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Yoghurt consortium

L. bulgaricus S. thermophilus

Lactobacillus bulgaricus
Streptococcus thermophilus

Key attributes: acidification rate, acidity (yield), robustness, flavours (primary metabolism compounds:
acetaldehyde, butyrate), texture (exopolysaccharides)



S. Thermoph//us CN RZlO66

-reduced carbohydrate metabolism
-extensive AA metabolism



L. bu/gar/cus ATCC BAA 365

P1iAdAAAA 33849444

-carbohydrate metabolism more flexible
-many gaps in AA metabolism



Yogurt... a model for metabolic interactions
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pH decrease
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The problem for industry:
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Lactobacillus bulgaricus
Streptococcus thermophilus

100’s of different strains % ;:;:?::s.//,/, -
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“7" Peptides

=> Impossible to test all different combinations S
=> Rational approach warranted



Key challenge:

e Can we predict community performance on the basis of properties of
individual strains?

e Data driven approach:
 How much variation is there?
* Which features can explain this?
e Can we underpin this with molecular mechanisms?

* Mechanistic approach for selected cases:
* Genome-scale models
 Community modeling
* Dynamic modeling



The project plan:

HT data of strains in milk
Sequence, acidification, flavor,

texture

)

Data driven bioinformatics
(feature selection, clustering)

Growth and pH of mono- and co-
cultures of representative strains
CDM lactose +/- casein

CDM lactose + predicted
supplements (casiton, formate,...)

Selection based on acidification
+ flavor + interactions + diversity

WP1 screening and selection

Insight growth and glycolysis
(=acidification) and impact co-
cultivation

Selection of cases for in-depth
studies

Qualitative predictions of
interactions

A 4

In depth analysis of selected cases
Metabolomics, proteomics,
population frequencies, growth rate,
fluxes, biomass composition

1

Experimental constraints / input

WP2 multi-omics analysis

Multi-omics datasets during
mono- and co-cultivation

.

Models of functionality and
metabolic interactions
communityFBA, dynamicFBA,
ShukiFBA, hybrid kinetic/FBA

;

Validated models

Key interactions and parameters
Stoichiometries, nutrients,
constraints, kinetic parameters

Sensitivity analysis and
scenario testing

WP3 modeling

Dynamic models of growth and
metabolism in mono- and co-
culture

Identification of key interactions
and parameters

v

Translation to industrial settings

Fermentations in milk

Comparison model sensitivities to
diversity in genotypes and

phenotypes

WP4 translation industry

Validation of results in industrial
settings




WP1: high throughput data

e Data consolidation: what is available?

* New growth/acidification experiments: cond
what can be done?

 Growth media, determination of biomass

e Strain transfer to different labs

t

ions, number of strains,

Bacterial secretion system-Lact
Protein export-Lact
Ribosome-Lact
One carbon pool by folate-Lact
Histidine metabolism-L
Photosynthesis -
Phosphotransferase system (PTS)-
Fructose and mannose metabolism-
Quorum sensing-
Two -component system-!
ABC transporters-L.

Terpenoid backbone bicsynthesis-.

P and Ci

Carbon fixation in photosynthetic organisms-
Peptidoglycan biosynthesis-
Pynimidine metabolism-
Galactose metabolism-
Pentose phosphate pathway-
Central carbon metabotism in cancer-
mologous recombination-
Mismatch repair-|
DNA repécation-
RNA radation-
Biosynthesis of amino aciis—
Carbon metabolism-
Aynmonc¥l-1RNA biosynthesis-
hiamine metabolism-
thane metabolism-
Glycerophospholipid metabolism-
Glycerolipid metabolism-

, tyrosine and t
ysteine and methionine metabolism-L
Alanine, aspartate and glutamate metabolism-
lycolysis / Gluconeogenesis-1
Sullur relay system-1
Nitrogen metabolism-Li
Folate biosynthesis-
Riboflavin metabolism-
Staphylococcus aureus infoction-1
D-Alanine metabolism-1
Pentose and glucuronate interconversions-Lact

Vb

[




Feature selection from data
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Which features explain which differences
between samples (strain)?

* Presence/absence of genes (gene-trait
matching)

* Promotor sequences, TF binding sites

 Codon usage
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WP2: omics analyses
For a selected number of strains with high diversity

* Proteomics
e Metabolomics

* Flux analysis in communities



LC/MS-based intracellular analytics

Teleki et al. Anal. Biochem. DOI: 10.1016/j.ab.2015.01.002

* LC-ESI-TripleQuad-MS/MS-System
* HILIC (Hydrophilic Interaction Liquid Chrom.)

=

® .\

- bicratic partition chromatography for polar analytes ?

- MRM (multiple reaction monitoring) QW;//

Agilent 6410B

4
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|

|

- broad spectrum: >100 metabolites (CM, anabolic routes)
- high sensitivity, LOQ (linearity range) > 10 nM
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Linearity range

Method detection limit

MS/MS parameters

a) b) a) b) a) b) 2c 3¢

Metabolite Polarity mode [ Min(nM) Max (nM) R? Min (nM) Max (nM) R’ (nM) (nM) fmol (on column) fmol (on column) | Precursorion Daugtherion| Precursorion Daugther ion CE Fragmentor
akB () 20 100000 09938 | 20 5000 0.9991 20.54 4.94 0.1027 0.0247 145 101 150 105 4 70
§_ Fum () 20 10000  0.9998 | 200 5000 0.9990 27.76 331.71 0.1388 1.6586 115 71 119 74 3 70
g Suc () 500 10000  0.9983 | 200 5000 0.9980( 17.62 129.03 0.0881 0.6452 117 73 121 76 9 82
S Mal () 20 10000  0.9902 10 5000 0.9940 2.23 6.49 0.0112 0.0325 133 115 137 119 7 80
g akG () 20 10000  0.9978 | 20 5000 0.9915 7.6 24.06 0.0380 0.1203 145 101 150 105 4 70
5 Cit () 50 10000  0.9966 - - - 439 - 2.1950 - 191 111 197 116 10 90
IsoCit () 20 10000  0.9949 | 200 5000 0.9908 21.52 426.25 0.1076 2.1313 191 173 197 179 6 90
cis-Aco () 20 500 0.9999 10 50000 0.9985| 3.91 18.83 0.0196 0.0942 173 85 179 89 10 60
Xu5P (-) 50 3000  0.9933 - - - 30.1 67.5 0.1505 0.3375 229 97 234 97 4 70
o 2 > [6PG () 1000 5000  0.9903 | 500 20000 0.9963( 744.31 1294.19 3.7216 6.4710 275 97 281 97 12 100
g2 3 |mp ) - - - 2000 5000 0.9997 - 1713 - 8.5650 199 97 203 97 4 70
§§ g [RoP () 20 200000  0.9931 - - - 19.73 - 0.0987 - 229 97 234 97 6 90
C RuSP () 20 200000  0.9918 - - - 30.33 - 0.1517 - 229 97 234 97 6 90
R(u)SP Pool () - - - 50 20000 0.9956 - 67.5 - 0.3375 229 97 234 97 6 90
F6P () 20 200000 0.9958 [ 50 5000 0.9977| 55.46 88.22 0.2773 0.4411 259 97 265 97 10 100
:1") G6P (») 20 Annnnn n anco an £nnn nanca VER-Y Anac na10n nan1o aca a7 265 97 12 100
T ¥ |rop () 10 345 97 15 100
_E-_ E DHAP () 10 172 97 4 60
.g 2 PEP () 20 170 79 14 70
KT 2(3)PG (-) 10 - - - -
E 2PG ) 10 188 79 38 90
3PG () 10 - e 188 97 14 80
o . quantification of > 100 .
NADP (+) 20 765 141 58 135
AMP () 20 356 79 60 135
ADP () 5( e 436 79 98 135
S R metabolites of centra B A R
GMP () 20 372 79 60 135
% GDP () 20 452 79 108 135
] GTP () 20 . o 4 532 79 108 135
¢ | o | ¥ metabolism, nucleotides, amino | & > | & &
cDP () 20 V4 V4 411 79 98 135
cTP () 10 491 79 108 135
UmP () 51 L4 L4 L] - . 332 79 60 135
« | v | 2 acids in negative and positive moooa |8
uTP () 10 492 79 108 135
cAMP () 20 338 139 22 135
R AIBA (+) 5 L4 4 - - 10 75
s | 0 | = polarisation mode > 10 nM. - .
5 °§§ L-Hom-Ser (+) 2 124 77 10 75
23 £ |0O-AcSer (+) 20 153 62 20 60
g§ OSHS (+) 5 228 106 8 70
LL-Cysta (+) 5 230 91 27 85
Gly (+) 10 78 31 8 70
L-Ala (+) 20 el . el [ I . - 93 46 10 70
L-Ser +) 100 5000  0.9988 | 100 5000 0.9969 9.94 76.7 0.0497 0.3835 106 60 109 62 10 75
L-Pro (+) 10 5000  0.9992 10 5000 0.9969 9.1 31.09 0.0455 0.1555 116 70 121 74 17 75
" L-val (+) 20 5000  0.9991| 100 5000 0.9964 26.4 49.74 0.1320 0.2487 118 72 123 76 10 75
p L-Thr +) 20 5000  0.9993 | 100 5000 0.9968| 16.65 97.61 0.0833 0.4881 120 74 124 77 9 75
5 L-Leu (+) 20 5000  0.9993 10 5000 0.9966 7.91 9.71 0.0396 0.0486 132 44 138 47 20 75
E L-lle (+) 20 5000  0.9990 10 5000 0.9967| 17.15 1.84 0.0858 0.0092 132 44 138 47 20 75
s L-Asn (+) 20 5000  0.9991 20 5000 0.9967| 11.5 23.95 0.0575 0.1198 133 74 137 76 15 70
= L-Asp ) 20 5000  0.9889 | 100 5000 0.9972| 8.83 192.02 0.0442 0.9601 134 74 138 76 13 75
‘é" L-GIn +) 20 5000  0.9987 20 5000 0.9959  3.39 37.53 0.0170 0.1877 147 84 152 88 18 70
K] L-lys (+) 20 5000  0.9987 | 100 5000 0.9933| 20.74 36.28 0.1037 0.1814 147 84 153 89 17 75
2 L-Glu (+) 20 5000  0.9990 | 50 5000 0.9965 7.75 34.62 0.0388 0.1731 148 84 153 88 17 75
L-Met ) 10 5000  0.9990 10 5000 0.9966 16.83 5.99 0.0842 0.0300 150 56 155 59 17 75
L-Phe +) 10 5000  0.9989 10 5000 0.9966 10.18 7.13 0.0509 0.0357 166 120 175 128 12 75
L-Arg (+) 20 3000 0.9936| 50 2000 0.9946 6.11 31.63 0.0306 0.1582 175 70 181 74 30 75
L-Trp (+) 20 5000  0.9991 20 5000 0.9983| 65.52 24.99 0.3276 0.1250 205 188 216 199 4 75
L-His (+) - - - 50 3000  0.9975 - 157.82 - 0.7891 156 110 162 115 13 85

Metabolomics is a standard
tool at IBVT today-



Exploiting the Wealth of Metabolomics for
Flux Analysis

batch )
1. mono cultures | Labeling
. fed-batch > .
2. mixed cultures experiment
chemostat
balancing experimental data / ?gf:ss”red / / :\gsggured / stationary and non-stationary labeling patterns

Simulate ) / Model , .
) Biochemistry
Jx, labeling \ Isotopomer balances
INsilico

biotechnology

Insilico Discovery™

Flux patterns will be linked to desired phenotypes for

flux H diriving handling/process guidelines of industrial
distribution partners




WP3: modeling approaches

e Community and dynamic FBA
e Constraints from proteomics
* Hybrid kinetic / stoichiometric models

* Predict return of investments - somehow



from monoculture to communities
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Steady state: community FBA

Bi ;i [ Bi ) . .
L S suce —— Steady state only possible if:
( ) — 9 ana J\u_;)
qaﬂa_i ug' Sucg; —'-‘l. Succ,, | !,/‘; Sucg; »
—> ATP, —» 1 QSucc_i X Xf . . qsucc_j X_g [ . AR, —> \ _ _
L Hi= =1
qres i qprg_j qca’ j Qresuj
- wor,
—» NADH; ‘_\!\NH anJ XX; (T‘\_qnhS_J ><AXJr - f |
| e S ¥ FBA formulation:
qu i I‘ x X. Ilqpm_j‘[q..,,,..; |
-t \‘\Elu, ‘—-qglu_x ‘ﬁm -Nz ext - Ny, .";I
(Intra Cellular Space) J J qnz_ j X XJ.___ (Intra Cellular Space) _~ / Max lLl
Species ‘i’ ra Cellular Space 1 J I3 2 Species §’ .
e S S i | - Subject to:

(o) (me) (B

Nig; =0
Nyg; =0

J: ﬂux in mmol L! ]’l_] Nexchange J=0
q: specific flux in mmol h”! gDW-! } J=gxX

X: biomass in gDW L'

Khandelwar PLOS One 2013



Steady state: community FBA

XLbulgaricus
Casein — T
b v
s Amino
Acids

XS.thermophiIus

Peptides H Cartnte

a=n
€——— Folate
€ Formate
Lactose
Lactobacillus
bulgaricus

1

—tcs

Streptococcus
thermophilus

Growth rate

0 2 4 6 8 10

S. thermophilus/L. bulgaricus ratio

Toy example, preliminary models

=> Can predict ratio of biomasses that maximizes growth rate (and the fluxes)



Dynamic FBA

Substrate uptake kinetics

Vupt

P

[S]

Vuptmax *
Vupt =
[S]+ Km

Time




Dynamic FBA on monoculture

Approach 2:
2"d generation dynamic FBA to model acidification and flavor formation

lactose
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Add-on: From models to sensitivities to strain
diversity

» Key idea: if parameters affect phenotype strongly, than variations is phenotype
should be explainable by variations in that parameter

? won s . $888338880 <8 338
3_1Ind - e

Identifies sensitive enzyme s o :i"i’--l




Dynamic FBA on co-culture: fit dynamic data...

Metabolite profiles Biomass Ratio Metabolite profiles Biomass Ratio
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Fig 3. The dFBA simulations agree mostly with the experimental data for the four different cultivation conditions and were used to infer the
metabolic fluxes. The metabolite profile plots contain error bars, but the other subplots not. The biomass ratios are based on the gene-copy data and the
carbon balance consisted of the measured metabolites that contained carbon. The remaining missing carbon is assumed to be incorporated into biomass.

Example from Hanemaaijer PLOS One 2015



to infer exchange fluxes...

- NH, + NO;
A Glucose 1070 B B NH,
1.0,1.0 B NG,
’ ~ NO, g N,
v I 0.90,0.00
Glucose-6-phosphate > 10_90'&00 ~
0.00, 0.00 NADH w9 ATP
G.I‘JU, 0.00 FOI‘mate * pr— Formate
— NO 0.00,0.00
< lactate Pyruvate a0 N AIREA 7500 3 000,000
. d) 0.94,1.49 1.0,0.0
re | P EE—
Formateﬂ— Formate 2 R H, > H. or
0.00, 0.0. Ac CoA 164,159 05 ATP
0.00, 0.00 1.65,1.81
0.5 ATP CO,——>
_ Acetate » Acetate =————s—p-Acetate NO, 3,00, 0.00
i . NAD(PH 1.12,0.28 0.07,0.00 H,0 0.00.0.00
D NADH e, § ... Fd(ox) ATP 1.21,0.32 0.07, 0.00 S
& v»Fd(red) NO, NO, - NO,
ATP <€+ 0.26, 0.00 0.87,0.00 Fd(red)
<«———— Butyrate Fd(red) 0.30,0.00 0.87,0.00
0.19,0.61 Fdax)
0.15,0.70 Fd(ox)
Ha 7—> Biomass
Biomass e NH, == NH, Acetate
0.04030 L Wolinella succinogenes |
Clostridium acetobutylicum 0.00, 0.00

Fig 5. Nitrogen-source also had an impact on the H; and the NO; exchange rates. In A the calculated flux-values for C. acetobutylicum are normalized
for the glucose uptake. B shows the calculated flux-values for W. succinogenes and are normalized for the H, uptake. Note that H, production by C.
acetobutylicum is not equal to the specific H, uptake rate of W. succinogenes as the biomass abundances should be taken into account, which were not equal

during the experiment.

Example from Hanemaaijer PLOS One 2015



dynamic cFBA: how to predict the future?

’ beulgaricus xS.thennophilus
. Casein | TR 1|\ ,

P N Dynamic FBA assumes

| Peptides ——> =4 AN instantaneous optimality,
=0 and cannot predict an

Y investment at the cost of

T | current growth for higher

€1 Folate ==

T Formate €

&3 i \ 2 0L future returns
S -1 ¥
' Lactose |
Lactobacillus Streptococcus
bulgaricus thermophilus

To be developed...



WPA4: translation to applications

Test predictions of strain combinations in milk
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