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ACTC Ny
Learning objectives:

¢ Root and rhizosphere traits - plant-microbe interactions
¥ Root traits for microbial recruitment, nitrogen cycling, and overall soil health
U WISH-ROOTS: Wheat Improving Soil Health - ROOT traitS

¢ Ppotential applications for sustainable agriculture



~500 million years ago ... ACTH ONr
Plants colonized the land

R L R S plants engaged in symbiotic associations with arbuscular
4 § mycorrhizal fungi as early as 400 million years ago

Rhizoids — fossils of rooting systems
Rhynie Chert, Scotland

Adapted from Kenrick et al. Plant Physiol. 2014

Adapted from Ma et al. Trends Plant Sci 2020



Root plasticity is crucial for plants to adapt to changes in the environment
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Evolutionary adaptation:

ACTE Ny

Different plants + different soils =

different roots

Plant roots have evolved to adapt to different environmental conditions (including soil type and health status).

Their plasticity involves traits to keep adapting to emerging challenges.

Zhang, Y. et al. 2019. Evolution of fast root gravitropism in seed plants. Nat Commun 10, 3480.

Shekhar V, et al. 2019. The role of plant root systems in evolutionary adaptation. Curr Top Dev Biol. 131:55-80

Peter R. Ryan et al. 2016. Plant roots: understanding structure and function in an ocean of complexity. Annals of Botany 118(4): 555-559



Roots today — diversity in root morphology and architecture

From Shoots to Roots: revealing the above and below ground stroctore of meadow plants

Bowskill V. and Tatarenko I. Floodplain Meadows Partnership 2021




Target root traits to secure Ccrop

productivity and resilience to
climate change
: % Physiological root traits
Root traits are important drivers of key i— ol
entire root system of an kinetics, root respiration,
ecosystem processes: mmom———— e,
rooting depth, root length
- carbon (C) and nutrient cycling i ot bmmchimg il

- the formation and structural stability of soil

¢~ Architectural traits
¢ Morphological traits

U @

(1
+ Biotic traits involve direct

¢ Physiological traits

‘ . 3 3
@)y BlOth traltS Morphological traits refer to

features of individual roots, interactions between roots and

such as root diameter [B], soil biota that affect nutrient

specific root length [C], root capture, such as associations

tissue density, and root dry with mycorrhizal fungi [E] and

matter content, zobia in legumes), but
Bardgett RD et al. 2014. Going underground: root traits as = i Y Tiob:m‘:lim "
drivers of ecosystem processes. Trends in Ecology & “-\ pathogéns.
Evolution, 29(12), 692-699

TRENDS in Ecology & Evolution




Root phenotyping An overview of root phenotyping objectives, target traits
Targettraits ~ and methodological approaches for root phenotyping

y
ﬂ‘ Anatomy

Morphology

Mechanics
Architecture Phenotyping
Physiology methodologies Root-microbiome
Chemistry DNA/RNA interaction
Biotic sequencing

interactions

Chromatography
Mass spectrometry

Drought

resistance

Nutrient
acquisition

Modellin
Mechanical 9
testing

Imaging - image
analysis

Adapted from Carley, CN et al. 2022. Root biology never sleeps -
ISRR11 Meeting Report. New Phytologist 235.6: 2149-2154
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Root functions - commonly known
e Anchoring of the plant to the
soil.
e Absorption of water and
nutrients from the soil.
® Transport to the stem
® Storage of food
e Vegetative reproduction
e Competition with other plants

Adapted from de la Fuente Cant6 C. et al. 2020. The Plant Journal 103.3: 951

Root functions: above and below ground

Qs

V2727
AN

Tolerance to abiotic stressors

Extended immunity against
biotic stressors

Soil
aggregation

Microbiome * 4 ; A Rhi;q;pht_are
(bacteria, archaea, L acidification

fungi, protists) @

competition/ antagonism with

Mo d
phytopathogens or parasites P icaase

'179,( ion mobilization

Specialized root functions

A Response to abiotic stresses:
nutritional limitations,
toxicity, waterlogging,
physical constraints, heat,
cold, drought, flood

gas Response to biotic stresses:
pathogens, commensals,

herbivorous

e Support of soil health:
structure (pores, air, water,
carbon) and biodiversity

#:~ plant-microbe cross-talk

Tracy SR et al. 2020. Crop improvement from phenotyping roots: highlights reveal expanding opportunities. Trends in Plant Science 25.1: 105-118
Freschet, GT et al. 2021. Root traits as drivers of plant and ecosystem functioning: current understanding, pitfalls and future research needs. New

Phytologist 232.3: 1123-1158



Specialized functions are directly linked with the physical, chemical and biological interaction
of roots with soil at different developmental stages.

PHYSICAL
* Growth affects soil porosity and soil density gradients.
* Root exudates modify soil water retention and hydraulic conductivity.

CHEMICAL
* Root mucilage and exudates affect nutrient dynamics
* Rhizodeposition and root uptake changes soil pH, mineral composition, and soil carbon.

BIOLOGICAL
‘ * Recruitment of soil microorganisms interdependently linked to root activity.
* Rhizospheric microorganisms can benefit plant fitness and adaptation to biotic and abiotic constraints.

de la Fuente Cant6 C. et al. 2020. An extended root phenotype: the rhizosphere, its formation and impacts on plant fitness.
The Plant Journal 103.3: 951



Example:

Relationships among plant and microbial drought response and effect traits.

Environmental
conditions

—————
Bulk soil \\ S ’

Plant response traits Plant effect traits
Transpiration and Root exudation
water use efficiency Mucilage production
Osmoprotective physiology Root elongation
Root hydraulic conductance Root respiration

Root elongation
Photosynthesis
Growth/development

Root nutrient and water uptake

EPS/ biofilm formation

microbial :
community Osmoprotection
IAA production

Cell wall architecture Antimicrobials/allelopathy
Morphology Antioxidant production
Sporulation ABA augmentation
EPS/biofilm formation Nutrient and C acquisition and
Osmoprotection processing (enzymes)

Microbial response traits Microbial effect traits

Drought response traits determine the direct
response of plants and microbes to drought.

These traits have a hypothesized link with drought
effect traits (arrows 1 and 4), which determine the
effect of drought on the plant.

Plant and microbial effect traits can feed back to
each other (arrows 3 and 5) and determine plant and
microbial response to drought (arrows 2 and 6).

Microbial effect traits can also feedback to influence
microbial response to drought (arrow 7).

All traits are affected by environmental conditions
and bulk soil microbial communities.

Morphology refers to filamentous hyphal growth of
fungi.

EPS, exopolysaccharide

ABA, abscisic acid

IAA, indole acetic acid.

de Vries FT et al. 2020. Harnessing rhizosphere microbiomes for drought-resilient crop production. Science 368.6488: 270-274



Up to %40 of the C fixed by photosynthesis can be released in the soil through carbon deposites
and exudates

up to N
50%C . Q:f;s;,;'
grain } 4
up to Root
19%C exudates
shoot Carbon
storage Why?
t Release of root exudates: plant-microbes
up to
At certain growth stages, the 40%C cross-talk
root+soil

plants will deposit up to 40% of
the C fixed in the soil, largely to
communicate with soil microbes

Freschet GT et al. 2021. Root traits as drivers of plant and ecosystem
functioning: current understanding, pitfalls and future research needs.
New Phytologist 232.3: 1123-1158

Philippot L et al. 2013. Going back to the roots: the microbial ecology of
the rhizosphere. Nature Reviews Microbiology 11.11: 789-799.



Nitrogen requirements and carbon deposits vary for the different Feekes Growth Stages
When is N more needed - key sampling time points?
Less carbon deposits in soil = less exudates?

Tillering > Grain filling

% carbon

Shoot

Root
Soil

https://agcrops.osu.edu/newsletter/corn-newsletter/what-meaning-feekes-growth-stages-wheat
https://www.extension.purdue.edu/extmedia/id/id-422.pdf

Sun, Zhaoan, et al. 2018. Allocation of photosynthesized carbon in an intensively farmed winter wheat—soil system as revealed by 1CO,
pulse labelling. Scientific Reports 8.1: 1-10.



https://agcrops.osu.edu/newsletter/corn-newsletter/what-meaning-feekes-growth-stages-wheat
https://www.extension.purdue.edu/extmedia/id/id-422.pdf

Composition of the wheat root exudates

e Lipids

e Carbohydrates

e Mucilages

Root exudates are
complex cocktails

eI l;‘,;\'f _
e Siderophores/chelators Ii fé

e Terpenoids - secondary metabolism
Wide range of effects on microbiome
functionality

e Aminoacids, and other
nitrogen compounds

e Phenolics
e Terpenoids
e Hormones

e Enzymes

Microbial guilds: a group of bacteria that show
consistent co-abundant behavior and likely to work
together to contribute to the same ecological function

Lucini L et al. 2019. Inoculation of Rhizoglomus irregulare or Trichoderma atroviride differentially
modulates metabolite profiling of wheat root exudates. Phytochemistry 157: 158-167



ACTC Ny
Learning objectives:

¢ Root and rhizosphere traits - plant-microbe interactions \/
¥ Root traits influence microbial communities, nitrogen cycling, and overall soil health
U WISH-ROOTS: Wheat Improving Soil Health - ROOT traitS.

¢ Ppotential applications in sustainable agriculture.



ACTEC Ny
NI Rhizosphere, rhizoshead and rhizobiome

* JuliusSachs, 1862: ‘soil binds to the youngest parts of the
root system of wheat (Triticum aestivum), forming a

rhizosheath’

* LorenzHiltner, 1904:first coined the term "rhizosphere™:

‘the area around a plantrootthat is inhabited by a unique

population of microorganisms influenced by the chemicals

released from plant roots’

\ Root microbiome
or rhizobiome



Rhizosphere ; Detritusphere y Bulk soil

A

¢ Organic matter inputs from living root e Organic matter inputs from dead litter e Lower microbial biomass and activity
(rhizodeposits) e Higher microbial biomass and activity e Higher microbial diversity
¢ Higher microbial biomass and activity * Higher prevalence of saprotrophic fungi  Slower biomass turnover and rates of organic
¢ Lower microbial diversity e High rates of organic matter flow matter flow
e Fast biomass turnover; high rates of organic
matter flow

e Increased predation

@
. . . . Mineral-associated " .
\* Bacteria Q Rhizodeposit * Protist organic matter < Clay particles
: ; Microbial =3 Organic Primary
I\ Viral particle &" Fangalhywiae 4 necromass ~ —> matter flow ' mineral grain

Sokol NW et al. 2022. Life and death in the soil microbiome: how ecological processes influence biogeochemistry.
Nature Reviews Microbiology 20.7: 415-4300

| Aggregate




An overview of the microbiome composition in agricultural soils.
The authors reported higher heterogeneity in organic than in conventional farming system

Acidobacteria Bacteroidetes Firmicutes Proteobacteria

Acidobacteria Gp3 Sphingobacteria Bacilli Alphaproteobacteria
Acidobacteria Gp4 Flavobacteria Clostridia Betaproteobacteria S
ystem
Acidobacteria Gps Unclassified Unclassified Deltaproteobacteria B Conventional
Acidobacteria Gp6  Chlamydiae Gemmatimonadetes Gowemaprotecbacterte ) Organic
Acidobacteria Gp7 D Chlamydiae Gemmatimonadetes Unclassified Treatment s ..
Acidobacteria Gpl 5 Chloroflexi ‘ Planctomycetes Verrucomicrobia ® C_O :
Acidobacteria Gp17 Anacrolineac Planctomyeetacia Spartobacteria ; (h;lij\
Unclassified Euryarchaeota ’ Subdivision3 ® G
Actinobacteria I Urctassiried b4 I’}I'I)
Actinobacteria ®cs
. . . . @ CC
» Acidobacteria & Bacteroidetes — decomposers of organic matter, promote plant growth oL
. . . . @cr
*  Firmicutes — plant growth promotion, biocontrol of plant pathogens
* Proteobacteria — nitrification and denitrification c
L )
* Actinobacteria - improve the availability of nutrients and minerals for plants, inhibit plant :
pathogens. Relative
. . L abundance (%)
« Gemmatimonadetes- carbon cycling, reduce N,O emissions. s
( /1.20
. . . . S J
* Cyanobacteria— nitrogen fixation o
. ) o  )roo
* Planctomycetes - Anaerobic ammonia-oxidizing (anammox) o
( )os
* Thaumarchaeota (Nitrososphaerota) - ammonia-oxidizing archaea g
. . . . : o . . O o4
* Verrucomicrobia - role in nutrient cycling through ammonia oxidation and nitrite reduction. ® o008
Improves plant health. Symbiosis with nematodes. Regulate methane emissions by oxidizing e obe e mmm
methanol in soil . 00l "® e@ee °

« Eukaryota/Ascomycota — soil stability, turnover of minerals/organic compounds
. Nitrospirae_ n|tr|te-0x|d|s|ng bacterium Lupat|n|, Manoell, et al 2017 SO” m|Cr0b|0me |S
more heterogeneous in organic than in conventional

* Chloroflexi — degrades organic compounds . ] _ . )
farming system. Frontiers in microbiology 7: 2064.

» Desulfubacterota, Clostridiales — degradation of organic matter



Ecological functions of soil microbes Microbial activities balance soil ecosystems, including functions
what do they do? like nutrient release, biocontrol, phytohormone production, and
promotion of plant stress tolerance.

Soll Quality . Distribution
. . - Biodiversity  Functionality  Resistance 4 Health: 5 Nutrition:
Soil Quality
Ok Ascomycote The role of microorganisms in The potential of soil microorganisms
oW Low Low High 19% Basidiomycota plant health and yield is defined to cycle nutrients and to increase
by the balance between levels of the bioavailability of nutrients for
5% Nort ereliomyccis soilborne pathogens, biocontrol, plants and sequester carbon in the
Health hormone production, and stress soil. This section is divided into
- Hocontrol:  Hocmihe R “SttessAdapt adaptation. macronutrients and micronutrients.
Health ‘ 26% Proteobacteria
; High Low Low 21% Actinobacteriota
Medium
8% Bacteroidota
: C A : £ > LS Ranks
Nutrition ( f Not Detected Very low
Low W
High @ \VeryHigh
Low Very High Low Low

BIOME

M A K E R S Imam, Nabeel, et al. 2021. Local Network Properties of Soil and Rhizosphere
Microbial Communities in Potato Plantations Treated with a Biological Product

https://biomemakers.com/ Are Important Predictors of Crop Yield. Msphere 6.4: e00130-21.



Functional analysis helps understanding how we can improve soil health and plant productivity

Phacelia

Soil Quality

Health

Nutrition

Soil Quality

-

Medium

Health

Very High

©
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Very High
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é
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Functionality
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K
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Bare soil
Soil Quality
Soil Quality (
Low
Health
Health (
Medium

Nutrition (

Phacelia (catch crop) - effective at preventing nitrogen
leaching and suppressing weeds.

Biodiversity

Medium

Biocontrol

Very High

N

Very High

Functionality

Hormone Pr...

Resistance

High

Stress Adapt

Elite wheat
Soil Quality
Soil Quality (
Very low
Health
Health (
Medium

C
Nutrition (
Low

https://biomemakers.com/

Biodiversity  Functionality
Medium Low
Biocontrol Hormone Pr..

High Low

N P
@@
:High Low

Resistance

Very High

Stress Adapt



Traits linked to the release of exudates include nutrient acquisition and tuning the
rhizobiome composition and associated functionality.

Rhizosphere traits

Zymography, 4C imaging, and

neutron radiography coupled to
AT localize rhizosphere processes.
)

/RO Root morphology

- rhizosphere extent 2 Artificial selection of
microbiota opens new avenues

- exudates decomposition 22 for improving plan ts

Co-localization analysis

99, - enzyme activity M\ . N B
N ( )—\\ /
~._\‘\ / o //

- primary metabolites \ * -

Jacquiod S. et al. 2022. Artificial selection of stable rhizosphere microbiota leads to heritable plant phenotype changes. Ecology letters
25.1: 189-201

Bilyera N. et al. 2021. Maize genotype-specific exudation strategies: an adaptive mechanism to increase microbial activity in the
rhizosphere. Soil Biology and Biochemistry 162: 108426



Enrichment (red) and depletion (blue) of bacterial community taxa and functions
in the rhizosphere relative to bulk soil

Bacterial microbiome

Bulk soil Rhizosphere
* K strategists . | — Composition P Functions
oligotrophs T . Q Pathogens
* Sporulation T C:?)ts?ot'?r%s;]sé Bacteroidetes Denitrification
1] - (Anti)-Toxin Xylanolysis, Qellylolysis
_‘., * Heterotrophic w Proteobacteria Methanol oxidation
strategy Ureolysis, Chitinolysis
. Actinobacteri Ligninolysis, N, fixation
Enrichment \ ctinobacteria Shetfictonhy
Microbial networks :f_'._","; High modularity
in rhizosphere o rh: Low stability
Depletion AN Nitrospirae Nitrification
Legend: Gemmatimonad.
Enr:]qhmeﬂt or depletiond s () Acidobacteria Respiration of sulfur
in rhizosphere compared | |} ; compounds
to root-free soil === thomiex i

Ning L. et al. 2022. Rhizosphere bacteriome structure and functions. Nature Communications 13.1: 1-13



Nitrogen Cycle




TN

N assimilation N,O

Amino

acids \
| NH,’ W N .
“z{l \ N blimass ’;i'ua NO
8 L) N _ l

N fixation

%} Fertilizer 3 Organic Eutrophication
%@ Q decomposition
e
Anamt)x l J o —
NH,/NH," < 2 S

Denitrification

Nitrification

NH,OH NO NO,—>NO,- : Lehnert N et al. 2018. Nature
) Leaching Reviews Chemistry 2.10:278-289




-'O\- Biological nitrification inhibitors (BNI) present in the root
. X f certain plan n slow down microbial
a solution? exudates o .ce tain p a.ts can slow do crobia
Th transformation of NH,* into NO5; and N,O
e
problem s
O C

v' Approximately half of the world’s
food production is supported by
the use of N fertilizers.

X globally, ~50% (70%) of the N-fertilizer
applied to crops is lost to the environment o
by leaching or gaseous emissions.

N-fertiliser is usually applied as NH,* but
rapidly transformed to soluble NO;~ and
easily lost to the environment 0O

N

Can you think of some economic and environmental implications? Which form of N does the plant prefer?
Which root traits are important for N management and cycling in the rhizosphere?



Biological nitrification inhibitors (BNI) are present in the root exudates of certain plants

Sorghum Signalgrass Rice
(Sorghum bicolor) (Brachiaria humidicola) (Oryza sativa) (Triticum aestivum)
o Sorgoleone A [ A ]
X OH g HO OH
/(I/\/\/W 1,9-Decanediol
H,CO™ 7 \
’ J
P
HO™ grachialactone
— ] OH T
HyCO_~ O A l
P | ]
OH O Sakuranetin e ?
0 |
& ~ e ?
| o [ e
HO S MHPP AMO HAO NXR

NHy/NH,' —————  NH,OH NO,” » NOy

Maize Pearl millet

(Zea mays (Pennisetum glaucum)
Maize

(Zea mays o

Coskun et al. 2017. Nature Plants 3.6: 1-10.
Otaka, et al. 2022. Biology and Fertility of
Soils 58.3: 251-264.

Ghatak et al. 2022. Biology and Fertility of
Soils. 58.3: 291-306.
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Results from bioassay -
Nitrosomonas europaea

Several wheat landraces exhibit biological nitrification inhibition capacity

Elite wheat
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00
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44

B. humidicola
Whyalkatchem

O’Sullivan, CA., et al. 2016. Identification of several wheat landraces with biological
nitrification inhibition capacity. Plant and Soil 404.1: 61-74.



A simple approach to phenotyping the trait (biological nitrification inhibition capacity (BNI):
Bioassay of a single strain - Nitrosomonas europaea

Colorimetric assay -
measure remaining NH,
and NOg4 produced

Collection of exudates from N. europaea + NH,* media +
plants grown in hydroponics exudates - 6h

Ty
e L XY
Peeeseee
St
Bl
shesesee

Limitations?

- young plants, only 4 weeks old (is that a good sampling time point?
- plants will behave differently in soil

- only allows to measure BNI effect on a bacterial strain

- high variability

- N. europaea is not often found in soil?
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Learning objectives:

¢ Root and rhizosphere traits - plant-microbe interactions \/
¥ Root traits influence microbial communities, nitrogen cycling, and overall soil health \/
U WISH-ROOTS: Wheat Improving Soil Health - ROOT traitS.

¢ Ppotential applications in sustainable agriculture.
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@ wW'sh WISH-ROOTS: Wheat Improving Soil Health through ROOTS traits

FOO S

Our objective:

To enhance the potential beneficial effects of wheat cultivation on
soil health through the identification of root traits that can
optimize nitrogen (N) cycling and improve soil structure.

Erik Smolders
Lena Wantiez

Socetne xari” @) JULICH
Tanja Ehrlich

Tony Miller
Luzie U. Wingen

Simon Griffiths

Maria C. Hernandez-Soriano

John Innes Centre

BIOME
MAKENZ?
Alberto Acedo

WISH-ROOTS consortium: plant genetics, soil science, microbial ecology

Ashira Roopnarain
Busiswa Ndaba \\\_——y
Michael Kidson ARC * LNR

@

SUSTAINABLE
DEVELOPMENT
K

Wheat crop systems
Global economy

& / AND PROOUCTION
Agncultu strategies

Future food securi

-I CUNATE
ACTION

Soil health

Functions
Water storage
NPK cycling
Carbon storage

Microbiome
Diversity
Functions

Making soil health a wheat breeding target.
EJP Soil WISH-ROOTS Consortium. Review in preparation.



The A.E. Watkins Landrace Collection of Bread Wheat: a unique

resource to identify wheat root traits

- wheat landraces cultivars acquired by A.E. Watkins in the 1920s from 32
different countries in Asia, Europe and Africa (currently 1291 accessions)

- collected before modern plant breeding and the green revolution - source
of genetic variability for novel agronomic trait discovery

e}
L S
L . . T
a0 : 3
- g,
L ? Sl O
https://www.jic.ac.uk/research-impact/germplasm-resource-unit/
No. of 2 e
accessions = P =21
O 20 y
O s0 AG1  * AG3 AG5 AG7 & :
O 100 * AG2 AG4 e AG6 e Modern DEPARTMENT OF OVERSEAS TRADE.
- 35, OLD QUEEN STREET,

Loxpon, S.W.1.

wot v 16621/1928,

1 Cheng, S., Feng, C., Wingen, L.U. et al. 2024. Harnessing landrace - SR SRR i
diversity empowers wheat breeding. Nature 632, 823-831

With reference to your letter of the
John Innes Centre 16th instant, following on the interview with

Unlod:in& Natwe's Divercity



Wide genetic diversity in wheat landraces: what did we lose through breeding?

PC2

|
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D-Genome AB-Genome
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3 3
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0.2 0.2
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T. tauschii  LC MWC LC MWC

G
s
AZE

GEO
RQ
K
TR

Unknox

10 000 genotype-by-
sequencing (GBS)
markers run in a total of
3300 wheat landraces

wn

Lopes et al. 2015 Journal of
Experimental Botany 66 (12):
3477-3486

Standardized number of alleles
per locus (N ,) and gene diversity
(H) of 11 T. tauschii accessions,
119 LC, and 123 MWC
genotypes.

Reif. et al. 2005 Theor Appl
Genet 110, 859-864
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Microbiome recruited by bread wheat landraces and
modern cultivars:

Biodiversity

MDS2 [12.1%]

o
’

,mao

93 samples & 3490 taxa (). PCoA dist=bray

MDS1 [14.9%]

Hernandez-Soriano et. al. 2025
https://www.biorxiv.org/content/10.1101/2025.05.08.652585v1
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Microbiome recruited by bread wheat landraces and modern cultivars:

Core microbiome

== p_Acidobacteriota g_Sulfotelmatobacter

== p \errucomicrobiota g Terrimicrobium

— p_Actinobacteriota g Microlunatus A 391020
== p_Proteobacteria g_Methyloceanibacter

p_Thermoproteota g_TA-21

I p_Proteobacteria g_Microvirga

I p_Actinobacteriota g_AC-16

I p_Proteobacteria g_Skermanella
I p_Actinobacteriota g_Mycobacterium

I p_Proteobacteria g_FEB-22

I p_Proteobacteria g_HRBIN40
p_Chloroflexota g_GWC2-73-18

I p_Actinobacteriota g_Nocardioides_A_392796

p_Chloroflexota g_Kouleothrix

— p_Proteobacteria g_Ketobacter

Hernandez-Soriano et. al. 2025
https://www.biorxiv.org/content/10.1101/2025.05.08.652585v1

N-cycling
AG2 I
Elite
AG5 I p_Thermoproteota sp_TA-21 sp005877075

=—— p_Nitrospirota_A 437815 sp_NS-12 sp005877855

~ M p_Nitrospirota_A_437815 sp_Nitrospira_A defluvii_A

\\\_ ~———m p Proteobacteria sp_Nitrosospira sp900113575
AG3 L \\\. === p_Proteobacteria sp_Nitrosospira lacus
AN
¢ QRN
. .— = M p_Thermoproteota sp_Nitrososphaera gargensis
AG1 I R\ p_ p p_ p garg
NN

I p_Thermoproteota sp_Nitrosocosmicus hydrocola



Microbiome recruited by bread wheat landraces and modern cultivars:

Differential abundance (LinDA)

1 vs a_Modern (Reference)
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Hernandez-Soriano et. al. 2025
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Microbiome recruited by bread wheat landraces and modern cultivars:

Microbial co-occurrence network
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Microbiome recruited by bread wheat landraces and modern cultivars:

Dissimilarity network
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Microbiome recruited by bread wheat landraces and modern cultivars:

Association networks

Elite AG1

1 71
g

Ketodeier—

ococcaceae(F)

1761_Xanthcbacteraceae 503485(F) 1761_Xanthobacteraceae_503485(F)

Hernandez-Soriano et. al. 2025
https://www.biorxiv.org/content/10.1101/2025.05.08.652585v1



Microbiome recruited by bread wheat landraces and modern cultivars:

Differential networks
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Microbiome recruited by bread wheat landraces and modern cultivars:

Predicted functions
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New Results A Follow this preprint

Unearthing the rhizosphere microbiome recruited by ancestral bread wheat

landraces

Maria C HERNANDEZ SORIANOQ, "= Frederick James Warren, 2 Falk Hildebrand, = Luzie U Wingen,
Anthony | Miller, ©2 Simon Griffiths

doi: https://doi.org/10.1101/2025.05.08.652585
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2. Identification of QTL for BNI capacity to breed this trait into modern wheat varieties

Parental lines differ genetically for the trait

| QTL analysis links:
Low \ \t én‘ll/ i, High BNI - phenotype for each lines
m(B)g“em\\ Y/ ) G g\(f/\\/ ancient - genotype of markers that vary between parental lines
cultivar 3 |- landrace - Statistical techniques: probability that a marker/
. R [a] interval between two markers is associated with a QTL
a affecting the trait

Quantitative trait loci (QTL) mapping:
linking BNI activity - wheat genes [b]

B

% " Luzie U. Wingen, JIC
(7N

Recombinant inbred lines (RIL) [b] of bread wheat: [a] O'Sullivan et al. 2016 Plant Soil 404:61-74
individuals contain different fractions of the genome of each

L [b] Wingen et al. 2017 Genetics 205(4):1657-1676
parental line






@ wW'sh WISH-ROOTS: Wheat Improving Soil Health through ROOTS traits

FOO S

Our objective:

To enhance the potential beneficial effects of wheat cultivation on
soil health through the identification of root traits that can
optimize nitrogen (N) cycling and improve soil structure.

Erik Smolders
Lena Wantiez

Socetne xari” @) JULICH
Tanja Ehrlich

Tony Miller
Luzie U. Wingen

Simon Griffiths

Maria C. Hernandez-Soriano

John Innes Centre

BIOME
MAKENZ?
Alberto Acedo

WISH-ROOTS consortium: plant genetics, soil science, microbial ecology

Ashira Roopnarain
Busiswa Ndaba \\\_——y
Michael Kidson ARC * LNR

@

SUSTAINABLE
DEVELOPMENT
K

Wheat crop systems
Global economy

& / AND PROOUCTION
Agncultu strategies

Future food securi

-I CUNATE
ACTION

Soil health

Functions
Water storage
NPK cycling
Carbon storage

Microbiome
Diversity
Functions

Making soil health a wheat breeding target.
EJP Soil WISH-ROOTS Consortium. Review in preparation.
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Linking genes for Root System Architecture (RSA) with soil physical properties

wide root angle, shallow roots narrow root angle, deep roots = I RSA\
- root growth angle
|| - total root length
j-— - total root surface
= - average root length
- - primary root surface
= - primary root length
- primary root volume

» Carbon storage - removal of CO, from atmosphere
» Soil structure - decrease erosion, improve water retention
» Feeding/attracting beneficial organisms

Maccaferri, Marco, et al. 2016. Prioritizing quantitative trait loci for root system architecture in tetraploid wheat.
Journal of experimental botany 67.4: 1161-1178.



X-ray Computed Tomography

A non-invasive

technique for

visualizing &
quantifying the Soil porosity

interior of a solid Total volume of soil pores

object in 3D. Pore thickness
Connectivity & complexity of the pore network

www.nottingham.ac.uk/microct/



Root traits of different wheat cultivars influence soil structure: an X-ray computed tomography
and root morphology study
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Ongoing field trails

Nx2 Nx1 Nxo0

Landrace Cultivar Landrace Cultivar Landrace Cultivar

+ 3 regimes of N-fertilizer application: 0/48/96 kg N/ha

» 2 wheat cultivars — contrasting BNI capacity

Nx2 Nx1 Nxo0

Landrace Cultivar Landrace Cultivar Landrace Cultivar

Hernandez-Soriano et. al. in preparation



Field trial:
+ 8 wheat genotypes — contrasting BNI capacity

« Sampling at key developmental stages

Amelia Lyons

15N-(NH,4),S04 15N-(NH,4),S04

Emergence Tillering \ Booting Heading ’/ Senescence
o |/ \ f/ Iy
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ACTC Ny
Learning objectives:

¢ Root and rhizosphere traits - plant-microbe interactions \/
¥ Root traits influence microbial communities, nitrogen cycling, and overall soil health \/
¢ WISH-ROOTS: Wheat Improving Soil Health - ROOT traitS. \/

¢ Ppotential applications in sustainable agriculture.



https://bofin.org.uk/truthproject/

Farming Innovation Programme
. Innovate
UK

TRUTH:
Thriving Roots underpinning
Total Soil Health



Microbiome recruitment and land management

Fingerprint of the microbiome composition at
phyla resolution across contrasting land
management.

Soils under conventional farming:
Planctomycetes were more prevalent, while
Bacteroidetes were significantly reduced.

Conventional

Organic

Regenerative

- Planctomycetes

I Proteobacteria

I Actinobacteria

I Cyanobacteria

Acidobacteria

B Chloroflexi

B Firmicutes
Thaumarchaeota
Gemmatimonadetes

B Verrucomicrobia

. Bacteroidetes



Potential? nitrification rates

160

120

80

40

PNR

120

80

40

Soil from wheat

(NH,),SO,

rhizosphere added with

4

Bare_soil

lanova, p = 6 2e-06

Rhizosphere

{nova, p = 2 3e-07

Anova, p = 0.0048

-

12345678910

12345678910

Management

Conventional
Organic

Regenerative

NO; concentration
measured at 0, 3 and 7
days using a nitrate-
selective electrode
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Higher slopes indicate
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soil microorganisms
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Farming Innovation Programme : Research Starter Round 3

Innovate
UK

Characterization of a novel biostimulant
targeting crop root system and soil microbiome
through WISH-ROOTS methodological approach
and field trials.

| David Laurie — Place Farm Shop
BIOCAT+ John Innes Centre Dr. Maria C. Hernandez-Soriano — John Innes Centre

0SAMD Unladdng Natwe's Dit/cr(ﬁ'vf




BIOSTImax

« Biostimulants currently available in the market are either based on natural chemical compounds (such as humic acids) or
single strains of microorganisms.

+ BIOSTImax contains a mixture of humic acids and bacteriophages (phages) that can thrive within the soil microbiome
networks and become established, with reported long-term capacity to modulate a wide range of soil microbiome functions.

HUMIC SUBSTANCES 9 - oy e

Dead organic matter biodegrades over
time, leaving behind a nutrient rich residue.

Baseplate \,

Fibers

Siphoviridae Podoviridae Filamentous phage




Take home messages:

Root exudates released in the rhizosphere are a complex mixture of metabolites
The release of root exudates is a trait linked to a wide range of plant functions
through enrichment and depletion of bacterial (also archaea, fungi) communities

- plant defence against abiotic and biotic stresses

- nutrient acquisition
Release of root exudates pairs with other root traits to support plant and soil
functions
Analysis of rhizobiome composition and functionality is an emerging approach to

phenotype traits linked to root exudates and microbiome recruitment.



#

¢

Take home messages:

e Wheat roots can control nitrification through the release of biological nitrification
inhibitors in the rhizosphere

e The trait has only been found for a group of landraces - lost in elite varieties

e Analysis of the rhizobiome composition and functionality has allowed phenotyping the
BNI trait in wheat

e Analysis of the rhizobiome composition combined with functional assays is an
approach to phenotype traits linked to root exudates

e Root architectural traits can be identified with imaging techniques

e Selection of breeding methods needs to consider the potential loss of beneficial traits.
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How to identify rhizosphere microorganisms: bacteria and archaea

16S sequencing and bioinformatic work flow ,o——

-

Rhizosphere soil collection . .
Denoising, chimera removal, adaptor

{} B trimming and ASV calling with Deblur
DNA extraction and 4 5

amplification 16S V3-V4 primers Taxonomic assignment of ASV’s

{} against SILVA database release 138

300 bp paired end sequencing lllumina MiSeq
Q 9 Functional assignment against
FAPROTAX database PICRUSE

Import into QIIME 2 and read pair joining with VSearch I | Tax4Fun

Alpha and Beta diversity
Quality filtering for low g-scores and ambiguous read calls indices and data visualisation

I I in Calypso and PhyloSeq

¢




Soil microbiome - metagenomics.

16S rRNA sequencing focuses on a specific gene (16S rRNA) for taxonomic profiling, while
shotgun metagenomics sequences all DNA in a sample.

Soil from wheat
rhizosphere,
margins and
bare soil
collected by
Root Rangers

DNA extraction (JIC),
library preparation (QIB)

and metagenome
sequencing (Novogene)

Quadram
Institute

Sciences Health«
Food «Innovation

Dave Baker

N @vogene

Advancing Genomics, Improving Life

kL

BN

1

Microbial DNA extraction
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Tagmentation with BLTs

Microbiome

functions annotation

taxonomy and -

Data
analysis

Quadram
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Falk Hildebrand
https://github.com/hildebra/MG-TK

AN

» Taxonomic and
functional profiles

* Microbiome composition,
diversity and similarity of
functional profiles

+ Variation and differential
abundance

John Innes Centre

Unlocking. Natwe's Diversity

Maria Hernandez-Soriano



https://github.com/hildebra/mg-tk/

Library Preparation - purpose

*Preparing DNA/RNA for Sequencing:

DNA or RNA needs to be converted into a form compatible with the sequencing platform.

*Creating a Library of Fragments:

Breaking down the DNA or RNA into smaller, manageable fragments of a specific size.

*Attaching Adapters and Indexes:

Adapters, which are short DNA sequences, are attached to the ends of the fragments. These adapters contain sequences that
allow the fragments to be amplified and sequenced on the chosen platform. Indexes (also called barcodes) are used to identify
different samples during sequencing.

Key Steps

*Nucleic Acid Isolation: isolation of the DNA or RNA from the sample.

*Fragmentation: The DNA or RNA is then fragmented into smaller pieces, often using enzymatic or mechanical methods.
*End Repair: The ends of the fragments are repaired to ensure that they are suitable for adapter ligation.

*Adapter Ligation: Adapters are attached to the ends of the DNA or RNA fragments.

Amplification (Optional): e.g. PCR amplification step to increase the amount of DNA fragments.

sLibrary Quantification: to ensure that there is enough DNA for sequencing.

sLibrary Quality Control: to ensure that the library is of high quality and suitable for sequencing.



From raw reads to taxonomic and functional abundance Exploring your data:

matrices Tools for microbiome analysis
R packages
MATAFILER (now MG-TK) _
Pipeline to process metagenomic data from raw reads to taxonomic library(readxl) @
and functional abundance matrices. library(tidyverse)
MG-TK offers assembly-dependent (gene catalog) and assembly- library(ggpubr) phyloseq
independent (direct mapping to appropriate databases) workflows. library(tibble)
library(dplyr)
- Assemble metagenomes, profile miTags, profile functions, profile library(ggplot2)
taxonomy using a variety of approaches (MATAFILER.pl) library(patchwork)
* Build a gene catalog based on these assemblies and predicted _
genes, build abundance matrices from these and annotate the library(phyloseq)
genes functionally (geneCat.pl) library(phylosmith)
library(vegan)
https://github.com/hildebra/mg-tk/ library(microViz)
https://zenodo.org/records/5831723 library(micro4all)

library(Maaslin2)
library(NetCoMi)
library(microbiome)
library(Microbiomestat)
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