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Enteric methane is the
single largest agricultural greenhouse gas.

Warming Potency

Global warming potential of CH4

2 . of global agricultural methane comes of gross energy intake is lost as methane
relative to CO2 over a 100-year horizon. & & g &y

from enteric fermentation in ruminants. — an economic penalty for the animal.




Part | - Mational Palicy Context 03 7 22

South Korea's 2050 carbon-neutrality roadmap
places livestock methane in the spotlight.

2018 2023 2050
Baseline emissions Agri-Food sector plan Net Zero

2021 2030
Carbon Neutrality Act =30% livestock CH4

Mitigation strategies that integrate into existi . : — without disrupting farm operations — are
now national priorities.

Part 11 - The Biology of the Problem 04 f 22

In the rumen, hydrogen is the
currency — and methanogens cash it in.

Rumen Fermentation Cascade

Rumen H, economy
Carbohydrates VFAs + H, + CO,

- Poetate, propionate ityrs >

€O, +4 H, = CH, + 2 H,0 AG"' = ~131 kJ/mol

"Methanogens are not feeding on fiber — they harvest the H, that microbes throw away. If we redirect
that H,, methane goes with it."




Part 11 - Landscape Review 0s / 22

Existing mitigation strategies hit a wall.
Biological solutions remain underdeveloped.

3-NOP (Bovaer) MCR enzyme inhibitor -30% CH, Approved EU/US
Asparagopsis (seaweed) Bromoform halomethanes =50 to -80% Bromoform toxicity ¢ supply Filetonly
Plant secondary metabolites Tannins, saponins, EOs -10 to -25% Variable - palatability Mixed evidence
Direct-fed microbials (LAB) Shift fermentation pathway -510 -15% Weak rumen colonization Established

GSM-designed Synbiotic , sink redirection + LAB shift i 1 alidation pending

Part 111 An Unconventional Sowrce a85rezE

We turned to Kombucha.

A robust, self-sustaining microbial consortium — built by nature, not engineered.

Acronym
SCOBY Yeast = Acetic Acid Bacteria
Symbiotic Culture Of Bacteria and Yeast

vEAsT ACETIC ACID BACTERIA

Sucrose » Glucose + Fructose > thanol + 02 > Acetate
Ethanol

i\

s le organic acid endpoints —
Naturally tolerant to low pH, ethanol, and organic acids — the same stresses ative olic landscape for H2 consumg
that destroy conventional probiotics in the rumen. A self-renewing microbial
mat.
512 b "




Part 111 - An Uncanventional Source

Kombucha microbial community

A robust, self-sustaining microbial consortium — built by nature, not engineered.

08 / 22
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Part 111 - lsolated Functionsl Strains

Of seven isolates, two strains dominate.
We call them the KZ consortium.

Yeast - 2

or f 22

Komagataeibacter intermedius

IDENTITY

99.86% match - NR_026435.1

FUNCTIONAL TRAITS
Obligate aerobe — high oxygen scavenging capacity
Cellulose-producing — structural biofilm matrix
Ethanol - acetate conversion (high efficiency)
Stress-tolerant: low pH, organic acid environments

XSAST 2026

Zygosaccharomyces parabailii

IDENTITY

99.82% match - CP019500.1

FUNCTIONAL TRAITS

Lactic-acid resistant — survives acidified niches

Broad carbohydrate utilization (glucose, fructose, sucrose)

Produces ethanol + glycerol as fermentation endpoints

Versatile redox balancer — key for H, sinks

unctional Strains « K + 2




Part 111 - Working Hypathesis o8 7 22

((Hvpornesis

KZ fortified with precision prebiotics will redirect rumen H, into
alternative endpoints — starving methanogens of their substrate.

Concaptual modal

Rerouting hydrogen flux

DEFAULT — CH, EMITTING

H, + CO,~> Methanogens - CH,

H2 + Pyruvate

Hydrogenotrophic methar olize the only thermodynamically favorable H, sink

Part IV - Research Objectives 08 / 22

Three nested objectives.

From in-silico modeling to feed-system application.

01

Identify KZ-exclusive prebiotics via
GSM modeling

Construct genome-scale metabolic models for 10
representative rumen + SCOBY species (3 H.-producers, 5
methanogens, 2 SCOBY). Identify substrates utilized
exclusively by KZ.

02

Validate synbiotic efficacy on
rumen methanogenesis
Co-culture KZ with selected prebiotics. Quantify CH4 and

CO, via GC over a 30-hour batch rumen-fluid fermentation
assay.

03

Apply synbiotics to FTMR & assess
fermentation quality
Supplement TMR at 5% and 10% (v/w). Track pH,

metabolites (HPLC), and 165+ITS microbiome shifts across
14 d anaerobic fermentation.

- 11 -




Part 1V - Study Design 10/ 22

Experimental workflow at a glance

Four-stage pipeline

Methane-reducing
<V Microbes Growth rate 4
ol > L stact 1. Iso1ATION

[ Isolate & identify SCOBY microbes

J . (\\
B/-\?E >[:J”\Q

N

GSM modeling on KBase

GSM analysis

STAGE 3 - IN VITRO
Rumen-fluid CH, assay (30 h)

®® Sucrose § |
il \ == Fructilactobacillus +

i
O dcetee =i st

FTMR pilot (14 d,

Genome-scale metabolic modeling
across 10 species and 3 functional groups.

Group A - 3 species Group B - 5 species

H,-producing bacteria Methanogens SCOBY (KZ)
Ruminococcus albus Methanobrevibacter ruminantium
R. flavefaciens M. gottschalkii

M. smithii
M. olleyae

Butyrivibrio fibrisolvens

M. millerae

METABGLIC ROLE METABOLIC ROLE

Cellulolytic - fiber  VFAs + H, Hydrogenotrophic archaea - CH, output

12 -




GSM analysis pinpointed 15 metabolites utilized only by KZ.

A; Hydrogen producing hacteria(3 Speices)
B; Methanogen(S Speices)

C; Scoby(2 Speices)
compounds exclusive to KZ

Carbohydrates

Cofactors

Dipeptides Gly-Leu - Gly-Asn-L - Ala-His +6

Part V1 - From 15 to 5 13 / 22

Five prebiotics, ranked by GSM uptake flux,
carried forward into the synbiotic mix.

Uptake (g/mel}

1 Glycerol C3H03 100.000 Carbohydrate Redox-balancing energy
2 Oleate C1eH3s02 2.160 Carbohydrate Membrane lipid precursor
3 Ala-L-Thr-L TH14N204 10.804 e

4 Gly-Leu CaHI6N20: 7.096 ' peptide Branched-chain dono

5 Menaquinone-7 CABHEA0 0.186 Cofacter (Vit. k2)

KZ + Glycerol + Oleate + Menaquinone-7 + Gly-Leu + Gly-Asn-L

- 13 -




Part Vi - Result 2 - In Vitro Validation

The full mix (Car + AA + Vit) significantly
boosted KZ growth — 23% over control.

Prebiotics
030
025
3§
=1
o
020

Y

>

:Psso J’o‘ n’&

Control (no prebiotic) 0.176 :0.022
AA+Car 0.185 20015
AN+ Vit 0.213 000
Car + Vit 0.207 :o0.022

Car + AA + Vit £0.020

Combining all three prebiotic categories is necessary to maximize KZ
proliferation in vitro.

Methane Conc. [% (viv)]

In vitro CH, dropped

Full synbiotic vs. untreated rumen-fluid control.
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= Car+Vit
B Car+Vit+AA

vs. control (Car + AA synbiotic)

V Significant




art Vil - From in Vitra to FTMR

Synbiotic supplementation at 5% and 10%
across a 14-day FTMR pilot.

Table 1 - Diet Composition

Chemical composition of FTMR (% DM)

14-day anaerobic fermentation

16/ 22

items con 5% M 10% Mix
Crude protein 9.79 9.71 10.16
Crude fat 1.63 1.55 175
Crude fiber 10.33 10.71 9.87
Crude ash 5.23 5.14 517
NDF 2219 24.20 24.46
ADF 11.36 11.67 10.93
Part VII Result 4 - FTMR Quality 7/ 22

Synbiotic groups moderated acidification
and shifted the metabolite profile toward acetate & ethanol.

Table 5 - pH dynamics

Acidification, slowed

Days con 5% M 10% Mix
Day 0 5.20a 5.11b 5.02c
Day 7 4.86a 4.75ab 4.92b
Day 14 4.66a 4.76b 4.72ab

Figure 4 - Metabolite Prof

HPLC across 14d

[
(2]

Sucrose Glucose Fructose
12 0 CON i _f
2 o= suMe g 2
T ol = 10%Mx g r
£° 2 2
£ E E
14 H H
§ - 8
S MMM e ven 3 8
e T
Time (d)
D Ethanol E Acetate E Lactate
10 2 — 0
5 S a
2 o e} 3
< E 2. e 1%
4 H 2
10
£ £ H
B il.... i
E Bl © o

- 15 -




Part VIl - Result 5 - Micrabisl Diversity 18722
. . . . .
The 10% Mix preserved microbial diversity
. .
— while the control collapsed to a few dominant taxa.
Yakie o SRRun Ve Flgsre o - pCad podivaraity
a-diversity, day 14 Distinct trajectories per treatment
oavs con 5% win 10% min A Bactest -
Day 0 613 6.27 6.49 oodcon . S
" P " a7d_con
- g D144_con g D1ad_con
Day 7 2.04 2.38 3.24 Elg ooumm A Lo . a ©0d_s%mix
7 I preaEe R T it
i ) i (RO at| 2 s e
ay 14 2.68 3.08 3.15 a1 oo s @0d_10% Min
& 7d_30% Mix A 7d_10% Mix
e 244_10% M PCI(76.32%) W14d_10% Mix
R — ool SO
14,
i pedivars
PUREMIL < ReauIE B < Commun ity RestrasTneing 1822
o . . . .
Synbiotic enriches Fructilactobacillus &
. . .
diversifies fungi toward non-Saccharomyces yeasts.
A Bacterial Phylum
O Vermucomicrobiota W Chiamydicts BACTERIAL PHYLUM (&)
£ 1] z :"""’“"“"":ﬁ":‘a’mm : ;:"m?"’ Bacillota (Firmicutes) » dominant in all groups by day 7
w0 (—
5 = O Peuseridon oo 10% Mix starts with elevated Cyanobacteriota (29.9%) & Pseudomonadota (32.9%); converges to Bacillota-
é o g P‘Jm"'rci‘ﬂ'i : B;::-' o dominated post-fermentation.
g B Gommatimonadoia B Actinomycetota
3 209 B Deinocsccata W Acdsbacterion
2 A W Cranobaceriota | Other
F S | Cnioess
ooy e
PHh 15«‘,,\5%‘,: 2o
e Bacterial Gonus
100+ O Others B Methylabacterum 5 . ) .
£ [ W Nocasdiodes ® Sphingomanas Fructilactobacillus takes over by day 14 in 10% Mix
g = uy— B Paeudomonas
g ol I u Paracoceus | Pantoea
H u Faenacs ERte—
2 a0 W Agrobacterium @ Cyanobacterota_Other
H W Pseudomonadots_Other T Ligaciobacilus
i” ] u Evine O Fudiacobecis
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F o ot ot ot . Companiaciobaciis
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Part Vil - Result 6 - Community Restructuring 19/ 22

Synbiotic enriches Fructilactobacillus &
diversifies fungi toward non-Saccharomyces yeasts.

Fungal Phylum

¥ 5 : c:ﬁ:':z:; Unclassified fungal taxa increased in symbiotic treated groups
E B Muccromco Ascamycota was d at baseline, but unclassified fungal taxa increased significantly in
3 o B Cther synbiotic-treated groups. By day 7, the 10% Mix group reached 40.9% uncla ied taxa, while the 5%
3, = Mix group peaked at 43.0% by day 14,
i e
E O unclassified
o W Ascomyoola
& & & S e
R s
N G
Fungal Genus o Oters O Issatchenkia
1004 m Trichomonascus @ Hyphopichia
£ W Sporbolomyces | Dekkera Synbi treatment dive: d the initially Saccharomyces-dominated
[ m Bretanomycss @ Trfolum fungal communities by iching non-Saccharomyces genera
£ s W Kodamaea @ Vishniacozyma S - 3 3
H W Fiobasdium T Trichosporonoides
: B Candda T Medcage
£ 2] m Ascochya O Stamerela
& @ Milerozyma O Unclassified
Ly ey B Tioun o Saccharomyces
& S &
S e W lelet o
P TS el
Part VIII - Result 7 - In Vivo Methane Emission 22 28

Synbiotics-TMR reduced enteric CH4 & improved growth & feed efficiency
in Hanwoo.

9% change vs. control (GreenFeed) % improvement M1k R S} MAIKISRT 10 ERSWY u3ktk E R Lk SA RS
S ) Methane mitigation (GreenFeed) and growth + productivity
- enhancements
Me fons (g/day) -5.0%
axx Methane ™
o ouoM  owpmrs <o +20.4
5 " . s
s . aas
T10% - +5.6%
Relative abundance (%) Relative abundance (%)

The rumen tilts away from Hz suppliers, toward H2 consumers

and methanogen-inhibitors.
rect methanogen inhibitor) 3.0% > 10.6%

- 17 -




art Vil - Mechanism 1

Why does it work? Hydrogen is rerouted.

Reducing equivalents go
DEsAULT PATH where the sink is open.
Methanogens

Rerained as
L—— 5 EYA = - VFAs & alcohols

"We are not killing methanogens. We are outbidding them for hydrogen."

Syntrophic cross-feeding stabilizes
the entire fermentation ecosystem.

21/ 22
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Precision microbiome design,
from silicon to

GSM modeling delivers precision In vitro: -70.5% CH4 at 10 h. FTMR microbiome shifted toward
prebiotic design. LAB & non-Sacc. yeasts.

X - One-slide Summary 24 25

From silicon to silage to live cattle — one slide.

B IN-viTRO PRO)
In-sitice FIMR o (01y 14) ETME Microbiome

1 5 0 ° 5% 4 ° 6 3 . 5
KZ-exclusive metabolites identified via GSM Methane suppression at 10 h in rumen-fluid Stabilized fermentation pH vs. 4.66 in Shannon diversity in 10% Mix vs. 2.68
modeling on KBase fermentation control — less over-acidification control — richer LAB ecosystem

TRACK 2 - IN-VIVO HANWOO TRIAL

- 19 -



Questions, challenges, collaborations.

- 20 -
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