éaster

o

THE MASTER PLAN:
Microbiome Applications for
Sustainable food systems through
Technologies and EnteRprise

Project Co-ordinator:
Prof Paul Cotter, Teagasc, Ireland
@pauldcotter; paul.cotter@teagasc.ie

Of-A0
O

http://www.master-h2020.eu/ ~ @MASTER_IA_H2020
#MASTER

“ This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818368




Microbes a re eve rywhere Microbial communities are essential Small numbers of potentially harmful

for food chain health, for food security microbes are a natural part of these

inthe food system and climate change mitigation, communities,

~ Soil : s Microbes on food
. Soil microbial communities differ: Animals and disease Foods like yoghurt and sauerkraut
b fungl form spider webs in the soil Potentially harmful microbes are rich in beneficial bacteria that
' to connect plants, bacteria are are often part of the natural outnumber those microbes which
near plant roots. host microbie'al comrpuqity and cause food go rotten. In food production,
Aquatic animals == attack yvhen lmmum'ty is weak. yeasts are often used for bread and beer.
Hoh have mlcrobial \ Plant The ammal.fo?d ch:fun may also
i >\ _a“ S spread anti-microbial resistances.
ot thek heaith | Microbes are on and

' in plants, supporting
plant health.

Humans
Humans have many beneficial
microbial communities: our
gut bacteria is influenced by
the food we eat.

Nater bodies

vlicrobes in phytoplankton
ommunities are food for fish.

Humans and disease
Microbial infections are
common when immune
systems are weak.

Shelifish and disease
Some microbial compounds
accumulate in shellfish and
cause food poisoning.

Microbes in foods
Wrong food storage causes
food to go rotten as moulds

Food waste
Rotting of food means

. P/ l | take over the microbial =
ilr?ggltlfczﬁ::: ;’lga;g W 5 ¥\-_-// "/ community. These microbes :“;:"Obes "e?t!‘ |C:-‘ fo:;rd .
e a food source for us. . Plants and disease Animals s e czn‘ibv::;se(;ses b[:(‘:k ;rea?os
Agriculture Some microbes can Animals have microbial the environment.
Some bacteria help crop cause plant disease and communities that are
growth and defend plants food losses, in the right supportive of the animal's
against diseases. environment. health.

The progect MicrobiomeSupgort (waww microbiomsupport eu) has received funding from
the European Union's Horizon 2020 research and innovation programme under grant agreement No 818116,
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A revolution in Microbiome research ) aster
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Traditional, culture-based, approaches to microbiology only reveal the ‘tip of the iceberg’
The success of culture based approaches is

depgndent on havmg types of agar/cultu.re %\-—c 7 @

media/growth conditions that allow all microbes /7/ -&

to grow ?/? \\\\\
{

Such an agar does not exist!!

Indeed only a small % of microbes are easily
cultured in the laboratory.

DNA sequencing-based approaches can allow
an analysis to the entire population regardless
of whether it can be grown or not

All of the DNA from the microbes present in a
particular environment = Metagenomic DNA

E This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818368



DNA-based community analysis 535@.-

Whole metagenome
Shotgun sequencing
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Fermented beverage microbiome m)aster
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Water kefir Kombucha Kefir

Marsh et al Marsh et al Walsh et al.
FEMS 2013 Food Microbiol 2014 mSystems 2016

Species-level microbial composition of nunu samples
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Compositional analysis reveals primary source of X
contaminants in raw milk across different seasons mjaster

ENV_dif
bedding
BTM indoor
BTM outdoor
faeces indoor

faeces outdoor
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o milk indoor
=
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Doyle et al. Appl Environ Microbiol 2017
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Shotgun metagenomic analysis of commercial cheese samples /
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Pink discolouration defect in 100%
cheese (Swiss, Cheddar,
Italian) has been a world-
wide problem over many
decades.

80%
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Relative abundance (%)

¢
Cheese
W [ actobacillus helveticus " Thermus oshimai
W | actobacillus delbrueckii Thermus sp. RL
B Streptococcus thermophilus Thermus thermophilus
® Propionibacterium freudenreichii Thermus aquaticus

B Thermus scotoductus
B Thermus sp. WG

| Defect cheese is enriched with Thermus thermophilus in particular

Quigley et al MSystems
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Movement of microbes through the food chain
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Bulk Tank Milk (67)

Tanker (11)

a1

Evaporation  High Pressure Pump Dryer
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= Systems through Technologies and EnteRprise

MASTER takes a global approach to
the development of microbiome
products, foods/feeds, services or

processes with high commercial
potential.

This will benefit society through
improving the quantity, quality and
safety of food across multiple food
chains. These include marine, plant,
soil, rumen, meat, brewing, fruit and

vegetable waste, and fermented

foods.

;* i *‘; The MASTER project has received funding from the European Union’s Horizon 2020 research and
A innovation programme under grant agreement No 818368
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Objectives of MASTER
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1. Develop microbiome-based solutions for improving important traits of fodder crops
(grass & maize) and employ microbiome-based diagnostics (for use in real time by
food operators) to improve primary production of these crops

2. Develop microbiome-based solutions to increase bioavailability of sustainable feeds for
enhanced fish growth and employ microbiome-based diagnostics (for use in real time
by food operators) to assess fish health & detect pathogens

3. Target the rumen microbiome (increased feed efficiency, reduce methane emissions)
by utilising host genomics & novel feeding technologies to beneficially alter the rumen
microbiome & to develop technologies to monitor microbiome markers & other tools
and models which predict ruminant phenotype

4. Optimize fermented food microbes and processes to add to the value and health-
promoting properties of substrates, including those resulting from waste streams.

Contribute to the design of novel functional foods on the basis of the study of available
data on food/human gut microbiome inter-relationship and provide effective tools to
test the potential of food ingredients to move the gut microbiota away from dysbiosis
to that reflective of healthy individuals.

E This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818368



Objectives of MASTER
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10.

Develop, optimize, standardize and validate technologies, as well as software tools and
targeted reference databases for microbiome analysis and pathogen detection in foods
and to map the microbiome of food producing facilities

Develop long-term databases, tools and resources supporting the food-chain industry
after the end of the project

Promote an understanding of, engagement and interest in, microbiome-related
applications for the food industry through communication and engaging with diverse
end-users

Create a clear knowledge exchange plan between all participants, developing mutual
specialisation, standard operational procedures, supporting management and training,
thus strengthening the complementarity and trans-disciplinarity of the partners

Bring to market new and cost-effective commercial applications to assist different
stages and processes throughout the food chains, by 2025 and, in the process, move
available solutions from TRL (Technology Readiness Level) 5/6 to TRL 7

E This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818368



Plant and soil microbiomes

WP2: Plant, Soil and Marine Microbiomes — Microbiome-based improved production of fodder crops &
aquaculture Lead AIT (Sessitsch), Co-Lead MATIS (Marteinsson), partners Teagasc, INOQ, Qiagen, ONT, AIT,
Anadiag, CH, IFREMER, FVG in close interaction with WPs 1, 3, 5 and 6

Objectives:
Microbes to improve nutrient uptake, provide biocontrol of Fusarium and lower
mycotoxins in fodder crops (maize and grass).

Develop microbiome-based diagnostic tools enabling detection of pathogens and
prediction of the responsiveness of a system (based on fodder maize) to microbial
applications
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Microbiome solutions for improving traits of

fodder crops jaster

 Work plan overview

Biofertilizing strains: Biofertilizing strains:

*  Rhizophagus irregularis *  Rhizophagus irregularis

*  Funneliformis mosseae *  Funneliformis mosseae

*  Funneliformis caledonium *  Funneliformis caledonium

*  Bacillus sp. AB20

Biocontrol strains (against Fusarium spp.): O L M b, Ba—— TG

*  Bacillus subtilis
*  Bacillus licheniformis AB12

Field trails (2020 & 2021) Field/on-farm trails (2020 - 2022)
* two consecutive years * two consecutive years
* three representative locations (Italy, * Ireland
France, Spain) e assessment of: agronomic traits,

colonization of applied bacteria &
fungi and effect on plant-associated
microbiome

Agronomic traits, colonization of applied bacteria & fungi, mycotoxin concentration,
fodder/silage quality and effect on plant-associated microbiome

E This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818368



Microbiome solutions for improving traits of v
fodder crops @aSter
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* Highlight: mycorrhizal colonization of the plants improved
or altered depending on the bacterial strain
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The presence of B. subtilis tends to lower the mycorrhizal colonization of the
roots, whereas Bacillus sp. improves it. This effect is dependent on the
concentration of AMF (arbuscular mycorrhizal fungi) in the substrate.

E This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818368




Microbiome-based diagnostics to improve o
primary production of fodder crops m aster

facilitating the

* Adaptation of available sequencing pipelines for
as defined in the literature

-prediction of the response of a
system to microbial inoculants

* Development and validation of
for the identified markers

* Microplot trials
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Marine microbiomes

WP2: Plant, Soil and Marine Microbiomes = Microbiome-based improved production of fodder crops &
aquaculture Lead AIT (Sessitsch), Co-Lead MATIS (Marteinsson), partners Teagasc, INOQ, Qiagen, ONT, AT,
Anadiag, CH, IFREMER, FVG in close interaction with WPs 1, 3, 5 and 6

Objective:

Develop microbiome-based solutions to increase bioavailability of sustainable
feeds for enhanced fish growth and employ microbiome-based diagnostics (for
use in real time by food operators) to assess fish health & detect pathogens.

I.l’fsglﬁi {) NANOPORE

AQUATIC VET. SERVICES

Approach:

Comparative growth trials with juvenile Salmonids fed with alternative protein
sources, prebiotics and probiotic strains.

Pathogen detection in aquaculture systems using on-site ONT sequencing.



Marine and aquaculture microbiomes m)aster

-

Sustainable feeds for enhanced fish (juvenile salmonids) growth

Comparative growth trials

S

Comparison of

growth rates
between diets
- (insect meal, SCP,

=

Specic-growth-rate {3¢}

prebiotics) and
probiotic

ﬂ@c’@ cﬁﬁyf v supplementation

Gut microbiome analysis
Class Detection of
< 50- . .
| | M Bacii - alterations in the
Ml Clostridia gut microbiome
. Gammaproteobacteria .
B vonis based on diet
[ spirochaetes

é”

Relative abundance [% ]
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Marine and aquaculture microbiomes m)aster
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Pathogen detection in marine aguaculture systems — Reliable screening pipeline

lllumina 16S rRNA

Phylum
B Acidobactena

75+
- Actinobacteria

- Bacteroidetes
50- B cyancbacteria
B others
Planctomycetes
25+ .
. Proteobacteria
|| Thaumarchaeota
0- . Verrucomicrobia

Nanopore metagenome

. .
75-..

50-
m) =
0-

Whole shotgun metagenomic Om 10m 100m
sequencing on Nanopore MinlON

100+

b 4
100m 10m Om

Aerial view of marine aquaculture net cages. Water
samples collected at 0, 10 and 100 m distance

Relative abundance (%]

Detection of fish pathogens

- (Flavobacterium psychrophilum
and Alivibrio salmonicida).
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Rumen microbiome

WP3: Rumen Microbiome - Improving animal production and reducing environmental impact through
manipulation of the rumen microbiome Lead QUB (Huws), Co-Lead CSIC (Yanez-Ruiz), partners Teagasc, LUKE,

INRA, Devenish, ICBF, AFBI,
Objective:
Utilise host genomics to alter the rumen microbiome and animal phenotype.
Define the rumen microbiome (different life stages) to improve efficiency, reduce
greenhouse gases emissions & improve the fatty acid content of meat and milk.

Develop microbiome-based tools to predict animal phenotype.

onversy - CSIC

BELFAST ConsEs0 Suremon D hvesm

‘C“W“ Q %;%ilN?A DEVENISH




Define the rumen microbiome to improve efficiency, reduce greenhouse
gases emissions & improve the fatty acid content of meat and milk.

= Alr Flow Outlet

Fan> A==
€—CH, and €O, Sample Intake

Feed Bin
RFID Tag Reader

Portable accumulation chambers
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Dietary manipulations of the rumen microbiome for improved
animal phenotype. m)aster

Shoulde

ALS Lk Scences Lid
Trading as ALS
Carngeen Busness Park, Clonmel, Co. Tipparal
Tet +353{0) 52617 8100
Fox +353 (0) 52 617 8103
A L S www alsglobal e

Test
Presumptive Caoliforms

Escherichia coli 0157
Thermotolerant Campylobacter
Aerabic colony count

r' pH; Fatty acid (raw and cooked meat); Oxidation - shelf life; R-Glucuronidase + E. coli
. . . . Salmonella
Sensory profiling; Human intervation; Hyperspectral image; REIMS Listeria spp.
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Utilise host genomics to alter the rumen microbiome and Sm aster
animal phenotype. =

Identical
twins
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Microbiomes & food processing, waste streams and gut
health

WP4 will cover a variety of areas. The first task relates to testing of microbiome mapping workflows and tools in

the food industry.
WP4 will also have a number of activities relating to preventing waste, through biopreservation or

fermentation, or adding value to waste streams/low value raw materials.,
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Brewery by-products and their production

Steeping Germination

S8 S-S @8

!Rootlets

ABI

=S Rootlets
— s fractions™™ " > 212 pm Clean
R = | (fractionated)
s Sieve analysis Rootlets
ucc
BSG

(Brewers Spent Grain)
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Brewery by-products and their production (m)aster
BREAD =
* Incorporation of BSG into pasta * BSG and FBSG can be incorporated into a
formulas proved successful bread
High fibre BSG and FBSG pastas superior to Source of fibre breads more promising than High in
fibre breads

wholemeal control
e Effect of Fermentation on BSG

* Fermentation of BSG
— Aids textural properties of bread (lower

- Causes an effect on proteins and hardness, chewiness and gumminess)
starch — Lighter colour bread produced
4 )

BSG-based ingredients can be used to
enhance the fibre content of pasta and

bread cereal products
g Y,
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Food processing microbiome m)aster

1 | | 11
_ 1 : M1
i e | 1 o B

. > l' . : e g I ’T% : —
|, - . o -1
Bulk Tank Milk (67) Tanker (11) Whole Milk Pasteurization Separation Standardised
Silo (2) Skim

Silo (2)

Evaporation  High Pressure Pump Dryer Fluid Bed Sieve Powder Silo

« Microbiome resident in food processing =
environment may impact on food quality and safety

Bulk Bag Off

- This community may be shaped by several factors 33)

« Develop SOPs and apply to 200 companies
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Microbiome sampling at the food industries m)aster

Visits targeted Visits completed
. Cheese / dairy

Sealood 4 .
. Cured meats

9
4
‘ . Fermented sausages
12
3

Raw vogetables 1

I
Raw meat 1 I
ce creams - 1
Fermented sausages .
Cuted meats 1 I
(:nﬁo‘. ’n"".' | _

. Ice creams
. Raw meat

- Raw vegetables

. Seafood

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818368




Global Fermented Food Initiative Tmﬂster

Bread Kvass, Carrot Kimchi, Boza, Turnip,

#v 'Q Orange, Krauthehi (sauerkraut), Tepache,

2FS01_2016
3FS02_2016
4FS03_2016
5FS04_2016
6FS05_2016
7TFS06_2016
8FS07_2016
9FS08_2016
10FS09_2016
11FS10_2016
12FS11_2016
13FS12_2016
T 114FS13_2016
15FS14_2017
16FS15_2017
A %17Fs16_2017
L 18FS17_2017
M 19FS18_2017

Leech et al Under review
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id Sample N
1FS00a_2016 Wagashi

M20FS19_2017

Bread Kvass
Carrot Kimchi
Boza

Lemon
Turnip
Orange
Krauthehi
Tepache
Ginger Beer
Tempeh
Cucumber
Milk Kefir

am
L

Chee
Beve
Ferm
Bevel
Prese
Ferm
Prese
Ferm
Bevel
Beve
Ferm
Ferm
Beve

Water Kefir Bevel
Sushi Ginger Cond
Fukujin Zuke Cond
Tofu Chilli Ferm
Dalkon Ferm
Pickled Bamboo Cond
Pickled vegetables Cond

Ginger Beer, Tempeh, Cucumber, Milk Kefir,
Water Kefir, Tofu Chilli, Daikon, Pickled
vegetables, Raw Sauerkraut & Juniper berries,
Brown rice amazake, Beetroot Kvass, Kefir and
fennel soup, Mead, Sauerkraut, Dill dearg
(sauerkraut), Kimchi, Golden child
(sauerkraut), Water Kefir Hibiscus, Water Kefir

lemon, Water Kefir Ginger, Kombucha Vinegar,

Sauerkraut, Kombucha, Apple Cider Vinegar,
Water Kefir(Pear, Ginger & Honey, Water
Kefir(Pear, Ginger & Sugar), Dilly Carrots,
Brussel Sprout Kimchi , Kimchi, Garlic Kraut,
Dukkah Kraut, Ginger Sliced in 2% Brine,
Daikon Radish in 2% Brine, Okra in 2% Brine,
Tomatoes & mustard seeds in 2% Brine,
Kombucha, Cherry Water Kefir, Beet Kvass,

Coconut Kefir, Carrot sticks, Lemon and Ginger

Fizz, Scallion Kimchi

bbage

wn Rice
atroot

iry Soup
mented honey
bbage

irkraut

age

urkraut
verage
verage
verage

uid condiment
rerage

rerage

ack

eeses, Dairy product

verage

Type
ndiment, Pickeld vegetables England 58
eeses, Dairy product

Origin

Cyprus
Ireland
Japan
Ireland
Ireland
Ireland
Ireland =
Ireland
Ireland
Ireland
Ireland
Ireland
Ireland
Ireland
Russia
Russia
Russia
Russia
Ireland




Microbial diversity across a range of fermented food

m)aster
' =
Species dissimilarity Kaiju
| O brine
" © O coconut kefir
© dairy
o O soy
Q O sugar
0.5 ® o @)
®O
O
O
. ee |
0 UV .:)
= % O -
o @
®
@)
e ©
a
O
-1.04
=41 -05 0.0 0.5 1.0

Leech et al Under review
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Fermented Foods — the Cheese Microbiome

Y
(m)aster

'y

|

Specles that were detected at 20.1% relative abundance In 210% of samples

p—— rr‘T‘;I“nﬁ

-il‘

Walsh et al Under review

T —— 10 1y
| Study y
§__Lactococous_lactis Bertuzzi
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s__Brevibacierium_knens
s__Staphylccoccus_equonam Escobar-Zepoda
s__COikevirnus_unclossfed 8 d
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i
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B The frequencies of bacteria, eukaryota, [ : Study
and viruses in the cheese microbiome N : ® Bertuzzi
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.. ° @ Lordan
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e Wolfe

IS

Density

f__Streptococcaceae (%)

0

Abunda;u:o (%)

f_Siphoviridae (%)
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Food and gut health

m)aster
=

Westernized
Continent
Body site

Age category

Source

S. thermophilus

H This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818368

Age category
Body site
Continent
Westernized

@ Food (Isoiate)
@ Newborn
® Arways

@ Atrica

® No

-

« Comparative genomics of MAGs
obtained from fermented food
and human gut metagenomes

- LAB strains transmission
between food and gut
microbiome

* Fermented foods as source of
potential probiotics

— N

COMMUNICATIONS

ARTICLE X
e

Large-scale genome-wide analysis links lactic acid
bacteria from food with the gut microbiome

e o 1) ot . e o o bipr
® Food (MAG)  Other @ Human @ NA
@ Child Schoolage © Adult o NA
@ Oral cavity Skin Stool @ Vagina
® Asia @ China Europe N, America Oceania @ S. America
Yes




Integrated microbiome technologies

WP5: Integrated Microbiome Technologies for the Food Chain Lead UNITN (Segata), Co-lead QUB (Creevey),
partners WU, Teagasc, UCC, 4DC, ULE, ONT, FFOQSI, Novolyse, Qiagen, Baseclear, Danone in close interaction with

WPs1,2 3 4and6

WPS will provide the technological, computational, and analytical tools to (i) support the other WPs, (ii) establish
standardized tools and procedures for companies in the food chain, {iii) meta-analyse the produced data, and (iv)
build user- and company-friendly resources to support all the microbial tasks associated with the food chain.
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Integrated Microbiome Technologies for the £
Food Chain = aster

Provide the technological, computational, and analytical tools to
(i) the other parts of MASTER

(ii)) Establish standardized

(iii) Build to support all the

microbial tasks associated with the food chain
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WP5: Integrated Microbiome Technologies for 5
the Food Chain myaster

-

SOPs Pipelines/Tools

- This project has ved funding from the European Uni n 2020 research and innovation programme under grant agreement No 818368

MASTER
and public - -
metagenomes =
Antimicrobial J)'
| resistance profiling |
Pre-proce Assembly-free strain A
e profiling and tracking = )
| virome / micobiome )‘
’ profiling \
i ==
Statistical / ML }
pipelines




WP5: Integrated Microbiome Technologies for
m)aster

Ithe Food Chain U

Resources

==
[ tmptemensedevots & pipenes ]

N4

Meta-analysis of thousands of samples that will crucially
highlight specific microbiome characteristics associated with
environments, geography, specific foods, and safety characteristics

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818368
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