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Country Overshoot Days 2026

When Earth Overshoot Day would land if all the people around the world lived like...
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GHG Emissions

The big sinners (kg COeq)

A 100g protein ™ I.:: 51-5 5: 7-]_5.
Beef (beef herd) 724 - -9

Lamb & Mutton 757 B
Beef (dairy herd) 490 -

)
-y
[ ]

n

Crustaceans (famed) 1.0k >
Cheese 1.9k L] —
Pig Meat 116 .
Fish (farmed) 612 =
Poultry Meat 326 .
Eggs 100 .
Tofu 354 |»
Groundnuts 100 =
Reducing food’s environmental Other Puises 115 10" petl
impacts through producers Peas 438 e e
and consumers Nuts 199 &

J. Poore'?* and T. Nemecek® Grains 23k w

Poore et al., Science 360, 987-992 (2018)
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Current state of the green transition
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Meat- and dairy .' shlut!;!tt!omg Facts il
analogues from || ooz
plant-based sources |wws = I8 = No (or only little) focus on nutritional quality and health
| —l implications
T &) , ,
M — = Trend for ‘clean label’ and natural products overtaken by
Nutrition i [ — .
Y ||| ee— transition to plant-based foods
(Szg;fi%;gg?%g:mz c;:z:{?;rgg o Pri:egfnrs‘gg INGREDIENTS:Water,PgaPrq;eluls:é;la'}le'. L. . . . .
ln.. B ) [ 8 = Malnutrition/non-optimal diet due to anti-nutrients, lower
SEEFES  Wemor oo e g ebmortace, | . . . . . .
IENGREDIEHTS(vegan.glmen-freu.duir(v-lree.non-gma):F<Ilere)dWater, e E::’:ﬂiﬁq&:‘;gﬁfnﬁéun;uwse:’f?;[r::;ntmtp : proteln quallty (Iow In Some essentlal amlno aCIdS
et e v At oot | | S e pcyante it | . ) : - )
e g sl (EAA), lack of essential micronutrients (vitamin B12)

= Limited knowledge on how extensive processing of plant-
proteins influence digestion etc.

l oL e il
Product

Trial-and-error
development

Acceptable quality ‘ Not as satisfying food experience as animal-based
No great culinary experience products -> slow transition
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Essential amino acids £
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Plants in general have I"I"""""""

an amino acid profile
that is less optimal than

animal sources

« Especially when it comes to
the essential amino acids
lysine and methionine
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Pinckaers et al. (2021) Sports Med. 51 (Suppl 1), S59-S74
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Vitamin B12
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o Ruminant animal Omnivorous animal
B12 uction
42-Syn' ing bacteria’
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 Vitamin B12 is
important for
formation of red
blood cells, the

High [[——— Low

556' B,, contents

nervous system and \ ol St
DNA/RNA

\
synthesis/repair / \

Fish Low —————_]High
Food-ch

"

* Only produced by a
limited number of M@f

bacteria and archaea s B
« Plant-based raw ‘@@ “‘@
materials do not Seffish  High | [———— Low

. Adapted from
contain Blz \ / Deptula, 2026
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Maari — making the inedible edible
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Baobab (Adansonia digitata L)

Maari — making the inedible ol
edible A

Cooking with ash lye
solution (18- 24h)

e Maari — a baobab seed based 1
condiment

First fermentation (48-72)

« Spontanous fermentation '

Pounding

|

Moulding <=| Ash lye solution

!

Second fermentation (~40h)

|

Fresh Maari

|

Moulding

|

Steam cooking (~ 6h)

'

Moulding into small ball

International Journal of Food Microbiology 142 (2010) 292-301

Contents lists available at ScienceDirect

International Journal of Food Microbiology

journal homepage: www.elsevier.com/locate/ijfoodmicro

Microorganisms associated with Maari, a Baobab seed fermented product Sun drying (2-5 days)
Charles Parkouda *®, Line Thorsen ®, Clarisse S. Compaoré ®, Dennis S. Nielsen ®*, Kwaku Tano-Debrah €, l
Jan S. Jensen 9, Bréhima Diawara ®, Mogens Jakobsen P

Maari
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Maari — a flavour enhancer (and a source of protein)

Table 2
Amino Acid Profiles (nmol/mg dry sample) of baobab Raw Seeds, Fermenting baobab Seeds Taken at Different Fermentation Times, and Maari (ready to use) from Different

areas (Gorgadji, Mansila, and Ouagadougou). ;f 2 2892 2
2 30 Q &
Valine Leucine Isoleucine Threonine Methionine Phenylalanine Lysine EE S & % E
] (=4 =
Raw seeds 040 £ 0.06 0.41 £ 0.06 095 + 0.12 0.18 + 0.06 0.03 £ 0.00 0.19.+ 004 0.03 +0.00 g% =& &
24h 051072 836 +0.15 0.86 = 122 ND ND 0.15 + 0.02 ND g B °
36h 198 £ 0.24 2.86 £ 0.45 4,10 £ 047 0.20 £ 0.05 0.10 £ 0.03 1.11 £ 017 0.06 £ 0.01 5 ! =1}
48 h 443 +0.21 6.58 + 0.62 821+ 012 042 + 0.6 0.77 £ 0.09 3.71£03 041 +0.05 L > 5
60 h 1592 + 093 1453 +1 28.57 + 1.86 1.05 + 0.17 ND 892 + 058 271 +0.14 gg g Z o
Maari 1 707 £0.16 6.63 + 0.27 10.95 + 035 032 +0.09 0.79 + 1.53 2.07 £ 0.09 0.63 +0.03 S = : i
Maari 2 1612 + 4.7 18.11 + 3.01 9.85 + 205 9.16 + 2.44 51615 712 +£22 10.84 + 2.4 2 i_-. ] e
Maari 3 473 + 0.00 4.96 + 0.11 7.79 + 012 1.05 + 0.01 0.89 + 0.04 1.98 + 0.00 0.56 + 0.00 O= 7 % -
Maari 4 5.14 + 032 5.19 + 0.64 8.19 + 096 ND 0.42 + 0.08 153+ 024 0.44 + 0.08 z -% = % z o
= = =] -1
Values reported represent the average of three determinations + standard deviation. “23 % 2’ § = |
Maari 1, final product; Maari 2, final product (ready to use) from Gorgadji; Maari 3, final product (ready to use) from Mansila; Maari 4, final product (ready to use) from E‘ 2 = . Ei %
Ouagadougou; ND, not detected. g = S
: 83 | = &
Table 2 (Continued) € ap - |
§ g2 |: & &
Tryptophan Histidine Alanine Aspartic acid Aspargine Glutamic acid Glycine Proline Serine Total FAA g §_ 5 2: 3 g
0.02 + 0.00 ND 883 +133 1.63 +0.21 052 +0.18 1.94 + 0.04 0.58 + 0.11 0.32 + 0.04 ND 16.03 S § 2’. = § §
ND ND 2.61 + 0.57 043 + 0.6 ND 191 £ 0.70 038 + 0.53 0.10 + 0.1 ND 15.31 ® s g
ND ND 3.40 +0.48 1.78 £0.17  ND 1051 = 2.03 062 + 0.08 120£019 ND 27.94 Toze 3
ND ND 497 + 0.62 265+023 067 +0.13 1573 £ 2.09 1.09 + 0.05 1.24 + 017 ND 50.90 5 g 2
0.75 £ 0.05 0.50 + 0.06 28.10 + 2.7 2.10+£0.29 ND 161 £0.17 750+ 0.7 0.99 +0.12 ND 113.24 s 8—
0.09 +0.01 ND 995 1+ 035 1.14 £ 0.1 ND 3404 +1.53 1.39 + 0.08 3.16 + 0.08 ND 7822 2
ND ND 2964 +11.2 26.18 £ 59 ND 31.07 £5.29 1426 + 43 9.60 +36 1411+ 58 201.26 =4
0.07 + 0.00 ND 5.56 +1.21 241 +£0.03 0.80 + 0.02 1742 + 063 310+ 038 0.66 + 0.01 ND 51.98 3
ND ND 821 + 054 096 +0.15 ND 21.80 + 3.54 1.10 £ 0.12 336 +035 ND 56.35

=> Proteolysis and de novo

synthesis

TSSO @

7 spoog up3 |

102

86 (¢

£9
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Tempeh

Dehydrated raw bean, legume, or grain

|
e A traditional Indonesian Stable food | Soakincleanwaterfor6-24hloursunlilhydratedandtendar
’ Tradltlona”y soya—based Dehull manually by hand or mechanically, skim hulls from water (optional)
«  Rhizopus based | !
R m'crospores ar. o /:gOS,DO/‘ < Boil for 20-45 minutes, skim remaining hulls from water
* . / var. / u : l
* Good producer of e.g. vitamin B2, nicotinic Dry beans with clean towel or alr dry
acid, nicotinamide, and vitamin B6 - |
* (R oryzae, R. microsporesvar. chinensis...) Cool down to 25°C
« Rapidly grows a strong mycelium | |
o Rather taste neutral (nutty fIavour) Inoculate with Rhizopus spp. spores (approx. 10* CFU/g), mix thoroughly

!

Pack into choiice of leaf or perforated bag, or tray with semi-aerobic atmosphere

!

Incubate at 27-30°C for 30-48 hours

!

Harvest, pasteurize, dry, freeze, or process in other ways

Compr Rev Food Sci Food Saf. 2021;20:1717-1767.
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The PROFERMENT vision, hypothesis and goal D) fordes

PRO|FERMENT

PROFERMENT: Solid-state fermentations for protein transformations and
palatability of plant-based foods
* Novo Nordisk Foundation funded Challenge project (7.7 MEuro, 2022-2027)

Our vision: Build the scientific foundation for future development of
proteinaceous, plant-based foods as clean-label meat alternatives via solid-
state fermentation

We hypothesise: Via fungal and Baci/lus solid-state plant co-fermentations

v’ protein quality and accessibility can be improved, and
v' desired structures and flavour precursors generated

We aim to: Understand how Bacillus, Aspergillus and Rhizopus microbial
interactions in plant-matrices safely will

v" Enhance the EAA content (with particular focus on lysine and methionine)

v Increase protein bioavailability

v Generate desirable texture/structures and savoury flavours
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The PROFERMENT work horses 5\ novo
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Aspergillus
Oat. 25.8 Mt < ”ﬁﬁ-gOU'dS" [ lectde o Yell 128 Mt )
at. 2. gy R > Wide CAZymes diversity P tﬂf 't’ - ellow pea. L-.
~75% as feed > Very good at breaking down cellulose etc. £ gt :’?‘l +50% as feed
12-24% protein » Amino acid transformations ‘i’l “{Q 21-33% protein
Gluten-free g L £ Nitrogen-fixating )
Bacillus

» GRAS (Generally Recognised As Safe)/QPS species

» Multiple proteolytic and carbohydrate enzymes

» Fungal attachment

» Lysine and methionine production

» Secondary metabolites (e.g. B1), flavour
precursors

Rhizopus

» Focus on GRAS species

» Rapidly build strong hyphae network

» Structure, tensile strength and elasticity
» Wide enzymatic activity

Co-culture synergisms for:

» Synergistic growth/interactions

» Matrix protein mobilization and
transformation (protein quality and
accessibility)

> Palatability (flavour and texture)
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Lysine production by Bacil/lus and Priestia spp. G0 fonde

Fermentation with Bacillus and Priestia spp. can improve protein quality in

plant-based foods through de-novo synthesis of L-lysine

L-lysine biosynthesis is limited by the expression of lysC, which is under

riboswitch control

A riboswitch is a regulatory mRNA element that can regulate gene

expression upon binding with specific metabolites

Metabolite |

Riboswitch

Gene expression
OFF

gene —» X a

m
Succinylase

dapD

.....

Lysine secretion
(putative)

- --tetrahydrodipicolinate

7.
L-aspartate PROIFERMENT

¢

[-aspartyl-phosphate

§ Lt | iom]

aspartate semialdehyde —~ homoserine --» L-methionine

len

dihydrodipicolinate

|

@ 3) 4
Acetylase : Aminotransferase | Dehydrogenase

dapdh

dapX |

vkuR

Yoo

» L, L-diaminopimelate

¢ dapF

Peptidoglycan

meso-diaminopimelate ----=----=-------- ™ biosynthesis
l, Lysine transport
L-lysine lysP/gabP, arcD
- \/\/\‘)CLO Lysin‘e transport (putative)
i H potks, ydgl

Canoy et al., npj Science of Food, accepted
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How to force a cell to produce something it does not need

without GMO'’ing it?

Hypothesis: Increased L-lysine production can be achieved through

chemical mutagenesis with lysine analogue aminoethylcysteine (AEC)

AEC resistant mutants of Bac///lus spp. have been previously

associated with mutations in the lysC riboswitch element

COO
NH, - <I: -H
cr,
cr,
£|3I-{2

NH,

Lysine

<
(] f; }\
NV

PROIFERMENT

COO
1

NH, -C-H

|
e
SH
I
P
CH,
|

NH,

AEC

Canoy et al., npj Science of Food, accepted
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Bacillus/Priestia culture collection and selection for AEC mutagenesis (¢ )\> nordisk

PROIFERMENT

99/ PRO122 4E

o
=
Le |

oo
Q‘_)’[
Priestia flexa \ r0%%
y Sel
D, 6 P t
» ieeos elected for
1%
13835 ol PR099. .
DSag2 | mutagenesis (11)
PRO?Z 110 g PRO134
PRO1 * 10 PRO58
pSMT7E6 T PRO
prRO?? ; oot 45
o001 100 sa 0gy, 257
80 Sl
N 9 Pro 0
_,/./ 775
s 7
‘ f 0\94//? 090
Js;
27 & &
Bz 4 Microbiclogy
‘ . 0‘%\ ‘ Complete and Draft Genome Sequences of 52 Bacillus
0. AC 2 > and Priestia Strains Isolated from West African
3 = :': =] B Ferm: { and 26 Strains from a Public
& 0‘39 éb ég X 3 T332 % ‘70(% ) O,5 % Culture Collection
s I O (o) % . . . mma Schack Wisdsnbein © *, Tessa Suzanne Canoy (9%, Yan Hul () *, Charles Packouda 3 °,
¥52228%3°% X Bacillus amyloliquefaciens e et O8 B 8 S e o e 6 o
PP |

Bacillus velezensis
Canoy et al., npj Science of Food, accepted
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How to generate lysine overproducing mutants? 4 ’\b oo
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PROIFERMENT

Precultivation of wild-type  Inoculation on defined Incubation at Mutant growth confirmation
strain on BHI medium medium with AEC 30°C for 37h and purification on AEC agar

-

Mutant generation

[terative cycle

A

Y
/

Canoy et al., npj Science of Food, accepted
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AEC-tolerance of B. subtilis wild-type and mutant strains '(ﬁ fonden

PRO|FERMENT

Growth of wild-type and mutants on substrate without (light blue) or with
AEC (the lysine analogue)

| PRO2 wild-type | ] PRO2 mutant 1 | | PRO2 mutant 2 | ] PRO2 mutant 3 \ Mutant strains show
— 120- . o
%_ 1607 150- . increased resistance to
> o i grow on AEC medium
ke, - o0 compared to the wild-
4  50- i
© 50- " “0 types
I o ——

0- - 0-
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 6 10 20 30 40

Time ()

Medium - Pafoba medium (without lysine) — Pafoba medium with lysine analogue [4E-4 M]

Metabolic activity determined via calorimetry (calScreener)

Canoy et al., npj Science of Food, accepted



o, KOBENHAVNS UNIVERSITET

. . . . g novo
Bacillus/Priestia AEC-resistant mutants Q) o9
PROFERMENT

From 11 wild-type strains we
generated 21 AEC-resistant mutants

Priestia flexa

Pf?o”
DSM;R. 6
k’DS’”'@s;g 7 %00
DSM4g92 ‘\
PRO37 99100
PRO114 ‘L | 1100

DSE\WB% ‘x.:‘ \VW B

Wild-types used for AEC
mutagenesis (11)

oro%® Mutants with lysC
RO riboswitch mutation (3/21)
” 2
XK '

Mutants with (putative) lysine
* transport mutation (14/21)

Canoy et al., npj Science of Food, accepted
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)
AEC-induced mutations of lysC riboswitch y

Consensus secondary structure from 30 Bacillus and Priestia lysine riboswitch sequences

L3 @®

nucleotides known to bind to lysine

C~® AEC-induced SNP lysC-20G9 . .
Three mutants had changes in their lysC

riboswitch structure, either single
nucleotide polymorphism or deletions

L2 YGa P2 .. .
LCo0vcp APAG Priestia megaterium 20G9
U dtiir [(108GCYe G o Bacill / s77E7
AR®ORGA .'\;‘.'l 1 GROO S acllius veliezensis
Ge YR@ 1101 . .
A CUGO AR LG Bacillus pumilus 27H10
ngé;le?ttide GAa o® C
e J1-22AG-CG Mutants 20G9 and 27H10 have
N 90% N A=U . : L
N 75 Mo mutlathrés close to the lysine binding
nucleotide A=U nucleotides
present P1 G=C
®97% ©75% AR=U
®90% 50% S-E
i 5-R@ Y@G
R purines (A or G)
Y pyrimidines (C or U o
mnee o B Canoy et al., npj Science of Food, accepted
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Mutants produce more lysine than wild-types regardless of medium

Medium without lysine | 50 Medium with AEC |
Compared to the wild-type, ® 60
mutant P. megaterium 20(.39 £ 100
produced 156x more lysine & 40
in a medium without lysine S =
y : 50 20 ——

£

20 - 0

0 Medium with lysine | ) 2 L]

® O < ~ N

@ —— . N N

-4 —_— rain
Compared to the wild-types, & 4
the AEC mutants produced %
2-6x more lysine in a s 2 g
medium with lysine 8

=

= 0 . . .

& = i

) ; novo o I N~
Y ,,*}~> nordisk N N ™~
\V] fonden

PROIFERMENT Canoy et al., npj Science of Food, accepted
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Liquid fermentation of 20-G9 and 20-WT )

Lysine concentration(uM)

150

100

50

Lysine production at 8h and 22h

Medium without lysine

Medium with lysine

Medium with AEC |

400

300

200

100

o

150

100

50

20-WT 20-G9 20-WT 20-G9
at 8h at8h at22h at 22h

20-WT 20-G9 20-WT 20-G9
at8h at 8h at22h at 22h

Strain and fermentation time
Lysine location M Extracellular M Intracellular

20-WT 20-G9 20-WT 20-G9
at8h at8h at22h at22h

PROIFERMENT

Riboswitch mutant 20-G9 produces
more intracellular (22h) and
extracellular lysine (8h, 22h) than
its wild-type 20-WT

A large part of the lysine produced
by riboswitch mutant 20-G9 is
located extracellularly

Canoy et al., npj Science of Food, accepted
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Free and total lysine content after oat fermentation L), fonden
Free lysine content Total lysine content
20-G9 20-WT 20-G9 20-WT
50
go.s %
: :
_g* 545
g ‘—g \+/
£ 04 %1«
0.24
35
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Fermentation time (h) Fermentation time (h)

Oat fermentation with mutant 20-G9 resulted in a higher free lysine content than with wild-type 20-
WT. However, in the solid matrix no significant increase.

Significant lysine increase in broth/liquid. For solid fermentations more biomass needed
Canoy et al., npj Science of Food, accepted
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How to get more biomass?

* Unpublished
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Plant-based food materials do not contain vitamin B12 C

DANMARKS FRIE
FORSKNINGSFOND
INDEPENDENT RESEARCH
FUND DENMARK

But bacteria can produce it for us, if we can tame them

* Propionibacterium freudenreichii and Priestia megaterium are
promising food grade candidates

B12-synthesis is (similar to lysine) under riboswitch control

« Complex four-way riboswitch junction with variable
peripheral extensions — specific to the cobalamin derivative

receptor domain P8

Challenge: Production seizes early: Biosynthesis
stops at a threshold, likely due to riboswitch-
mediated repression (unpublished data)

We are now deciphering how to circumvent the ws B e
riboswitch control { C 4_

P1 — transcriptional
g_ orF
UUUUUU == 3'
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We are kind of almost there:
B12-containing tempeh

 Tempeh is an Indonesian Rhizopus (mould)
fermented food

« Traditionally soya-based, but can also be made
from e.g. yellow peas

« Unpublished results deleted

* (and you will daily at the same time easily live up to the
dietary guidelines ("kostrad”) telling you to eat 100 gram
legumes)

DANMARKS FRIE
FORSKNINGSFOND

Stapput, Iversen et al., in prep. iz
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Thank you for your attention

[ am happy to answer questions
« Now and/or via dn@food.ku.dk
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