5 Prgker
hf

e T

)OD aming. Creating.
th e 1925

Systems genetics of microalgae for innovation
in agriculture, medicine, and food Industries

Michal Breker-Dekel
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http://www.brekerlab.com/

A look inside the plant cell: an elegant architecture of life




The chloroplast is the plant’s major energy producer




The chloroplast is the plant’s major energy producer

Chloroplast

« Photosynthesis
* Plant immune response

« Metabolic hub







Organelle biology | Protein quality control

cpUPR = chloroplast

I
Chloroplast contact sites |
: unfolded protein response
I
I

I Plant cell biology Organelle biogenesis

Essential pathways

Translocon clogging

I

I

: Targeting and translocation pathways
|

' Tic/Toc modulation



Simple model system to study plant cell biology

IF _________ I
I Chlamydomonas I Saccharomyces
, reinhardftii | h ' cerevisiae
, I
i . " l @6{3»6’ Opisthokonts
P B4 O SHCE,
| ey Qﬁq I 37 @&@ & & S © O
| o N Q¢ < o ¥ ¥ ¢S ©
| ' : :
I I ] ]
I : :
| I . ,
I : : f
L 0 1
[l L]
1 1

Last common ancestor
of the eukaryotes

Tree adapted from: Rogozin IB et al, Genome Biol Evo 2009



Chlamydomonas reinhardtii Land plant models

| W

-

 Unicellular  Multicellular

« Short generation time * Long generation time

 Haploid and single copy genes * Polyploids



Automated-based procedures enable to scale up
throughput
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Beyond the cell: the social life of microalgae

Natural soil microbiome Synthetic ecosystem with
animal culture



Deep evolutionary conservation of bacterial antagonism
towards plants

Dr. Omri Finkel Tzila Vikinyansky Elad Meilin






Nutritional symbioses is a common evolutionary strategy

Mutualist




The soil microbiota ranges within broad landscape of
symbioses modes

Mutualist Pathoge

The microbiota

FrTra e =




The goal would be to shift the balance towards mutualism for the benefit of
the plant
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romicromonospora

Paenibacillus
Nocardia
Rhodococcus
Mycobacterium
Nocardioides
Streptomyces
erracoccus
Arthrobacter
Leucobacter
Curtobacterium

Leifsonia

s, <)
o\o\oeé (B o=
%, Sy, L6
& W5 0 70 et
Z
&, 9 “oe
\\.w@ollx&\ 2T 7
Q*\Q ik~ O
4
L Frcere "
.\0\0 QW . Sy Qﬁ. ,
Wy 2 . 2
St W
e,
(4 &y
43, 9. /
O, VY 2~ —
QQO\M_\.W/ ,AA/ < LA
% = R
i & %Q\MNNQ <
\0\ %OV - L &)
omooxwé vﬂ\r&//\ﬂ\,\/ &
“p
So,, 8. Vo o ¢ i
o 2y AT < Lt
oQQOMv A , i ao\\\om,\@“vo o~ )
S s & 2%
-4 R
s, € o »
S ooo@m«é I e
5 Z
w0 & - Rtk
L Mol gl
.\w\owb\«\v &f i .\Qm.m..
DU T
e N g
N O o A
00.\&0 N 6\»\\%&@ e S
b o T
7/!\0\ %WV - lm >
.Umwv fo] ,M‘\O:
o«Qu\Y
1%]
E £ I
3 S
EsSg & 2 g5 ¢ g 35 @
238S+5 2 e 3 @ e g
SO05g8 © ) = = 2 .8 €
L B%ERE BGE 8 O ] 8 8
CGQESE 8§ ©O 28 59 88 8
283888 ¢ 833 858 S5 £ 832 8
88982355 ©S98 8§58 § B=f s S
5953386 SSN 28X R 558 £ 3
sQ 82 S8z 88 S R3¢

E

inkel et al, 2020

F

Genus

6

2 4
Primary root elongation (cm)

Phylogenetic tree



\\; \

How much of the soil microbiota is
How can we rapidly identify antagonists?
Is antagonism conserved in evolution?

antagonistic to plants?
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What mechanisms are employed?

Finkel et al, 2020



Can we detect conservation in bacterial antagonism towards
algae and plants?




Establishing a robust method to screen for bacteria-
Chlamydomonas interactions

Chlamydomonas
soft agar lawn
OD=0.1

Incubation at 21°C
and continuous light

4 pl of OD=1

inoculant /’ \ 4

Phenotypes:
* Inhibition
* Promoting

Straina Strainb Strainc




Nine bacterial species form halos out of the 173 tested

MF181 CL52 MF445 MF6 e

ME77 — ME7 MF3  MF51

MF499 MF499 MF11 CL1M MF35 MF395"
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All Chlamydomonas inhibitors are also plant inhibitors

Il Chlamy is inhibited

.~ Chlamy is not affected
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Bacterial strains



Burkholderia and Paenibacillus are green lineage specific

Alive alga
Control strain Inhibited

Burkholderia Paenibaciflus Pseudomonas
MF499 MF20  |MF3 MF35

Escherichia coli

Bacillus subtilis

Saccharomyces cerevisiae
MA MA MNA

Arabidopsis thaliana

Chlamydomonas reinhardtii




Filter-based assay was performed to dissect contact
dependency

Burkholderia Pseudomonas Paenibacillus

The Burkholderia MF6 and MF7 virulence over Chlamydomonas is
contact-dependent



Summary |

An experimental setup for robust and rapid
screening to disentangle microbial effect over the
host

Host-microbiota interactions are deeply rooted within
evolution - high-conservation of bacterial
antagonism towards plants and microalgae

Antagonistic effect can be mediated in a contact-
dependent or independent manner

Antagonistic effect may be either green lineage
specific or with broader impact




MF6 facilitates binding and material injection into
Chlamydomonas

8hr following inoculation




TEM analysis demonstrates autophagic-like cellular
degradation
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PCA of RNA-Seq data revealing time-dependent clusters

PCA (MF6)
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2hr
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1hr
1301

Differential expression landscape over time
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Z-score

1-Hour transcriptome response
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Z-score

RNA-seq differential expression patterns over time
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Hunting for resistant Chlamydomonas to MF6

\

= 0 -E— — E
1minuy  Overnight 12 hours O
exposure in dark in light
Spreading on Incubation

bacterial lawn



Two resilient mutant strains were isolated

- 5 015
S
=
o I—
c |
MF6-R4 700
T
B4 - Chlamydomonas strain



A single genetic lesion underlies resilience to MF6 in both
mutants

B4 MF6 R4




The bulked-segregant analysis is used to discover
causative genetic lesions

Mutant x Wild-type
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Sequencing



Two alleles of zip3 were identified

Absolute delta

MF6_R4

WGS-Algae-MFG4:chromosome_03

@ Deita>0 @ Deita<O O Masked

SNP index

Genomic position on Chr. 3

L189P

chromosome_ 3:T5856051C
Cre03.g189550; ZIP3

B4

WGS-Algae-B4:chromosome_03

Genomic position on Chr. 3

Pre-mature stop codon in the first exon

chromosome_3:C5855163T
Cre03.g189550; ZIP3



The ZIP3 transporter is predicted to have 8 transmembrane
alpha helixes

Model Confidence:
.Very high (pLDDT >
90)

Confident (90 >
pLDDT > 70)

Low (70 > pLDDT >
50)

Very low (pLDDT <
50)

L189P
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0.1 OD on agar



Three main phenotypes emerge

1. No bacterial growth on agar
2. Bacterial growth but no halo on agar
3. Chlamydomonas is inhibited in 1 of 2 growth setups



Multiple MF6 mutants lost their virulence
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Following secondary screen 18 final mutant strains were picked for further study



At least four different genes are necessary for
antagonizing both Arabidopsis and Chlamydomonas

MF6 Tn5-2947 Tn5-4121a

Group B Other strains B MF6 (Reference) 36A7  50A5a
54B10bB —T }+—-
36A7 { 1 I
MgCI2 { 1 ]
54B10bA I I ——
35A6 — I }
42G8a . —_—{ T }—
24G11 —] |
42G8b —] T }—
35F3b — 1
35F3a — 1 — =
35F3 — | }
34F7 —] I
54B10b — 1 1}
50A5a —|— 1 1}
51B12 {1
57A4 o I
42G8 ——1r 13— -
27D6 41 1} — - -
24F8 Cl | } |
MF6 ———
50A5b I I e LU L
35E9 o I -
37A4 1 1+—
42E1b a4} /
54B7 aTa—- - - o |
20D2 a1 -
O P D A%

Primary Arabidopsis root elongation (cm)



At least four different genes are necessary for
antagonizing both Arabidopsis and Chlamydomonas

Group E Other strains -'IVIF6 (Reference)

MgCl2- [ I
54B10bB- 11
36A7 - | 1 I
54B10bA- _— 1 —
35A6- I
42G8a-
24G11-
42G8b-
35F3b-
35F3a-
35F3-

34F7-
54B10b-
50A5a-
51B12-
MF6-
57A4-
50A5b-
42G8-
35 E9-
27D6-
24F8-
54B7 -
42E1b-
37A4-
20D2-

Primary Arabidopsis Leaf Area (cm sq)



Gene insertion sites in MF6 Tn5 mutants

24G11 - LysR family TR Tnb5
Efflux pump regulator

(ceoR ]{ aes) ceoA ) ceoB oM HlysR [ D<menr |- KatoC 1

34F7- Rhs element Vgr

Secondary T6SS gene cluster TnS
| tssF ><:K KV&SX _ | ( KRhs element Vgr proteinl\/DD | Dl ygaJ >l
35A6 - Rne/Rng family
ribonuclease Tnb5
{riml K:l(glp |-{mobA KmoaA | {Rne/Rng family ribonuclease
WT LysR Rhs Rne/Rng trpE 36A7 - trpE n5
family TR element family Tryptophan biosynthesis

Vvgr ribonuclease

[ azor6)-(ung KpPPi KtrpC  KtrpD KpabA KtrpE |-(geh Kive - X]




Summary I

o Utilizing unique genetic and physiological features of Chlamydomonas - powerful and promising
model to address host-microbiome interactions

o An experimental setup to disentangle microbial effect over the host and the host mechanisms of
defense

o Host-microbiota interactions are deeply rooted within evolution - high-conservation of bacterial
antagonism towards plants and microalgae

o By forward and reverse genetics we can address the mechanisms of pathogenicity and host
susceptibility

o A set of bacterial genes which are necessary for antagonism both for algae and plants



Synthetic microalgae-animal symbiotic ecosystem

Prof. Ofra Benny
Faculty of Medicine, HUJI




World population is expected to reach ~10 billion by 2050

Projected Population Growth (in billions)

= Population in 2012 = Population growth
from 2012 to 2050

Required increase
in food calories
to feed 9.6 billion
people by 2050

Asia SSA Europe LAC N America N Africa Oceania

Note: "SSA" = Sub-Saharan Africa, including Sudan. “LAC" = Latin America and Caribbean. "N America" = North America. “N Africa” =
Rest of Africa.

World resources institute



The protein challenge: Feeding people, Sustaining the
planet

Protein crisis is around the corner with projection of
increase in beef and poultry consumption by 66% and

. . Meat production, 1961 to 2020
120% reS peCtl Ve Iy tl I I 205 O Meat inclLEes cattle, poultry, sheegp.fmutton: goat, pigmeat, and wild game.
80 million t

China

Not only to meet the increase in demand for meat, but
also to reduce ecological and environmental footprint of

60 million t
the expanding livestock sector

United States

40 million t

20 million t
India
United Kingdom

M_._,_—a*‘“\ Sri Lanka
J— et Macao
0ters N . Saint Vincent and the Grenadines
1961 1970 1980 1990 2000 2010 2020

Source: UN Food and Agricultural Organization (FAQ) QOurWorldinData.org/meat-production - CC BY
Mote: Figures are given in terms of dressed carcass weight, excluding offal and slaughter fats.

ourworldindata.org



The dream for an affordable Cultured Meat

I ]
: Primary
| cell culture Extrusion @
—> — Texturization —»
e T ‘ ” Blending
s l —  Unstructured product
g;g;‘n‘ Host animal
Yo ] biopsy Bulk cell Differentiation
0 ‘ kiR 5 | cel production “— HSyc:ffoldin:
~ bank ertrophy
Ii development Structured product

Ref:Humbird, D. (2021). 118(8), 3239-50.




The dream for an affordable Cultured Meat

— High production costs. Growth conditions are extremely expensive: ~2000 S/Kg
(estimated 63S in large-scale production).

— Scale-up production: Demand for mass-production to secure food for the
growing population.

— Meat quality: Demand for a highly nutritious protein @ @ @
—
| —y

CO, buildup
O, bioavailability



co- culturlni of photos nthetic wanlsms with mammalian cells




Growing an ecosystem

Co-culturing of photosynthetic organisms with mammalian cells.

Photosynthesis

Carbon
dioxide

0:



Technology

At the core of CultivO2’s technology is a dual-compartment co-culture platform that creates a

symbiotic ecosystem. The platform consists of two key components:

1. Photosynthetic microalgae
encapsulated in 3D sodium
alginate (SA) matrix

2. Edible animal cells
growing on
Mmicrocarriers

Recycling toxic by-products

Supplementation of nutrients
and growth factors

Gas exchange



Microalgae Presence Doubles the Biomass Within Two
Days

0.6
* %k * %k
0.5

0.4

0.3 I

l
0.2 I
0.1
0

Low High Low High Low High

Abs. (quantitative cell proliferation)

No algae Algae 1 Algae 2 Algae 3




Algae based technologies for cultivated meat

Raw biomass
for food industry

Size-based separation



Algae based serum-free media production

1.2

1

T

0.6

Cell Growth
(normalized to 10%FBS)

0.4 I

0.2 i
0

FBS 10% 0% 0% 0% 0%

Algae

0% 0% 0.1% 0.5% 1%
extract

We have developed an algae extract that supports the serum-free growth of a cell line relevant
to cultivated meat, reaching approximately 90% of the growth achieved under optimal serum
conditions.



Algae based technologies for cultivated meat

Algae-based
Raw biomass serum
replacement

E‘or food ind ustr;}

New
batch D .. = 4 batch

Size-based separation



C CU|tIVOz

ovative food solutio



Summary

* Bio-convergence accelerates innovations

* Ecosystem based solutions is a disruptive technology that can bypass
central hurdles in cultured meat production pipelines

* Adaptive for different cell lines (chicken, bovine, fish)

* The road is long, it requires patience, persistence and vision
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CultivO2 is pursuing a high-impact opportunity to apply its unigue microalgae and
hydrogel technologies to the rapidly growing field of skin regeneration and chronic
wound healing.

Backing layer Biological patch

Photosynthetic
microorganism

Semipermeable
membrane



The vast majority of chloroplast resident proteins are
encoded by nuclear genes

Nucleus Chloroplast

Ribosome

~97% of chloroplast
proteins




What dictates the chloroplast proteome composition?

Nucleus Chloroplast

Translocation
clogging

Ribosome

~97% of chloroplast
proteins

Loss of function
Mis-localization
Aggregation



Most of the factors involved in chloroplast protein quality
control (PQC) are encoded by the nucleus

Nucleus Chloroplast

Ribosome

~97% of chloroplast
proteins



Examining the abrupt response towards the pathogen

cytoplasmic microtubule organization 5 Up - 363 genes
0
microtubule_based movement g Cre01.g001657 Cre01.g017650 Cre01.g034550
s < 150 700 - 1000
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intraciliary transport 8~
400
protein refolding and polymerization % 0 - 200 ] w00 ]
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translation initiation &
g 4000 2400 | 5500
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— 2200 1
metabolic processes ha
6 2500 + 4000 4
Z 0 1 2 3 4 1800_6 1 2I 3 4 0 1 2 3
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Four out of five mutant strains tested colonize as WT

1e+08




Two resilient mutant strains were isolated
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Causality was verified by complementation and linkage

Complementation

O 0O O

B4

Comp1
Comp?2

Comp3

Comp4

Genetic linkage

Tetrad #1 Tetrad #2 Tetrad #3 é\ > $<

120bp
100bp

120bp_

100bp
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Z-score

ZIP3 is significantly upregulated

T2

ZIP6

ZIP5

ZIP7

ZIP3

MTPS

ZRT1

ZRT4

IRT2

MTP1

Normalized expression

ZIP7 ZIP3
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700 -
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The closest homolog in Arabidopsis is ZTP29 (AT3G20870)

Saccharomyces cerevisiae

Gossypium hirsutum
— Medicago truncatula

§ Glycine max

-% Chlamydomonas reinharditii

% TReeU =) ZTP29 homolog in Arabidopsis
Zea mays Transmembrane protein located in
Arabidopsis thaliana the ER.

— Dictyostelium discoideum

m Candida albicans

éf — Caenorhabditis elegans

i

( Mus musculus
Homo sapiens



The closest homolog in Arabidopsis is ZTP29 (AT3G20870)

Green: ZIP3
Blue: AT3G20870

RMSD(align)=1.045

inoculant /’

ViV X

Straina Strainb Strainc

Antagonistic
bacteria ZTP29 -/-

Identity and similarity 58%



Multiple MF6 mutants lost their virulence

e ® ® ° o e Hits
o o ® o o Mutants

|.. @ WT
: o No bacteria

Chlamydomonas
pellet size

Normalized OD (bacteria)



Microalgae Presence Doubles the Biomass Within Two
Days

0.6
Xk %k Xk

0.5

0.4

© «—Transwell insert

Medium
>-< Algae in SA 3D scaffold 0.3 I
""" <+—0DF] cells (2D)
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Abs. (quantitative cell proliferation)
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Microalgae Restore Spent Medium and Consume Toxic By-
Products
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Gas Chromatography/Mass Spectrometry (GC-MS)
Analysis of Spent and Algae Treated Media
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The goal is to optimize symbiosis by enhancing photosynthesis and toxic byproduct consumption while minimizing nutrient
competition.



Genetically Modified Microalgae for Optimized Symbiosis

Glucose consumption by microalgae not only compete with animal cells on essential nutrients but also reduces
photosynthesis rates
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We developed microalgae that doesn't require external glucose supplementation and can effectively carry
out photosynthesis.

We developed microalgae that produce the growth factor bFGF (data not shown).



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46: World population is expected to reach ~10 billion by 2050
	Slide 47
	Slide 48
	Slide 49: The dream for an affordable Cultured Meat 
	Slide 50:  Our Vision:.  Crossing the kingdoms.
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58: Summary
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64: Most of the factors involved in chloroplast protein quality control (PQC) are encoded by the nucleus
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76

