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The Plant Microbiome

» The plant microbiome are distinct microbial communities associated with all
plant host tissues and areas surrounding the plant tissue - _
* i Vi PLANT ‘e »
s key determlr_lant of plant health and productivity MICROBIOME | i =
**key players in global biogeochemical cycles
s+ an extension of the plant genome

Every plant has a microbiome

environment inside 7
pppppp
withi;

**Manipulation of the plant microbiome has the potential to
*sreduce the incidence of plant disease
s increase agricultural production
*sreduce chemical inputs and reduce emissions of
greenhouse gases
ssresult in more sustainable agricultural practices

robial

‘hhmi | Tangled Bank Studios "‘ \
https://medium.com/hhmi-science-media/visualizing-the-
plant-microbiome
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Trivedi, et al, 2020, Plant-microbiome interactions: from community assembly to plant health,

Nature Reviews, Microbiology, Vol 18.

Functions of plant-associated microbiomes
Promote Growth, Nutrient acquisition
» Nitrogen fixation
» Ammonification
» Phosphate solubilization
» Make other essential nutrients available
to plants

Protection, Defense
» Protect against pathogens, competition
» Protect against pests
» Induce systemic resistance, antibiotic
secretion
» Siderophores
> Volatiles

Stimulants
» Hormones
» Detoxification
» ACC deaminase
» Mitigate abiotic stress



What effects the microbiomes-biotic & abiotic

Phyllosphere & leaf endophytes

* Nutrient poor

« Low diversity

« Subject to extremes of temperature
« Radiation

* Moisture

« Plant genome

Biofertilization,
biostimulation,
biocontrol

Root
interior
microbiome
-including-
PGPBEs

Rhizosphere & root endophytes I

* Root exudates which vary between 3 '
species & cultivars

 Soil content & conditions

* Root structure

Recognilion &
recruitment

Competition &

Chemical signalling e
colonization

 Plant selection, plant-microbe s ng i iy Ny
interactions T - LA D B mirobime
* Microbe-microbe interactions endopyes

Gaiero, et al, 2013. Inside the root microbiome: Bacterial root endophytes and plant growth promotion. American

Cross-talk Journal of Botany, 100:9, 1738-1750.
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* Core plant microbiome members

Adapted from Fitzpatrick et al., (2020). Annual Review of Microbiology

Factors responsible for
shaping diversity and
selection of plant
microbiota

1 Host specific microbiota,
genetically distinct
populations

2 Geographic location and
corresponding environmental
features

3 Microbe-microbe
Interactions



How do we study the Microbiomes?

Who is there? What can they do? What are they doing?
Microbial potential: Metabolic potential: Microbial function:
available cellular material available genetic material active metabolic pathways
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Microscopy Culturomics Metabarcoding Metagenomics Metatranscriptomics Metaproteomics Metabolomics
Microbial phenotype Spp. Characterization Community composition Genes/Genomes Gene expression Protein expression Metabolites production
Colonization patterns Cellular function Microbial networks Genes function Active gene function Metabolic functions Microbial products

Substrate
Cells = DNA =) RNA [ Protein i> Metabolite\

RACS platform for cultivation free studying microbial metabolic pathways 1

Microbiome -

RACS — Raman assisted cell sorting platform

Adapted from Berg, et al., Microbiome, 2020.



A combined metagenomics, metabolomics, and synthesized microbiome approach

Cotton r: @

Healthy

Isolationof OTU a, b, c...
compounda, b, c...

Examination for PGPTs

In vitro test

and Microbe-pathogen
interactions
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Root Metabolites
Microbial o
whole-genome :
sequencing

Metagenomic,
metaproteomic, and
metatranscriptomic

analyses

Mechanisms
b A~ study

Adapted from Liu et al., (2020). Trends In Plant Science




Crop plants grown on ISS and ground

What do we know about these communities in space flight growth facilities

Two plant growth facilities on ISS

» Enclosed growth spaces

» Exposed to Station environmental
parameters/conditions

» Investigated the communities (ISS vs Ground)
under ISS conditions with exception of
microgravity

General Knowledge

» In terrestrial & aquatic systems both require microbes

» Plants will actively recruit microbes that will adjust
nutrient availability

» Recruit microbes that naturally fight off pathogens &
reduce stress responses

» Hydroponic systems are more favorable to bacteria than
fungi




Veggie ‘Outredgeous’ lettuce

flight-ground comparison

Top Class Classification Results
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Veg 01A & B Plant & Root Bacterial Community

FP-B GP-B

Flight vs Ground

FR-B GR-B

Nevskia
| Bacillus
® Erwinia
mLabrys
m Chryseobacterium
®m Novosphingobium
m Segetibacter
mNiastella
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®m Pseudomonas
Sphingomonas
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m Methylobacterium
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m Acinetobacter
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m Burkholderia
m Ralstonia



OL_Leaf_Unsan OL_Root_San

Microbiome Study

Red Romaine Lettuce Mizuna Mustard
Acinetobacter Acinetobacter
Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium
AZOSpfrﬂlum OL_Leaf_San OL_Root_Unsan
Bacillus ‘Outredgeous’ Lettuce
Bradyrhizobium
- - MM_Leaf_Unsan MM_Root_San
Burkholderia-Caballeronia-
Paraburkholderia
Escherichia-Shigella Escherichia-Shigella
Massilia Massilia
Methylobacterium
Methylophilus Methylophilus 11
0 (20.8%) 0
% (0%)
Pseudomonas
Ralstonia Ralstonia ‘ ‘ e r '
) - - - MM_Leaf_San MM_Root_Unsan
Sphingobium Sphingobium
Sphingomonas Sphingomonas Mizuna mustard




Metatranscriptome — ‘Outredgeous’ Lettuce

Ref- Seq Organlsm Ref-Seq Functional Groups
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Fertilizer B

Trip Blank - TP2
Plant Root 4 - TP3
Plant Root 1 - TP3
Plant Root 1 - TP2
Plant Root 8 - TP1
Plant Root 4 - TP2
Plant Root 5 - TP1
Plant Root 2 - TP2
Plant Root 6 - TP1
Plant Root 7 - TP1
Plant Root 9 - TP1
Plant Root 2 - TP3
Plant Root 3 - TP3
Plant Root 9 - TP3
Plant Root 5 - TP3
Plant Root 6 - TP2
Plant Root 8 - TP2
Plant Root 9 - TP2
Plant Root 7 - TP2
Plant Root 3 - TP2
Plant Root 5 - TP2
Plant Root 4 - TP1
Plant Root 1 - TP1
Plant Root 3 - TP1
Plant Root 2 - TP1
Plant Root 8 - TP3
Plant Root 6 - TP3
Plant Root 7 - TP3

o Sterile Water Control
Extraction Control

Trip Blank - TP3
Trip Blank - TP1
Fertilizer A
Reservoir - TP3
Reservoir - TP1
Reservoir - TP2
Rock Box - TP2
Rock Box - TP1
Rock Box - TP3
Growth Plug

Edmonds, et al., Antonie van Leeuwenhoek 2020
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Taxonomy

Thaumarchaeota
Acidobacteria
Actinobacteria
Armatimonadetes
Bacteroidetes
Chloroflexi
Cyanobacteria
Firmicutes
Gemmatimonadetes
Nitrospirae
Parcubacteria
Planctomycetes
Alphaproteobacteria
Betaproteobacteria
Deltaproteobacteria
Gammaproteobacteria
TM6 (Dependentiae)
Verrucomicrobia
Unassigned

Phyla <1%

% Alive 50 Days

REGOLITH STUDY

Occur naturally

Nitrogen Fixers

Crops
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From Kamelink, et al, PLOS|One, 2014.




Good — Bad — Maybe?

Harmful Beneficial
Assay screening of isolates Sifgiiocn : |
for benefits is needed to a{g, oy | O
identify PGPB. el ot — W 7 .

- IAA Production - Ganycpten

Phosphate Solubilization 28 _, T
. . Caulosphere — — VIR
Siderophore Production i 6
. . Phylloplane =4 ¥ . ”
Anti fungal potential ~ Protiets €
Growth promotion rrylospnere ~
StUdleS Endosphere fj ‘ o Algae
Rhizoplane : ,/"\“QV’ "
Rhizosphere -  J "r 3‘ . N,H
o’ : ( Gg Nematodes 'ﬂ'Di,-»f
p 3
Bulk soil

Adapted from Yadav et al, New and Future Developments in Microbial
Biotechnology and Bioengineering




Available online at www.sciencedirect.com Current Opinion in

ScienceDirect Plant Biology

ELSEVIER
Understanding and exploiting plant beneficial microbes )
Omri M Finkel'*”"", Gabriel Castrillo’***", Sur Herrera Paredes’”?, ®°’°”““’k
Isai Salas Gonzalez">* and Jeffery L Dangl'=°*°°

Screening of large number of isolates
» Despite of vast-diversity of soil microbes, plants are highly
selective microbial niche
Ecological considerations of plant beneficial

function of microbes
= Ability to invade and persist in the context of indigenous
microbial populations
» Environmental/abiotic conditions
» Plant-microbe interactions in soil
Diversity of the inoculum
= Single vs. complex inoculum

Genetic control of beneficial plant-microbe

Interactions
» Host genetics contributes to plant microbiome assembly

» LA
QO Actinobacteria B“.

s ek
Q© Bacteroidetes L
QO Firmicutes

N
- @ Proteobacteria -
2 t N
RS Y e

v Cells and other
materials released
I by the plant through
. _rhizodeposition.
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David Bulgarelli, Feb. 2018, The Scientist
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High-quality crops fiook-assoilated High-throughput Network analysis Core microbial taxa and hubs
microbiome sequancng &
KOMODO: predict microbial
= culture media
| || ) e .
== Synthetic

Biofertilizer Microbial consortium

Microbial
Consortium

A

" Microbial-microbial
synergism

Mineral
nutrients

‘ Construction of microbial consortia and
Microbial consortium ecologically and functionally feasible evaluation the fitness and function of
synthesized microbial ecosystems Adapted from Kong et al., 2018. Frontiers in Plant Science



Plant Microbiome and Pathogens

<%

| Microbiome-
‘ pathogen/pathobiome
interactions:

Pathobiome with keystone
and accessory pathogens:

- Gene transfer

» Cross feeding

« Antibiosis, predation
« Toxin degradation

+ Quorum sensing, signaling,
and signaling interference
(volatiles, oxylipins,
homoserine lactones, etc.)

« Elicitors, biofilm production

] » Polysaccharides
Pseudomonas syringae pv. tomato + Biofilms

» Phytohormones

» Elicitors (flagellin, LPS, AHLs...)
- Virulence factors

- Secretion systems

- Adhesion factors

HO

Plant responses: Plant responses
Sweet orange scab (SOS) by - Secondary metabolites after perception of:
fungus Elsinte australis, - Oxylipins - MAMPs - MTI

*ROS - Effectors - ETI /
-HR Fa >, N7
[ ] , ‘ [
N - Defensins ~:¢ * k.) v ' Pathogen
Environment : Pathogen - Pathogenesis-related ” 9,
«Temperature variation , - Fitness and survival proteins » o b 4 d "*" .*_ ]
- Soil parameters %\ « Abundance _‘
- Leaf wetness - Adaptation _*_ ' ¢ e
« Precipitation «Virulence ’_*_ ” ¥ o A~
« Temperature .
“Wind ' Plant cell » 00 *i & . j‘ ~ Nonpathogenic
\ microbes
2 oo
. Sus?e:iitbility ) / \ f .
* Growth stage Plant stem interior| WWE |
Plant Disease Triangle g Brader G, et al. 2017.

» = = P cC ¢
A28 Annu. Rev. Phytopathol. 55:61-83



) Enrichment of Proteobacteria,
Fusarium oxysporum

Xanthomonas Stenotrophomonas Microbacterium PR e ““

2 g feoernslal Actinobacteria, and Firmicutes Tomato

- Sp- Iyeop (Bacillus)

Hyaloperonospora
arabidopsidis/ Asrsemblage of.bene.flual Sl et
Pseudomonas rhizosphere microbiome

syringae pv. tomato

Fusarium oxysporum Increase of taxa associated to

. . . ) Flax
f. sp. lini Fusarium wilt suppressiveness

Attraction of Trichoderma
Botrytis cinerea harzianum and inhibition of Tomato; Cucumber
Fusarium oxysporum

Distilled Organic  Chemical Seeded with Seeded with  Seeded with

water fertilizer pesticide P. aeruginosa B. subtilis B. subtilis
e E o,

Synergistic interactions between
Xanthomonas, Stenotrophomonas, and Microbacterium spp.
upon foliar defense activation by the downy mildew
pathogen Hyaloperonospora arabidopsidis in Arabidopsis
thaliana. Berendsen et al., (2018) The ISME Journal

DW - p FB2 RMBS5 NS4

Plant growth and root health of Arugula plants grown in Pythium
infested soil with various treatments.
Ali et al., (2019) Microbiological Research.
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@@ Microbiota-mediated extension

of the plant Immune system

= Plant Innate Immunity
» Pathogen Recognition Receptors
(PRRs) triggered immunity
» Inside the plant cell, Nucleotide-binding
domain and leucine-rich repeat-

Recruitement

» Microbiota Modulated Immunity (MMI)
= Direct Microbial Competition (DMC)

Niche and space competition Strategies: direct, guard, (integ.)decoy

© Immunomodulation by each strain (1) Membrane-localized receptors .

o Induced systemic resistence (2) Detect apoplastic elicitors o CcoO ntalnlng receptors (N LRS)
Q Disease-induced re-assembly (3) Strategy: direct (mostly) ) .

g = , | 5 = Extended Immunity

= Metabolic interdependencies Intracellular receptors

) Secretion of antimicrobials Detect cytoplasmic elicitors

%)

]

A

Inactive r\b

ATP/ADP
Oligo-merization ? ’

4 ]

Elicitor

Key to synthetic community design
= Able to predict beneficial outcome
» [ncreased robustness of beneficial
microbial trait expression is increased
by redundancy and dominance

Activated NLR

Environment

Adapted from Vannier et al., (2019). PLOS Pathogens



Plant Biostimulants: An approach to synthetic microbiome

“...a substance or micro-organism that, when applied
to seeds, plants, or the rhizosphere, stimulates natural
processes to enhance or benefit nutrient uptake,
nutrient efficiency, tolerance to abiotic stress, or crop
qguality and yield.”

Agriculture and Nutrition Act of 2018, Section 9201(c)

Humic substances bimins

B Vitamins Acids
Inorganic salts Fulvic acids

Other organic acids ,
Mycorrhizae,

Amino acids  Fatty acids/ lipids Tn’choderma, orhler
PGPR's beneficial fungi

Proteins

Beneficial
elements (Si, Other
Na, Co, etc.)

Protein hydrolysafes‘ Pept: @

| - Cytokinins picrobials
Polyamines  Seaweed/Kelp Rhizobium

Carboxyls Complex
Phytohormones  communities /
consortia

Nitrogenous

Phosphites compounds Betaines

Enzgvma;tio Chitin/ chitosan Laminarin, alginates.
extracts 7 :
Otherorganic Extracts other polysaccharides
matter extracts Polyphenols

Allelochemicals Botanicals

Source: Agncen Scences analysis of
markel analvets survey papers on Sostmulbnes

“ = j
REDUCES

the impact of
abiotic stresses

STIMULATES
plant metabolism

IMPROVES
crop yield

HOW DO BIOSTIMULANTS WORK?




Improve crop

yield and quality

Foliar
application

Microbial Application “‘
Biostimulants |

e P efficiency
Drip irrigation =

Enhance Enhance soil microbial
activity

TCO09 Control

Growth promotion of Mizuna mustard by
exposure to TCO9

Stimulate Stimulate plant
metabolism

Optimize Optimizes nutrient
uptake, assimilation &

Protection Protection from biotic and
abiotic stress

Cayenne B
2 -8 G, S ~ e Direct Seeding Tissue Culture TCO09
Direct Seeding Tissue Culture TC09 (CK-1) (CK-2)
(CK-1) (CK-2)
c Cayenne Minisweet
Direct ‘1'\ T
Seeding | ‘:‘ { l ) (
(CK-1) (L t‘(‘(c-‘) 23
Tissue " . 3
Culture A N4 ¥
(CK-2 ] \V "

e

Wrew
wev i/
3 :!!v ()]

Plant 1 2 3 4 5 1 2

Plant growth and fruit production of pepper (Capsicum annuum) varieties cayenne
‘Long Thin’ and sweet bell ‘Minisweet Pepper Mixed’ promoted by exposure in

vitro to Cladosporium sphaerospermum strain TC09. Adapted from Li et al., (2019)
Frontiers in Plant Science.



Summary

* Plants and their associated microbiome interactions are immensely
intricate and exclusive to the host

e Stability and succession of the rhizosphere microbiota depends upon
plant type, soil, or artificial media composition

* Knowing who is there is helpful, but knowing how the community
behaves is critical

e Carefully designed synthetic microbial communities or biostimulants
can act as growth promoters as well as help plants alleviate
biotic/abiotic stressors



Endophyte
formulation

Endosphere

Rhizosphere

Adapted from Mitter et al., (2017) Frontiers in Microbiology.

Modify Plant Microbiomes
and Traits by Introducing
Beneficial Bacteria at
Flowering into Progeny
Seeds



