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» Metatranscriptomics and metabolic modeling to identify
bacterial metabolic interactions during the manufacture

of a model pressed cheese.
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> Context et questions

Activity of cheese microbiota responsible for organoleptic quality
* Successive growths of microbes
» Specific and complementary microbial metabolisms
* Metabolic interactions between microbes

Scientific questions

* Which species contributes to acidification ?

*  Which species contributes to aroma compound production?

*  Which metabolic pathways are activated ?

* When are they activated ?

* Which bacterial metabolic interactions contributes to the
functioning of microbial ecosystem ?
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> Strategy using multi-omics

ﬁ Substrat (Sucre)

Microorganisme Génome (ADN) ARN messager  Protéine (enzyme) ooga% uHELTRN DA,

Numeration Metatranscriptomics 'Met.aboloml'c
Culturable bacteria Sequencing of microbial RNA Microbial .n"leta.bolltes
CFU/g Differentially expressed genes quantification

Sugar

:@jﬂ :xéi)?x&( 86 Acids
Aroma compounds
Snapshot of the

metabolism
for each species
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> Cheese making of semi hard cheeses

Day -1 Day 0 Day +1 Day +2 2-month
Milk Making Salting Ripening
Pasteurisation Ecrémage Standardisation Inoculation Elrr:;i:l;trigge D;:::Sl;;aagge ngslzgz Saumure Affinage
Eau \“" I’f'
B %
L : E"‘: N
» » > @ » - » = =
T Wy '|'|' o o
+ 111206 + Pf122
+ Lp465
Warm 25 % less lactose no yeast, no fungi
(18 h — 14 °C) (ripening in plastic bag)
Semi hard cheeses '{’ Lactococcus lactis CIRM-BIA1206

(without yeast) “ Lactiplantibacillus plantarum CIRM-BIA465

& Propionibacterium freudenreichii CIRM-BIA122

Cao et al. 2021, J. Agric. Food Chem.
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> Sampling throughout the making N
_m;king
I Ripening

Saumure

— i

S r[‘l 9

[T

0=

E

"

l Prématuration l l l l l l l l

Inoculation Renneting Moulding Moul  Moul Demoulding Salting 4 week 7 week
of milk +2h +4h ripening ripening
Linoc Lavemp Moul M+2h  M+4h Demoul AS Affdsem Aff7sem

Microbiology Chemistry Biochemistry Molecular biology Computational science
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> Microbiological methods

Microbiology

*L. lactis : M17 + lactose
L. plantarum : MRS pH5.4
* P. freudenreichii : Yela

AN
/{ Rt
Ch
eese ‘: 1 \
o &%
W ~
Microbes

o
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Microbial DNA and RNA

* Nitrogen: Kjeldhal
*Sugar and acids: HPLC
* Aroma compound: head space + GCMS

Molecular biology

*DNA : Dneasy Tissue kit
*RNA : QlAzol + Rneasy mini kit
* Quality control : Nanodrop, Qubit, Bioanalyzer

*Sequencing : lllumina pairé, PacBio

p. 6
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> Computational methods

Automatic annotation of genomes
Reconstruction of metabolic pathways using Pathway Tools

Metatranscriptomics
Reads mapping using Bowtie
Reads counting using htseq count

Normalisation using TMM multi species
Identification of DE genes using EdgeR

Significativity padj< 0.05

Langmead et al., 2009
Robinson et al., 2010
Karp et al., 2021
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> Repeatability of semi hard cheeses (X4)

Moul
M+2h
. . M+4h
Prématuration
(14°C - 18h)
Linoc Lavemp Demoul AS AS Affdsem Aff7sem
Std
7,0 - Renneting at HFD 62,3 %

®  pH=6,5

Oct.
2018

Nov.
2018

Janv.
2019

Mars
2019

6,5 1 NaCl 0,85g/100g
T 6,0
pH=52+0.1
> ) \‘
i
5;0 T T T T T ! f T T T T T T T 1

0 10 20 30 40 50 60 o 1 2 3 4 5 6 7 8
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> Lactic and propionic bacterial growth

Moul
(14°C - 18h) 12°C salting
Linoc Lavemp Demoul AS AS Affdsem Aff7sem

10.0 7 standard
9,5 4
9,0 1 = 4
8,5 | «@esssrnnnnnsnsnnnnana s aan s s n s EaE s s R EEE A EEEEEEEEEEEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

@ 8,0 -

S~

)

5 7,5

Td : time of & 50 4 ®° L lactis
doubling 65 | N L plantarum
6,0 & P, freudenreichii
55 ACIDIFICATION
5 O | Td zl 20 h T T T T 1 [ T T T T T T 1
0 10 20 30 40 50 60 012 3 4586 7
Transformation (h) Affinage (semaines)
INRAZ
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> Assembly and genome annotations

- MicroScope

S

. Replicon Seq length % GC CDS tRNA rRNARRES
L. lactis 1206 Chromosome 2365039 35,34 2417 62 19
plasmid 1 59 643 34,85 67 0 0
plasmid 2 36 823 34,41 42 0 0
plasmid 3 8277 34,81 12 0 0
plasmid 4 8243 30,60 8 0 0
plasmid 5 4632 36,25 5 0 0
plasmid 6 3597 33,28 2 0 0
plasmid 7 2119 34,21 3 0 0
L. plantarum 465 Chromosome 3121980 44,72 3016 67 16
plasmid 1 40 748 39,81 40 0 0
plasmid 2 30 463 41,80 27 0 0
plasmid 3 9152 36,21 13 0 0
plasmid 4 2012 37,87 2 0 0
P, freudenreichii122 chromosome 2688484 67,21 2589 45 6

INRAZ ‘ Metatranscriptomics : mapping of RNA reads / genomes
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1,4
1,2

0,8
0,6
0,4
0,2

> Citrate utilization by Lc. lactis

Citrate g/kg

1,3
0,3
0,2

HE = -

Moul Demoul *° Affasem
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0,0

Aff7sem

citCDEFG
LLACBIA1206_v1_1311-1316

Induction logFC X 2-3 by
L. lactis

Moulding > Demoulding

Citrate” Lactate

= T LLACBIA1206_v1_pc0002
e -&.Lamate_ LLACBIA1206_v1_1007

! Citrate”

I Oxaloacetate

u
CitM
CO,

—+ — Pyruvate — Lactate’
| Ldh

Modified from Garcia-Quintas et al. 2008, AEM
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1,4
1,2

0,8
0,6
0,4
0,2

> Citrate utilization by L. plantarum

Citrate g/kg

1,3
0,3

H = -
Moul Demoul *° Affasem

pJ—
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> Citrate” Lactate’

Aff7sem e Induction logFC X15
LPLABIA465 v1 0482 ;HL chez L. plantarum
"""""""""""""""" Lactate’
N Citrate’
citMCDEF
CitDEF

LPLABIA465 v1 0962-0966

H

Coy
7

/. —= — Pyruvate — Lactate

Induction logFC X13-

i Oxaloacetate
16 chez L. plantarum

—————————————————————————————— g | Ldh

Metabolic interaction = competition for citrate
Fonctional redondancy using the same pathway induced at

the same time in L. lactis et L. plantarum

Moulding > Demoulding

p. 12



_______

Leloir pathway

> b-D-galactose

Aldose 1-epimerase;
LPLABIR4ES_v1_1577
5:1.3.3

A J
a-D-galactose

ATP
_\ LPLABIA465_v1_2900_galK:

Moulding > Demoulding

Galactose (g/kg)

| 08 @7
222 | LPLABIA465_vi_2300_galK B
! ADP 2,7.1.6 0,4
lacLM ‘ : H""/ I I 02 0.2
[ - i v
lndUCtlon |OgFC X 6-7 8,3 6.2 ! a-D-galactose 1-phosphate . -
4 ! Moul Demoul AS  Affdsem Aff7sem
LPLABIA465_v1_2888_ganA: I ' 1;1 0;8 | Galactose-1-phosphate
LPLABIA4ES vi 2828 ganf ! uridylyltransferase: gG/RTEK
et e N ! LPLABIA465_v1_1543 ;
Beta—galactosidase: BRI S S ; UBP-D-glucoss LPLABLA4ES_v1_2838_galT: Induction logFC X 5-6
LPLABIA465_v1_2301_lacl N\ Q,’(Q ‘z\b‘ ‘g\ i LPLABIA4B5_v1_2898_galT
Beta-galactosidase: N ¥ ¥ i 2,7.7.12
LPLABIA465_v1_2302_lacH !
3.2.1.23 {b-B-galactose-- e UDP-D-gal actose a-DI-glucose 1-phosphate
lactose b-D-glucose
/ LPLABIA465_v1_0623_galE: 0000
A LPLABIA4G5_v1_0623_galE Spontansoys
2 LPLABIA4E5_v1_2893_galE: ]
LPLABIA4ES_v1_2899_galE b-D-glucose 1-phosphate
5:1.3:2
Beta-phosphoglucomutase:
UDP-D-glucose LPLABIA465_v1_0028_yvdM
LPLABIA4B65_v1_0059_yc jUs
LPLABIA4E5_v1_0059_yc jU
b.4.2.6
k ;
. e o b-D-glucose-6-phosphate
In P. freudenreichii induced logFC X15
In L. lactis same pathway but stably expressed slycolysis 1
INRAZ
Metatranscriptomics and metabolic modelling 13 p. 13

29th August 2022 / Food Micro / H. Falentin



> Lactose utilization by Lc. lactis

Lactose (g/kg) AFF4sem > AFF7sem
lasmid
= 22,2 2
E, \ | 4
= EOOOOO0O
§ 83 ¢, L .
g I ' 11 08 Plasmidic induction logFC X2
- —-—
§ N Lactose
‘f@o‘) > Vc:) %06\ %0@ Galactose-6-
Qq,'@ Q&‘ ;{(\ Lactose PTS phosphate isomerase:
¥ v S LLACBIA1206_v1_0012_lacB
P E-phospho-beta- Galactose-6-
4.A.2.1 galactosidase: phosphate isomerase:
LLACBIA1206-v1-pa008 LLACBIA1206_v1_0007_lact LLACBIA1206_v1_0013_lach
LLACBIA1206_v1 1068 3:251:85 5.3.1.26
lactose 6-phosphate #J-galactose E-phosphate »tagatose-6-phosphate
TP
H -D- Tagatose-6-
20 b-D-glucose phosphate kinase:
LLACBIA1206_v1_0011_lacC AP
2.7.1.144 H*
Tagatose-
bisphosphate aldolase:
LLACBIA1206_v1_0010_lacD
Pentose phOSPhate dihydroxyacetone phosphate 4.1.2.40
& }} tagatose-1,6-bisphosphate

< D-glyceral dehyde-3-phosphate

pathway
Pathway in agreement with Raynaud et al. 2005

mm) Metabolic interaction = competition for lactose
INRAZ Functional redondancy with different pathways induced at

Metatranscriptomics and metabolic modelling
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> Production of acetoin (cheesy aroma coumpound)

25

20
E W Butanoate
15 B Propionate
_5 W Acetate
§ M Lactate
@
Q 10 H Acetoin
o
o M Pyruvate

W Succinate
. = Citrate
Moul Demoul AS Affdsem Aff7sem
INRAZ
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® Production of acetoin Moulage > démoulage

NADH Acetolactate synthase 2.2.1.6 (als)
PYRUVATE actate . . .
f°"“a‘e = —+ Induction x2-4 logFCin Lc. lactis and L. plantarum
a—au:w]actatc
acetate *7—7 <«— acetyl- C°A‘<¢“’“ = °. co. Acetolactate decarboxylase 4.1.1.5 (ald)
o m’j i M @ . =P |nduction *14 logFC in P. freudenreichii
o ety
MNAD MNADI NAD NADH
acetaldehyde
NaAD] NAD
2, 3-butanediol
NAD @
ethanol

Modified from Boumerdassi et al. 1997 AEM

‘ Interaction: division of labor

Functional redondancy with specific inductions of genes
INRAZ
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> Successive carbon metabolisms by each species

PF
Wood-Werkmann = o=

LL i LL

w= Leloir w .

V. Tagatose + Leloir PF V. Leloir

Lactose & citrate < Lactose -> lactate

-S> |actate Acetoin-

->Acetoin-butanediol butanediol

2 H J) - Saumure
HE | B | B f L] *
P 0w LK S e =
Y O NI @ WY @ WY @ W @ M @ I @ I 6 D
Moul Demoul AS Affdsem Aff7sem
‘ Team spirit of bacteria for degradation and production...
INRAZ
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> Metabolic modeling to identify metabolite exchanges

INRIA-INRAE PhD student Maxime Lecomte

Annotated genome Modelisation

automatic
+ manual curation

It OUTPUT
. INPUT Microbial
: e Molecules F metabolites

4 ! = [
4 % g» Nucleotide d%ﬂm : '""""&“"“"ﬁ pl’esenf
lism { i Metabolism Sl il
i i . .
Complex Lipds 28 flar E ,5“? /n mllk
i

i

| =y
i

-

Flux balance analysis ' Metabolic network
::‘:‘\;' + GV 4 jr::sv; such !::l"dlon
Reactions
R, R, R, R, R
AfD olololo ; Méthodologies :
=1 I o S e B " 0 . ualitative usi Y
a 5 i ol Qualitative using CarveMe
" - S EREREREEED L ] LN « Quantitative modelling (FBA): parameters
‘ e “olo o0 ola o % 0 were adjusted using data from single strain
o ery Eng,gy“ I ; ®lo o0 o|1 - |t . |k
”EOL-I'SM- B i * \Lo o 0 0 1 CU Ure grOWﬂ N mi
S-matrix Flux vector
Metabolic network and for each reaction i: by < v, < ub;
Optimal solution Sampling
INRAC : ¢
Metatranscriptomics and metabolic modelling < MaChadO et al' 2018.
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> Overview of carbon metabolism of the 3 strains

Taegatose
pathway

Acetolactate
pathway

INRIA-INRAE PhD student Maxime Lecomte

b. L. plantarum

lek

/

glc_D

p
PGL L
GALLA
Bpgc udn
GND PFK.
rusp_ D fdp
RPE FEA
xudp_ D *—243p
phosphokatolase
accoa
acald

ACTD2
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L. lactis
Icts
b Leloir pathway
LACpIsl
@ lacBp JC:S
6PGALSZ kJLAC___‘
dgalp @ glc_D w
o Transketolasé
HEX1 pathway
GALEA! . P uT UGLT
D q¢—————eogall
gtp
tac
tagép__ D
PFK_2 1 b
= Glycolysis
tagdp_ D
TGEAA P
FBA
dhap e a3p
accoa e
acald 13dpg wHD 0 C re
ACTD: oor Db lac_D
o
alac__S PYK. LOH L 8%,
actn_R e4—e— 8% 7ers St lac_L lac__ L
BTDO_RR ACLD|
cs
- e S TCA
btd_RR diact g
oaagk ‘?cn
ac 'K‘b J J
I 2 }
cit /
Cim4_1
4
cit

Wood-Werkman
pathway

lac_D

lac__L

P. freudenrichii

rd

b

rd

cca—

Icts
[

kJLACZ

glc_D ¢
1
1
L}
1
1
L}
1
1
L)
L}
4 LDH.D D_LAC2 -
: L lac__D_e
1
pyr L_LACt2

r
Sl LOH L et ’e
1 fac_L lac_L_e
PC
Joeal G5 _pecit
! TCA
: TCA
“fum
QOR3r .
SEES EEREEEE ittt ’akg

/

- Under biomass constrain, flux were in agreement with
metatranscriptomics and targeted metabolomics

P-19



> Modele métabolique a I'échelle de I'écosysteme : identification

d’interactions

Lactose

INRIA-INRAE PhD student Maxime Lecomte

Acetate

INRAZ
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Citrate

udagmda

L/D-Lactate Acetate

Butanediol

Butanediol Ribose '

Succinate :
a Serine

Ci,'ycerol. .phe.r.ryafanine LOglC'EI Smetana
A Zelezniak et al. 2015 PNAS

Acetate Propionate

mm) |dentification of potential interaction to be validated » 2



> Take home messages

v’ |dentification of induced pathways in each species
=T
A
PN
v Giving snapshots of successive metabolisms during cheese making

* Microbial competition for citrate and lactose utilization

m— LL A

Citrate
Lactose . 4

* Division of labor for the production of acetoin

(= ()
n l —m m acetoin

!

S
P

v" Metabolic modeling gives clues of metabolite exchanges between species
INRAZ
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> Perspectives

This strategy can be applied to any fermented food to decipher metabolisms and
interactions.

Since, most identified pathways are species and strain-dependant ...

This kind of knowledge opens new avenues to select and combine strains to develop
new fermented food products.

INRAZ
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