content, the main
active substance. Careful processing was conducted to maintain allicin's potency, avoiding the
denaturation of allinase and premature allicin formation. The processing of apple pomace also
took care to prevent cyanide formation through thermal inactivation. All materials were stored
frozen until use to prevent decay or changes in their physicochemical characteristics.

Quality control measures assessed the final allicin concentration in garlic powder and used pH as
a proxy for organic acid concentrations in the apple pomace and blackcurrant powders. The final
diets were not subjected to any heat processing.

Given these considerations, the approach in pigs prioritized "antibacterial feedstuff" (no extracts)
over feed additives due to organic production restrictions and the potential for broader use, as
feed additives necessitate stricter requlatory compliance.

Study-lll: Palm kernel oil fatty acids and essential oils

The plant materials for this study were selected based on available literature and further
applicability. Thus, it was prioritized that plant materials could be sourced from animal nutrition
companies. The lauric acid rich MCFA source and essential oils were chosen based on the
composition of individual substances with reported antibacterial properties and toxicological
safety.

The hydrolyzed lauric oil and essential oil used for the in vivo experiment were analyzed for fatty
acid composition and eugenol content, respectively. The oils were kept ~2 C° until use. In the feed
mill it were embedded withing soybean oil fraction for improving of mixing in the diet. The feed
was cold pelleted to reduce oil volatilization.

In contrast with the approach used with pigs, the plant materials used in the study with chickens
would be considered as feed additives and thus should follow the respective EU requlations.

2.3 ANTIBACTERIAL EFFICACY ASSESSMENT
2.3.1 In Vitro Methods for Antibacterial Screening of Plant Materials

Culturing Techniques

Standardized guidelines for antibacterial testing from for example CLSI, BSAC, and
EUCAST'? provide standard methods for antimicrobial testing of conventional drugs. A summary
of common methodology is presented in Table 2.1. The disc diffusion technique is popular for its
simplicity and low cost, involving the placement of an antimicrobial disc on bacteria-inoculated
agar to observe clear zones of inhibition (Tan and Lim, 2015). However, it has limitations, such
as false negatives for non-polar compounds and inability to determine quantitative metrics like
MIC (Tan and Lim, 2015). The broth microdilution method involves serial dilutions in broth and

12 Clinical and Laboratory Standards Institute (CLSI) [formerly known as National Committee for Clinical
Laboratory Science (NCCLS)], British Society for Antimicrobial Chemotherapy (BSAC) and the European
Committee for Antimicrobial susceptibility testing (EUCAST)
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allows precise MIC and MBC determination but faces challenges with non-polar compounds
and heat-labile extracts (Fankam and Kuete, 2023). Agar dilution and multi-channel oxygen
meters offer alternative quantitative methods (Fankam and Kuete, 2023). Standardizing
inoculum size is crucial for consistency, with common standards being 10° CFU/plate for disc

diffusion and 5 x 10° CFU/ml for broth microdilution (Fankam and Kuete, 2023).

MIC

determination varies among guidelines and is critical for resistance surveillance (Fankam and
Kuete, 2023). Phenolic compound-induced bacterial aggregation can complicate MBC and

time-kill studies.

Overall, each method has its strengths and weaknesses, thus careful optimization for
specific applications to ensure accurate antibacterial assessment are warranted. The choice of
method depends on factors such as solubility (hydrophobic vs. hydrophilic), the characteristics
of the organism, and available resources.

Table 2.1 Summary of some popular in vitro antibacterial screening methods. Some methodologies
can be adapted for either macrodilution (macro) or microdilution (micro) methods (Tan and Lim, 2015,
Fankam and Kuete, 2023).

Agar disk-
diffusion

Agar well
diffusion (AWD)

Bioautography
TLC: Thin Layer
Chromatography

Agar dilution

Broth dilution

Antimicrobial
test using discs

Antimicrobial
test using wells

Variation of
AWD but in TLC
plate

Antimicrobial
concentration in
agar

Antimicrobial
concentration in
broth

Simple, low cost,
interpretable
results

Simple, low cost,
adaptable for
MIC
determination
Simple,
inexpensive,
rapid, uses small
sample amount
Simple, fast,
suitable for
water-
soluble/insoluble
samples
Quantitative
results (MIC),
reproducible,
space-efficient

Cannot distinguish
bactericidal vs.
bacteriostatic

not suitable for MIC
determination
Time-intensive, less
effective for
hydrophobic
compounds

Not suitable for
high-capacity
screening

Labor-intensive,
high sample
requirement

Tedious sample
prep (macro), not
suitable for
hydrophobic

Not mechanized,
labor-intensive,
suitable for testing
large numbers of
bacteria

Suitable for hydrophilic
compounds, labor-
intensive

Requires appropriate
solvents and
visualization methods

Good for fastidious
organisms, large
amounts of test
compound needed

Microdilution is more
economical and
automated, precision
affected by sample

(micro) samples (micro) preparation
Agar Agar dilutionin  Time/cost- Requires precise Combines advantages
microdilution microplate effective, suitable  sample preparation  of agar and
for hydrophobic microdilution methods
samples
ATP Measures Rapid, Difficult comparison  Suitable for rapid
bioluminescence bacterial ATP quantitative. with other studies, testing, provides
assay production. specific reagents. relative light unit
measurements
Flow Uses dye- Rapid, detailed High equipment Effective for rapid
cytometric/fluore  staining for viability cost, limited antimicrobial
scence viability assessment accessibility resistance detection.
Microfluidic Growth in High throughput,  Specialized Ideal for advanced
methods microchannels real-time, low equipment, screening, requires
sample complex sample microfluidic setup
consumption preparation
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In Vitro Gastrointestinal Simulation

One drawback of conventional in vitro antibacterial testing is the dissimilarity with in vivo
conditions. These methods may underestimate the impact of the gastrointestinal environment
on plant materials, potentially misrepresenting their effectiveness (Vermaak et al., 2009). For
instance, hydrochloric acid and GIT enzymes can cause chemical modification and inactivation
of compounds, reducing their bioavailability (de Carvalho et al,, 2021). The interaction of
ingested feed with the gut microbiota adds another layer of complexity to this process (Igbal et
al,, 2020). Thus, the use of in vitro fermentation systems has been suggested as an alternative to
study the gastrointestinal impact of interventions under a setting that more closely resembles
that of the GIT. However, in vitro methodologies that simulate GIT condition are less standardized
and more specialized than simple antibacterial testing.

In vitro systems could be static/dynamic and single-/multi-step, based on the simulation
conditions and the number of different GIT compartments simulated in bioreactors (Sommerfeld
and Santos, 2021). Furthermore, the simulated GIT conditions could be based on simulated
digesta fluids or samples obtained from euthanized animals. Intestinal fermentation models
incorporate fecal (Gresse et al., 2021b) or digesta (Bellerose et al., 2023) inoculums to simulate
gut microbiota dynamics.

Efforts for standardization of techniques has been made by adaptation of human models
for use in monogastric animals (e.g. baby-SPIME based on SHIME®; Dufourny et al. (2019)).
Recent developments include the feature of reproducing the mucus-associated microbiota of
piglet colon using mucin beads. For instance, the MPigut-IVM (Mucin associated Piglet Gut In
vitro Model) developed by Gresse and collaborators have been optimized for the study of pig
postweaning events in vitro including pathogen challenge (Gresse et al., 2021b) and feed
deprivations (Gresse et al,, 2021a).

Cell-Based Models

Porcine and chicken intestinal epithelial cell models have also been used for the study of
plant materials (Marks et al., 2022). For instance, the IPEC-J2 cell line, derived from the jejunum
of neonatal piglets, is widely used due to its ability to form a polarized monolayer with tight
junctions and microvilli, closely mimicking the porcine intestinal epithelium. The IPEC-J2 models
have been used to investigate antioxidative and anti-inflammatory effects plant
phytochemicals providing mechanistic insights of activity (Ling et al., 2016, Pomothy et al., 2020).
However, IPEC-J2 models does not fully resemble the intestinal environment, lacking for
example goblet cells and brush border enzymes (Marks et al, 2022). In chickens, the
establishment of cell lines model has been less successful but recent efforts include primary
chicken epithelial cell cultures (Marks et al.,, 2022). Organoid and Organ-on-chip models are
also recently being developed for the study of nutritional interventions (Costa et al., 2024) and
the study of ETEC-host interactions (Vermeire et al., 2021). Organ-on-chips replicate the GIT
environment, enabling detailed studies of nutrient absorption, pathogen interactions, and the
effects of interventions (Costa et al., 2024). Organoids, derived from stem cells, mimic the
intestinal epithelium's structure and function (Costa et al., 2024). While offering advantages over
cell line models, currently these models face challenges in maturation, standardization, and
complexity.

Ex vivo methods like the intestinal segment (Ripken and Hendriks, 2015) or Ussing
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chambers are also utilized in pigs to measure nutrient absorption and intestinal permeability
(Park et al.,, 2020). However, their adoption has been limited due to technical complexity.

In this thesis
Study-I and 2: In vitro fermentation of stomach content and pathogen inoculum

The study itself did not incorporate in vitro antibacterial determination. However, the background testing
incorporated a series of antibacterial screening of several plant materials against different strains of
enterotoxigenic £ coli. The method used utilized stomach content obtained from pigs and incubated
under constant agitation in stomacher bags in which ETEC inoculum and testing materials were added.
The plant materials used for the experiment in vivo were analyzed in vitro for antibacterial efficacy
against several ETEC strains using this method as well.

Study-lll: Broth-agar microdilution with adaptations to use oils

For the in vitro study, a broth microdilution with addition of 5% agar was used for the assessment of
antibacterial efficacy of fatty acids and essential oils, following recommendations from: Hood et al.
(2003) and Ahmed Khan and van Vuuren (2021). The method allows for determination of MIC which
was important for further combination assays and establishment of interactions.

The refining of the method required testing of materials used for sample preparation to ensure oils
dissolution, particularly the following considerations:

¢ The use of broth growing media with agar inclusion to aid on bacterial cells suspension.

e Selection of a solvent for the oils; ethanol, acetone and DMSO solutions were assessed. An aqueous
solution of 50% DMSO was chosen due to best solubility both essential oils and fatty acids.

e Selection of a surfactant: tween 80 was added to the growing media, which allowed for oil solutions
to mix well with the growing media.

2.3.2 The Study of Interactions

Interactions can be classified as antagonistic, additive/indifference, or synergistic. Additive
and indifference indicate lack of interaction, while an antagonism occurs when the interaction
of the factors results detrimental for the outcome measure. On the other hand, synergy occurs
when the interaction results in potentiation of the expected outcome.

Synergy is a ubiquitous term, fairly simple to describe, but far more complicated to evaluate
experimentally. Qualitatively it could be described as a cooperative action. Quantitatively as a
supra-additive effect(Geary, 2013) — colloquially: “ The whole is greater than the sum of its parts’
or “when 1+ 1 > 2”2 Complexity arises when applying the concept to plant materials where
several active substances may contribute to the expected outcome. Furthermore, when
combining multiple plants, the interactions among individual compounds can quickly become
intricate (van Vuuren and Viljoen, 2011).

Although considerations exist, the current preferred evaluation tool for assessment of
interactions is the isobole method (Caesar and Cech, 2019). The isobole method can be
represented graphically using isobologram in a cartesian space where each axis represents the
concentration of the combination tested (Figure 2.2). The points are constructed by
combinations and the result function would indicate the degree of the interaction. The
interaction can be classified as indifference (additivity) when action of combination is
fractionally equal, while of the action is shown below the indifference line, the combinations act
synergistically, and action above the indifference line would indicate antagonistic action. To
assess interactions among antimicrobial substances in vitro, this method can be adapted (Leber,
2020). The intersection with each axis then represents the MIC of the individual substances.
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Figure 2.2 Example of isobole method implemented using a checkboard method of microdilutions for
assessments of two-way antibacterial interactions. (A) Isobologram for visualization of antagonistic,
additive, and synergistic interactions of antimicrobial agents. Each axis represents the concentration of
the tested combination, and the intersection with the axis represents the MIC of the individual substances.
The interaction can be classified as indifference (additivity) when the effect of the combination is
fractionally equal (blue). If the effect is below the indifference line, the combination acts synergistically
(green). If the effect is above the indifference line, it indicates antagonism (orange). (B) lllustration of the
checkboard method for antibacterial synergy testing microdilutions in a 96-well plate. This example
illustrates the combination of two products: “LA” and “EQ”. Each plate is prepared in such a way to vary
LA 1.5-fold concentrations across rows (from A to G; repeated in 1to 11) and EO along columns (from 1
to 11; repeated in A to G). Column 11 contains only LA, while row H contains only EO. Column 12 contains
controls: bacterial growth (C1), EO stock sterility (C2), LA stock sterility (C3), and medium sterility (C4).
Modified from: Nikolic et al. (2022) (CC BY 4.0)

The in vitro evaluation of interactions of antimicrobial combinations can be determined
using four primary methods: the checkerboard method, multiple-combination bactericidal
antimicrobial testing, time to kill curve assays and E-test (Doern, 2014). The checkerboard
method evaluates the activities of antimicrobial combinations at relevant concentrations using
serial 2-fold dilutions in a 96 well plate (Doern, 2014). Decreasing concentrations of the
individual agent are arranged to decrease vertically or horizontally, creating combinations
along the gradient (Leber, 2020). The individual MIC should be determined beforehand and be
included in the combination assay. The data can be analyzed using the fractional inhibitory
concentration index or isobologram (Leber, 2020). This method only tests antimicrobials for a
fixed incubation time and cannot assess combinations of more than two antimicrobials

simultaneously (Doern, 2014).

Multiple-combination bactericidal testing evaluates combinations of two to four
antimicrobials at relevant concentrations using 96-well plates inoculated with the test organism
(Doern, 2014). Given the increased number of combinations, only fixed concentrations are
assessed. Time to kill assays assess antimicrobial activity over 48 hours, collecting bacterial
samples at intervals to determine the rate of killing (Doern, 2014). Synergy is defined as a >2
log10 increase in activity by the combination compared to the active component alone (Doern,
2014). The E-test method uses gradient diffusion to determine MIC. Interactions are determined
by intersecting or sequential E-test strips (Doern, 2014). For the latter similar limitations applied
for diffusion testing mentioned in the previous section, including difficulties to handle
hydrophobic substances.
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In this thesis
Study-I: In vitro fermentation of stomach content and pathogen inoculum

The paper did not include in vitro antibacterial determination. However, in earlier work from the
MAFFRA-II project, the interactions among the plant materials were assessed by testing specific
combinations and concentrations of the plant material individually and in combination. The
assessment of interaction was assessed by comparing the ETEC growth/inhibition after 6 hours of
growth when using the individual plants or the combinations.

Study-Illl: Adapted checkboard method

For the in vitro study, the checkerboard method was used following the determination of individual
MICs. Combinations of the lauric oil and the two best-performing essential oils were used for the
combination assay. Growth assessment was based on growth curves constructed by measuring
optical density and microscopic inspection after overnight growth. Isoboles were used to determine
interactions.

2.3.3 In Vivo Methods for Antibacterial Screening of Plant Materials

Controlled Challenge Studies

Challenge studies are crucial for assessing the potential efficacy of novel strategies to
control PWD or ANE in vivo. Reproducing diseases in the laboratory with symptoms similar to
those observed in the field is often challenging (Fairbrother et al., 2005, Prescott et al., 2016a).
However, the growing interest in alternatives to antibiotics has led to the refinement of
experimental challenge models (Shojadoost et al., 2012, Prescott et al,, 2016b, Luise et al.,
2019aq).

Postweaning Diarrhea Caused by Enterotoxigenic E. coli in Pigs

Several considerations have been made regarding the experimental reproduction of ETEC
F4 and F18 challenge models for PWD (Luise et al., 2019a). The molecular testing of specific
markers of genetic susceptibility is used for selection of litters susceptible for the pathogenic
strain, i.e. genetic markers for specific intestinal receptors (Luise et al., 2019a). In addition to
genetic screening, pathogen-specific immunization of piglets and sows should be considered,
as maternal immunity can impact piglet response to ETEC challenges. Selecting piglets from
non-immunized sows is recommended for infection studies.

Preconditioning procedures such as administration of antibiotics or fasting prior to
inoculation are used in some instances to standardize the pig’s condition before infection, but
they are more common for vaccination studies (Luise et al,, 2019a). When these procedures are
used the postweaning physiology is altered and therefore may reduce the similarities with
natural infection.

The timing of the inoculation is another key factor as bacterial receptor expression in the
intestines is shown to be time dependent (Luise et al., 2019a). In the field ETEC infections often
coincide with weaning due to stress and reduced passive immunity, leading to intestinal
dysbiosis (Luise et al., 2019a). Consequently, in most studies the piglets are inoculated on
weaning day or shortly after to exploit this stress period (Luise et al., 2019qa, Duarte et al., 2023b).
However, other studies prefer inoculation 3 to 7 days after weaning when maternal immunity is
reduced and feed intake has increased (Wong et al,, 2022). The dose and number of ETEC
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inoculations varies widely across studies (Luise et al., 2019a, Dahmer et al., 2023). A single dose
of approximately 10° CFUs can cause infection, and generally, higher doses have been used in
pigs 28 days and older (Luise et al,, 2019a, Dahmer et al., 2023). However, although the factors
involved in inoculation are recognized as critical, they are usually based on local optimizations
by each research group, leading to high variability (Luise et al., 2019a).

Necrotic enteritis Caused by netB+ C. perfringens in Chickens

The experimental reproduction of ANE has also been refined to successfully replicate the
main features of the disease with particular relevance of predisposing factors besides the
inoculation with a of a pathogenic netB+ C. perfringens strains (Figure 2.3). Key factors include
the choice of infectious agents, such as using C. perfringenstype G alone or in combination with
coccidia and/or infectious bursal disease virus, and the administration route, bacterial load and
number of inoculations (Prescott et al., 2016b). Dietary manipulations also play a crucial role in
influencing disease severity, finely ground feed, high trypsin inhibitors, mycotoxins and diets high
in soluble NSP and animal-origin protein increasing severity of the infection (Shojadoost et al.,
2012, Moore, 2024).

Male birds are usually selected for ANE challenge studies as it has been reported an
increased susceptibility of male chickens (Shojadoost et al,, 2012). Immunization of the parent
flock has shown to reduce disease severity; thus, chicks should ideally come from unvaccinated
parent flocks (Shojadoost et al., 2012). Furthermore, challenge occurs around 2-3 weeks of age
should ensure low maternally-derived antibodies in chicks (Shojadoost et al., 2012).
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Figure 2.3 Summary of experimental reproduction of necrotic enteritis in broilers and analytical methods
used to assess its impact. Tpel = toxin perfringens large; NetB = necrotic enteritis toxin B-like; FITC-d =
fluorescein isothiocyanate-dextran; BWG = body weight gain; FCR = feed conversion ratio; FACS =
fluorescence active cell sorting. Extracted from: Moore (2024). (CC BY-NC-ND 4.0)

Natural Challenge Studies

Effects on disease prevention or dietary interventions in the context of PWD and ANE have
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also been studied using natural infection models. These experiments typically involve
conventional housing conditions where the onset of disease is expected due to historical
prevalence, low sanitary conditions, and stress events common in conventional management
settings (Massacci et al., 2020). Although these experiments more closely resemble commercial
settings, the bacterial load and disease onset may not be homogeneous among the animals,
potentially complicating the analysis of outcomes.

Acute water and feed deprivation has also been used as a model of postweaning stress,
resulting in effects in growth performance, inflammation and diarrhea development, not
necessarily related to bacterial infections (Horn et al., 2017). Cohort and growth performance
studies in larger industrial settings are often considered as final “proof” of effectiveness as
experimental disease models could not be applicable to commercial settings (Moore, 2024).

In this thesis
Study-l and 2: ETEC F18 challenge study

Organic piglets (7 weeks old) were selected for susceptibility to ETEC F18. The pigs did not receive
any previous antibiotics or feed restrictions. The challenge used two oral administrations on
consecutive days (8ml/day; 10° CFU/ml), the dose is higher than that used normally in the research
group as pigs were weaned older than conventional pigs.

Study-lll: Necrotic enteritis challenge study

Male 1-day-old broiler chickens (Ross 308) were obtained from a commercial hatchery. The
disease model involved a wheat-fish meal diet in the grower phase, an overdose of a coccidiosis
vaccine, followed by C. perfringens infection. Birds were orally inoculated on 18-20 d with NetB+
C. perfringens (strain S48;108 CFU/bird/day).

2.4 MEASURING EFFECTS ON GASTROINTESTINAL MICROBIOTA AND
ECOSYTEM

2.4.1 Assessment of Gut Pathogens and Microbiota

Traditionally, culture-dependent techniques of selected microorganisms were used to
assess the effect of intervention on the gut microbiota, but these are limited as not all
microorganisms can grow in vitro. Culture-independent methods can provide a more
comprehensive analysis (Chatterjee et al,, 2024). These methods include PCR-based DNA
profiling, quantitative PCR, fluorescence in situ hybridization, flow cytometry, DNA microarrays,
and next-generation sequencing. In nutritional and health studies of monogastric animals (and
in general gut microbiome studies), 16S ribosomal RNA (rRNA) has become popular due to the
increasingly lower cost of sequencing, important data output, and particular advances in
interpretability (Bailey et al., 2019). The 16S rRNA gene contains nine hypervariable regions (V1-
V9), with the V3 and V4 regions being commonly targeted in microbial community analysis due
to their balance between sequencing diversity and technical manageability (Thumann et al.,
2019, Satam et al., 2023).

While 16S rRNA sequencing provides taxonomic information, it does not offer functional
insights. Whole metagenomic sequencing addresses this limitation by cataloging all genes
through the random sequencing of all DNA extracted from a sample (Thumann et al,, 2019). This
approach can be used for detailing functional capabilities of the microbial communities and
describing metabolic pathways. However, a drawback of whole genome sequencing is the
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reduced development on biocinformatics pipelines and the fact that no functional information is
available for several genes, creating a “dark matter” phenomenon (Thumann et al.,, 2019).
Furthermore, functional information is only potential as actual gene expression is not measured.

Meta-transcriptomics offers a comprehensive view of gene expression profiles. This
approach captures the total mMRNA to provide information on the active functional profile of a
given microbial community (Thumann et al, 2019). Some limitations of the method are
interference with ribosomal RNA, instability of mRNA, and differentiation between host and
microbial RNA (Thumann et al,, 2019).

Bacterial Quantification Using Quantitative Real Time PCR

The routine method for describing ETEC proliferation during PWD has relied on individual
sampling and bacterial culture followed by either serotyping or PCR detection of virulence
genes (F4/F18 and ST/LT) in samples collected from intestinal content or feces (Weber et al.,
2017). Blood agar is used as hemolytic activity of £ coliis a recognized virulence marker, and £.
coli countsin a “pure” culture are landmark of colibacillosis (Francis, 2002).

Recently, gPCR analysis has emerged as a powerful quantification tool by using specific
primers (Weber et al.,, 2017). Specific primers can be selected for quantification of bacterial
groups such as Lactobacillus, E. coli C. perfringens providing a more efficient and scalable
solution than culture-based methods (Takahashi et al., 2008). Furthermore, virulence genes can
be also measured providing further insights and confirmation of challenge success (Rhouma et
al,, 2017c, Dahmer et al., 2023). Similarly, real-time PCR assays targeting the a-toxin-encoding
plc gene and netB genes have also been used as alternative to culture-based methods for
quantification of C. perfringens in necrotic enteritis experiments (Abildgaard et al., 2010a).
Virulence genes can be also measured for confirmation of phenotypic features of pathogenic
strains (Abildgaard et al., 2010b).

Genomic counts by gPCR counting have been favored due to scalability, reduced cost,
specificity and repeatability (Wang et al,, 2017). Another advantage of the technique is that the
extracted DNA used for the gPCR assay can also be used for further analysis such as 16S rRNA
gene sequencing. A limitation of the technique is the inability to differentiate DNA of viable cells
from dead ones. The use of dyes for assessment of membrane integrity in conjunction with gPCR
has been suggested for remedy of this limitation (Zi et al., 2018).

Bacterial Microbiota Profiling Using 16S rRNA Gene Sequencing

The 16S rRNA gene sequencing is effective to achieve taxonomic resolution up to the
genus level but often falls short at the species level due to homology between some species,
which limits taxonomic resolution (Bars-Cortina et al., 2023). Hence, the method can be used to
compare the abundance of bacteria at the genus level in different states.

Additionally, gut microbiota research has gained major insights from ecological sciences.
It is now widely acknowledged that a diverse microbiome represents a healthy homeostatic
condition (a healthy ecosystem), whereas the domination of a few microbial species indicates
diseased conditions (a diseased ecosystem) (Chatterjee et al,, 2024). The most common
ecological measures used in microbiome studies are a- and B-diversity. In the context of gut
microbiology, most diversity metrics relate to community richness (the number of different taxa),
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evenness (equity in the representation of the taxa within the community), and phylogenetic
relationships among species (Tipton et al., 2019). Different indexes take into account one or a
combination of these features.

Metrics of a-diversity includes Observed (also called Richness), Shannon, Inverse Simpson,
Gini, and Chao, among others (McMurdie and Holmes, 2013). The Observed diversity metric
simply counts the number of distinct taxa observed, providing a basic measure of species
richness. The Shannon Index takes into account both the number of species and their evenness
(McMurdie and Holmes, 2013). The Inverse Simpson Index and the Gini-Simpson Index
emphasize evenness, indicating the probability that two randomly selected individuals belong
to different taxa, with higher values representing greater diversity (McMurdie and Holmes, 2013,
Daly et al., 2018). Chao estimates species richness by considering rare species, providing a more
exact picture of diversity in samples where many species are infrequently observed (McMurdie
and Holmes, 2013).

On the other hand, B-diversity or compositional dissimilarity is used for comparison of the
overall composition of gut microbiota profiles from different samples (Tipton et al, 2019).
Richness, evenness, or phylogenetic relationships among species can also be integrated in the
measure (Tipton et al., 2019). For example, Bray-Curtis distance considers relative abundances,
whereas Unifrac distance accounts for phylogenetic relationships among species as well (Tipton
et al,, 2019). Temporal variance as a feature of the microbiota can be also assessed and it is
termed as volatility (Bastiaanssen et al., 2021). Microbiota volatility can be measure using the
degree of dissimilarity of samples in between timepoints (Bastiaanssen et al., 2021). Further
analysis includes differential abundance, co-occurrence networks, correlation analyses,
supervised and unsupervised learning methods for biomarker discovery, among others (Tudela
et al, 2021). The adequacy of the type analyses is constrained by the nature of the data
obtained and the experimental desing.

The data obtained from 16s rRNA amplicon sequencing is compositional, thus requiring
careful analysis and interpretation (Tudela et al., 2021). For example, data is often normalized
which introduces dependency, skewing results when abundant species disappear (Tudela et
al,, 2021). Another limitation of this method is given by the variable number of 16S rRNA gene
copies in members of the phyla Firmicutes and Bacteroidetes, which results in an over-
representation of such groups (Tudela et al., 2021). Finally, an important consideration is the
susceptibility of bias introduction on any of the steps of the whole workflow from the sample
collection to the bioinformatic processing (Table 2.2), thus making it particularly relevant to
follow best practices and standardized procedures (Combrink et al., 2023).

Table 2.2 Important considerations in 16s rRNA gene sequencing studies. Based on (Combrink et al,,
2023).

Sample - Use sterile techniques to avoid contamination. -Fecal samples: Cold until

ollection and . . subsamplin
¢ - Preserve samples to prevent microbial growth. Ping

Preservation -Digesta samples: Snap-frozen in
Techniques - Preservation methods: cold storage, buffer liquid N '
solutions, dry storage.
-80 °C storage.
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DNA Extraction

Controls and

Mock samples

Batch Effects

Region
Selection

Library
Preparation

Sequencing

Technology

Bioinformatics

Phylogenetics

- Extract high-quality DNA.

- Extraction methods: enzymatic vs. mechanical
lysis.

- Assess technical variation and biases.

- Contain known ratios of cells, genomes, or
amplicons.

- Minimize unwanted technical variation (batch
effects).

- Select the right hypervariable regions (V1-V9)
for 16S rRNA gene studies.

- Different regions vary in their ability to
differentiate taxa.

- PCR ampilifies DNA for sequencing but can
introduce errors.

- Minimize errors: use high-fidelity DNA
polymerases, reduce PCR cycles, manage DNA
concentrations.

- Next-generation sequencing platforms vary in
read length, cost, and quality.

- Common platforms: lllumina HiSeq and MiSeq,
PacBio, Oxford Nanopore.

- Quality trimming, read assembly, chimera
removal, taxonomic assignment.

- Tools: QIIME, DADA2, mothur streamline these
processes.

- Provides insights into microbial community
evolution and ecology. - Tree construction
methods: distance-based, maximum likelihood,
Bayesian.

NucleoSpin DNA Stool Kit: Lysis by
mechanical disruption with
ceramic beads

Zymo mock community (DNA) and
blank samples incorporated into
workflow.

DNA extraction: 96 /batch.

DNA sequencing in one
batch/study.

V3-V4

Done at sequencing company.
Study 1 and 2: Novogene
Study 3: BGlI

Study T and 2: lllumina HiSeq
Study 3: BGI-SEQ DNB

DADA2

Fast tree algorithm

Study-I: g-PCR bacterial enumerations and 16s rRNA amplicon sequencing

In this study we quantify ETEC bacterial culture and g-PCR on virulence genes. The ETEC counts in feces
were quantified using blood agar accompanied by serotyping and targeted gPCR using primers of
virulence genes F18 and STb. Furthermore, 16s rRNA amplicon sequencing was used for microbiota
profiling of fecal samples.

Study-lI: g-PCR bacterial enumerations and 16s rRNA amplicon sequencing

In this study used g-PCR for quantification of bacterial groups using specific primers for: total bacteriq,
lactobacillus, E. coli and F18 virulence gene in samples from GIT contents in different sections.
Furthermore, samples were used in16s rRNA amplicon sequencing for microbiota profiling.

Study-lll: 9-PCR bacterial enumerations and 16s rRNA amplicon sequencing

In this study used g-PCR for quantification of bacterial groups using specific primers for: lactobacillus, £
coli and C. perfringens, NetB toxin gene in GIT content. Furthermore, samples were used in16s rRNA
amplicon sequencing for microbiota profiling.
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2.4.2 Measuring Metabolites

Several metabolic pathways are influenced by the gut microbiota which in turn are linked
to dietary factors (Valdes et al., 2018). Therefore, the use of plant materials in the diet may impact
microbial metabolites and associated pathways in host physiology (Figure 2.4). For instance,
some of these metabolites could be (1) plant metabolites transformed by gut microbes, (2)
microbial transformation of host-excreted compounds like bile acids, and (3) compounds
synthesized de novo by gut microbiota, such as SCFAs and vitamins (Thumann et al., 2019).

Gut lumen
SCFAs
. ) Propionate
Bile acid . Butyrate
metabolism . Acetate

. J
e ® e ®
» o o %s ® °

® °
.
. L)

Deoxycholic acid
Litocholic acid

» g

¥ IL-18" 9 GPR41/43/109A

Sl TTissue repair 'HD%’-\E
e | Tryptophan <
S metabolites T @

B Tryptamine ®
/V GLP-1 4 0 /" Indole « :
‘ . | ahRE IAA . i
8 SHT  ° 4

L]
S?Ffs B8 Kynurenine
. o * S Kynurenie acid

Lipid
metabolism

coprostanol N |
sphingolipids O Treg -
. @
iy |« | A -
o IGN FoxP3 - &gg Adl
L) Insulin 5 [ GPS/% e _ L

ol @ sensitivity

= - } ° = =
ol® GPR109A "¥ams, gr-r-,\}\
® (;L ST,
) PR4T 7y Y
; oL Py p.

HDAC | ®a

{ ) @ ( .\-‘ IELs
A 4 { /
/ k. =i
* 2 Peristalsis

shioac,
NKT *mﬂammauon i /J IL-22 @, | Energy expenditure
- e IL-10 GPR41
«—ENS

Lamina propia

Figure 2.4 Summary of select microbial metabolites on relation with intestinal homeostasis, mucosal
immune requlation, and metabolic health of the host. ENS: enteric nervous system. Extracted
from: Tudela et al., 2021,

Short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate are produced
during bacterial fermentation of carbohydrates and proteins, while branched-chain fatty acids
(BCFASs) like isobutyrate, isovalerate, and 2-methylbutyrate arise from branched-chain amino
acids (Gilbert et al., 2018). Undigested monosaccharides are converted to pyruvate, which is
then metabolized into acetyl-CoA, succinate, or lactate. Acetate is derived from acetyl-CoA,
butyrate from acetoacetyl-CoA, and propionate from lactate or succinate pathways. Butyrate
serves as a key energy source for colonocytes, while propionate and acetate are metabolized
in the liver (Gilbert et al., 2018).

Ammonia, produced by deamination of amino acids or urea hydrolysis, can disrupt gut
health by increasing epithelial cell proliferation and permeability when present in high
concentrations (Gilbert et al., 2018). Phenolic compounds, such as phenol and p-cresol, and
indolic compounds, like indole and skatole, are produced from aromatic amino acids (Gilbert et
al, 2018). Increased levels of these compounds are associated with DNA damage and
inflammation (Gilbert et al,, 2018). However, recent studies have re-evaluated the roles of these
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microbial metabolites, suggesting further roles in host health when not in excess. For example,
the conversion of p-cresol into p-cresol-glucuronide by host enzymes has been linked to
improved blood-brain barrier integrity (Stachulski et al., 2023). Microbial metabolism of dietary
tryptophan is crucial for requlating intestinal homeostasis through AhR (aryl hydrocarbon
receptor) activation (Tudela et al., 2021). AhR is activated by tryptophan-derived ligands like
indole and indole acetic acid, influencing barrier integrity, immune responses, and peristalsis
(Tudela et al., 2021).

Polyamines such as putrescine, spermidine, and spermine, produced by gut bacteria, are
important for mucosal development (Gilbert et al., 2018). However, extreme concentrations of
these polyamines may affect butyrate uptake and gut health (Gilbert et al., 2018). Hydrogen
sulfide (H2S), produced by sulfate-reducing bacteria from dietary sulfur (Gilbert et al., 2018).
Elevated H»S production can impair mitochondrial function and break down the mucus batrrier,
potentially contributing to gut inflammation. However, the effects of H,S on cell proliferation and
cytokine production are complex and context-dependent (Gilbert et al., 2018).

Other important metabolites include nitric oxide, lipid metabolites, and bile acids. Nitric
oxide, produced from arginine, has both beneficial and harmful effects on gut health,
influencing motility, mucus production, and permeability (Gilbert et al.,, 2018). Bile acids aid in
lipid absorption and have systemic effects, including the regulation of metabolismm and immune
responses through FXR and TGR-5 receptors. Microbial metabolism transforms primary bile acids
into secondary bile acids, impacting gut health (Tudela et al., 2021).

Dietary phytochemicals such as polyphenols and organosulfur may be readily absorbed
or transformed by microbial modifications (Lawson and Hunsaker, 2018). Therefore, both
original phytochemical and degradation products can be found in different metabolomes.
Furthermore, some plant-derived metabolites may be treated as xenobiotics by the host, leading
the liver to reintroduce phytochemical derivatives to the gut lumen through enterohepatic
circulation (Forgie et al,, 2019). They can be measured to determine whether their impact on
the host health is direct or mediated by the microbiota (Forgie et al.,, 2019).

Metabolornic Approaches

Metabolites can be measured in multiple specimens, for example in blood, urine, saliva,
digesta, or feces, using spectroscopic or spectrometric techniques (Thumann et al., 2019).
Metabolomic studies can be targeted analysis of specific compounds or non-targeted
approaches to obtain an overview of metabolic profiles (Thumann et al., 2019).

Targeted approaches involved the development of target-specific protocols for extraction
and exact measurement. The combination of chromatography and mass spectrometry is used
for accurate quantification. Validation in targeted metabolomics methods is important, involving
assessments of precision, accuracy, linearity, sensitivity, and specificity (Curtasu and Nerskov,
2023). In contrast with the targeted approach when performing untargeted metabolomics, the
aim is to identify several metabolites that are partially or completely unknown within the sample
specimen (Tebani and Bekri, 2019, Moco, 2022). The metabolites may undergo further host
metabolism, resulting in microbial-host co-metabolites that can be detected through metabolic
profiling (Tebani and Bekri, 2019, Moco, 2022). Liquid chromatography-mass spectrometry (LC-
MS) or Nuclear Magnetic Resonance (NMR) spectroscopy in metabolomics methods used in
untargeted metabolomic studies (Tebani and Bekri, 2019, Moco, 2022).
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In this thesis
Study-I:

No metabolites were measured in this study in host samples; however, a targeted method was
developed for the measurement allicin in the garlic used for the experiment to ensure antimicrobial
activity.
Study-II:

Targeted methods were used for assessment of microbial metabolites in digesta samples including
SCFA, indoles, and biogenic amines.

2.5 MEASURING HOST RESPONSES

Host-related indicators are measured in relation to clinical signs of disease and
performance parameters, including growth performance, health status, and mortality. The
evaluation of growth performance parameters such as average daily gain (ADG), average daily
feed intake (ADFI), and feed efficiency (G:F) is common in nutrition research. However, the
relevance of growth performance as a response criterion in challenge studies depends on the
type of study. When a nutritional strateqgy is used to combat infection growth performance is a
key indicator, while those focused on vaccine strategies may concentrate on immunological
responses (Dahmer et al., 2023). Additionally, changes in growth performance or mortality often
require high statistical power that may not be achievable in disease reproduction experiments
(Gebhardt et al., 2020, Dahmer et al., 2023).

2.5.1 Pig Response During Postweaning Diarrhea

The frequency and severity of diarrhea are measured as key response parameters for
evaluating ETEC infection. These indicators can be assessed using various methods, such as
fecal consistency scoring, fecal DM, and frequency of diarrhea (Luise et al., 2019a, Dahmer et
al,, 2023). Fecal scoring is the most common measure for assessing diarrhea but has limitations
due to its qualitative nature, including scorer bias, threshold definitions, and requiring categorical
data analysis (Luise et al., 2019a, Dahmer et al., 2023). Hence, it has been recommended to
report more than one assessment of diarrhea with clear threshold definitions (Luise et al,, 2019q,
Dahmer et al., 2023). Fecal DM is often preferred due to its quantitative nature (Pedersen et al.,
2011).

Infection with pathogenic bacteria increases fecal shedding of these organisms, thus ETEC
shedding is a widely recognized indicator for evaluating response to infection and effect of
interventions (Luise et al., 2019a). Fecal bacterial shedding is evaluated in various ways,
including total bacterial shedding, total £ colishedding, ETEC specific shedding, and hemolytic
coliforms (Luise et al.,, 2019a). Specific F4 or F18 ETEC enumeration is the most reliable indicator
of ETEC infection (Luise et al,, 2019a). Differences in methodologies, such as bacterial culture
and quantitative PCR impact sensitivity and reproducibility of results (Dahmer et al., 2023).

Rectal temperature is another clinical indicator for pig health status, which typically ranges
from 39.0-39.5°C pre-challenge to > 40.0 °C post-inoculation, then gradually decreasing (Luise
et al., 2019a). However, obtaining rectal temperatures may be time-consuming, stressful for the
animals, and inaccurate due to watery feces and animal movements (Luise et al., 2019a).

The infection and related intestinal damage trigger local and systemic inflammatory
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responses. Indicators of these responses include white blood cell counts, immunoglobulins,
cytokines, and acute phase proteins (Luise et al., 2019a, Duarte et al., 2023b, Dahmer et al.,
2023). Systemic inflammation is assessed via blood serum or plasma analyses, depending on
the severity of the challenge. Acute phase response parameters such as haptoglobin, C-reactive
proteins (CRP), and pig major acute phase protein (Pig-MAP) provide a general assessment of
systemic inflammation (Heegaard et al,, 2011). Saliva measurements are gaining popularity, but
the methods are not yet widespread (Saco et al.,, 2023).

Pro-inflammatory cytokines like TNF-a and IL-6, measured via ELISA, are particularly
responsive during ETEC infection, both in serum and mucosal samples (Dahmer et al., 2023,
Duarte et al., 2023b). IgA quantification in blood serum, saliva, and mucosal samples also shows
significant responses to ETEC challenges and treatments (Luise et al, 2019b). Other
immunoglobulins, including IgG and IgM, have shown varying responses (Luise et al., 2019b).

The occurrence and lasting of PWD indicators vary from study to study (Duarte et al.,, 2023b,
Dahmer et al., 2023). Therefore, measurements are usually recorded from the start of study (at
weaning or before inoculation) and last for a least a 3-week period span until visible recovery.
The measurements are more frequent during the first week post inoculation and gradually
decrease if signs of recovery are obvious.

Intestinal morphology is also affected by ETEC infection leading to villi atrophy and
increased intestinal permeability (Duarte and Kim, 2022). Histological examination of villus
height , crypt depth, and VH:CD ratio provides insights into the impacts of ETEC on intestinal
health and the effect of interventions (Duarte et al., 2023b, Dahmer et al,, 2023) Additionally,
assessing tight junction proteins like occludin (OCLN), zonula occludens protein-1 (ZO-1), and
claudin-1 (CLDN-1) can indicate changes in epithelial barrier integrity (Duarte et al., 2023b,
Dahmer et al.,, 2023). Tight junction proteins can be assessed directly by measuring their protein
levels using Western blot techniques or indirectly by quantifying their mRNA expression through
gene expression assays. Proteomic approaches offer a more comprehensive evaluation by
potentially identifying and quantifying multiple proteins simultaneously, including tight junctions
(Liu et al.,, 2016). While proteomic technologies are becoming more accessible and continuously
improving, they still face challenges in terms of cost and complexity compared to the widely
used Western blotting technique (Hein et al., 2013, Liu et al., 2016, Zampiga et al., 2018).

2.5.2 Chicken Response During Necrotic Enteritis

Intestinal lesion scoring is the primary measure for assessing the progression of ANE. The
lesions may be localized along the small intestine, primarily appearing in the jejunum (Prescott
et al,, 2016b). Shojadoost et al. (2012) proposed a scoring system with a severity index ranging
from O to 6 assessing the intestinal damage caused by ANE (Figure 2.5). A score of 0 indicates
no gross lesions, while a score of 1 involves thin or friable walls or a superficial, removable fibrin
layer. Scores 2 to 4 represent increasing numbers of focal necrosis or ulceration with non-
removable fibrin deposits, ranging from 1 to over 16 foci. Score 5 is characterized by patches of
necrosis measuring 2 to 3 cm, and score 6 denotes diffuse, extensive necrosis typical of severe
field cases.

Scoring is preferably performed by an experienced pathologist using a blinded system
(Prescott et al., 2016b). Histopathological confirmation of lesions can be additionally performed
but should not replace scoring, as histologic sections may not represent the entire intestine
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(Prescott et al,, 2016b). Histological examinations may involve examining infiltrates, villus/crypt
structures, and micro-lesions (Moore, 2024). Other indicators of intestinal integrity include FITC-
d permeability tests and tight junction protein assays (Prescott et al., 2016b, Moore, 2024).
Quantification of C. perfringensin fecal droppings or gut contents is also used to assess infection
progression (Alnassan et al., 2014). The bacterial load determination can be performed via
plating or gPCR (Moore, 2024). The netB+ phenotype is critical to disease development thus
important for measuring pathological challenge success (Abildgaard et al, 2010b). When
Eimeria challenge is part of the disease model, oocyst excretion is assessed in fecal droppings
(Alnassan et al.,, 2014).

Score | Observation Number of lesions
| 0 No gross lesions -
1 Thin or friable walls, or diffuse | -
superficial but removable
fibrin
2 Focal necrosis or ulceration,or | 1to 5 foci

non-removable fibrin deposit

3 Focal necrosis or ulceration, or | 6 to 15 foci
non-removable fibrin deposit

1 4 Focal necrosis or ulceration, or | 16 or more foci
non-removable fibrin deposit

5 Patches of necrosis 2 to 3 cm | Variable
long

6 Diffuse necrosis typical of field | Extensive
cases

Figure 2.5 Intestinal lesions caused by necrotic enteritis in chickens. The pictures of everted jejunal
segments illustrating the necrotic enteritis scoring system. a: Score 0, everted jejunal segment with no
gross lesions. b: Score 1: No obvious ulcers in the mucosa, but the mucosa covered with a layer of loosely
adherent fibrin. c: Score 2-4, excavated ulcer of the mucosa with acute, bright red hemorrhage within the
ulcer bed and scant crusting of fibrin around the periphery. d: Score 2-4, excavated ulcer of the mucosa
with dark green-black pigment within the ulcer bed and scant crusting of fibrin over the surface. e-f: Score
2-4: excavated ulcers of the mucosa, the periphery of which are covered by thick, tightly-adherent layers
of fibrin, necrotic tissue, and inflammatory cells. g-h: Score 5-6, mucosa are covered by large, confluent
plaques of fibrin, necrotic tissue, and inflammatory cells (g) to the point where they extend over
broad regions of the intestinal mucosa (h). Adapted from: (Shojadoost et al., 2012).[CCBY 2.0

The primary immune organs in chickens are the thymus, bursa of Fabricius, and bone
marrow (Wlazlak et al, 2023). Secondary lymphoid tissues manage immune responses by
activating effector cells. Unlike mammals, chickens lack encapsulated lymph nodes and instead
have "diffuse" lymphoid tissue and clusters in structures like Peyer's patches, cecal tonsils, and
Meckel's diverticulum (Wlazlak et al.,, 2023). Immunological assessments may be performed via
gene expression, flow cytometry, and ELISA to measure acute phase proteins, cytokines, and
immunoglobulin levels (Moore, 2024). Antigen-specific immunoglobulin concentrations may
also be of interest (Dalgaard et al., 2022). Ex vivo immunological analysis is also performed when
immunological modulation is of interest (Dalgaard et al, 2022). Common assays include
assessing phagocytosis, oxidative burst generation, monocytes and heterophils microbicidal
killing and chemotaxis, cell surface molecule expression, and immune-cell cytokine production
or mRNA transcription (Dalgaard et al., 2022).
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2.6 ETHICAL CONSIDERATIONS

The experimental reproduction of pathogenic infection, such as ETEC-induced PWD and
ANE in chickens, causes significant stress and suffering to the animals used. Consequently,
bioethical considerations are vital during all phases of experimentation, even more so than in
other types of animal experiments. The design of these experiments prioritizes the refinement,
reduction, and replacement principles (Graham and Prescott, 2015). Furthermore, the studies
require approval under animal care legislation and regulations.

Ensuring the welfare of the animals involves strict adherence to ethical quidelines,
including minimizing pain and distress and providing proper veterinary care (Smith et al., 2007).
Proper housing, handling, and monitoring of the animals are essential to ensure humane
treatment throughout the study (Smith et al.,, 2007). Furthermore, to make studies transparent
and reproducible, investigators should report in accordance with the ARRIVE guidelines (Percie
du Sert et al., 2020).
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3.1 STUDY-I
ANTIBACTERIAL PLANT COMBINATIONS PREVENT POSTWEANING
DIARRHEA IN ORGANICALLY RAISED PIGLETS CHALLENGED WITH

ENTEROTOXIGENIC Escherichia coli F18
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Figure 3.1 Overview of study Antibacterial plant combinations prevent postweaning diamhea in
organically raised piglets challenged with enterotoxigenic Escherichia coli F18 This study investigated
the effect of dietary supplementation with garlic in combination with either apple pomace or
blackcurrant on growth performance, PWD indicators, blood parameters, and the fecal microbiota profile
of organic-raised piglets challenged with ETEC-F18.

Created in BioRender. Jerez, K. (2024) BioRender.com/035k429
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Aim and Hypothesis

We hypothesized that supplementing piglets with garlic and apple pomace, or garlic and
blackcurrant, alleviates clinical signs of PWD by selectively inhibiting ETEC and promoting a
healthy gut microbiota. The aim of Study-l was to investigate the efficacy of dietary
supplementation of dried garlic in combination with apple pomace (GA) and black currant (GB)
on the prevention of PWD in organic weaners challenged with ETEC F18.

Key findings

Piglets receiving GA or GB supplements had reduced incidence of diarrhea, lower ETEC
F18 shedding, had higher fecal dry matter, and better growth performance compared to the
challenged control group (PC). The PC group also showed signs of dehydration (increased
hematocrit) and systemic inflammation (increased PigMAP), which was prevented in the GA
and GB. Furthermore, the fecal microbiota of PC piglets had reduced diversity and increased
volatility compared to the supplemented groups. Specific bacteria associated with possible
benefits (Catenibacteriumn, Dialister, Mitsoukella) was favored by the plant’s supplementation,
while potentially harmful bacteria (Escherichia, Campylobacter, Erysijpelothrix) were more
abundant in the PC group.

Assessment of the methodology

In this study, we successfully induced PWD symptoms in challenged pigs and observed a
clear distinction between unchallenged and challenged control pigs in key parameters like
fecal scores, fecal dry matter, ETEC shedding, and growth performance. Overall, this provides
sufficient evidence to conclude the efficacy of the plant combinations in preventing disease and
displaying potent antibacterial effects against ETEC F-18. Complementary parameters,
particularly PigMAP and hematocrit, further validated these endpoint observations. The
examination of fecal microbiota over time, along with targeted measurements, provided insights
into the antibacterial activity of the supplements and their broader effects on the gut microbial
ecosystem.

A second block of this experiment was intended to increase statistical power, but the
response to the challenge could not be confirmed in the second group of pigs, so only the first
block was analyzed. This, however, did not hinder our ability to draw conclusions, as the
response to the challenge and the effect of the treatments were strongly contrasting.

One aspect that could have provided additional valuable information would have been
to euthanize and sample some animals on the days of acute response to the challenge.
However, as these pigs were "non-conventional” and limited information exists on the use of
organic weaners in challenge studies, we could not determine the optimal timepoint for
sampling. On the other hand, this led to the decision to obtain more time-point measurements,
which enriched the results. Finally, although we assessed allicin content in the garlic powder,
measured the pH of the apple pomace, blackcurrant, and diets, and estimated ABC-4 values,
the results could have been supplemented by measuring the concentration of organic acids (in
powders and diets) and allicin in the diets.
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3.2 STUDY-II
EFFECTS OF GARLIC WITH APPLE POMACE OR BLACKCURRANT
SUPPLEMENTATION ON THE GASTROINTESTINAL MICROBIAL
ECOSYSTEM IN ORGANIC PIGS AFTER WEANING
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Figure 3.2 Overview of study Effects of Garlic with Apple Pomace or Blackcurrant Supplermentation on
the Gastrointestinal Microbial Ecosystem in Organic Pigs After Weaning. This study investigated the
impact of a three-week dietary supplementation of garlic in combination with either apple pomace or
blackcurrant on the gastrointestinal microbiota, microbial metabolites, and antioxidant capacity of
organic pigs after weaning. Created in BioRender. Jerez, K. (2024) BioRender.com/u79r014

Aim and Hypothesis

We hypothesized that the three-week dietary intake of the plant materials would
beneficially influence the GIT ecosystem by selectively promoting the growth of beneficial
bacteria and thereby modulating fermentation processes that can prevent detrimental
processes like oxidative stress and intestinal barrier disruption. The aim of Study-Il of this study
was to investigate the impact of dietary supplementation with garlic, in combination with either
apple pomace or blackcurrant, on the gastrointestinal microbiota, microbial metabolites, and
antioxidant capacity and barrier function of the small intestinal mucosa in organic pigs three
weeks after an ETEC challenge at weaning.

Key findings

Overall bacterial numbers were not affected by the treatments, but the microbiota profiles
and metabolites were influenced. Weaning exposure to ETEC (PC) resulted in increased
abundance of potentially pathogenic bacteria at expense of commensal bacteria. Whereas the
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dietary supplementation with garlic combined with either apple pomace or blackcurrant in
weaned pigs after an ETEC challenge resulted in increased abundance of beneficial bacteria.
The GB treatment resulted in greater impacts on specific taxa, resulting in shifted fermentation
towards the distal gut (cecum and colon) and favored carbohydrate fermentation over protein
fermentation. The plant supplementation increased the activity of antioxidant enzymes (SOD
and GSH-Px) in the small intestinal mucosa.

Assessment of the methodology

The method of this study aimed at investigating the extended impact of plant
supplementation on the gqut microbial ecosystem. The methods chosen allowed for
comprehensive assessment of the gut microbial ecosystem, by assessing bacterial numbers
(gPCR), the microbiota profiles (16s rRNA sequencing) and targeted microbial metabolites
(targeted metabolomics). The inclusion of an unchallenged control (NC) allowed for the
isolation of the effects of the weaning ETEC challenge, three weeks after challenge.

Additional investigations into the role of plant phytochemicals along the gastrointestinal
tract would have provided valuable insights. For example, employing other "omics" approaches
could shed light on the mechanistic aspects of interactions between the gut microbiota, plant
phytochemicals, and the host. Non-targeted metabolomic approaches could reveal interactions
between antimicrobial plant components and gut microbiota. Furthermore, metagenomic
approaches could provide insights into the functional aspects of the gut microbiota, beyond
mere taxonomic modulation, as different taxa may provide similar functions to the ecosystem,
thus increasing taxonomic resolution.
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3.3 STUDY-IlI

EFFICACY OF MEDIUM CHAIN FATTY ACIDS AND ESSENTIAL OILS
AGAINST NECROTIC ENTERITIS IN BROILERS
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Figure 3.3 Overview of study Efficacy of Medium Chain Fatty Acids and Essential Oils Against Necrotic
Enteritis in Broifers. This study investigated the combined effects of palm kernel fatty acids as a natural
source of MCFAs and essential oils on the course of necrotic enteritis disease and gut microbiota
composition in chickens under a necrotic enteritis challenge. Created in BioRender. Jerez, K. (2024)

BioRender.com/j03m411.
Aim and Hypothesis

We hypothesize that the combined antibacterial activity of palm kernel fatty acids (PKFA) as
natural source of MCFAs rich in lauric acid, and essential oils will result in the display of synergistic
antibacterial effects against netB+ C. perfringens resulting in reduced pathogen proliferation
thereby reducing necrotic enteritis disease symptoms and favoring the establishment of a
healthy gut microbiota in broilers chickens under a necrotic enteritis challenge. The aim of the
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current study is to investigate the combined effects of MCFAs and essential oils on MICs in vitro
aqgainst C. perfringens and in vivo, on intestinal and cecal levels of C. perfringens, disease
progression and gut microbiota composition in chickens under a necrotic enteritis challenge.

Key findings

The combination of PKFA and clove essential oil showed synergistic antibacterial activity
against netB+ C. perfringens in vitro. In broilers challenged with necrotic enteritis, the
combination of PKFA and CEO consistently reduced intestinal lesions caused by necrotic
enteritis throughout the study, reduced intestinal netB+ C. perfringens levels and improved
growth performance challenged control. The combination treatment may have led to a faster
succession of the gut microbiota and reduced the relative abundance of C. perfringens and E.
coliin the cecum and ileum at specific time points.

Assessment of the methodology

The study incorporated both in vitro and in vivo experiments to assess the antimicrobial
properties of MCFA and essential oils against C. perfringens. The methodology selected for the
in vitro testing provided a robust approach for the determination of interactions between the
selected oils. In vivo the desing further provided a way to assess the efficacy of individual
products and the combination to mitigate detrimental effects caused by necrotic enteritis
challenge. The challenge model was robust resulting on clear affectation of the challenged
control group, which aid in the comparison with the treatments. A limitation of this study could
be the lack of an unchallenged control group, nevertheless other constraints (logistics,
economic, spatial) gave priority to the desing with all groups challenged, unchallenged groups
are particularly important when subclinical disease symptoms are achieve, however our study
observed more severe response of the birds to the challenge model, which provides validity to
the model and assessment of efficacy.
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Chapter 4: GENERAL DISCUSSION

The current general discussion aims to complement the specific discussions included in
each of the three manuscripts included in this thesis by focusing on broader aspects and
mechanistic insights into the use of antibacterial plant combinations in relation to existing
literature on similar strategies, particularly in the context of PWD caused by ETEC and ANE
caused by netB+ C. perfringens. It begins with the Hypotheses and Aims, introducing the
hypotheses behind each study, followed by the thesis approach, which describes the framework
used to address these hypotheses. Next, the Antibacterial Properties of Individual Plants are
discussed in comparison with available literature. In 7The combination of plant materials, the text
explores the possible mechanisms for synergistic interactions. Finally, the section on Beyond
Antibacterial Action examines additional effects of the strategies, such as their ability to
modulate gut microbiota and improve overall gut health. The last part focuses on the
combination used in the study with chickens.

Hypotheses, Aims and Thesis Approach

We hypothesize that dietary supplementation with a combination of plant-based
antimicrobials can mitigate the severity of ETEC-induced PWD in weaning piglets and netB+ C.
perfringens-induced necrotic enteritis in broiler chickens. Study-l and Study-lll aimed to assess
the efficacy of plant-based antimicrobial combinations targeting either ETEC or netB+ C.
perfringensin controlled disease challenge experiments. Study-Il further evaluated the impacts
of dietary supplementation from Study-1 on piglets three weeks after challenge and continuous
dietary supplementation.

This thesis presented an approach to screening and testing alternative antimicrobials for
combating gastrointestinal pathogenic diseases, focusing on four key aspects: (1) identification
and screening of targeted antibacterial plants based on their antimicrobial properties against
specific pathogens (in vitro), (2) investigation of their combined effects for enhanced
antibacterial action (in vitro), (3) efficacy testing using disease challenge models (in vivo) and
(4) assessment of their impact on the gut ecosystem beyond the acute phase of the challenge
(in vivo). The use of targeted plant materials aims to minimize disruption of the beneficial
gastrointestinal microbiota. Additionally, their combination seeks to leverage synergistic effects
for enhanced antimicrobial efficacy, potentially reducing the inclusion levels of individual
components and the risk of bacterial resistance. Furthermore, Study-l and Study-Il used crude
antibacterial plant materials directly as feed, whereas Study-lll used semi-pure plant extracts.
This comparison provides insight into the advantages and disadvantages of each strategy for
using plant-based antibacterials.

Regarding the investigations focusing on ETEC and PWD, aspects (1) and (2) were
examined by the MAFFRA-I and MAFFRA-II projects. In the frame of MAFFRA-I, twelve plant
species were identified for their activity against ETEC. Ramsons (wild garlic) and acidic berries
were the most effective in vitro, displaying synergistic antibacterial activity. Furthermore, in a
pilot study, weaning pigs fed a mixture of ramsons and lingonberries (3% each) had reduced
fecal and GIT Enterobacteriaceae levels without affecting lactic acid bacteria populations or
feed intake (Canibe et al., 2018). The MAFFRA-II project supported aspects (1) and (2) by
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providing in vitro antibacterial analyses of multiple garlic cultivars with different allicin
concentrations, both alone and in combination with either apple pomace or blackcurrant. The
selection and concentrations of plant materials used in Study-l and Study-ll were based on
these studies. Study-I dealt primarily with aspect (3), in a pathogenic challenge experiment with
organic pigs challenged with ETEC-F18. Study-Il focused on aspect (4) by investigating the
effects of the plants supplementation 3 weeks after weaning. Study-lll incorporated all aspects
concerning netB+ C. perfringens and ANE.

The role of antibacterial plant combinations against ETEC
The antibacterial properties of fruits and berries

Previous work by our group (MAFFRA | project; unpublished data; Hejberg et al,
unpublished) investigated the antibacterial efficacy of acidic fruits, berries (e.q., lingonberries,
redcurrants), and other antibacterial plants (ramsons, clove, horseradish) against ETEC in vitro.
From these experiments, it was concluded that, in general, acidic berries and fruits could inhibit
ETEC in the pig digesta incubation model (Figure 4.1). Plant materials that substantially reduced
the pH compared to the control showed this antibacterial effect most prominently in
experiments using various growth conditions (different digesta, concentrations, combinations;
Figure 4.1). Indeed, it has been previously established that reducing the pH of gastrointestinal
contents in vitro from 6.5 to 5.5 hinders the growth of pathogenic £. co/i(Duncan et al., 2009).

Fruit acidity is primarily influenced by the accumulation of organic acids, which vary with
species and cultivar (Bordonaba and Terry, 2010, Nour et al., 2011, Jiang et al., 2022, Golubkina
et al, 2022). Citric acid is dominant in citrus fruits, currants, and rhubarb, while malic acid prevails
in apples, pears, and peaches. Furthermore, the content of organic acids changes during fruit
development and postharvest processing (Martdu et al., 2021, Jiang et al., 2022). Due to their
content of organic acids and other antimicrobial compounds, fruit and berries have been
suggested to provide protection against gastrointestinal pathogens (Puupponen-Pimid et al.,
2005, Das et al., 2017).

Organic acids and their salts are used extensively in several industries as preservation
agents primarily due to their antimicrobial properties (Hirshfield et al., 2003). Organic acids are
also used for preservation of animal feeds (Tugnoli et al., 2020). Commonly used organic acids
include butyric, formic, propionic, lactic, citric, acetic, fumaric, malic, and sorbic acids, often
blended for consistent microbial control (Patience and Ramirez, 2022). Salts of organic acids are
often preferred as they are typically odorless, less volatile, more soluble, and less corrosive than
their pure acids counterparts (Tugnoli et al., 2020). For a while, it has been known that organic
acids provide benefits for growth and health, particularly in young animals (Ravindran and
Kornegay, 1993, Tugnoli et al., 2020, Patience and Ramirez, 2022). Their impact is influenced by
type and dietary concentration, diet composition, and the characteristics of the animal (de
Lange et al., 2010). In the past, most studies on organic acids have not specifically targeted ETEC
or aimed to reduce diarrhea as the main endpoint (Canibe et al, 2022). However, their
antibacterial action and influence on the gastrointestinal tract have laid the groundwork for their
use in preventing PWD. Calcium formate and fumaric, citric, and formic acid can enhance
growth performance, feed intake, and intestinal health while reducing diarrhea and pathogen
shedding in weaning pigs challenged with ETEC (Lallés et al,, 2009, de Lange et al., 2010,
Tugnoli et al., 2020). On the other hand, concerns over safety, corrosiveness, alteration of gastric
HCI secretions and development of bacterial acid resistance have been raised (Hirshfield et al.,
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Figure 4.1 Relationship between ETEC F4 relative CFU change and pH relative change in experiments conducted with antibacterial plant material in vitro.
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represents the 95% confidence interval for prediction.
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2003, Tugnoli et al,, 2020, Luise et al,, 2020). Furthermore, the inclusion levels necessary to
influence gastric pH and modulate microbial populations are typically above 1%, which in some
instances may not be cost-effective (Tugnoli et al., 2020). Nevertheless, Sa/monella enterica and
E. coli challenged piglets fed 0.5% citric showed improved growth performance and reduced
pathogenic bacterial loads compared to untreated controls (Ahmed et al., 2014).

The antibacterial properties of organic acids are linked to their permeability of cell
membranes when undissociated (determined by environmental pH and individual pKg), @
mechanism known as anion model/anion stress (Russell and Diez-Gonzalez, 1997). The internal
pH of £ coli (pH 7.6) is kept higher than external conditions by exporting protons via active
transport (Duncan et al,, 2009). Several organic acids (including SCFAs, but also lactic acid,
benzoic acid and others) can freely cross the bacterial cell membranes (Moore et al., 2019).
Once inside, the acids dissociate (H+ and RCOO-) in the cytoplasm and cannot longer cross the
membrane, causing accumulation of anions and depression of internal pH (Ma et al,, 2022).
Bacterial pH requlation depletes energy resources, forces the bacteria to expel essential ions,
overall affecting growth (Maurer et al., 2005, Moore et al., 2019). Furthermore, organic acids
interfere with other £. coli cellular processes such as DNA replication and methionine synthesis,
which is dependent on the anion permeating (Hirshfield et al.,, 2003, Ma et al., 2022).

It could be argued that similar benefits might be expected from natural sources of organic
acids when incorporated into diets, including acidic berries, fruits, and their by-products. In
Study-l and -ll, apple pomace and blackcurrant were included aiming to provide acidifying
properties using readily available and cost-effective plant materials. Blackcurrant was chosen
for its high acidity (pH 2.81), while apple pomace, although slightly less acidic (pH 3.28), was
selected for its favorable characteristics, availability in scale, and potential to provide further use
for an otherwise waste byproduct.

Although varying multifactorially, the average content of organic acids in blackcurrant is
about 200 mg/g DM (Bordonaba and Terry, 2008, Nour et al., 2011) versus about 30-40 mg/g
DM in apple pomace (Waldbauer et al.,, 2017, Antonic et al., 2020b, Martdu et al., 2021). Using
this information, it could be estimated that the provision of organic acids in the diets (3%
inclusion) was about 6 mg/qg in the GB diet and about 0.1 mg/g in the GA diet. As mentioned
earlier, it has been suggested that providing pure individual organic acids at 1% (10 mg/q) in
diets is necessary to achieve the observed modulatory effects, highlighting the role of synergies
in our combinations of plant materials.

The role of the content of organic acids of cloudberry, raspberry and blackcurrant in their
antibacterial activity against £ coli and nonvirulent S. enterica has been previously
demonstrated (Puupponen-Pimid et al., 2001, Puupponen-Pimid et al., 2005, Nohynek et al.,
2006). The antibacterial effects are primarily observed between pH 3 and 5, which may be
related to the pKy of the organic acids present in the berries (Puupponen-Pimid et al., 2005).
Furthermore, complementary antibacterial effects may arise from the interaction between
organic acids and other berry components, such as tannins. This is supported by Nohynek et al.
(2006), who observed destabilization of the outer membrane in organic acid-free extracts of the
same berries.

In Study-l, we observed that the dietary inclusion of garlic and apple pomace (GA) or
garlic and blackcurrant (GB) was able to reduce the incidence of PWD in piglets challenged
with ETEC F18. The reduction in PWD was accompanied by a decrease in the fecal shedding of
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ETEC F18. These findings indicated that the plant-based combinations effectively inhibited the
growth and colonization of ETEC F18 in the piglet’s gut, thereby reducing clinical signs of PWD.
The pH of the apple and blackcurrant powders, as well as the acid-binding capacity (ABC-4) of
the experimental diets, were measured to confirm their acidifying properties. The results showed
that the blackcurrant powder had a lower pH than the apple pomace powder, and the diet
containing blackcurrant had a lower ABC-4 than the diet containing apple pomace. These
findings support the rationale for selecting these specific plant materials based on their pH-
lowering potential.

Intriguingly, previous studies incorporating fruits, berries, and pomace into piglet diets have
not primarily targeted organic acid provision but have instead emphasized the delivery of
fermentable dietary fibers and antioxidant polyphenols. Sehm et al. (2007) provided diets
containing 3.5% apple pomace to weaning piglets for 50 days. Although Sehm and
collaborators did not see changes in growth performance compared to an untreated control,
the pigs receiving apple pomace supplementation had improved intestinal morphology and
reduced gut-associated lymphoid tissue activation via ileum Peyer's patches (Sehm et al.,, 2006,
Sehm et al.,, 2007). More recently, Dufourny et al. (2021) reported a positive influence of apple
pomace supplementation (2 and 4 %) on performance parameters and modulation of the cecal
and fecal microbiota.

Interestingly, in Dufourny et al. (2022), Catenibacterium was more abundant in pigs
receiving 4% apple pomace, which coincided with our observation of increased abundance of
this genus in fecal, cecal and colonic microbiota of pigs in Study-l and Study-Il receiving GA or
GB. In contrast, Dufourny et al. (2022) observed a tendency for reduced fecal consistency and
increased pathogen excretion, which is in opposition to our observations in Study-I. However,
their study did not involve an ETEC challenge, and apple pomace was provided individually.
Additionally, the content of organic acids, pH, and acid-binding capacity were not evaluated,
complicating comparison with the conditions in our study.

In Study-l, both combinations reduced diarrheal symptoms and ETEC shedding, the GB
treatment seemed more effective antibacterial. In contrast, in Study-ll, the GA treatment had
relatively more influence on the GIT ecosystem. These differences could be driven by the
individual composition of the combinations, i.e., garlic with either apple pomace or blackcurrant.
These plant materials contain an array of phytochemicals with potential bioactive properties as
presented in Chapter 1. Indeed, preliminary results from an untargeted metabolomics screening
of the plant materials used in Study-lI and -ll, showed a clear PCA separation between the
blackcurrant and apple pomace sample (Figure 4.2). The separation is driven by compounds
characteristic of each plant material, for example quercitin and D-glucuronic acid in the apple
pomace cluster, whereas citrate and rutin drove the blackcurrant separation.

Chapter 4: GENERAL DISCUSSION 67



|
Multicomponent antibacterial plant cocktail for better health in piglets and broilers

PhD Thesis
Scores Plot
i=3
S 4
=}
S
© Apple-pomace
© Black-currant
o garlic (in vivo)
Q wild-garlic-201¢
© wild-garlic-2017
)
8 4
) %
o 4
g
©
=)
8 384
S B
~
[
a
)
5]
S
<
)
f=3
34
) 8
)
8
& T T T T T T T T
-1000 -500 0 500 1000 1500 2000 2500
PC 1 (48.3 %)
o w/o MS2:4-hydroxy-5-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-ylJoxy-1H-bezo[f][2]benzofur
0.2
o CITRATE (191.0192_rt1.21)
© Wio MSASRIIRMRAGAR Mot 38b 08ss 13,22
o w/o MSZ.Mal’g%y%ryplopharg (289.08527r(3.6)3)
0.1
o
° o
© Unknown (497.334_rt5.66) o ) o CITRATE (191.019_1t1.12)
N 8 60 fatty acyl he
s oo OWO wa:masmmt@ab)1§9‘i§{§§§;’% A ARl
3
g 004 o Rutin (609.1453_rt5.46)
© w/o MS2:Xanthotoxin (215.032_rt0.68)
o 0©
-0.1 H 00 @ ®w/o MS2:Flunixine (295.0661_rt0.74)
e
? Phloretin-2'-O-glucoside (435.1282_rt6.64)
o quercitrin (447.0922_rt6.22)
-0.2
© D-Glucuronic acid (193.0345_rt0.67)
T T T T T T T T
o wn (=3 wn (=3 w [=3 w0
= S S S = 4 Q &
o C.> (=} (=} (=} o o o
Loadings 1

Figure 4.2 Principal component analysis of preliminary metabolomic analysis of plant materials used in
Study | and Study Il. Garlic, apple pomace, blackcurrant powders. Wild garlic powder used in MAFFRA-|
project are also presented. The top figure is the PCA plot, while bottom figure is loadings plot showing
metabolites that contribute to separations.
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The antibacterial properties of garlic

The antibacterial properties of garlic are expected to primarily come from allicin and other
organosulfurs as presented in Chapter 1. A limitation for comparison of studies involving garlic
(and other plant materials) is the lack of reported information regarding active components in
the specific batches used. Moreover, the variety of garlic products, which contain different
compounds (Chapter 1; Garlic), further complicates the direct comparisons. Table 4.1
summarizes the concentration of garlic-derived active components reported on recent studies
using garlic in weaning pigs.

Table 4.1 Concentration of garlic phytochemicals in products used in studies with weaning piglets.
Reported active compound concentration and calculated phytochemical provision compared to allicin
content in garlic used for Study-I and -I.

Garlic product Active compound Inclusion level Calculated active Reference
concentration in provision
product (Reported)
Garlic powder Allicin: 44 mg/g 3% feed 140 mg/100g feed Study-I, Study-II
Garlic botanical Propyl 10 ppm feed 0.4 mg/100q feed Liu, 2013
(steamed distillation  thiosulfonates: 40%
oil)
Fermented garlic Alliin'®: 750 mg/kg 2 g/kqg feed 0.15 mg/100g feed Yan, 2013;
Wang, 2011
Garlic powder Allicin: 5 mg/g 0.3 g/kg BW 7.2 -8.1 mg/pig/day Ayrle, 2019
Purple garlic Alliin 2 % feed 14 mg/100g feed Rivera-Gomis,
powder /100g feed 2020; Serrano-
Jara, 2023

The studies by Liu et al. (2013) investigated the supplementation of garlic botanical extract
(40% propyl thiosulfonates, steamed distillation oil,10 ppm feed) to ETEC-F18 challenged piglets
(Liu et al, 2013, Liu et al, 2014). Compared to an untreated challenged control, the
supplementation reduced diarrhea scores and frequency, and white blood cell counts, while
increasing ileal villi height (Liu et al,, 2013). However, Liu et al. (2013) did not observe an
influence of the treatment on growth performance or fecal ETEC shedding. The latter findings
contrast with our findings in Study-l, where improved performance and reduced ETEC shedding
was observed. The reason for the discrepancy could be different quantity and characteristics in
active ingredients. For comparison, in Liu and collaborators, the provision of propyl thiosulfonates
would be of around 0.4 mg/100g feed, whereas the provision of allicin in Study-l and -ll was of
approximately 140 mg/100g feed (Allicin in garlic powder: 44 mg/g, 30 g/kg feed). Moreover,
propyl thiosulfonates—deqgradation products of allicin—exhibit approximately half the
antibacterial potency of allicin (Ruiz et al., 2010, Sorlozano-Puerto et al., 2018). However, their
greater stability often makes them the preferred choice for standardized preparations (Ruiz et

13 Alliin itself is not antibacterial as mentioned in Chapter 1.
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al.,, 2010, Sorlozano-Puerto et al., 2018).

In the studies of Yan and Kim (2013) and Wang et al. (2011) using fermented garlic in
piglets challenged with LPS or non-challenged, they observed improved growth performance,
immune response and reduced fecal shedding of £ coli Indeed, the authors attributed the
positive impact on growth performance to the reduced £. colicounts. Both studies used the same
plant material, which was characterized to have an alliin content of 750 mg/kg (about 7 times
lower than the garlic cloves they used for the fermentation), equivalent to 0.15 mg/100g feed
(when fermented garlic was added at 2 g/kg feed). Although these authors attributed the
reduction in £. colito antibacterial effects from the allicin in garlic, this seems unlikely given the
fact that the preparation of the fermentation included a crushing step, and water addition, which
would mean rapid formation and possibly degradation of allicin (reflected in the reported alliin
content).

Yan and Kim (2013) and Wang et al. (2011) further reported the measured content of
DADS and DATS in the fermented garlic, which were 4.40 mg/kg and 32.8 mqg/kg, respectively.
It could be speculated that the antibacterial effects of the degradation products inhibited ETEC,
but the concentrations were rather low. Potential synergistic interactions with products formed
during the fermentation process could also offer insights; however, these were not reported.
Interestingly, in their study with unchallenged animals, although the £ co/inumbers decreased
linearly with increasing concentrations of fermented garlic (0.5, 1, 2 g/kg), growth performance
was enhanced only when using the lowest concentration, contrary to their observations with
challenged animals (Yan and Kim, 2013). A common observation with feed additives and other
alternatives to antibiotics is that benefits are often only seen in challenged animals, not those
under normal conditions, making the strategies less attractive to producers.

Recent studies with a larger number of animals under commercial farm conditions have
shown contrasting results. Ayrle et al. (2019) reported improved ADG and clinical health, but no
significant reduction of diarrhea nor fecal coliforms counts in pigs receiving garlic powder (5
mg/q allicin) topped in their feed ration. The feed intake was not reported in this study, but based
on their report, the provision of allicin would be 7.2 - 8.1 mqg of allicin per pig per day (garlic
powder topped on feed 0.3 g/kg BW daily). For comparison, the pigs on Study-l would have an
intake of about 500 mq allicin/per pig per day the first week of the experiment, assuming about
400 g ADFI. The provision of garlic powder topped on feed may also present challenges as
strong odor may lead to intake problems (and difficult handling), but the authors did not report
the feed intake.

Another group of studies using purple garlic powder in unchallenged piglets and under
commercial conditions reported improved growth performance and improved intestinal
morphology (Rivera-Gomis et al., 2020, Serrano-Jara et al,, 2023a, Serrano-Jara et al.,, 2023b).
The authors did not report the allicin content of the powder; however, they measured the
organosulfur content of the diets before and after the experiment. In the diets with an inclusion
of 20 g purple garlic powder/kg, the resulting alliin content was about14 mg/100g feed.
Moreover, most of the organosulfur in their diets was in the form y-Glutamyl-S-allyl-cysteine
(about 180 mg/100g feed). y-Glutamyl-S-allyl-cysteine is a water-soluble peptide intermediate
to the formation of S-alk(en)yl-L-cysteine sulfoxide, with no antibacterial properties itself, but
with antioxidant properties (Tan et al., 2015). In their study, the cecal counts of £ coliwere not
different to those of untreated controls (Serrano-Jara et al., 2023a). An important observation

70 Chapter 4: GENERAL DISCUSSION



from these studies with purple garlic was the reduction of total organosulfur compounds over
time, as measured in the feed at the start and end of each diet phase (day 1 versusday 15, and
day 1versus day 34) (Serrano-Jara et al., 2023b). This underscores the natural degradation of
garlic's active components, which is an important consideration when incorporating garlic
products into diets.

Overall, most of the reported studies using garlic products in piglets’ experiments are
unable to observe antibacterial effects, which might not be surprising as it seems that the
concentrations of active components may have been too low to induce any antibacterial
activity. In contrast, in our studies (Study-l and Study-Il), the garlic powder was conceived to
provide antibacterial effect from the selection of a high allicin garlic cultivar, careful preparation
of garlic powder and confirmation of high allicin content before incorporation to the diet.

The combination of plant materials

Citric acid accounts for about 85% of the organic acids in blackcurrant, followed by about
6.5% ascorbic and 6.5% malic acid, and less than 2% tartaric and oxalic (Bordonaba and Terry,
2008, Nour et al,, 2011). On the other hand, in apple pomace, malic acid accounts for about
45%, followed by citric acid and oxalic acids, with about 25% each, and less than 5% ascorbic
acid (Martdu et al,, 2021). Different organic acids have varying effectiveness against pathogenic
E. coli; which may be related to their ability to cause anion stress. For example, Kim and Rhee
(2013) observed a greater antibacterial activity of malic (pKq 3.4) and lactic acid (pKq 3.86) in
compatrison to citric (pKq 3.13) and acetic acid (pKq 4.75) against Shiga toxin-producing £. coli
Organic acids with lower pK, are more likely to dissociate (at physiological pH) thus unable to
permeate the bacterial cells and cause anion stress (Nguyen et al., 2020), but have a higher
capacity to reduce the pH, also resulting in growth inhibition for organisms like £ colii For this
reason, combinations of organic acids are preferred as differing pKq values give the chance for
combine actions and synergism (Nguyen et al., 2020, Patience and Ramirez, 2022, Ji et al,,
2023). Indeed, combinations of organic acids are added at relatively low levels (<1%) in diets
(Nguyen et al., 2020).

Furthermore, the synergistic action of organic acids with other substances has been
documented before. Organic acids with lower pKq values demonstrated greater bactericidal
activity when combined with MCFAs (which as mentioned in Chapter 2 are antibacterial by
disrupting cell membranes). For example, in the aforementioned study by Kim and Rhee (2013),
the authors observed that although citric acid was not the most antibacterial against pathogenic
E. coli, when combined with caprylic acid, the resulting damage to the cell membrane allowed
hydrogen ions to pass into the cell, causing a marked bactericidal effect. This property has been
replicated in studies with pigs with varying success. Zentek et al. (2013) reported that a
combination of organic acids (0.416% fumaric and 0.328% lactic acid) with MCFAs (0.15%
caprylic and 0.15% capric acid) reduced the pH along the GIT and E. coli virulence genes,
although with no influence on growth. Lei et al. (2017) observed reduced diarrhea and
increased growth performance in ETEC-challenged pigs receiving a blend of fumaric acid, citric
acid, malic, capric and caprylic acid, however, bacterial counts were not measured. Similar
effects have been seen in other studies combining different organic acids with capric acid and
caprylic acid (Nguyen et al., 2020).

A similar mechanism could have played a role in the results observed in Study-Il, which is
further supported by the in vitro observations (Figure 4.1; MAFFRA | project; unpublished data;
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Hojberg et al., unpublished). The combination of organic acids (malic, oxalic, and citric acids)
and other substances (e.g., polyphenols) from apple pomace and blackcurrant, in combination
with the antibacterial properties of garlic, could provide an enhanced antibacterial effect
against ETEC. Allicin and other organosulfur compounds from garlic can act as cell membrane
permeabilizers (Li et al., 2020), which, when combined with organic acids like citric acid, could
facilitate the entry of these acids into bacterial cells, disrupting internal pH homeostasis and
enhancing their antibacterial action. Moreover, phenolic acids also act as weak acids
permeating bacterial membranes and causing anionic stress (Alibi et al., 2021). An antibacterial
strategy based on complementary effects could be of more relevance when targeting
pathogenic £ coli. For example, several enteropathogenic £ coli strains have developed acid
resistance withstanding gastric pH (1.3-3) and even anion stress caused by SCFA (Li et al.,, 2020).

Another example of a similar mechanism for synergism in antimicrobial combinations has
been suggested for the enhancement of antimicrobial activity of antibiotics when combined
with garlic, which has been documented in vitro, particularly against MDR bacteria (Herman and
Herman, 2023). This involves the alteration in the structure and integrity of the membranes,
facilitating the uptake and subsequent effectiveness of the tested antibiotics (Cai et al., 2007,
Magrys et al., 2021). The synergistic interactions of different and complementary mode of action
contribute to not only increase efficiency on utilization (less product needed for activity), but also
provide further benefits as reducing risk of bacteria developing resistance to the strateqgy used,
and “restoring” antimicrobial effects from products that have lost potency due to AMR
development (Cheesman et al.,, 2017).

Combination strategies have become more popular in recent years, with many
proprietary formulations entering the market, although active ingredients and concentrations
are often not disclosed in the literature (Patience and Ramirez, 2022). Wong et al. (2022)
recently investigated the combination of capsicum oleoresin and garlic oil (two types; synthetic
and steam distilled, details not specified) on weaned pigs infected with ETEC-F18. The same
researchers previously investigated the individual effects of capsicum oleoresin, and a similar
garlic extract in (Liu et al, 2013). Similar to their earlier studies, they observed that the
combinations used at the same concentration resulted in improved intestinal morphology,
reduced diarrhea frequency, and modulated immune responses (Wong et al., 2022). However,
these effects were not observed at lower doses, indicating a lack of complementary effects.
Likewise, they did not observe changes in growth performance or ETEC fecal shedding (Wong
et al., 2022). Although the active ingredient composition of the plant materials used was not
reported, it is likely that the composition was similar to their previous report (Liu et al.,, 2013, Liu
et al, 2014, Wong et al., 2022). Thus, it was likely insufficient to display antibacterial activity, in
contrast to our observations in Study-l. An interesting observation from their research indicates
that even without direct antibacterial action, there can still be a reduction in diarrhea and an
improvement in intestinal morphology. This suggests resistance to the detrimental effects of
enterotoxins in the animals fed the garlic oil used by Liu et al. (2013), (Liu et al., 2014) and Wong
et al. (2022).

Although not necessarily involving garlic and fruits/berries, other examples exist in the
literature where the synergistic action of organic acids along with antibacterial agents is
exploited (Patience and Ramirez, 2022). However, most studies report improvements in either
physiological parameters or growth performance, while antibacterial effects are seldom
achieved (Canibe et al.,, 2022). For example, a blend of organic acids (fumaric, malic, citric, and
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sorbic acids) and essential oils (thymol, vanillin, and eugenol) improved intestinal morphology
and reduced diarrhea in piglets challenged with ETEC-F4, but did not affect cecal copy counts
of the 7aeG gene (F4 fimbriae) (Choi et al., 2020a). Similar responses have been observed in
other studies involving combinations of organic acids and essential oils (Jiménez et al., 2020, Xu
et al,, 2020). In most of these studies, the inclusion level of the treatments was below 1g/kg.

Overall, studies combining plant-based antibacterial substances often report improved
physiological responses, reduced diarrhea, and occasional performance enhancements, even
without direct antibacterial effects. In contrast, in Study-I, we observed antibacterial action, likely
due to synergistic effects determined in previous in vitro research (Figure 4.1; MAFFRA | project;
unpublished data; Hegjberg et al., unpublished). However, further studies should refine the
combinations that can optimize efficacy, particularly focusing on the most active components
(e.g., allicin and organic acid concentrations).

Beyond antibacterial action

In addition to the antibacterial effects primarily observed in Study-l, our results further
indicated the ability of the plant materials to modulate the gut microbiota in Study-Il. The
provided plant materials have a high content of readily fermentable substances. Indeed, as
discussed earlier, supplementation of apple pomace to pigs has been done with the aim of
providing fermentable fibers, in addition to apple polyphenols (Sehm et al.,, 2007, Pieszka et al.,
2017, Dufourny et al., 2019, Dufourny et al., 2021, Dufourny et al.,, 2022). Furthermore, garlic
powder also contains an important quantity of polysaccharides in the form of fructans, which
account for approximately 26-30% of fresh weight (Zhao et al,, 2022). In Study-l and -II, the level
of supplementation translated in about 15 g/kg of fructans in the diet. Previous studies with
piglets have shown that supplementation of fructans (~1 g/kg) decreases the diarrhea
symptoms and £ coli counts while increasing Lactobacillus counts (Adewole et al., 2016).
Fructans, being readily fermentable, can lower luminal pH and reduce the populations of pH-
sensitive enteropathogenic bacteria (Knudsen, 2019). In contrast, previous studies using chicory
root in piglets similar to the ones used in Study-I (organic-weaned), reported no effect of fructans
(chicory root) supplementation against £ colichallenge (Hedemann and Bach Knudsen, 2010).
Although in Study-Il, we did not observe differences in the pH along the GIT, we observed
positive modulation of bacterial genera associated with fermentation in the cecum and colon.

Other authors have pointed at the content of fructose in apple pomace as having trophic
effects in the GIT, reflected in improved intestinal morphology (Jang et al., 2018, Dufourny et al.,
2021). We did not measure intestinal morphology parameters, but further studies could evaluate
the impact of the plant combinations on this aspect as we observed a slight increase in the
fructose content in the diets containing the plant combinations (Study-1).

The role of antibacterial plant combinations against ANE

In Study-lll, the combination of palm kernel fatty acids (PKFAs) and clove essential oil
proved synergistic antibacterial activity against netB+ C. perfringens in vitro. Interestingly, a
similar mechanism to that observed with the combinations of garlic and acidic berries could
have played a role here. PKFAs, rich in lauric acid, disrupt bacterial cell membranes, while
eugenol in clove oil permeabilizes membranes and inhibits essential enzymes (Skfivanovd et al.,
2005, Gill and Holley, 2006). The combined action of these substances can lead to enhanced
disruption of bacterial cells and increased antimicrobial efficacy.
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As mentioned above, the combination of organic acids (including MCFAs) and essential
oils is a strategy for enhanced antibacterial effects. Pham et al. (2022) used a combination of a
commercial blend containing 4% carvacrol, 4% thyme, 0.5% caproic (Cé), 3.5% benzoic, and 0.5
% butyric acid, in dosages of 0.2, 0.5, and 0.8 g/kg feed to chickens under necrotic enteritis
challenge. They saw improved growth performance, reduced intestinal lesions, and C.
perfringens load in the caecum and liver of the ANE-challenged chickens, accompanied by
increased relative abundance of Lactobacillus (Pham et al., 2022). Despite the low provision of
active substances, the authors observed an antibacterial action from the blend. It should be
noted that in the study of Pham et al. (2022), the ANE model was similar to the one used in Study-
lll, except for the provision of fish meal, which they did not include in their model, probably
explaining the comparatively milder symptoms observed in their study.

Another study, using a combination of MCFAs (1.7 g/kg; capric-caprylic; caproic and lauric
acid), essential oil components (2 g/kg; cinnamaldehyde, carvacrol, and thymol) and organic
acids (1.5 g/kg calcium butyrate + fumaric and citric acid) in ANE-challenged chickens
improved the growth performance, intestinal structure, and reduced C. perfringens counts,
although only at the end of the experiment (Abdelli et al., 2020). In the experiment by Abdelli
and colleagues, although the chickens were subjected to an ANE challenge model and did not
exhibit clinical signs of ANE, they observed significant growth depression, which they interpreted
as a sign of infection (Abdelli et al., 2020). Their ANE model used recycled litter from a previously
infected flock for disease reproduction (Abdelli et al., 2020).

Other studies have been reported using combinations of multiple organic acids, MCFAs
and essential oils in chickens, but not using ANE challenges (Abd El-Hack et al.,, 2022). Another
challenge for comparison of studies is the lack of reporting of concentrations of active
ingredients.
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Chapter 5: CONCLUSIONS AND PERSPECTIVES

General Conclusion

The combination of targeted antibacterial plants provides an effective strategy for the
control of enteric diseases in piglets and broilers. In the studies, part of the current PhD thesis, we
were able to develop a framework for the screening, selection, and testing of plant materials to
target specific gastrointestinal pathogens. Furthermore, we identified plant combinations that
demonstrated enhanced antimicrobial efficacy. These combinations not only reduced
pathogen load but also promoted beneficial gut microbiota (particularly in the pig studies) and
supported overall health and growth performance in piglets and broilers.

In our studies with pigs, we showed that selected plants could provide antibacterial
properties comparable to those of conventional feed additives. The use of crude plant materials
for functional properties may be preferred over more processed compounds, particularly in
organic systems. Consumer preferences may also favor products with fewer “artificial”
compounds. Furthermore, minimally processed plant materials face fewer restrictions for use,
not only in organic systems but also in conventional pig production, where feed additive policies
impose intricate rules on product approval.

The inclusion levels and provision of active antimicrobial agents in the plant materials
seem to have played a significant role in the observed antibacterial effects, particularly in the
case of the combinations against ETEC. On the other hand, the provision of complete plant
materials may have also elicited the chance for further benefits besides the antibacterial effects,
reflected in the positive modulation of the microbiota and GIT ecosystem. We further showed
that a relatively high provision of antibacterial compounds in the plant material was safe and
generally positive for animal health and performance.

Synergistic combinations of plant-based antimicrobials offer several advantages. They
can reduce the required dosage of individual supplements, minimizing potential adverse effects
and cost while maintaining or even enhancing their effectiveness. Additionally, synergistic
combinations can target multiple bacterial species and virulence factors, providing broader
protection against various diseases, and likely offering less risk of development of antimicrobial
resistance.Our findings highlight the potential of plant-based antimicrobial combinations as a
sustainable alternative to antibiotics in monogastric livestock production, paving the way for
further research and practical applications in the field.

Perspectives

Future studies on the use of garlic and acidic berries, fruits, or co-products should focus on
refining the concentrations needed to achieve effective antibacterial action. Additionally, since
our current research involved organically weaned animails, it is important to evaluate whether
animals weaned at a younger age could similarly benefit from these plant material supplements
under challenge conditions. For the combination used against chicken ANE, the need for scaling
and optimization also applies. Future studies could investigate the role of combining
polyphenolic compounds and eugenol on the quorum sensing mechanisms of netB+ C.
perfringens. Since quorum sensing plays a crucial role in the pathogenesis of this disease,
developing methods to manipulate this system could provide additional tools to prevent disease
onset.
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More complex formulations (3 or more plants) with complex plant mixtures could be further
studied, as different mechanisms of action may enhance efficacy against pathogens.
Furthermore, the investigation of synergistic activities provides more attractive and more cost-
effective strategies. However, care should be taken as interactions could also result in
antagonistic effects. Thus, the present work could provide a framework for the study of
combinations of antibacterials for use in animal studies. Further interactions or complementarity
effects of plant materials with other strategies could be evaluated in the future, for example the
provision of plant materials along probiotics could further provide benefits from the strategy.

Given the differential organoleptic properties provided by these plant materials, it would
be valuable to assess feed preference in pigs. Since feed intake is a critical challenge at
weaning, the enhanced attractiveness of feed containing the proposed combination of plant
materials could offer a significant advantage. Furthermore, evaluating these benefits in larger
cohorts of pigs is necessary to assess the impact on mortality rates and to better understand the
benefit-cost balance of this strateqy.

Assessing the economic viability of antibacterial plants material is crucial for optimizing
production costs and fostering a sustainable industry. This involves in-depth research to
understand the financial implications of sourcing, processing, and distributing the plant
materials. Additionally, ensuring a stable and local supply chain is vital to avoid reliance on
imported materials, ease price fluctuations, and support local economies. A comprehensive
analysis should also consider the environmental impact of increased production, including land
use competition with other industries and potential effects on biodiversity. Finally, the analysis of
competition of the utilization in animal feed versus utilization in other industries also warrants
investigation.

Ensuring antibacterial quality is crucial for consistent implementation. Therefore, the
development of commercial strategies for utilizing these plants should focus on standardizing
product quality. Furthermore, identifying key active compounds and their synerqistic
combinations within effective plant materials to aid in standardization. For example,
standardization can be achieved by combining batches to maintain a minimum level of active
compound concentration. Given the natural variability of active components in plant materials,
another approach could involve the synthetic production of these key compounds, providing a
tool for developing more standardized products. This focus could enable the creation of
reproducible antibacterial formulations, potentially reducing reliance on conventional
antimicrobials. Additionally, it is important to highlight the limitations of organic schemes,
necessitating more research on minimally processed plant materials.

An important aspect not explored in this work, but offering major potential for future
research, is the prevalence of ETEC infections in humans. These infections primarily impact
travelers and children in developing countries, often caused by MDR strains. The insights gained
from studying plant-based antimicrobials in animal models could potentially translate to novel
treatments for human ETEC infections, especially those caused by MDR strains.

In general, the use of multi-omics approaches could also provide insights on effects of the
plant materials on the GIT ecosystem, the interplay with the microbiotq, the host metabolism and
immune responses, and the nature of the synergies observed, further providing mechanistic
insights. This could be propelled by advances in data science and artificial intelligence which
could make sense of complex data pools.
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Antibiotics and zinc oxide restrictions encourage the search for alternatives to
combat intestinal pathogens, including enterotoxigenic Escherichia coli (ETEC),
a major cause of postweaning diarrhea (PWD) in pigs. PWD causes important
economic losses for conventional and organic farming. This study investigated the
effect of dietary supplementation with garlic and apple pomace or blackcurrant on
infection indicators and the fecal microbiota of organic-raised piglets challenged
with ETEC-F18. For 21 days, 32 piglets (7-weeks-old) were randomly assigned to
one of four groups: non-challenge (NC); ETEC-challenged (PC); ETEC-challenged
receiving garlic and apple pomace (3 + 3%; GA); ETEC-challenged receiving garlic
and blackcurrant (3 + 3%; GB). ETEC-F18 was administered (8 mL; 109 CFU/ml) on
days 1 and 2 postweaning. The 1st week, PC had lower average daily gain than
those in the NC, GA, and GB groups (P < 0.05). NC pigs showed neither ETEC-
F18 shedding nor signs of diarrhea. The PC group had higher diarrhea incidence
and lower fecal dry matter than NC (~5-10 days; 95% sEBCI). The GA and GB
groups showed reduced ETEC-F18 and fedA gene shedding, higher fecal dry
matter, and lower diarrhea incidence than the PC (~5-9 days; 95% sEBCI). The
NC, GA, and GB had normal hematology values during most of the study, whereas
the PC had increased (P < 0.05) red blood cells, hemoglobin, and hematocrit
on day 7. Haptoglobin and pig-MAP increased in all groups, peaking on day 7,
but PC showed the greatest increase (P < 0.05). The fecal microbiota of PC
pigs had reduced a-diversity (day 7; P < 0.05) and higher volatility (days 3—14;
P < 0.05). Escherichia, Campylobacter, and Erysipelothrix were more abundant
in the PC than in the NC, GB, and GA groups (log>FC > 2; P < 0.05), whereas
Catenibacterium, Dialister, and Mitsoukella were more abundant in the NC, GB,
and GA than in the PC group (log>FC > 2; P < 0.05). Prevotella and Lactobacillus
were more abundant in the GB group (log>FC > 2, P < 0.05). In conclusion, dietary
supplementation of GA and GB limited ETEC proliferation, reduced PWD, and
beneficially impacted the fecal microbiota’s diversity, composition, and stability.

KEYWORDS

antibacterial plant, apple pomace, blackcurrant, diarrhea, Escherichia coli, garlic,
microbiota, organic pigs
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1. Introduction

Enterotoxigenic Escherichia coli (ETEC) expressing F4 and F18
fimbriae is recognized as the main causative agents of postweaning
diarrhea (PWD). It is a substantial cause of morbidity and mortality
in young pigs, resulting in economic loss due to the cost of
treatment, impaired growth, and animal loss (1, 2).

Antibiotics and medical levels of zinc oxide have long been
used to treat and prevent PWD in conventionally produced pigs.
However, antimicrobial resistance and environmental issues now
limit their use (3). Since 2006, the European Union has banned
all antibiotic growth promoters and has recently adopted new
regulations limiting the amount of zinc in animal feed to 150 ppm
and restricting any form of routine antibiotic use (4). Alternative
strategies and/or additives are therefore needed to sustainably
reduce the need for antibiotic use while promoting pig health,
growth, and welfare.

The prevalence of PWD is also a challenge in organic farming
systems, where the use of antibiotics and other synthetic drugs
is restricted (5). Based on prescription data for Danish organic
pig production in 2016, Kruse et al. (6) reported that 65% of
antimicrobial treatment doses in weaners were prescribed for
gastrointestinal diseases, accounting for the majority of antibiotic
usage on these farms. High pH and reduced stomach emptying in
piglets after weaning have been linked to pathogen proliferation
and PWD (7). The proliferation and attachment of ETEC to the
pig intestinal mucosa is a crucial step in the pathogenesis of PWD
(1). Hence, dietary strategies that selectively diminish ETEC growth
or limit adhesion to enterocytes, or potentially both, are crucial for
reducing PWD (7).

Medicinal plants and related products have been suggested as
prophylactic and therapeutic alternatives against gastrointestinal
diseases in pigs (8). Indeed, previous research from our group
indicated that supplementing piglet diets with Allium ursinum
(wild garlic) bulbs and Vaccinium vitis-idaea (lingonberries) elicits
antibacterial effects against coliforms along the gastrointestinal
tract, while having no effect on lactic acid bacteria counts (9). The
bactericidal effect was attributed to the allicin in wild garlic bulbs
and the pH-lowering effect of the berries; additionally, in vitro
screening revealed that these effects were synergistic (9). However,
because the supply of wild garlic bulbs and lingonberries is limited
(harvested from nature and thus expensive plant resources), it is
relevant to determine whether similar effects can be obtained with
a combination of more readily available and less expensive plant
material with comparable properties.

Garlic (Allium sativum) is the most studied plant of the Allium
species in terms of organosulfur compound concentrations (10).
Allicin is formed from garlic and garlic powders when the enzyme,
alliinase, is activated by crushing cloves or wetting powder, allowing
alliin to be converted to allicin and other allyl thiosulfinates (11).
Apple pomace, a byproduct of mashing and pressing apples (Malus
domestica) for juice, cider, or puree, has been identified as a valuable
source of polyphenols, dietary fiber, and organic acids (12, 13).
Apple pomace has been reported to have a pH ~ 4 (12, 14), varying
by cultivar and maturity of apples at harvest. Blackcurrant (Ribes
nigrum) is a perennial shrub native to central Europe and northern
Asia (15) that is cultivated in gardens and berry orchards for juice
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production and has been shown to inhibit E. coli (16). Blackcurrants
contain high levels of pectic polysaccharides, anthocyanins, and
organic acids. The pH of blackcurrants is ~ 2.7 (17), but this varies
depending on the cultivar.

As observed by Canibe et al. (9) with the mixture of wild
garlic and lingonberries, the combined antibacterial effect of allicin
from garlic and the acidifying properties of apple pomace or
blackcurrant, are expected to inhibit ETEC proliferation in the
gut of weaned piglets. We hypothesized that supplementing piglets
with garlic and apple pomace, or garlic and blackcurrant alleviates
clinical signs of PWD by selectively targeting ETEC and promoting
a healthy gut microbiota. The objective of this study was to assess
infection indicators and fecal microbiota dynamics in organically
reared weaned piglets following a postweaning ETEC F18 challenge
and dietary supplementation with garlic powder in combination
with apple pomace or blackcurrant powder.

2. Materials and methods

The study was performed at the Department of Animal and
Veterinary Sciences of Aarhus University (Denmark). The animal
and experimental procedures were approved by the Danish Animal
Experiments Inspectorate, Ministry of Food, Agriculture and
Fisheries, Danish Veterinary and Food Administration (License
2017-15-0201-01270). Animal care and housing were in accordance
with Danish laws and regulations governing the humane care and
use of animals in research.

2.1. Antibacterial plant preparation

Fresh organically cultivated garlic (Therador cultivar) was
obtained from Arslev Research Center (Department of Food
Science, Aarhus University, Denmark), and a small amount from
imported from GIE I'Ail Drémois (Eurre, France). The garlic cloves
were cut into chips using a cutter (AK-RAMON; Talleres Ramon,
S.L., Barcelona, Spain) and dried in shallow layers at 40°C in
a ventilated oven (Binder GmbH, Tuttlingen, Germany) before
being ground into a fine powder (@ = 0-1 mm) in a centrifugal
mill (ZM200; Retsch GmbH, Haan, Germany). The garlic powder
was stored in sealed plastic bags at —20°C until it was used.
This preparation of the dry powder guaranteed the presence of
alliin and alliinase, which upon wetting results in enzymatic allicin
production (i.e., allicin is generated when pigs ingest the powder).
To confirm activity, the allicin produced by the garlic powder
upon wetting was determined. Samples were analyzed using high-
pressure liquid chromatography (HPLC). Briefly, a 50 mg sample
was incubated in water (5ml, MilliQ) at room temperature for
10 min to allow the alliinase enzyme to convert alliin to allicin.
Following sedimentation, 1 ml supernatant from each sample was
mixed with 1 ml methanol (HPLC grade) and then centrifuged
for 3min at 10,621 g and filtered through a 0.4 um nylon filter
into HPLC vials. A standard curve (R? = 0.995) to quantify the
potential allicin content expressed as mg alliin Eq/g dry powder
was created by spiking different known amounts of alliin (S-Allyl-L-
cysteine sulfoxide, 74264; SigmaAldrich, Seborg, Denmark) against
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a standard garlic sample. This method of quantification (18) was
used since reference compounds of pure allicin are not available
due to low stability. Measurement was performed on a Nexera X2
LC30AD HPLC system (Shimadzu, Kyoto, Japan) equipped with an
SPDM20A prominence diode array detector and a Hypersil GOLD
column (4.6 x 250 mm; 5 um; Thermo Fisher Scientific, Waltham,
Massachusetts, USA).

Apple pomace from juice pressing was obtained from Orskov
Foods (@rbak, Denmark). The apples were mainly of the cultivar
Elstar and cultivated organically in their own orchard. The apple
pomace was immediately frozen after pressing and stored at —20°C
until use. The frozen apple pomace was thawed and ground in a
wet grinder (GM300, Retsch GmbH) to ensure that the seeds were
macerated, allowing for possible enzymatic cyanide formation,
before drying to evaporate any accumulated cyanide. Drying was
done on shelves in a Memmert drying cabinet at 60°C during
5 days. Dry apple mash was milled into a fine powder (@ =
0-1mm) using a centrifugal mill (ZM200, Retsch GmbH). The
powder was stored in sealed plastic bags at —20°C until use. Freeze
dried blackcurrant (unspecified cultivar) powder (@ = 0-1 mm)
was derived from organic berries grown in Lithuania, and provided
by the company Berrifine (Ringsted, Denmark). The pH of the
apple and blackcurrant powders was tested in a 25% (w/v) Milli-Q
water solution.

Various concentrations of the powders were tested alone or
in combination for their ability to kill or inhibit the growth
of ETEC in porcine gastric digesta (9). Based on the expected
concentration of the plant combinations in the stomach upon
consumption, the results from the in vitro testing were used to
determine the appropriate inclusion level of garlic, apple pomace,
and blackcurrant powders in the feed (data not shown).

2.2. Animals, experimental design, and diets

Thirty-two piglets (7-weeks-old; body weight = 20.14 +
1.5kg) born from four organically raised sows (TN70 Topigs;
Norsvin, Esbjerg @, Danmark) were selected for the study (eight
piglets per sow, mixed sex). The sows were confirmed to be
homozygote carriers of the dominant gene (FUT19C) encoding
ETEC F18 fimbriae receptors by VHL genetics (Wageningen, The
Netherlands); thus, piglets were genetically susceptible to ETEC
F18 (19). The pigs were obtained at weaning and the study lasted
21 days. The weaned piglets were housed in pens of two littermates.
There was no physical contact between pigs housed in different
pens. Treatment groups were housed in different rooms (similar
in design) to avoid cross contamination. The rooms were climate-
controlled (20 4 0.4°C).

Two piglets, housed in the same pen, from each sow were
randomly assigned to one of four treatments: non-challenged
control fed a standard diet (Negative Control, NC); ETEC-
challenged control fed a standard diet (Positive Control, PC);
ETEC-challenged fed the standard diet supplemented with garlic
and apple pomace (3 + 3% w/w, GA); and ETEC-challenged fed
the standard diet supplemented with garlic and blackcurrant (3 +
3% w/w, GB). Treatments were balanced by initial body weight.
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The diets followed the guidelines for organic pig production
and were formulated to meet the Danish nutrient requirement
standards of pigs (20). The ingredient composition is presented in
Supplementary Table 1.

2.3. Challenge with enterotoxigenic
Escherichia coli and sampling procedures

The ETEC strain (0138 F18-ETEC 9910297-2STM) expressing
F18 fimbriae, heat-stable enterotoxin b (STb); heat-labile
enterotoxin (LT); enteroaggregative E. coli heat-stable enterotoxin
1 (EAST1), and Shiga toxin type 2e (Stx2e), was isolated from the
intestinal content of a pig with PWD and was provided by the
Danish Veterinary Institute (Copenhagen, Denmark). The ETEC
F18 was found to be hemolytic (on blood agar). Enterotoxigenic
E. coli F18 colonies from blood agar plates were transferred to
BHI broth and incubated at 37°C for 5h with constant shaking
(150 rpm). Following centrifugation (12,000 rpm, 10 min), the
bacteria were diluted in 0.9% NaCl and the bacterial load was
adjusted to ODgpp = 1.0, corresponding to 10° CFU/ml. The
concentrations of the bacterial suspension were confirmed by plate
count (blood agar). On days 1 and 2 after weaning, the PC, GA,
and GB pigs were orally challenged with 7-8 ml of 0.9% NaCl
solution containing ~10° CFU/ml of ETEC F18. The NC pigs were
given 7-8 mL of 0.9% NaCl orally. To administer the solutions,
a polyethylene tube was connected to a syringe and placed in the
mouth of the piglet.

The pigs were monitored daily for signs of illness, such as
diarrhea, lethargy, and dehydration. Individual body weight was
recorded at weaning, and on days 7, 14, and 21 postweaning to
estimate average daily gain (ADG) and daily feed disappearance
per pen was recorded for calculation of average daily feed intake
(ADFI). Feed efficiency was then estimated as weight gain to feed
intake ratio (G:F).

Fecal samples were collected on the weaning day, daily for
the Ist week, and three times a week for the last 2 weeks of
the study. The fecal samples were scored on a 7-point scale for
consistency (1: hard, dry and cloddy; 2: firm; 3: soft but able
to retain some shape; 4: soft and unable to retain any shape; 5:
watery and dark; 6: watery and yellow; 7: foamy and yellow) with
scores 4 to 7 defined as clinical signs of diarrhea (21). Samples
were kept on ice until they were divided into three aliquots for
genomic analyses (—80°C), dry matter (—20°C), and ETEC F18
enumeration (conducted immediately).

Individual blood samples were collected from the jugular vein
at weaning, and days 3, 5, 7, 14, and 21 postweaning (1, 3, 5, 12,
and 19 days after second infection) in EDTA-containing collection
tubes for hematology analysis, and heparinized collection tubes
for determination of pig C-reactive protein (CRP), haptoglobin,
and pig major acute-phase protein (pigMAP) concentrations.
Hematology parameters were analyzed immediately after
collection. Plasma was obtained from heparinized tubes that were
stored on ice and centrifuged (2,000 x g 10min) within 2h
following collection. Plasma was stored at —20°C until acute phase
proteins were analyzed.
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2.4. Analytical methods

The acid-binding capacity at pH 4 (ABC-4) of the diets was
determined as described by Lawlor et al. (22). Dry matter (DM)
of diets was determined by drying to constant weight at 103°C
(~20h), ash according to method 923.03 AOAC (23). Gross energy
was measured on a 6300 Automatic Isoperibol Calorimeter system
(Parr Instruments, Moline, IL, USA). The crude fat was determined
by HCI-Bligh and Dyer extraction as described by Jensen (24).
Crude protein (N x 6.25) was determined by the Dumas method
(25). Amino acids in diets were determined using the European
Economic Community methods (26). The dietary content of
sugars (glucose, fructose and sucrose), fructans, starch, soluble
and insoluble non-starch polysaccharides, and Klason lignin were
measured as described in Knudsen (27).

The dry matter content of the feces (F-DM) was determined by
freeze-drying the samples to a constant weight. To determine ETEC
counts, ~1-3 g of feces were suspended in a peptone solution (1:10,
w/v) and homogenized with a bag blender (Smasher; Biomérieux,
Marcy-I'Etoile, France). Serial 10-fold dilutions were prepared and
100-pL aliquots were spread-plated on blood agar (Columbia blood
agar with sheep blood medium, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and incubated aerobically overnight at 37°C.
Hemolytic bacteria were counted using a manual colony counter
and the count expressed as CFU/g feces. Blood agar plates with
hemolytic colonies were stored at 5°C until ETEC F18 serotyping
was performed using the slide agglutination test with type-specific
antisera (SSI Diagnostica A/S, Hillerod, Denmark) on five colonies
per plate. The limits of detection were 10* CFU/g on days 1 and
11-21, and 10° CFU/g feces on days 2-9; the higher detection limit
was applied on days where the counts were likely to increase.

Quantitative polymerase chain reaction (qQPCR) was used for
quantification of the gene encoding the F18 fimbriae (fedA gene)
and STb toxin (estB gene) in fecal samples. Briefly, DNA was
extracted from fecal samples using the NucleoSpin 96 DNA Stool
kit (Macherey-Nagel, Diiren, Germany). The concentration of
genomic dsDNA was measured using the Qubit Broad Range
Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) on an Invitrogen Qubit 4.0 Fluorometer (Thermo Fisher
Scientific, Waltham, Massachusetts, USA). Following extraction,
qPCR was performed on a ViiA 7 real-time PCR system (Applied
Biosystems, Waltham, Massachusetts, USA) using a MicroAmp
Optical 384 well reaction plate (Applied Biosystems, Waltham,
Massachusetts, USA). The qPCR reactions contained 5 pL of
Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), the F18 and STb primers
at a concentration of 0.3 mM, 2 pL of template DNA and water to
a final volume of 10 wL. All samples were analyzed in triplicate
and the data generated in QuantStudio real-time PCR Software
v1-4. Primer sequences and qPCR specific settings are presented in
Supplementary Table 2.

Complete blood counts were determined using a ProCyte
Dx Hematology analyzer (IDEXX B.V., Hoofddorp, Netherlands).
Blood plasma haptoglobin was determined using the PHASE
Haptoglobin Assay Kit (TP801; Tridelta Developments Ltd.,
Kildare, Ireland). The CRP and Pig-MAP were determined by
particle enhanced immune turbidimetry, using the Turbovet pig
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CRP and Turbovet Pig-MAP kits (Acuvet Biotech, Zaragoza,
Spain). The determinations were conducted using an ADVIA 1800
Clinical Chemistry System autoanalyzer (Siemens Healthineers
AG, Erlangen, Germany).

2.5. Fecal microbiota profiling

Fecal samples from days 1, 3, 7, 14, and 21 postweaning
were used for microbiota profiling. Total microbial DNA was
extracted from the samples as previously stated for qPCR
analyses and used for bacterial profiling using 16S rRNA gene
amplification. Only samples with a DNA concentration >7
ng/ml were used for PCR amplification and for paired-end
sequencing of the 16S rRNA V3-V4 region (250-bp paired-end
raw reads) on the Illumina platform NovaSeq 6000 (Illumina,
San Diego, CA, United States). Library preparation, DNA
quality control (Agarose Gel Electrophoresis; 5400 Fragment
Analyzer, Agilent, USA) and sequencing was performed by
Novogene (Novogene UK Company Limited, Cambridge,
United Kingdom).

The raw amplicon sequencing data was processed into the
table of exact amplicon sequence variants (ASV) using the DADA2
pipeline (28) in R (version 4.2) for the identification of ASVs. Reads
were filtered and trimmed based on quality, de-noised, and merged,
then chimeras removed, and taxonomy was assigned to each ASV
using a naive Bayesian classifier method against the SILVA reference
database v138 (29). Subsequent filters included the removal of read
lengths shorter than 398, non-bacterial and cyanobacteria reads,
and ASVs with prevalence <0.005 across all samples.

Analyses were performed after rarefying at 90% of minimum
sampling depth, except for a-diversity measures, where unrarefied
reads were used. The «-diversity (observed, Shannon, and
inverse Simpson) and PB-diversity measures (weighted UniFrac
dissimilarity matrices) were calculated using phyloseq (30) in
R (version 4.2.1). To assess community structure changes over
time, microbiota volatility (31) was measured as the weighted
UniFrac distance between the individual community structure
from the previous individual timepoint. Differential abundance
analysis was conducted using the DEseq2 package (32) in R (version
4.2.1) and involved a threshold of 0.1% relative abundance and

10% prevalence.

2.6. Statistical analyses

Differences in pig growth performance were assessed using
ANOVA. The model included treatment as a fixed effect, initial
body weight was included as a covariate for ADG and ADFI,
and pen and sow effects were included as random effects (PROC
MIXED, SAS Studio). Assumptions of normality and homogeneity
of variance were confirmed. P-values were adjusted for multiple
comparisons using the Holm-Bonferroni adjustment.

The remaining statistical analyses were carried out in R (version
4.2.1). Unless otherwise specified, P-values were adjusted for
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TABLE 1 Analyzed composition of experimental diets (dry matter basis).
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TABLE 1 (Continued)
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Moisture, % 10.64 10.12 9.57 Fucose 0.02 0.02 0.03
Crude protein, % 21.40 21.77 21.21 Arabinose 1.73 1.63 1.61
Gross energy, kcal/kg 4,476 4,456 4,451 Xylose 391 3.95 3.86
Crude fat, % 4.06 4.15 3.79 Mannose 0.26 0.38 0.30
Ash, % 4.96 5.07 5.20 Galactose 0.32 0.33 0.37
Indispensable amino acids, % Glucose 1.23 1.83 131
Arginine 1.25 123 1.21 Uronic acids 0.46 0.49 0.47
Histidine 0.48 0.48 0.46 Cellulose 3.77 3.25 4.16
Isoleucine 0.92 0.92 0.88 Total NSP4 15.29 14.23 15.73
Leucine 1.59 1.57 1.52 Klason lignin 3.00 3.41 2.79
Lysine 1.36 1.35 1.33 Dietary fiber® 18.33 19.25 19.96
Methionine 0.40 0.38 0.38 2NC, non-challenge, standard diet; PC, challenged, standard diet; GA, challenged, garlic
and apple pomace supplementation (3 + 3%); GB, challenged, garlic and blackcurrant
Phenylalanine 1.02 1.00 0.97 supplementation (3 + 3%).
) bSoluble non-starch polysaccharides.
Threonine 0.83 0.83 0.80 Insoluble non-starch polysaccharides.
d _ i - -
Valine 113 112 1.08 Total non-starch polysacchar‘ldes (S NSP + I-NSP).
€Total non-starch polysaccharides + lignin + fructans.
Dispensable amino acids, %
Alanine 0.98 0.97 0.94
Aspartic acid 1.86 1.87 1.78 multiple comparisons using the Benjamini-Hochberg method and
) differences were considered significant if P < 0.05.
Cysteine 0.36 0.34 0.34 . . K .
Hierarchical generalized additive models (33) were used to
Glutamic acid 370 3.64 3.59 analyze F-DM, fecal scores, ETEC counts, and qPCR data using
Glycine 1.00 0.98 0.96 the mgcv package (34). Fecal scores were modeled using ordered
Proline 129 128 125 categorial distribution. Model diagnostics were assessed via the
appraise function of the gratia package (35). The models included
Serine 1.02 1.00 0.98 . . .
treatment as parametric term, independent smooths over time
Carbohydrates, % for each treatment, interaction smooths over time for each pig,
Fructose 011 081 078 and random effects of pen and sow. Pairwise differences between
treatment groups against the PC group were assessed via 95%
Glucose 0.25 0.77 0.53 . .. . .
simultaneous empirical Bayesian confidence intervals (sEBCI) as
Sucrose 2.74 3.12 3.02 described by Mundo et al. (36).
Fructans 0.04 161 1.45 Results of acute phase proteins, and microbiota a-diversity
measures and volatility were analyzed using generalized linear
Starch 43.44 4423 44.16 ) . e .
mixed models with day, treatment and their interaction as fixed
b .
S-NSP 3.57 235 3.60 effects, and random slopes by subjects, pen and sow were also
Rhamnose 0.02 0.03 0.04 included as random effects. The models were fit using the
Fucose 001 001 002 glmmTMB package, adequate dlstrlbutlc?n and. covarle.mce st.ructure
were selected by best fit and regression diagnostics using the
Arabinose 0.59 0.51 0.67
performance package (37).
Xylose 0.90 0.16 051 Microbiota B-diversity was examined by non-metric
Mannose 0.20 018 022 multidimensional scaling (NMDS) ordination and compared using
permutational multivariate analysis of variance (PERMANOVA)
Galactose 0.29 0.31 0.35 . . .
in the vegan package (38). Differentially abundant taxa between
Glucose 1.27 0.65 1.36 treatments were identified using a time course experiment strategy
Uronic acids 0.28 0.49 043 in the DeSeq2 workflow (32). Briefly, a likelihood ratio test with
a model including day, treatment, and their interaction was
I-NSP* 11.73 11.88 12.13 . L
performed. Wald test was then used to evaluate taxa in pairwise
Rhamnose 0.02 0.02 0.02 comparisons against the PC group within day. The threshold for
(Continued)  classification as differentially abundant taxa was log, fold-change
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TABLE 2 Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and dietary supplementation with plant combinations on postweaning
performance of organic weaners.

Treatmentd P-value

PC GA
Body weight, kg
Weaning 20.17 19.98 20.58 19.81 1.451 0.987
Day 7 23.29 22.19 22.79 2255 1.842 0.976
Day 14 28.32 27.78 27.30 26.92 2.132 0.966
Day 21 34.11 33.82 3239 31.74 2.797 0.902
Average daily gain, g/d
Day 0-7 441.3* 234.8 432.3* 395.3% 43.085 0.007
Day 7-14 714.5% 840.1° 675.9° 628.3" 33.933 0.012
Day 14-21 823.5 841.7 781.8 692.6 55.745 0.486
Overall 660.9 633.1 607.4 569.8 48.542 0.333
Feed intake, g/d
Day 0-7 793.1 784.7 660.6 746.2 35.79 0.141
Day 7-14 1,417 1,429.5 1,377.6 1,245.9 87.61 0.303
Day 14-21 1,742 1,757.1 1,560.3 1,589.9 75.45 0.169
Overall 1,318.7 1,281.9 1,200.3 1,156.7 61.44 0.291
G:Ff
Day 0-7 0.56° 0.35¢ 0.72° 0.53° 0.049 <0.001
Day 7-14 0.51 0.53 0.52 0.51 0.016 0.946
Day 14-21 0.47 0.48 0.5 0.46 0.015 0.809
Overall 0.5 0.48 0.51 0.49 0.017 0.736

beyyithin a row, values that do not share a common superscript differ (P < 0.05), Holm-Bonferroni adjustment.
aNg, non-challenge (n = 8), standard diet; PC, challenged, standard diet (0-7 d, n = 8; 7-21 d, n = 7); GA, challenged, garlic 4+ apple pomace (3 + 3%; 0-7 d, n = 8; 7-21 d, n = 6); GB,

challenged, garlic + blackcurrant (3 + 3%; n = 8).
€Pooled standard error of least squared means.
fGain to feed ratio (feed efficiency).

(log,FC) > 2 and adjusted P < 0.05. The differentially abundant
taxa were clustered using the pheatmap package.

3. Results

The potential allicin content in the garlic powder was found
to be 44.1 + 6.0mg alliin Eq/g dry powder (n = 3). The
pH of the apple pomace powder was 3.28 £ 0.01 and the
pH of the blackcurrant powder was 2.81 £ 0.01. The initial
pH (before ABC-4 measurement) of the Control (NC and PC),
GA and GB diets were 6.39 4+ 0.01, 6.16 + 0.02, and 6.03
£ 0.01, respectively (n = 3). The ABC-4 of the Control (NC
and PC), GA, and GB diets were 454.1, 388.8, and 323.2 mEq,
respectively. The chemical composition of the GA and GB
experimental diets was similar to that of the diet fed to NC
and PC pigs (Table 1). The GA and GB diets had a greater
content of fructans than the control diet i.e., 1.61 and 1.45 vs.
0.04%, respectively.

All pigs started the study in good health. The NC pigs were in
good health throughout the study, whereas one pig from the PC
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group died 5 days postweaning and two pigs from the GA group in
the same pen died on days 6 and 7, respectively. The deceased pigs
had high counts of ETEC in the feces (>10® CFU/g feces; > 10° fedA
gene copies/g feces) and displayed signs of diarrhea (Fecal score =
6; <10% F-DM).

3.1. Growth performance

There was no overall effect (P > 0.05) of treatment on body
weight, ADG, ADFI and G:F during the experiment (Table 2).
During the 1st week after weaning, the PC pigs had lower ADG
than NC pigs, but no difference in ADFI was detected between
treatments, resulting in PC having the lowest G:F of all treatments.
When compared to the PC group, the GA and GB pigs had higher
ADG in the 1st week. In contrast, the PC group had the highest
ADG during the following week. The ADG and ADFI of the GA
and GB pigs did not differ from those of the NC pigs during any of
the calculated periods. During the 1st week of the study, the GA pigs
had the highest G:F, followed by NC and GB and then finally PC.
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FIGURE 1

Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and dietary supplementation with plant combinations on fecal consistency scores
in organic weaner pigs (based on a 7-point scale with scores 4-7 indicating diarrhea). The ETEC F18 was administered orally on days 1 and 2. (Top
panel) Stacked bar plots for the marginal probability occurrence of each score category over time by treatment. (Bottom panel) Pairwise
comparisons against PC; significant differences exist where the 95% empirical Bayesian simultaneous confidence interval does not cover 0 (green
shade). NC, non-challenge, standard diet (n = 8); PC, challenged, standard diet (0-7 d, n =8; 7-21 d, n = 7); GA, challenged, garlic + apple pomace
(34 3%;0-7d,n=8; 7-21d, n = 6); GB, challenged, garlic + blackcurrant (3 + 3%; n = 8).

3.2. Fecal consistency and fecal dry matter

The fecal consistency score was influenced by treatment (P
= 0.034; Figure 1). The cumulative marginal probability of loose
stools (scores 4-7) was below 15% overall in the NC pigs, below
20% for the GA and GB groups, and above 50% in the PC group
between day ~5 and 9. The NC group had a higher (95% sEBCI)
proportion of firm feces (and fewer soft feces) than the PC group
from days 5 to 10, while the GA and GB groups had a higher (95%
sEBCI) proportion of firm feces than the PC group from days 6 to
8 postweaning.

The F-DM was influenced by treatment (P = 0.018; Figure 2).
The mean F-DM percentage for the NC, GA, and GB groups
remained above 20% throughout the study, while the PC pigs had
the lowest percentages of F-DM from 5 to 9 days postweaning,
dropping below 20%. The F-DM of the NC pigs was higher (95%
sEBCI) than that of the PC groups from days 5 to 10. When
compared to the PC group the GA and GB pigs had higher (95%
sEBCI) F-DM from days 5 to 9 postweaning.

3.3. Fecal shedding of enterotoxigenic
Escherichia coli F18 and virulence factor
genes

The fecal counts of ETEC F18 were influenced by treatment (P
< 0.001; Figure 3). There was no detectable ETEC F18 in the feces
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of pigs prior to ETEC challenge. During the study, the ETEC F18
counts in the feces of the NC pigs were around the detection limits;
whereas counts in the other groups were detectable from days 2 to
11 and remained stable at low levels thereafter. The ETEC counts in
feces of NC pigs were lower (95% sEBCI) than in the PC pigs from
days 2 to 9. When compared to the PC group, the GA group had
lower counts (95% sEBCI) from days 4 to 7, and the GB group had
lower counts from days 4 to 8 postweaning.

The fedA gene was not detectable in the feces of the pigs prior to
ETEC challenge, and the copy number was influenced by treatment
thereafter (P < 0.001; Figure 4). The F18-encoding gene was not
present in the NC pigs at any time point during the study. Gene
copies increased in all challenged groups from day 2, but the PC
group had the highest mean levels of the fedA gene. The NC pigs
had fewer fedA gene copies (95% sEBCI) than the PC pigs from days
2 to 11. When compared to the PC group, the GA and GB groups
had fewer (95% sEBCI) gene copies from days 6 to 9 postweaning.

The est-II gene (STb toxin) was detectable in all groups prior
to ETEC challenge (Figure 5). The shedding of the gene in feces
increased in all groups after weaning and differed (95% sEBCI)
among groups from days 2 to 7. The NC group had the lowest (95%
sEBCI) levels of gene copies during the whole study period. Gene
copies increased in all groups beginning on day 2, but the PC group
had the highest mean (95% sEBCI) levels of est-IT gene. The NC pigs
shed fewer (95% sEBCI) copies of the gene than the PC pigs from
days 2 to 9. When compared to the PC group, the GA pigs shed
fewer STb-encoding gene copies from days 5 to 9 postweaning (95%
sEBCI), and the GB pigs from days 5 to 8 postweaning (95% sEBCI).
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Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and d
simultaneous confidence interval does not cover 0 (green shade). NC, nol
8; 7-21d, n=7); GA, challenged, garlic + apple pomace (3 + 3%; 0-7d,

organically reared weaner pigs. (Top panel) Lines represent trends for each group; shaded regions are 95% confidence intervals. The ETEC F18 was
administered orally on days 1 and 2. (Bottom panel) Pairwise comparisons against PC; significant differences exist where the 95% empirical Bayesian
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ietary supplementation with plant combinations on fecal dry matter (%) of

n-challenge, standard diet (n = 8); PC, challenged, standard diet (0-7 d, n =
n=38;7-21d, n=6); GB, challenged, garlic + blackcurrant (3 + 3%; n = 8).

3.4. Blood hematology

The effect of treatment on the red blood cell count (RBC),
hemoglobin (HGB), hematocrit (HCT), mean cell value (MCV),
mean cell hemoglobin (MCH), and reticulocyte count was
dependent on the day (P < 0.001; Table3). The mean cell
hemoglobin content (MCHC) and platelet count were unaffected
by the treatments. On the 1st day of the study the GB pigs had
lower HCT and reticulocyte count than the NC pigs. By day 3,
the reticulocyte count in GA group was less than the NC and PC
pigs, and the GB pigs had a reduced reticulocyte count than the NC
group. By day 7, the RBC, HBC, and HCT were lower levels in NC,
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GA, and GB pigs than in PC group. On day 14, HGB levels were
reduced in GA and GB pigs, and their reticulocyte count was higher
than in NC and PC pigs. Finally, on day 21, the GA and GB pigs had
higher reticulocyte counts and reduced RBC, HGB, and HCT levels
than the NC and PC pigs, while the MCV in GA pigs was higher
than in NC and PC groups.

The white blood cell (WBC) count, and the neutrophil,
and basophil proportions were not influenced by treatment
(Table 4). The interaction between day and treatment influenced
the proportion of lymphocytes, monocytes, and eosinophils. On
the 1st day of the study, the monocytes proportion of the NC, GA,
and GB groups was higher than that of the PC group. On day 3,
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FIGURE 3
Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and dietary supplementation with plant combinations on fecal shedding of ETEC
F18 [plate counts; Colony forming units (CFU)] in organically reared weaner pigs. (Top panel) Lines represent trends for each group; shaded regions
are 95% confidence intervals. The ETEC F18 was administered orally on days 1 and 2. (Bottom panel) Pairwise comparisons against PC; significant
differences exist where the 95% empirical Bayesian simultaneous confidence interval does not cover O (green shade). NC, non-challenge, standard
diet (n = 8); PC, challenged, standard diet (0-7 d, n =8; 7-21d, n =7); GA, challenged, garlic + apple pomace (3 + 3%; 0-7d, n=8;7-21d,n=6);
GB, challenged, garlic + blackcurrant (3 4+ 3%; n = 8).

the GA pigs had a higher proportion of monocytes than the NC
pigs. On day 5, the GB group had a lower proportion of monocytes
than the PC group. On day 21, the PC and GA groups had a lower
proportion of lymphocytes than the NC group.

3.5. Plasma acute phase proteins

The acute phase protein concentrations in plasma were
influenced by the treatment and day (Table 5). The treatment effect
on plasma pigMAP concentration was dependent on the day (P =
0.002). On day 7, the pigMAP concentration was lower in the NC
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and GA groups than in the PC group, whereas the GB group did not
differ from the PC group. On day 21, the pigMAP concentration
was higher in the GA, GB, and PC than in the NC group. The
treatment effect on plasma CRP concentration was dependent on
the day (P < 0.001). On the 1st day of the study, the GB group had
lower levels of CRP compared to the other groups. On days 3 and 5,
the GB pigs had a higher CRP concentration than the NC pigs. By
the end of the study on day 21, the CRP concentration in the GA
and GB pigs was higher than in the NC and PC pigs. The treatment
effect on plasma haptoglobin concentration was dependent on the
day (P < 0.001). On day 5, the haptoglobin concentration in the
NC, GA and GB pigs did not differ from the PC group but it was

frontiersin.org


https://doi.org/10.3389/fvets.2023.1095160
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Jerez-Bogota et al.

10.3389/fvets.2023.1095160

0 5 10 15 20 0 5
Day Post Weaning

FIGURE 4

=
-2

10 - ° ] o o L)
T 1 1 I 1 [ l 1 . I 1 I
1 3 5 9 11 13 15 17 19 21

Day Post Weaning

o 10 o 10 o 10

o a a.

¢ z ¢

g 4 g e

= - =

£ 2 $

5 5 o 5

10

GA

GB

—_— PC

Treat: < 0.001

= -L0D

15 20 0 5 10 15 20
Day Post Weaning Day Post Weaning

Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and dietary supplementation with plant combinations on fecal shedding of the
fedA gene encoding the ETEC F18 fimbriae type (gene copies/g feces) in organically reared weaner pigs. (Top panel) Lines represent trends for each
group, shaded regions are 95% confidence intervals. The ETEC F18 was administered orally on days 1 and 2. (Bottom panel) Pairwise comparisons
against PC; significant differences exist where the 95% empirical Bayesian simultaneous confidence interval does not cover O (green shade). NC,
non-challenge, standard diet (n = 8); PC, challenged, standard diet (0-7 d, n = 8; 7-21 d, n = 7); GA, challenged, garlic + apple pomace (3 + 3%;
0-7d,n=28;7-21d, n=6); GB, challenged, garlic + blackcurrant (3 + 3%; n = 8).

higher in the GB than in the NC pigs. On day 7, the haptoglobin
concentration in the NC and GB pigs did not differ from the PC
group, whereas that of the GA group was lower than the PC and
GB groups. By the end of the study on day 21, the haptoglobin
concentration of the NC, GA and GB pigs was lower than the
PC pigs.

3.6. 16S rRNA gene sequencing

A total of 147 fecal samples were sequenced. An average of 1,047
ASVs were identified per sample coming from 9,572,592 reads.
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On average, 78% of the identified ASVs were retained following
size filtering, corresponding to 98.5% of the high-quality reads
(Supplementary Table 3).

3.6.1. Alpha-diversity

There was no effect of treatment on the observed a-diversity
(Figure 6), whereas the treatment effect on Shannon (P = 0.002)
and Inverse Simpson (P < 0.001) indices were dependent on the
day. Observed a-diversity generally increased from days 1 to 7 and
then decreased again on day 21. On day 7, the GA, GB, and NC pigs
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Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and dietary supplementation with plant combinations on fecal shedding the est-//
gene encoding the heat-stabile toxin Stb (gene copies/g feces). (Top panel) Lines represent trends for each group, shaded regions are 95%
confidence intervals The ETEC F18 was administered orally on days 1 and 2. (Bottom panel) Pairwise comparisons against PC; significant differences
exist where the 95% empirical Bayesian simultaneous confidence interval does not cover 0 (green shade). NC, non-challenge, standard diet (n = 8);
PC, challenged, standard diet (0-7 d, n = 8; 7-21 d, n = 7); GA, challenged, garlic + apple pomace (3 +3%; 0-7d,n=8; 7-21d, n =6); GB,

challenged, garlic 4+ blackcurrant (3 + 3%; n = 8).

had a greater Shannon and inverse Simpson a-diversity index than
the PC pigs.

3.6.2. Beta-diversity

The effect of treatment on the volatility (distance from the
previous observation of individual community structures, i.e.,
indicator of stability over time) of the fecal microbiota (P = 0.009)
was dependent on the day (Figure 7). The PC group had a greater
microbiota volatility than all other groups on days 7 and 14. No
significant difference in the distance from the previous day was
observed on days 3 or 21.
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Treatments influenced B-diversity of the fecal microbiota
(Supplementary Figure 1). On day 1, the GA pigs resembled the
NC pigs, while the rest differed. On day 3, the p-diversity of
the PC group differed from that of NC, whereas that of the GA
and GB groups were similar to that of the NC pigs. On day 7,
all groups differed in terms of p-diversity, but the GA and GB
groups appeared to cluster closer to the NC piglets. By day 14,
the PC group was similar to the NC pigs but differed from the
GA and GB groups, and the GA group also differed from the
NC. All groups were different by day 21. On days 14 and 21, the
GA and GB distances were less dispersed than in the NC and
PC groups.
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TABLE 3 Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and dietary supplementation with plant combinations on red blood cell,
hemoglobin, hematocrit, and platelet concentrations in organic weaner pigs.

Treatment®
RBC (10/LL) 0.011 0.001 <0.001
Weaning 6.35 6.34 6.13 6.14 0.133
Day 3 6.20 6.29 6.03 6.14 0.192
Day 5 6.28 6.53 6.11 6.39 0.197
Day 7 6.36% 7.29 6.32° 6.27% 0.203
Day 14 6.52 6.61 5.89 5.97 0.196
Day 21 6.86" 6.75" 5.51° 5.83 0.197
HGB (g/L) 0.002 <0.001 <0.001
Weaning 114.02 114.15 114.86 110.11 1.982
Day 3 111.63 117.37 112.75 112.00 3.781
Day 5 113.87 118.09 114.04 113.73 2.730
Day7 117.63* 136.78" 121.24° 115.37° 3.328
Day 14 123.98" 124.80° 115.10° 112.50° 2.701
Day 21 129.98" 127.53" 114.93* 115.13* 2.873
HCT (%) 0.029 <0.001 <0.001
Weaning 40.38° 39.61% 39.92% 37.58 0.702
Day 3 37.19 38.37 37.90 37.11 1.126
Day 5 38.78 40.84 38.94 39.72 1.029
Day7 38.85° 44.44° 40.11° 38.34° 1132
Day 14 39.09 39.78 37.21 36.26 1.050
Day 21 42.04° 41.62° 37.30° 37.10° 1.000
MCV (fL) 0.112 <0.001 <0.001
Weaning 63.64 62.41 64.64 61.25 0.926
Day 3 60.13 60.99 62.80 60.36 0.906
Day 5 61.95 62.61 63.74 62.14 1.003
Day 7 61.32 60.88 63.66 61.11 1.144
Day 14 60.09 60.28 63.22 60.75 1.153
Day 21 61.54% 61.49% 68.05 63.91% 1.453
MCH (pg) 0.187 <0.001 <0.001
Weaning 17.97 18.03 18.63 17.94 0.254
Day 3 18.04 18.68 18.70 18.23 0.442
Day 5 18.19 18.00 18.69 17.80 0.253
Day 7 18.57 18.71 19.06 18.42 0.291
Day 14 19.07 18.87 19.46 18.89 0.306
Day 21 19.01° 18.79% 20.86° 19.84% 0.360
MCHC (g/L) 0.896 <0.001 0.195
Weaning 282.58 288.09 287.21 292.50 3.701
Day 3 300.25 305.75 297.88 301.75 3314
Day 5 293.87 289.81 292.60 285.18 3.545
Day7 303.06 306.49 302.46 301.25 3715
Day 14 317.06 313.52 308.26 310.87 3.506
(Continued)
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TABLE 3 (Continued)

Treatment® P-value
PC GA Day Treat x day
Day 21 308.77 305.82 306.59 310.50 3.557
Reticulocytes (10°/L) 0.290 <0.001 <0.001
Weaning 209.53° 182.13% 171.76% 155.85 13.609
Day 3 152,65 138.96> 102.60° 112.86% 11.647
Day5 182.21 153.76 115.46 119.28 18.099
Day 7 201.78 163.81 166.59 177.35 24218
Day 14 172.99* 159.15 360.49° 227.93¢ 29.300
Day 21 173.31° 183.18° 418.74° 31533 19.697
Platelets (10°/L) 0.207 0.103 0.706
Weaning 390.78 318.73 376.13 383.34 49.699
Day 3 34521 342,52 320.39 319.34 44776
Day 5 318.13 359.02 258.40 410.68 47.671
Day 7 277.25 312.54 343.67 398.50 49.818
Day 14 354.96 382.32 358.39 405.18 47.179
Day 21 392.00 380.10 364.25 448.62 47.830

beyyithin a row, values that do not share a common superscript differ (P < 0.05), Benjamini-Hochberg adjustment.
dRBC, Red blood cell count; HGB, Hemoglobin; HCT, Hematocrit; MCV, Mean cell volume; MCH, Mean Cell Hemoglobin; MCHC, Mean red blood cell hemoglobin content.
¢NC, non-challenge (n = 8), standard diet; PC, challenged, standard diet (0-7 d, n = 8; 7-21 d, n = 7); GA, challenged, garlic + apple pomace (3 +3%; 0-7 d, n = 8; 7-21 d, n = 6); GB,

challenged, garlic + blackcurrant (3 + 3%; n = 8).
fPooled standard error of least squared means.

3.6.3. Relative abundance and differential
abundance

Firmicutes (>48%) and Bacteroidetes (>27%) were the most
dominant phyla in the feces of all treatment groups throughout the
study (Supplementary Figure 2). For most days, the predominant
genera were Prevotella, Lactobacillus, Roseburia, and Megasphera
(Figure 8). Prevotella was the most abundant (>13%) on most
days and in most groups, except for the PC pigs on day 7, where
Escherichia dominated (19.1%).

Eleven genera were identified as differentially abundant
(threshold: log,FC > 2, P < 0.05) in at least one group at a
given time when compared against the PC group (Figure 9). The
hierarchical dendrogram clustered Catenibacterium, Dialister,
and Mitsoukella as generally more abundant in the NC, GB,
and GA groups than in the PC group, whereas Lactobacillus,
Erysipelonthrix, and Campilobacter clustered as generally
less abundant.

On day 7 postweaning, Gilliamella was more abundant in NC,
GA, and GB than in the PC group. Escherichia was less abundant
in the NC and GB groups, and Campylobacter and Erysipelothix
were less abundant in NC, GA, and GB than in PC on day 7.
Compared to the PC group, Lactobacillus was less abundant in the
NC group on day 21, in the GA group on days 3 and 7, and in
the GB group on day 3. Catenibacterium was more abundant in
the NC group on day 3, and consistently more abundant in the
GA and GB than in the PC pigs. Dialister was more abundant
in the NC group on days 3 and 7, and in the GA and GB
groups on days 3, 7, and 14 than in the PC. Mitsoukella was
more abundant in the NC, GA, and GB than in the PC pigs on
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day 3. Succinivibrio was less abundant only in the GB pigs on
day 21.

Forty-two species were identified as differentially abundant
(Supplementary Figure 3). The species that followed a similar
behavior to that observed at genus level were: E. coli, Campylobacter
fetus, L. johnsonii, L. delbrueckii, L. pontis, L. amylovorus, L. reuteri,
and Catenibacterium mitsoukai.

4. Discussion

Diarrhea occurrence and bacterial fecal shedding are part of the
evaluation of ETEC challenge models for PWD (19). The current
study found signs of ETEC infection in the PC pigs (but not in the
NC), indicating the validity of the ETEC challenge model. Limited
reports exist on ETEC challenge models with organic weaner pigs.
In the study of Serensen et al. (39), pigs were weaned at a similar
age as in the current study, and the authors noted difficulties
in using the ETEC challenge model to consistently introduce a
diarrhea-like state. Hedemann and Bach Knudsen (40) observed
low F-DM during 2 days with peaks on days 4 and 5 postweaning
(1-2 days postinfection) with pigs weaned at 7 weeks following
an ETEC F4 challenge. Our study was able to induce a diarrhea-
like state in the PC pigs for ~5 days consistently differing from
the NC group. This was despite the relatively high weaning age
and weight of the animals, both of which have been reported as
factors that could affect the efficacy of the challenge model (19).
The challenge dosage in the current study was higher than that of
the two aforementioned studies (10° vs. 108 CFU/ day), which could
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TABLE 4 Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and dietary supplementation with plant combinations on white blood cell
differential of organic weaner pigs.

Treatment®
Treat x day

WBC (10°/L) 0.702 0.185 0.419
Weaning 22.95 20.68 19.30 22.82 2.294

Day 3 22,65 21.89 23.15 26.36 2.082

Day 5 21.07 23.06 21.48 22.98 2.206

Day7 21.54 25.14 24.79 23.19 2.302

Day 14 21.09 24.74 27.27 22.13 2.187

Day 21 19.76 22.22 22.93 21.41 2.215

Neutrophils (%) 0.361 0.035 0.271
Weaning 47.13 41.66 42.49 43.87 2.627

Day 3 43.38 37.05 35.51 40.19 2.750

Day 5 42.81 34.33 3830 41.62 2.796

Day 7 44.23 40.17 40.66 42.06 2.630

Day 14 41.30 42.76 41.64 40.61 2.477

Day 21 37.31 42.14 41.64 3839 2.507

Lymphocytes (%) 0.347 <0.001 0.033
Weaning 42,03 49.17 4291 4547 3.273

Day 3 43.74 49.76 49.62 48.30 2.753

Day 5 47.23 56.05 51.34 49.37 2.484

Day 7 46.87 53.09 50.14 50.79 2.362

Day 14 52.70 50.88 51.27 52.55 1.819

Day 21 57.06 50.91° 50.31° 55.08% 1.680

Monocytes (%) 0.012 <0.001 <0.001
Weaning 3.62° 1.13* 5.72¢ 4.87%¢ 0.642

Day 3 4.61% 5.76% 6.69" 4.66 0.497

Day 5 5.12% 6.32° 5.90% 4.54° 0.465

Day 7 5.47 4.61 5.65 4.21 0.621

Day 14 5.24 4.42 5.28 4.71 0.663

Day 21 4.68 5.57 6.17 4.92 0.588

Eosinophils (%) 0.767 <0.001 0.021
Weaning 7.57 10.04 8.90 6.14 1217

Day 3 8.27 7.36 8.16 6.81 1.170

Day 5 4.81 3.36 436 4.58 0.708

Day7 3.30 1.92 3.65 2.91 0.569

Day 14 1.07 1.87 1.63 2.07 0.479

Day 21 1.09 2.00 1.83 1.61 0.483

Basophils (%) 1.000 0.905 0.964
Weaning 0.05 0.03 0.10 0.04 0.312

Day 3 0.00 0.06 0.01 0.03 0.156

Day 5 0.02 0.03 0.01 0.03 0.194

Day7 0.01 0.01 0.00 0.02 0.113

Day 14 0.00 0.01 0.07 0.05 0.203

Day 21 0.03 0.03 0.05 0.00 0.182

beWithin a row, values with different superscripts differ (P < 0.05), Benjamini-Hochberg adjustment.

®bWithin a row, values that do not share a common superscript differ (P < 0.05), Benjamini-Hochberg adjustment.

dWBC, ‘White blood cell count.

¢NC, non-challenge (n = 8), standard diet; PC, challenged, standard diet (0-7 d, n = 8; 7-21 d, n = 7); GA, challenged, garlic 4+ apple pomace (3 4+ 3%; 0-7 d, n = 8; 7-21 d, n = 6); GB,
challenged, garlic + blackcurrant (3 + 3%; n = 8).

fPooled standard error of least squared means.
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TABLE 5 Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and dietary supplementation with plant combinations on pig major acute
protein (pigMAP), C-reactive protein (CRP), and haptoglobin (HPT) levels in plasma of organic weaner pigs.

Treatmentd
PC GA Treat x day

pigMAP (mg/L) 0.151 <0.001 0.002
Weaning 751.96 759.17 786.98 739.83 63.882

Day 3 733.24 774.91 792.57 790.87 60.513

Day 5 669.56 805.78 876.11 846.53 71.337

Day 7 780.51° 1055.81° 770.71° 852.91% 63.282

Day 14 634.03 777.25 677.80 711.84 91.095

Day 21 353.63 469.95 522.48" 504.33" 32.603

CRP (mg/L) 0.044 <0.001 <0.001
Weaning 19.70° 19.16° 21.45° 11.44° 3.632

Day 3 15.18° 22.47% 17.51% 26.51° 4.565

Day 5 16.16° 22.51% 19.65% 29.63" 4.711

Day7 24.41 19.86 16.08 28.01 5.455

Day 14 12.65 8.59 19.10 20.13 4.444

Day 21 4.16* 6.91° 17.88" 13.34° 2.841

HPT (mg/mL) 0.002 <0.001 <0.001
Weaning 1.26 1.14 122 112 0.102

Day 3 1.65 1.92 1.92 2.00 0.165

Day 5 1.89* 2.49% 2.12% 2.71° 0.214

Day 7 2.26% 2.85° 1.83 2.80° 0.271

Day 14 1.54 1.66 1.41 2.19 0.242

Day 21 0.86° 1.60° 0.26° 0.55° 0.165

®beWithin a row, values that do not share a common superscript differ (P < 0.05), Benjamini-Hochberg adjustment.
4NC, non-challenge (n = 8), standard diet; PC, challenged, standard diet (0-7 d, n = 8; 7-21 d, n = 7); GA, challenged, garlic + apple pomace (3 + 3%; 0-7 d, n = 8; 7-21 d, n = 6); GB,

challenged, garlic + blackcurrant (3 + 3%; n = 8).
€Pooled standard error of least squared means.

have been a factor determining the effectiveness of the challenge
model in the present study.

All pigs started the study in good health. On arrival, ETEC
F18 and the virulence gene fedA (encoding for the F18 fimbriae)
were not detectable, whereas pigs shed detectable levels of the est-II
gene encoding for the STb toxin. Similar observations have been
reported in previous ETEC challenge studies. Spitzer et al. (41)
reported the presence of the est-II gene but not the F4 encoding
gene in the feces of healthy weaned pigs prior to ETEC F4 challenge.
Rhouma et al. (42) similarly found genes encoding STa and STb
(but not F18 or F4) in the feces of piglets before oral ETEC F4
challenge. Since the piglets did not have diarrhea on arrival, the
findings indicate that the fecal presence of E. coli positive for toxins
but negative for F4 or F18 fimbriae may not always be associated
with diarrheal symptoms.

During the 1st week postweaning, the PC pigs displayed
increased fecal shedding of ETEC F18 and virulence factor genes,
higher fecal scores (more liquid feces), lower F-DM, and decreased
growth metrics, which coincide with typical signs of PWD in
infection models (19, 43). Furthermore, on day 7 postweaning, the
RBC, HGB, and HCT levels were elevated in the PC pigs, with
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HGB and HCT levels exceeding reference intervals for their age
(44, 45). The elevated levels of RBC, HGB, and HCT (on day 7)
in the PC pigs could be linked to dehydration, which corresponds
to the diarrheal symptoms (2) observed during the 1st week after
weaning (5-6 days postinfection).

We observed increased levels of reticulocytes (immature
erythrocytes) near the end of the study, a relatively lower RBC,
HGB, and HCT, higher MCV, and no change in MCHC in the GA
and GB pigs compared to the PC and NC pigs. This is noteworthy
because garlic constituents can cause oxidative hemolysis (46) and
excessive intake can result in anemia (47). In the current study,
although the RBC were slightly below reference levels, the HGB,
HCT, MCV, and MCHC were not abnormal, indicating that the pigs
were not anemic. This state, in which garlic induces mild chronic
hemolysis without resulting in anemia, has been proposed as a
potential mechanism involved in the antiplatelet, pro-circulatory,
anti-inflammatory, and antiapoptotic effects associated with the
therapeutic use of garlic products (48). According to Akgiil
et al. (48), the health benefits of garlic consumption could be
a manifestation of achieving homeostasis, partly mediated by
younger RBC. However, because the study was conducted in mice
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Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge
and supplementation with plant combinations on p-diversity
measures of the fecal microbiota. Weighted Unifrac distance
difference from the prior time point. Dots are least squared means
and lines are 95% confidence intervals. The ETEC F18 was
administered orally on days 1 and 2. #*®Values that do not share a
common superscript differ (P < 0.05), Benjamini-Hochberg
adjustment. NC, non-challenge, standard diet (n = 8); PC,
challenged, standard diet (0-7d, n=8; 7-21d, n=7); GA,
challenged, garlic + apple pomace (3 4+ 3%; 0-7d,n=8;7-21d,n
= 6); GB, challenged, garlic + blackcurrant (3 + 3%; n = 8).

(48) and there are no follow-up studies, more research on these
mechanisms and their relevance for other species is required.
Different types of pathologies and inflammation processes can
result in variable kinetic patterns for pigMAP, CRP, haptoglobin,
and other acute phase proteins. Moreover, monocytes and
particularly neutrophils are expected to play an effector role in
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response to bacterial infections. The pigMAP, haptoglobin, and
monocyte levels followed a similar pattern in all groups in the
current study, rising during the 1st week, peaking on days 5
or 7, and then declining (except for monocytes in GB pigs).
However, no significant response was observed in the other
white blood cell pools, and the concentration of monocytes and
neutrophils were within normal limits (44, 45). The weaning
process has been shown to cause transient inflammation in piglets
that upregulates gut pro-inflammatory cytokines (49). Similarly,
elevated levels of pigMAP and haptoglobin have been observed in
ETEC-challenged pigs (50, 51). Hence both, weaning-related stress
and ETEC challenge, could have contributed to the acute phase
response observed under the current experimental conditions.
Clapperton et al. (52) documented the positive association between
pigMAP, haptoglobin, and monocyte concentrations, which we also
observed in the current study. This might be due to activated
monocytes producing pro-inflammatory cytokines, particularly
interleukin 6, which stimulates hepatic production of pigMAP
and haptoglobin.

On days when the PC pigs had acute PWD symptoms (days 5-
9 postweaning), the GA and GB pigs had lower fecal scores (more
solid feces), higher fecal dry matter, and lower fecal shedding of
ETEC F18 bacteria (and associated virulence factors), indicating
that GA and GB supplementation provided protection against
ETEC-induced diarrhea. It is worth noting that, when compared to
the PC group, the pigs in the GA and GB groups shed comparable
amounts of ETEC and virulence factors during the first 3 days
postinfection, indicating that the GA and GB piglets were infected
with ETEC but did not develop PWD. There are no previous
reports on the use of GA or GB supplementation in pigs. Dietary
supplementation with garlic has been of interest and there are
reports in the literature showing increased growth performance
(although not always consistent), lower diarrhea incidence, and
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FIGURE 8
Relative abundance of bacterial genera within the feces of pigs challenged with enterotoxigenic E. coli (ETEC) F18 after weaning and supplemented
with plant combinations. The ETEC F18 was administered orally on days 1 and 2. Values indicate mean relative abundance in percentage of the 20
dominant genera (Y-axis) across treatments (X-axis) and days postweaning (panel). NC, non-challenge, standard diet (n = 8); PC, challenged,
standard diet (0-7d, n =8; 7-21d, n =7); GA, challenged, garlic + apple pomace (3 + 3%; 0-7 d, n =8; 7-21 d, n = 6); GB, challenged, garlic +
blackcurrant (3 + 3%; n = 8).

reduced E. coli shedding (53). However, there are few studies
evaluating the effectiveness of garlic supplementation under
controlled ETEC infection settings. Liu et al. (54) reported reduced
serum haptoglobin concentrations, lower fecal scores and less
diarrhea frequency in ETEC-challenged pigs fed a diet containing
10 ppm of garlic botanical (extract standardized to contain 40%
propyl thiosulfonates), but no change was observed in ETEC fecal
shedding. We similarly observed reduced diarrheal symptoms in
pigs but accompanied by a reduced ETEC shedding. This point to
the antibacterial effect against ETEC of the supplementation used in
the current study, in contrast with Liu et al. (54) where antidiarrheal
properties were attributed to immunomodulation.

The antibacterial effect observed here may be due to the higher
inclusion of garlic, the preparation of the powder (11) or the
synergistic action of garlic combined with the acidifying properties
of apple pomace and blackcurrant. Allicin from garlic inhibits
the growth of E. coli by inducing thiol stress and decreasing
S-allylmercapto modification of proteins and glutathione pool,
resulting in a total reduction in sulthydryl level (55). The garlic
cultivar and the processing method of the garlic powder can affect
the potential content of allicin. Therador cultivar was identified
as a high-allicin cultivar among over 10 garlic cultivars tested
(Jensen, M., personal communication), and the preparation of
the powder warranted allicin formation. The acidifying properties
of apple pomace and blackcurrant may also prevent pathogen
overgrowth because some pathogenic bacteria, including E. coli,
are susceptible to low pH exposure (7). Indeed, organic acids
have been used in piglet diets as antimicrobial agents and proven
effective by providing an unfavorable environment for pathogenic
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bacteria and/or direct bactericidal action (56). Furthermore, the
combination of organic acids with phytochemical compounds
may synergistically contribute to productive performance reduced
ETEC adherence to intestinal epithelium and overall enhanced
intestinal health (57). The efficacy of the plant combinations was
tested exclusively against ETEC F18 in this study. However, based
on the proposed mode of action and our previous in vitro studies
testing the antibacterial impact of similar plant materials against
ETEC F4 (9), it is plausible that the combinations used in the
current study may exhibit in vivo bactericidal activity against other
strains, e.g., ETEC F4.

Because there are no reports in the literature on the
composition of the fecal microbiota of ETEC-challenged
organically raised weaned pigs, the current study serves as a
reference for future research. We used three a-diversity measures
to evaluate the effects of GA and GB supplementation on the
richness and evenness of the microbiota of ETEC-challenged
piglets. Reduced a-diversity (Shannon and Inverse Simpson
indices) of the fecal microbiota of PC pigs were observed on
day 7 postweaning. This could be a sign of dysbiosis, which
is characterized by decreased microbial diversity (58). A clear
decrease in a-diversity following diarrheal events has been
observed in human infants (59), and some authors have also
observed decreased w«-diversity in fecal microbiota of diarrheal
piglets (58). However, other studies evaluating ETEC challenge
effects on fecal microbiota have failed to observe significant
differences in a-diversity (60-62). In agreement with our findings,
Rhouma et al. (63) reported reduced a-diversity in the fecal
microbiota of pigs challenged with ETEC-F4, which was coincided
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with acute PWD symptoms, as opposed to other studies that

only achieved subclinical states. Similarly, we also observed acute

PWD symptoms in the PC group, emulating field conditions of

the disease (2). The supplementation of GA and GB prevented a

decrease in the richness and evenness of the fecal microbiota of

piglets challenged with ETEC. Dietary supplementation with garlic

has been reported to increase a-diversity of the fecal microbiota

of mice (64) and sows (65). Apple pomace supplementation has
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also been shown to increase the a-diversity of the cecal mucosa of

pigs (66). Interestingly, blackcurrant supplementation showed no

effect on a-diversity in broilers (67). A highly diverse microbiota

is usually regarded as beneficial to the host, and reduced diversity

is associated with acute and chronic diseases (68). The use

of antibiotics against ETEC infection often results in reduced

diversity of the gut microbiota (58, 63), which in long run may give

the opportunity for pathogens to colonize and cause diseases (58).
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Thus, the effect of GA or GB supplementation on a-diversity under
ETEC challenge conditions can be seen as a positive outcome and
is an indication of the targeted nature of the strategy.

We used weighted UniFrac distances to address the degree of
differences in fecal microbiota because it considers phylogenetic
and abundance information. Additionally, we investigated how the
individual microbiota structure changes over time (in relation to
the previous observation), known as microbiota volatility (69),
as opposed to stability. In this study, we observed increased
volatility of the microbiota by day 7 in both ETEC-challenged
and unchallenged pigs, and only in the PC group on day 14.
This is consistent with previous studies indicating that weaning
is associated with abrupt changes in the gut microbiota (70).
Furthermore, increased volatility of the gut microbiota has been
proposed as a defining feature of (disease-related) dysbiosis (71).
Increased volatility has also been linked to stress in mice and
humans (31). We found that the ETEC F18 challenge delayed the
stabilization of the fecal microbiota after weaning, as observed by
the increased volatility; however, this was prevented with GA or
GB supplementation.

Throughout the study, the ETEC F18 challenge influenced
the microbial community structure (B-diversity) of pigs. Although
PWD signs had disappeared in the PC group 2 weeks after
weaning, the fecal microbiota composition remained different from
that of the NC pigs. Rhouma et al. (63) observed a significant
effect of ETEC challenge on B-diversity, even up to 5 weeks
after weaning, indicating that the PWD episodes had a long-term
impact on piglet fecal microbiota. In the current study, following
the ETEC F18 challenge, the microbiota configuration of pigs in
the GA and GB groups differed from the PC pigs consistently.
Similar effects have been observed 40 days postweaning in pigs
supplemented with pharmacological levels of zinc oxide during
the nursery period (72), and 21 days postweaning following
chito-oligosaccharide supplementation to piglets during an ETEC
challenge (73). We only followed the pigs up to 3 weeks after
weaning, but considering the aforementioned studies, a lasting
effect of GA and GB supplementation on the microbiota structure
of pigs may be expected.

During this study, the most abundant phyla within the fecal
microbiota were Firmicutes and Bacteroidetes, which agrees with
previous reports in weaned piglets (70). The ETEC challenge,
as expected, increased the relative abundance of Proteobacteria
due to an increase in E. coli, particularly during the 1st week
postweaning. This in turn coincided with the PWD symptoms
and fecal ETEC shedding in the PC pigs. The increased
abundance of the Escherichia also coincided with the increased
abundance of Campylobacter, Erysipelothrix, and lower abundance
of Catenibacterium, Dialister, and Mitsoukella. Previous research
has shown an increased abundance of Campylobacter after
weaning, which is regarded as an opportunistic pathogen and
is thought to be linked to the occurrence of PWD (74, 75).
Erysipelothrix have also been shown to cause disease, particularly
in older pigs after the decline of maternal antibodies (76). On the
other hand, Dialister has been shown to be strongly associated
with Prevotella and some blood parameters (positively with
monocytes, platelets and negatively with eosinophils, and red blood
cell parameters) (77). Smith et al. (78) also observed decreased
abundance of Dialister and Catenibacterium following ETEC F18
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challenge. Mitsuokella has been positively associated with body
weight, along with Prevotella (79). In agreement with our findings,
Duarte et al. (80) also reported a reduced abundance of Mitsuokella
in response to ETEC F18 challenge. Mitsuokella has been shown to
be more abundant in pigs fed diets supplemented with bacitracin
and challenged with ETEC F18 (81). Thus, the ETEC challenge
was associated with an increase in the abundance of potentially
pathogenic bacteria at the expense of commensal bacteria.
Supplementation with GB prevented the overgrowth of E. coli
after challenge, whereas the difference between GA and PC pigs was
not significant. Catenibacterium mitsuokai was consistently more
abundant in the GA and GB groups than in the PC. This genus is
a Gram-positive anaerobe that produces acetic, lactic, butyric and
iso-butyric acids from glucose (82). Catenibacterium has previously
been reported as exclusively present in pigs supplemented with
inulin, when compared to others receiving different dietary fiber
types (83) and when supplementing with probiotics (84). Others
have also shown that apple pomace supplementation increases the
abundance of Catenibacterium in piglets (66). However, there is no
reported evidence linking garlic or blackcurrant supplementation
to Catenibacterium. This suggests that Catenibacterium abundance
may be related to the dietary fiber or polyphenols in GA and
GB diets. We observed an increased abundance of several species
of Lactobacillus in the GB group toward the end of the study.
Lactobacillus is well-known to promote immune cell homeostasis
and intestinal health in the host. In agreement with our findings,
feeding rats a diet supplemented with blackcurrant extract resulted
in a significant increase in the cecal counts of lactobacilli (85). Aged
garlic extract supplementation in humans resulted in increased
fecal microbial richness, with a significant increase in Lactobacillus
and Clostridia abundance (86). In contrast, Colombino et al.
(67) observed reduced abundance of Lactobacillus in the excreta
of broilers fed blackcurrant pomace. The increased abundance
of Lactobacillus in our study and others might be related to a
prebiotic effect of garlic and blackcurrant. The GB group also had
a consistently higher abundance of Prevotella copri. Prevotella is
expected to increase after weaning and to remain more abundant
in piglets during the nursery and growing stages (87). The
evidence regarding the association between Prevotella and diarrhea
has been contradictory, but it appears that animals with higher
Prevotella abundance may have better protection against diarrhea
(87). Prevotella is widely associated with plant polysaccharide
consumption (88), thus comparative advantage for these substrates
might have contributed to the higher abundance in the GB group.
The plant inclusion level in the feed was based on expected
concentration in the stomach and confirmed in vitro bactericidal
activity in porcine gastric digesta, with no observed adverse effects
on feed intake or toxicity. A higher dose may be more effective,
but limitations regarding toxicity, diet formulation, and economics
need to be considered. Both the GA and the GB were successful
in preventing ETEC (and other potentially pathogenic bacteria)
proliferation, thereby preventing PWD development. Furthermore,
GA and GB had no adverse effect on piglet fecal microbiota,
favoring the abundance of commensal bacteria. Nevertheless, it
appeared that GB supplementation was more effective than GA.
We observed that the pH of the blackcurrant powder (2.81 =+
0.01) was lower than that of the apple pomace powder (3.28
+ 0.01) and the ABC-4 of the GB diet was lower than that of
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the GA diet. Apples harvested before maturity normally have a
higher content of organic acids and display lower pH than mature
apples and thus unripe apples may be a resource to study more
in future. Ascorbic acid and anthocyanins from blackcurrant have
shown high stability following simulated gastric digestion (89). The
higher acidifying properties of the GB treatment may have therefore
contributed to the greater effectiveness observed. However, other
mechanisms also seem to play a role, particularly with regard to
microbiota modulation. Esposito et al. (90) reported, for example,
that blackcurrant anthocyanins have an anti-inflammatory effect
that may be mediated by interaction with the local microbiota
and their functions in the intestine. The dietary fiber fraction
may also have an impact on the gut microbiome, particularly
the fermentative species, and thus on the production of lactic
acid and short-chain fatty acids, which may further lower the pH
locally (57). However, the dietary fiber profiles of the experimental
diets used in this study were similar, except for a higher fructan
content in GA and GB diets. Thus, more research is required to
investigate the roles of dietary fiber and bioactive compounds in
GB (e.g., anthocyanins), as well as potential interactions with the
gut microbiota.

5. Conclusion

In conclusion, the ETEC F18 challenge as conducted here
resulted in decreased growth, evident signs of PWD, and increased
abundance of ETEC and other harmful bacteria in the feces of
organically raised piglets weaned at 7 weeks of age. The weaning
process and the ETEC infection induced high levels of acute phase
response parameters during the 1st week postweaning. Dietary GA
and GB supplementation offered protection against PWD caused
by ETEC F18 infection, inhibiting bacterial pathogen proliferation
while maintaining fecal microbiota diversity, reducing volatility of
the microbiota structure, and favoring the abundance of beneficial
bacteria. The use of GA and GB provides a safe nutritional strategy
for management of postweaning diarrhea caused by E. coli F18
infection and possibly other ETEC strains. Thereby reducing the
need for veterinary medical interventions in organic- and possibly
conventional pig production.

Further research using multi-omics approaches may be useful
to further investigate the mode of action of GA and GB
supplementation and the modulation of gut microbiome, as well
as the effects on oxidative capacity and immunological regulation.
Further research into the role of GA or GB supplementation
in protection against other pathogenic infections is warranted.
Furthermore, the long-term effects of postweaning GA or GB
supplementation would be relevant to investigate.
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Antibacterial plant combinations prevent postweaning diarrhea in organically
raised piglets challenged with enterotoxigenic Escherichia coli F18

Supplementary Material

Table S1 Ingredient composition of the experimental diets (as-fed basis, %)

Diets!
Item, %
NC - PC GA GB

Organic wheat 25.75 25.75 25.75
Barley 22.25 22.25 22.25
Organic oats 18.60 12.60 12.60
Garlic powder 0 3.00 3.00
Apple Pulp powder 0 3.00 0

Blackcurrant powder 0 0 3.00
Fishmeal 6.00 6.00 6.00
Organic soy cake 5.70 5.70 5.70
Horse beans 5.00 5.00 5.00
Organic rye 5.00 5.00 5.00
Potato protein 4.40 4.40 4.40
Organic barley 2.80 2.80 2.80
Organic wheat bran 2.00 2.00 2.00
Calcium carbonate 1.15 1.15 1.15
Monocalcium phosphate 0.47 0.47 0.47
Vitamin + Mineral premix? 0.40 0.40 0.40
Vitamin E 0.2 0.2 0.2
NaCl 0.28 0.28 0.28

I'NC: non-challenge, standard diet; PC: challenged, standard diet; GA: challenged, Garlic
and Apple pomace supplementation (3%+3%); GB: challenged, garlic and blackcurrant
supplementation (3%+3%).

2 Provided per kg of diet: 173 mg Fe (iron sulfate), 80 mg Cu (copper sulfate), 80 mg Cu
(copper sulfate), 46 mg Mn (manganese oxide), 100 mg Zn (Zinc oxide), 0.30 mg I
(calcium iodate), 0.30 mg Se (sodium selenite), 5400 Ul vitamin A, 1000 IU vitamin D3,
215 IU vitamin E.
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Table S2 Quantitative PCR primer details and assay settings

Primer Target sequence Sequence (5'-3") Conc! Ta2(°C)  Size® (bp)
name (mM)

FI8 F . . GGAGGTTAAGGCGTCGAATAG 0.3 62 90
FISR E. coli F18 fimbriae (Fedd) CCACCTTTCAGTTGAGCAGTA 0.3

STb F E. coli STb toxin (estB) TGCCTATGCATCTACACAAT 0.3 59.1 113
STb R - colt xin (es CTCCAGCAGTACCATCTCTA 0.3

!Concentration in qPCR reactions
2Annealing temperature
3 Amplicon size
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Table S3 DADA? read tracking summary

Item Average

Original (ASVs) 1,047.33
Original (read counts) 65,119.67
Low abundance removed ASV 822.92
Low abundance removed read counts 64,161.07
ASVs retained (%) 78.70
Reads retained (%) 98.52
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Fig S1 Effect of postweaning enterotoxigenic E. coli (ETEC) F18 challenge and supplementation with plant combinations on j3-
diversity measures of the fecal microbiota. Non-metric multidimensional scaling (NMDS) plot weighted UniFrac dissimilarity
distances. Solid dots in ordination are mean centroids. ®**® Groups that do not share a common superscript differ (P < 0.05), Benjamini-
Hochberg adjustment. NC: non-challenge, standard diet (n=8); PC: challenged, standard diet (0-7d, n=8; 7-21d, n=7); GA:
challenged, Garlic + Apple pomace (3%+3%; 0-7d, n=8; 7-21d, n=6); GB: challenged, Garlic + Blackcurrant (3%+3%; n=8).
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1 3 7
| | | | | | | | |
o llll llll l
o _llll _llll_ _l

Proteobacteria - 0.864 0.744 0.913 0.744 - - 163 2498 1517 0.793 - 0.928

Spirochaetota - 068 0946 1391 0.757 - - 0.693 1439 0.682 - - L067 0.865 0.512 0.617 - % Read
Ahundanoe
Desulfobacterota - 0.445 = 0.433 0461 0.69 - - 0534 159 0.528 0471 - 0502 0.742 0506 0.401 - 0392 0478 ll l l 0.399 -
Actinobacteriota -~ 0.593 ~ 0.481 0.487 0411 - - 0468 0.589 0.403 ll l - 0383 0419 ll .
o llll l - ll l . l llll llll
o llll llll llll llll llll
o llll llll llll llll llll
I I I 1 | I I 1 I I 1 1 I I I I 1 1 1 1
o o < @ o o < @ o o - @ o o < @ o o - @
H g & & = & & I} H & S & = g & 5} = & S &

Fig S2 Relative abundance of bacterial genera within the feces of pigs challenged with enterotoxigenic E. coli (ETEC) F18 after
weaning and supplemented with plant combinations. The ETEC F18 was administered orally on days 1 and 2. Values indicate mean
relative abundance in percentage of the 20 dominant genera (Y-axis) across treatments (X-axis) and days postweaning (panel). NC:
non-challenge, standard diet (n=8); PC: challenged, standard diet (0-7d, n=8; 7-21d, n=7); GA: challenged, Garlic + Apple pomace
(3%+3%; 0-7d, n=8; 7-21d, n=6); GB: challenged, Garlic + Blackcurrant (3%+3%; n=8).
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Fig S3 Differential abundance of bacterial genera within the feces of pigs challenged with
enterotoxigenic E. coli (ETEC) F18 after weaning and supplemented with plant combinations. The
ETEC F18 was administered orally on days 1 and 2. A: log2 fold-change difference from PC. (*):
adj-P < 0.05 pairwise comparison against PC within day. NA: P value no estimable. B: DESeq2
normalized counts of differentially abundant genera. Only differentially abundant taxa (log2FC > 2;
P <0.05) are represented in the figures. NC: non-challenge, standard diet (n=8); PC: challenged,
standard diet (0-7d, n=8; 7-21d, n=7); GA: challenged, Garlic + Apple pomace (3%+3%; 0-7d, n=8;
7-21d, n=6); GB: challenged, Garlic + Blackcurrant (3%+3%; n=8).
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Fig S3 Differential abundance of bacterial genera within the feces of pigs challenged with enterotoxigenic E. coli (ETEC) F18 after
weaning and supplemented with plant combinations. The ETEC F18 was administered orally on days 1 and 2. A: log2 fold-change
difference from PC. (*): adj-P < 0.05 pairwise comparison against PC within day. NA: P value no estimable. B: DESeq2 normalized
counts of differentially abundant genera. Only differentially abundant taxa (log2FC > 2; P < 0.05) are represented in the figures. NC:
non-challenge, standard diet (n=8); PC: challenged, standard diet (0-7d, n=8; 7-21d, n=7); GA: challenged, Garlic + Apple pomace
(3%+3%; 0-7d, n=8; 7-21d, n=6); GB: challenged, Garlic + Blackcurrant (3%+3%; n=8).
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