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FIGURES

Figure1Remaining rhizosphere soil attached to the root surface after the bulk soil was
shaken off (A). Collection of remaining rhizosphere soil by brushing it manually off the
FOOLS (B) (SOUICE: ODUIGEI). oo 8

Figure 2 A: Remaining rhizosphere soil after shaking off dry bulk soil: “dry approach”
B: After washing off bulk soil, rhizosphere is washed off and collected in a pot: “wet
approach” (Cicala & Escudero-Martinez, 2023). 13

Figure 3. Experimental scheme of different root washing and rhizosphere soil
sampling approaches tested. (A) Bulk soil is gently rinsed off until roots are only
covered with a thin layer of soil, rhizosphere soil is collected by repeated dipping into
vial filled with HQ water. Suspension is centrifuged, supernatant discarded and
collected rhizosphere soil is stored at -80°C for microbiome analysis. (B) Bulk soil is
gently shaken off; rhizosphere soil is collected via the root dipping approach described
in (A). (C) Bulk soil is gently shaken off; roots with attached rhizosheath are placed in
a centrifugation vial containing PBS and vortexed for 30s, rhizosphere soil is then
collected after centrifugation as described in (A). In approach A, B, C roots were then
subjected to exudation sampling for 3 h in HQ water containing 5 mg L-1 Micropur as
microbial activity inhibitor. (D) Bulk soil is gently shaken off, roots and shoots are
separated, and the top 6 cm of the root system are placed in a centrifugation vial with
PBS and vortexed for 30s, rhizosphere soil is then collected after centrifugation as
Lo STt ol g1 =T T o T (AN OO 14

Figure 4. Total dissolved carbon (C) exudation rate (umol C g™ root dry weight h') of
barley (Hordeum vulgare Barke) grown for 5 weeks in a sandy soil depending on root
pre-treatment approach., N=6, ANOVA, TUKeY, P < 0.05......ccooommrmmrnnrnsinsinssesssssiessses s ssssons 15

Figure 5 Boxplot representing the alpha-diversity index evenness (Shannon),
unplanted soil controls (Bulk A, B) for dip methods, unplanted soil controls (Bulk C, D)
for the vortexing methods and methods A, B, C, and D. In each panel, individual dots
depict individual biological replicates. Empty dots are outliers. Upper and lower edges
of the box plots represent the upper and lower quartiles, respectively. The bold line
within the box denotes the median. Letters indicate significant differences following
ANOVA and POSt-NOC TUKEY TESL. ..ottt 16

Figure 6 UpSetR plot of Taxa (ASVs) simultaneously enriched in pair-wise comparisons
retrieved from the different rhizosphere sampling methods (A, B, C, and D). Vertical
bars denote the number of ASVs enriched shared or unique for each comparison,
while the horizontal bars refers the number of ASVs enriched in the indicated
rhizosphere sampling method. ASVs differentially enriched at individual p-values <
0.05, Wald TeSt, FDR COIMECTE. ..ottt st ssenn 16

Figure 7 Effect of dry and wet bulk soil removal on root biomass of barley grown for 5
weeks either in a silty clay loam (ARV) or a clay loam (ADAS) soil. Welch Two Sample t-
test, p<0.05, n=4. 17
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Table 1 List of phenotyping tools suitable for field- and CE conditions to quantify
rhizosphere traits (exudate and MICrOIOME). ... 19
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1. Introduction

1. Aim

The aim of this deliverable is to provide a list of phenotyping tools suitable for
assessing various rhizosphere traits, such as root exudation and rhizosphere
microbiome traits, to support the development of more resilient crop cultivars
capable of mitigating the destabilizing impacts of climate change. In addition to a list
of phenotyping tools for root architectural traits (D2.1), we compile here a novel
toolbox for phenotyping rhizosphere processes. At the moment, the majority of tools
available are applicable to small and potentially medium-scale experimental
conditions mostly in controlled environments (involving a handful of tested
genotypes, soils or environmental conditions). However, during this project, we hope
to identify suitable proxies for complex rhizosphere traits that can then be applied in
large scale phenotyping (controlled conditions and field trials) (T2.2).

1.2. Background and scope

Belowground traits not only comprise root architectural, but also rhizosphere related
traits. The rhizosphere is characterized by dynamic interactions between roots and
the surrounding soil, whereby soil physicochemical properties as well as microbial
communities are influenced by living roots (York et al., 2016). The rhizosphere can
therefore be considered as a part of an extended root phenotype. The root associated
microbiome and the resulting cross-talk between plants and microbes are considered
to play a crucial role in plant growth performance, especially under changing climatic
conditions. Root exudates (i.e. organic compounds released by plant roots into the
surrounding soil) are believed to play a crucial role here as they drive a cascade of
feedback loops between roots, soil and microbes driving a range of soil and
rhizosphere processes (Bais et al., 2006).

The potential role of the rhizosphere as a part of an extended root phenotype has
received increasing attention in recent years (Oburger et al., 2022; Williams & de Vries,
2020). However, phenotyping difficulties of complex rhizosphere traits still impede
their consideration in applied plant breeding. Screening of easier assessable
aboveground traits as proxies for belowground traits may facilitate root and
rhizosphere phenotyping. For instance, as rooting depth determines access to water,
this trait is linked via water uptake and transpiration with leaf canopy temperature as
an aboveground trait. Hence, non-invasive screening of canopy temperature possibly
represents a proxy for root depth, since cooler leaves indicate an improved access to
water due to deeper roots (Li et al,, 2019). In this context, canopy temperature was
successfully used to estimate root biomass in wheat (Lopes & Reynolds, 2010).

In order to address promising rhizosphere traits for an improved climate resilience to
breeders, geneticists and agronomists, we present here a phenotyping toolbox with
cutting-edge methods and proxies as a novel approach.
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2. Toolbox for phenotyping rhizosphere traits

21.  Experimental system

A suitable experimental system is a prerequisite for phenotyping the rhizosphere. The
chosen experimental system determines not only plant growth and the expression of
rhizosphere traits, but also suitable sampling strategies and subsequent analysis
procedures. The unpredictability of field conditions (climatic conditions, pests, etc.) on
the one hand, and artifacts (e.g., restricted rooting volume in pots, limited substrate
availabilities, etc.) occurring in controlled environment (CE) experiments on the other
hand complicate the selection of a suitable growth system. As an example, soil-less
hydroponic or aeroponic culture systems are frequently used in CE conditions as they
allow operator-defined nutrient availability, as well as easy phenotyping of root
growth (Bucher, 2006) and root exudation (Oburger & Jones, 2018). However, these
systems lack the interaction with the soil matrix and the microbiome and are
therefore unsuitable systems for phenotyping rhizosphere processes. Certain
experimental systems, like the combined use of rhizoboxes with a root exudate
collecting tool (Oburger et al., 2013), are complicated to implement. They are restricted
to CE experiments and only suitable to investigate a small number of plants and
treatments. This toolbox (summarised in Table 1)focuses therefore on soil-based CE
experimental systems as well as field conditions, potentially allowing phenotyping of
rhizosphere traits of a medium or large number of species/ genotypes.

2.2. Rhizosphere soil sampling

The rhizosphere is defined as the volume of soil affected by living roots. Consequently,
the rhizosphere reaches as far as any change by the root in bulk soil can be observed
(Darrah, 1991). However, in experiments, the rhizosphere is often operationally defined
by the selected sampling approach. Here, we focus on rhizosphere soil sampling
strategies that are potentially suitable for medium- or large-scale phenotyping. This
involves previous excavation of the entire root system in a defined or undefined soil
volume (shovelomics) in the field or by removing the rooted soil block from a growth
container in CE conditions. Shaking off the bulk soil from the roots after excavation
represents an easy and common protocol to separate bulk from rhizosphere soil
(Barillot et al., 2013). Rhizosphere soil is then defined operationally by the amount of
remaining soil adhering to the roots, an operational definition coinciding with the
concept of the rhizosheath (Brown et al.,, 2017). Comparing the amount of adhering
rhizosphere soil (i.e. rhizosheath, being defined as the mass of soil still attached to the
roots after gently shaking off the bulk soil) from different genotypes, allows us to
obtain information about potential differences in size and strength of the rhizosheath
(Brown et al., 2017). However, environmental factors, like soil moisture, will also affect
rhizosheath mass which either requires controlling or at least monitoring of sail
moisture conditions or which restricts the suitability of this sampling approach to CE
conditions. Rhizosheath size and strength could potentially serve as a simply proxy
for other, more complex rhizosphere traits (e.g., total C exudation, degree of
mycorrhization, etc.), however, so far this still remains to be tested in the course of this
project. After freeing the roots from the bulk soil, rhizosphere/rhizosheath soil is
collected manually from the root surface by brushing off or by washing off in water or
an electrolyte solution (Figure 1).
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Although the proposed approach does not contemplate spatial information, e.g.,
distance from the root, but rather binding strength of the soil to the root surface
which is affected by soil moisture (Vetterlein et al, 2021), it represents a widely
established sampling strategy enabling large scale phenotype and comparisons with
a large body of the scientific literature.

s F

Figure 1 Remaining rhizosphere soil attached to the root surface after the bulk soil was shaken
off (A). Collection of remaining rhizosphere soil by brushing it manually off the roots (B) (Source:
Oburger).

Other rhizosphere soil sampling approaches do not require a predefinition of the
rhizosphere as they are capable of providing information about spatial gradients.
Sampling rhizosphere at a well-defined distance to the root is possible with
rhizoboxes (Wenzel et al,, 2001) and also in their combination with suction cups
(Dessureault-Rompré et al., 2006). Plant growth in rhizotrons enables the use of 2D
imaging techniques to investigate spatial distribution of rhizosphere non-
destructively (Neumann et al.,, 2009). More sophisticated experimental setups exist
that when combined with imaging/isotope labelling techniques, like e.g., X-ray CT,
zymography, allow the observation of roots and rhizosphere processes either planar
or in 3D (Lippold et al., 2023), while delivering the exact position of an extracted
sample/image/gradient in the whole root system. However, these sampling
approaches are best suited for in-depth, mechanistic studies with small numbers of
investigated genotypes and treatments and therefore are outside the scope of this
toolbox for medium- to large-scale phenotyping.

2.3. Rhizosphere microbiome traits

Rhizosphere microbiome traits involve the microbiological component of the
rhizosphere. These microbial communities are important because they provide
extended functional traits to plants related to health and growth, contributing
eventually to the ecosystem functioning (Trivedi et al, 2020). In Root2Res, the
microbiome traits are focused on the bacterial, archaea and fungal communities.

These rhizosphere microbial communities are distinct from adjacent microhabitats
(Bulgarelli et al,, 2013). For instance, while the rhizosphere microbiota communities
exhibit a reduced level of diversity compared with the microbiota of the bulk soil, the
former manifests a higher degree of taxonomic diversity when compared to the
microbiome inhabiting the root system or endosphere. Hence, the correct separation
of these microhabitats (with their very distinct microbial traits) is critical during
sampling. For instance, as described in the previous section, shaking off the root
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system enables the extraction of rhizosphere- from bulk soil, whereas root tissues per
se represent the endosphere-enriched samples (see summarised in Table 1).

The microbiota is not randomly assembled in the rhizosphere, instead this assembly
is determined by the root ontogeny (Ruger et al, 2021), the environment (Alegria
Terrazas et al., 2016), the host plant genetics (Escudero-Martinez & Bulgarelli, 2019) and
even the influence of other members of the microbiome such as mycorrhizal fungi
(Wang et al,, 2023). Understanding the factors that dictate these assemblies, dynamics
and function of the microbiota is essential to harness the microbiota and its full
potential (Schlaeppi & Bulgarelli, 2015). In Root2Res CE experiments, different soil
types (environment) and different genotypes of each of the crops (plant genetics)
were included to assess their impact over the plant performance on different
microbial traits described in the following sections.

Microbial community composition traits are measured by sequencing targeted
phylogenetic markers corresponding to the different microbial groups i.e., the nuclear
ribosomal internal transcribed spacer (ITS) sequences for the fungal, and 16S
ribosomal RNA gene for the bacterial and archaeal commmunities, respectively (Table
1).

Root2Res further aims to investigate arbuscular mycorrhizal fungi (AMF), which are
known for their symbiotic abilities and are of great relevance to agriculture (Rillig et
al., 2019). We use both, gPCR to quantify the abundance of AMF (Corona Ramirez et
al.,, 2023) and metabarcoding to characterize changes in community composition
(Schlaeppi et al., 2016) (see Root2Res Practice Abstract #1).

The targeted sequencing with phylogenetic markers allows for the determination of
ecological indexes recapitulating abundance and composition of the microbial
communities under investigation. The analysis of the community composition
deploys metrics such as beta-diversity, alpha-diversity while abundances of individual
members of the communities, often expressed as sequencing reads assigned to given
taxa, is compared using multivariate approaches (McMurdie & Holmes, 2013). This
information can then be used to weigh the contribution of independent variables, i.e.,
microhabitat, plant genotype and soil type, to microbiome diversification.

e Beta-diversity is a measure of similarity or dissimilarity between samples. This
metric links the overall taxonomic pattern of the commmunity to environmental
features, for example microhabitats, soil types or genotypes (Knight et al,,
2018).

¢ Alpha-diversity quantifies the taxonomic diversity within individual samples,
and this can be compared across sample groups (Willis, 2019). This metric is
based on the number and relative abundance of taxa. The most common
alpha diversity indexes are Observed (richness or number of taxa), Chao
(richness and abundance) (Chao, 1984), and Shannon (richness and evenness)
(Spellerberg & Fedor, 2003). For example, the number of observed taxa can be
compared within individual treatments (i.e, microhabitats, soil types or
genotypes).
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Comparative relative abundances compare samples with varying relative sequencing
read counts for each individual taxon. If in the previous ecological indexes calculations
differences between groups were observed, this type of analysis will reveal what
specific taxa is underpinning such differences.

Root nodulation describes a biological process occurring in legumes (such as faba
bean) in which a symbiotic relationship is established between the plant and specific
nitrogen-fixing bacteria known as rhizobia (Poole et al., 2018). This process is essential
for improving the legume's ability to obtain nitrogen, an essential nutrient required
for its growth. Nodulation can be assessed by counting the number of nodules and
measuring the fresh weight per nodule by visual examination of the roots. The
number of nodules consists of a combination of exact numbers and of an estimation
of number when nodules number are more than 50.

Microscopy approaches are used for phenotyping mycorrhizal associations. A
modified method enables objective estimation of vesicular-arbuscular mycorrhizal
root colonization. Estimation of colonization is done by the inspection of intersections
between microscope eyepiece crosshair and a root part containing mycorrhizal
arbuscules (McGonigle et al., 1990)

Microbial functional targeted enrichment sequencing is a novel technique that
combines microbiology and genomics used to selectively amplify and study
functional genes within complex microbial communities. Shotgun metagenomics, or
the non-targeted sequencing of the entire microbial community, provides a wealth of
microbial functional information (Quince et al, 2017). Community composition
associated with biogeochemical cycling is often at a low abundance compared to
other soil microbes which requires a significant sequencing depth for accurate
estimation of these communities. Hence, obtaining a meaningful ecological
interpretation is difficult, due to the costs associated with high throughput
sequencing. Furthermore, the technology is still in the early stages of development,
thus the bioinformatic analysis of the data output is work intensive. Therefore, the
selective enrichment of microbial functional genes will enable a detailed
characterization of the diversity of key functional microbial traits (Siljanen et al., 2022).

Changes in the abundance of functional microbial communities in response to plant
genotype or climatic factors can also be assessed using gPCR approaches (Garcia et
al., 2020; Muller et al, 2015). gPCR techniques are highly specific, sensitive,
reproducible and have a wide detection range. Relative to shotgun sequencing
approaches they are low cost/high throughput and do not require intensive
downstream bioinformatics associated with shotgun sequencing. Microbial
communities in soil drive a range of nutrient cycles and underpin essential processes
including carbon sequestration and plant nutrient provision (Bhattacharyya et al,
2022; O'Neill et al,, 2022). In contrast to approaches utilised to quantify the overall
microbial community (where phylogenetic markers are employed), genetic markers
specific for a given target gene of interest are quantified to assess the abundance of
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functional microbial commmunities. This allows for assessment of functions that are
widely distributed across microbial groups as well as those that are phylogenetically
conserved. A range of genetic targets, and associated primer sets have been
developed for genes involved in important nutrient cycling processes for e.g., AmMoA
for nitrification, nosZ for nitrous oxide reduction and phoD in mineralisation of organic
P (Duff et al,, 2022). In Root2Res, targets associated with the N, P and C cycle will be
assessed.

2.4. Geochemical and physical soil traits

Besides plant roots and microorganisms, the soil is also involved as a further actor in
the complex rhizosphere interplay. While physical and chemical soil characterization
can also help to unravel rhizosphere processes, thorough soil analysis is typically only
carried out with bulk soil samples to characterize the plant’'s environmental growth
conditions.

Chemical analysis can include measurement of soil pH, cation exchange capacity
(CECQ), iron-oxides, and organic carbon. Also, availability of plant nutrients can be
assessed using a range of different chemical extraction procedures targeting different
plant nutrients. Physical analysis can comprise assessment of soil texture, soil bulk
density and water retention of the soil. Soil texture refers to the proportion of clay, silt
and sand sized particles as the mineral fraction of the soil. It determines the pore
network as well as sorption sites, subsequently water and nutrient fluctuation in the
rhizosphere (Jarvis, 2007).

Soil parameters are affected by root activity. For example, root induced structural soil
changes affect the pore network and subsequently water and nutrient transport
dynamics (Phalempin et al.,, 2021). However, considering the workload involved in
physicochemical soil characterization, we consider rhizosphere pH to be the most
applicable rhizosphere phenotyping parameter in medium- to large scale
experiments. Rhizosphere soil pH can be determined in a simple water or electrolyte
extract by an electrode (ISO 10390:2021 Soil, treated biowaste and sludge -
Determination of pH).

When applying destructive sampling techniques (see section 2.2), rhizosphere soil
samples are then either air dried, homogenised and sieved (< 2 mm) as preparation
before chemical and physical analysis or directly processed as field moist samples,
with the latter being our preferred procedure when determining rhizosphere soil pH.
The amount of rhizosphere soil obtained by the sampling techniques is usually
limited. Hence, not all available soil analyses can be taken into account. A careful
selection of suitable analyses is necessary.

2.5. Root exudation sampling and analysis

Root exudates are organic compounds released by plant roots into the surrounding
soil. They comprise non-volatile primary and secondary plant metabolites which
include low molecular weight metabolites (e.g., sugars, organic anions) as well as high
molecular weight metabolites (e.g., enzymes, cell wall components) (Oburger & Jones,
2018). Rhizosphere processes arise when living roots influence the surrounding soil
and the associated microbial communities. Root exudates are here of central
importance as they mediate the cross-talk between plant roots, soil and microbiome.
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For instance, released root exudates can serve as an energy source and signal
molecules for microorganisms improving their capacity of colonising the root-soil
interface (Canarini et al, 2019a; Jacoby et al, 2021). In return, rhizosphere
microorganisms are able to enhance plant nutrient acquisition (Carvalhais et al., 2011)
or biotic stress tolerance (Mohanram & Kumar, 2019) which potentially feedback to an
improved plant climate resilience. Phenotyping rhizosphere traits consequently
requires the characterization of root exudates as this will enable us to better
understand exudate-driven rhizosphere processes, especially concerning the
feedback-loops between plants and microbes, which is still very poorly understood.
An important pre-requisite for characterizing both root exudates and the rhizosphere
microbiome, are sampling approaches that allow the collection of rhizosphere soil for
microbiome analysis and of exudates from intact roots.

Sampling root exudates from soil grown plants is highly challenging as the soil
(sorption processes) and the rhizosphere microbiome (decomposition) quickly alter
the exuded metabolite quantity and quality (Oburger and Jones, 2018). Most soil-
based exudate sampling approaches are complex mechanistic methods only
applicable for small scale phenotyping. These methods involve plant growth in
rhizoboxes combined with a root exudate collection tool (Oburger et al., 2013), plant
growth in rhizotrons with subsequent use of specific collection filters (like anion
exchange membrane strips) on single root segments (Shi et al., 2011), or cuvette-
hydroponic-sampling currently used for collecting root exudates from tree roots
(Phillips et al., 2008). Those methods enable non-destructive and repeated root
exudate sampling but are not suitable for medium to large scale phenotyping, in both
CE and field conditions.

The soil-hydroponic-hybrid approach represents an operationally simpler and quicker
root exudate sampling method than the ones mentioned above and is therefore also
suitable for medium-scale phenotyping. This approach is based on plants grown in
soil (pots, rhizoboxes or field), followed by excavation and careful root washing for soil
removal, and subsequent exudate collection in a hydroponic setup (Oburger & Jones,
2018), Santangeli et al. 2023, submitted). While some root damage cannot be avoided
during the root washing procedure, damaged cell contents can be captured in a pre-
sampling step. A pre-sampling step also allows capture of any osmotic adjustment
reactions of the roots to the environmental change from soil to water. Despite the
sudden change in environment, root cell metabolite contents and therefore also
exuded metabolites can be expected to reflect soil growth conditions if root washing
and the exudate collection period is kept short (in total not more than 4-5 hours).
Moreover, the application of a microbial activity inhibitor to the exudate sampling
solution supresses microbial degradation of collected root metabolites. While the soil-
hydroponic hybrid technique is far from perfect, we consider it the most applicable
and ecologically relevant approach suitable for medium-scale root exudate
phenotyping in CE experiments or in the field.
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Sampling root exudates and rhizosphere
soil from the same plant is highly
challenging, as exudation sampling
requires an intact root system still attached
to the shoot while rhizosphere soil is
typically collected in a destructive manner
(see section 2.2). Exudate sampling
requires a gentle removal of all attached
soil via washing in order to reduce root
damage (see soil-hydroponic-hybrid
approach 2.5.2). No separation of bulk- and
rhizosphere soil is usually done here.
Hence, sampling rhizosphere soil for
subsequent microbiome as well as root
exudates analysis in one joint experiment
demands comprqmlses. Within  this after shaking off dry bulk soil: “dry
prOJegt, we tested C?Ifferent apprpachgs for approach” B: After washing off bulk soil,
combined exudation and microbiome  hizosphere is washed off and collected
sampling from the same plant to be in o pot: “wet approach” (Cicala &
suitable for medium-scale rhizosphere trait ~ Escudero-Martinez, 2023).

phenotyping (Figure 3 and Annex 1). All

methods tested were generally similar, however bulk soil removal and/or rhizosphere
soil collection differed. Bulk soil was either manually shaken off from the roots (“dry
bulk soil removal”, Figure 2A) or washed off (“wet bulk soil removal”, Figure 2B) as in
the original soil-hydroponic hybrid approach. After “dry bulk soil removal”, the
remaining rhizosphere soil attached to the roots was washed off and collected in
water (see section 2.2) or removed from the roots by vortexing them for 30 s in a
phosphate-buffered saline (PBS) solution. Washed roots of the intact plant were then
transferred in the hydroponics for root exudation sampling (see section 2.5.2). When
working with the “wet bulk soil removal” approach (Figure 2B), bulk- and rhizosphere
soil were washed off both and collected separately, with the washing procedure being
stopped when only a thin soil layer attached to roots remains. At this point, roots were
repeatedly dipped into a fresh solution (distilled water) to collect the rhizosphere soil
(Figure 3). This approach is gentler than shaking off the soil and better suited for clayey
soils that produced considerable root damage during dry bulk soil removal (i.e,,
shaking). However, the distinction between bulk- and rhizosphere soil during wet bulk
soil removal can be less precise and more operator dependent.

Figure 2 A: Remaining rhizosphere soil
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Sampling Plant Bulk soil Rhizosheath Rhizosphere Exudate

scheme growth removal soil collection collection

Rhizo wash
& dip

Rhizo shake
& dip

C

Rhizo shake
& vortex

D

Rhizo shake

& vortex- 6 cm ‘ ’
6 reps

Figure 3. Experimental scheme of different root washing and rhizosphere soil sampling
approaches tested. (A) Bulk soil is gently rinsed off until roots are only covered with a thin layer
of soil, rhizosphere soil is collected by repeated dipping into vial filled with HQ water.
Suspension is centrifuged, supernatant discarded and collected rhizosphere soil is stored at -
80°C for microbiome analysis. (B) Bulk soil is gently shaken off; rhizosphere soil is collected via
the root dipping approach described in (A). (C) Bulk soil is gently shaken off; roots with
attached rhizosheath are placed in a centrifugation vial containing PBS and vortexed for 30s,
rhizosphere soil is then collected after centrifugation as described in (A). In approach A, B, C
roots were then subjected to exudation sampling for 3 h in HQ water containing 5 mg L-1
Micropur as microbial activity inhibitor. (D) Bulk soil is gently shaken off, roots and shoots are
separated, and the top 6 cm of the root system are placed in a centrifugation vial with PBS
and vortexed for 30s, rhizosphere soil is then collected after centrifugation as described in (A).

Preliminary results revealed that total dissolved C exudation was not affected by the
different bulk soil removal and rhizosphere soil sampling approaches (Figure 4), the
microbial diversity within the rhizosphere samples showed a significant reduction
compared with the unplanted soil (Figure 5), and that about 78% of bacterial and
archaeal (16S) reads were shared across the different root pre-treatment and
rhizosphere soil sampling approaches (Figure 6). This demonstrates that all three
tested approaches to jointly sample rhizosphere soil for microbiome analysis and root
exudates from the same plant produce comparable results. However, root system size
might significantly differ depending on species, plant growth period and growth
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conditions. Hence vortexing of the root system in a buffer solution only works for
plants with small root systems, limiting the applicability of this technique.
Furthermore, additional tests demonstrated that especially heavy soils with a high
clay and silt content, dry bulk soil removal by gentle shaking can lead to a significant
loss of root biomass, as roots are broken off together with silt and clay rich aggregates
(Figure 7).

Finding the right choice for sampling exudates together with microbiome traits
depends on the research focus, and is strongly driven by soil texture, as lighter, sandy
soils can be shaken off more easily with less root damage than heavier clayey soils.
Ultimately, the developed combined sampling of exudates and microbiome allows to
increase throughput and is can therefore be recommended for medium-scale
rhizosphere phenotyping.

C exudation rate

2007 p=0.179

150

100

pmol C gtroot dwt h't
al
o
1

Figure 4. Total dissolved carbon (C) exudation rate (umol C g root dry weight h') of barley
(Hordeum vulgare Barke) grown for 5 weeks in a sandy soil depending on root pre-treatment
approach., n=6, ANOVA, Tukey, p < 0.05.
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Figure 5 Boxplot representing the alpha-diversity index evenness (Shannon), unplanted soil
controls (Bulk A, B) for dip methods, unplanted soil controls (Bulk C, D) for the vortexing
methods and methods A, B, C, and D. In each panel, individual dots depict individual biological
replicates. Empty dots are outliers. Upper and lower edges of the box plots represent the upper
and lower quartiles, respectively. The bold line within the box denotes the median. Letters
indicate significant differences following ANOVA and post-hoc Tukey test.
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Figure 6 UpSetR plot of Taxa (ASVs) simultaneously enriched in pair-wise comparisons
retrieved from the different rhizosphere sampling methods (A, B, C, and D). Vertical bars
denote the number of ASVs enriched shared or unique for each comparison, while the
horizontal bars refers the number of ASVs enriched in the indicated rhizosphere sampling
method. ASVs differentially enriched at individual p-values < 0.05, Wald Test, FDR corrected.
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Figure 7 Effect of dry and wet bulk soil removal on root biomass of barley grown for 5 weeks
either in a silty clay loam (ARV) or a clay loam (ADAS) soil. Welch Two Sample t-test, p<0.05,
n=4.

Root exudates comprise a wide range of different organic compounds (Badri &
Vivanco, 2009; Canarini et al., 2019b) which makes their analysis challenging. However,
thanks to the recent developments in analytical instrumentation, a comprehensive
toolbox for exudate analysis is now available (see sections 2.5.5-2.5.7 and Table 1) to
tackle the complex diversity of plant exuded compounds. When working with the soil-
hydroponic-hybrid sampling approach, sample preparation like pre-concentration
(e.g., by lyophilization) or filtration are generally required prior to exudate analysis.

Total carbon (C) and total nitrogen (N) exudation rates (per unit root biomass or root
surface area or root length, with the latter 2 units being recommended to use when
comparing different genotypes) are of great importance to phenotype the overall
guantity of exudates released into the rhizosphere. Information about changes in total
C released with plant development and under changing environmental conditions
will contribute to a better understanding of the role of rhizosphere processes in plant
resilience (De Vries et al., 2020). In order to consider the general trend of C exudation,
relation of targeted compounds (see section 2.5.6) to the total C exudation is crucial.
Two relevant analytical approaches exist to measure total C and N exudation which
involves the commonly used TOC (total organic carbon) analyser, as well as a quick
and inexpensive spectrophotometric method (for total C only) (Oburger et al., 2022).

Targeted analysis focuses on known compounds or compound classes, however until
now only a relatively small fraction of total compound diversity has been identified
(Oburger, Staudinger, et al, 2022). Targeted exudate analysis was frequently
performed in the past and it offers valuable quantitative information about individual
compounds or compound classes exuded by roots. Targeted analysis uses standard
analytical approaches like ion chromatography, high pressure liquid chromatography,
as well as gas or liquid chromatography coupled with tandem mass spectrometry. In
addition to the above, more sophisticated analytical techniques, spectrophotometric
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analysis represents a simple and comparatively cheap approach to measure
individual compound classes and is therefore still an important tool for exudate
analysis, especially in medium to largescale exudate phenotyping. Specific assays for
the relevant compound classes exist. This includes a spectrofluorometric assay for
amino acids (Jones et al.,, 2002), an anthrone colorimetric assay for carbohydrates
(Hansen & Mgller, 1975), and the Folin-Ciocalteau assay for phenols (Ainsworth &
Gillespie, 2007). Relating compound specific results to total C exudation (see section
2.5.5) allows the estimation of the relative contribution (%) of targeted compound to
the total amount of C released.

Non-targeted metabolomic analysis represents a cutting-edge approach to provide
qualitative information about the entire metabolite composition released by roots.
Due to its high sensitivity and wide range of covered metabolites, mass spectrometry
has become the technique of choice in many metabolomics studies (Fuhrer and
Zamboni 2015). Mass spectrometry-based metabolite analysis generally either follows
chromatographic (gas (GC) or liquid chromatography (LC)) or electrophoretic
separation (capillary electrophoresis) of the sample or can be achieved after direct
infusion, particularly in combination with a high-resolution mass spectrometer
(Fourier transform ion cyclotron resonance mass spectroscopy (FTICR-MS) (Shulaeyv,
2006). Nuclear magnetic resonance (NMR) has also been applied in metabolomics
studies. While being robust with regard to reproducibility and identification, the major
limitation of NMR for comprehensive metabolite fingerprinting is its relatively low
sensitivity (van Dam & Bouwmeester, 2016), rendering it unsuitable for the analysis of
large numbers of low-abundance metabolites as often present in root exudation
samples. Consequently, it is mostly used in combination with other MS-based
techniques in the context of root exudation studies (Escudero et al,, 2014; Fan et al,,
2001).

While non-targeted metabolomic analysis is of great value to shed light onto the
metabolite diversity of exudates, compound identification remains a major
bottleneck as data evaluation is extremely time-consuming. Available data bases used
for compound identification to date only allow the identification of about 10-30% of
analysed features (Frémont et al., 2022; Herz et al., 2018; van Dam & Bouwmeester,
2016). Nevertheless, depending on the depth of data evaluation and availability of
financial recourses, non-targeted metabolomics can be highly informative analytical
tool in medium scale exudate phenotyping. Combining of all presented root
exudation analysis (see section 2.5.5 for total C and section 2.5.6 for targeted analysis)
consequently delivers both, quantitative and qualitative information and ultimately
contributes to a holistic phenotyping of root exudation.
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Table 1 List of phenotyping tools suitable for field- and CE conditions to quantify rhizosphere traits (exudate and microbiome).

Rhizosphere related traits Tools for phenotyping

Category Rhizosphere trait Rhizosphere sampling Rhizosphere analysis
bacterial abundance excavation ZTJ?II:I:ogi]I el root washing 16s rRNA + gPCR
fungal abundance excavation ZZ?EIQO%I off root washing ITS rRNA + gPCR
diversity of bacterial . shaking off . .

community communities excavation bulk soil root washing 16s rRNA + sequencing
composition i i i
P diversity Qf'fungal excavation shaklng off root washing ITS rRNA + sequencing
communities bulk soil
. . shaking off .
endosphere mycorrhizal abundance excavation bulk soil root washing gPCR
diversity of mycorrhizal . shaking off . .
. excavation ’ root washing seguencing
communities bulk soil
. staining and
. . . mycorrhizal associations | excavation shaklng e root washing microscopy,
microbiome morphological bulk soil .
X : molecular techniques
traits observation <haking off
nodulation (legumes) excavation bulk sogil root washing microscopy
targeted functional microbial . shaking off . shotgun sequencing,
) o excavation . root washing
enrichment communities bulk soil gPCR
bacterial abundance excavation ZZ?EIQO% off 16s rRNA + gPCR
fungal abundance excavation Z:?Elgo% Sl ITS rRNA + gPCR
rhizosphere commu'n'lty diversity qf.bacterlal excavation shaklng off 16s rRNA + sequencing
composition communities bulk soil
ey (.)f.fungal excavation shaklng Sl ITS rRNA + sequencing
communities bulk soil
mycorrhizal abundance excavation shakmg off gPCR
bulk soil
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Rhizosphere related traits Tools for phenotyping

diversity of mycorrhizal . shaking off .
" excavation . sequencing
communities bulk soil
. L . shaking off St"?””'”g and
. mycorrhizal associations | excavation ’ microscopy,
morphological bulk soil .
; molecular techniques
observation -
nodulation (legumes) excavation =L g @] microscopy
bulk soil
targeted functional microbial . shaking off shotgun sequencing,
) o excavation ’
enrichment communities bulk soil gPCR
bacterial abundance excavation 16s rRNA + gPCR
fungal abundance excavation ITS rRNA + gPCR
cliversliy c.>tf.bacter|a| excavation 16s rRNA + sequencing
community ;(?mm:'n'f'is I
composition Iversity of funga excavation ITS rRNA + sequencing
communities
mycorrhizal abundance | excavation gPCR
bulk soil diversity of mycorrhizal . .
. excavation sequencing
communities
staining and
morphological mycorrhizal associations | excavation microscopy,
observation molecular techniques
nodulation (legumes) excavation microscopy
targeted functional microbial . shotgun sequencing,
. o excavation
enrichment communities gPCR
hydroponic liqguid TOC analyser
total C exudation rate excavation | root washing | exudate spectrophotometric
root exudate collection assays
. exudates targeted - —
traits hydroponic liguid TOC analyser
total N exudation rate excavation | root washing | exudate spectrophotometric
collection assays
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Rhizosphere related traits Tools for phenotyping

carbohydrate exudation . . hydroponic spectrophotometric
excavation | root washing | exudate
rate - assays
collection
. . . hydroponic .
amino acid exudation . . yarop spectrophotometric
excavation | root washing | exudate
rate . assays
collection
hydroponic .
phenol exudation rate excavation | root washing | exudate spectrophotometric
- assays
collection
. hydroponic LC-MS based
exudation of non- . .
non-targeted . excavation | root washing | exudate non-targeted
targeted metabolites . .
collection metabolomics

Project funded by

21

iggenossenschatt  Federal Department of Economic Affairs,
Educatian and Research EAER

ra Stata Secratariat for Education,
Research and Innovation SERI

ST Funded by UK Research
LI the European Union and Innovation



L
[

D2.3: phenotyping toolbox - rhizosphere
— ROOt ReS September 2023

L)

3. Outlook

Despite significant advances in the past decades, rhizosphere processes involving the
interplay of root, soil and microbiota still largely embody a black box for plant and soil
scientist. Hard-to-reach belowground traits require novel but also proven tools to
elucidate the complicated cross-talk within the rhizosphere. Thanks to significant
progress in analytical techniques, several new tools for analysing microbiome traits as
well as root exudates were developed in recent years. For example, higher throughput
and lower costs due to advances in sequencing techniques (see gPCR approach in
section 2.3.3) drive the progress in phenotyping microbiome traits. With the latest
establishment of non-targeted metabolomics in exudation research, the entire
metabolite composition released by roots is now assessable. In combination with
existing tools, holistic phenotyping of root exudates becomes possible. Other
developments, like the spectrometric method to determine total C exudation,
improve the throughput in exudation research (Oburger, Staudinger, et al., 2022).
However, great constraints remain in sampling these rhizosphere traits, despite the
remarkable progress in analytical techniques. In fact, there is no medium- to large-
scale sampling approach available to collect root exudates flawlessly nor to obtain
unaltered rhizosphere soil samples (e.g., for describing spatio-temporal occurrence of
the microbiome). However, good compromises between improved applicability and
limited rhizosphere disturbance have already been tested (WP2 T2 — see section 2.5.3
Combined exudation and microbiome sampling from the same plant, and
preliminary protocol in annexes). Nevertheless, new ideas for, ideally, non-destructive
phenotyping tools are needed. Using aboveground traits as proxies for root and
rhizosphere traits seems tempting here, especially when taking advantage of the
remote sensing technologies. Proxies for remote sensing would particularly benefit in
the field environment, increasing phenotyping throughput significantly. However,
aboveground as well as belowground traits are affected by a wide range of
environmental factors, especially in the field. Hence, correlations between
aboveground and belowground traits are hampered. It remains therefore
questionable how significant conclusions based on aboveground traits are in regards
to root and rhizosphere traits. Yet, only a few studies investigating proxies for
belowground traits exist which is why Root2Res will aim to assess their potential role
in improved root and rhizosphere phenotyping.

Project funded by

22

5

Funded by UK Research
the European Union and Innovation




L
[

D2.3: phenotyping toolbox - rhizosphere
— ROOt ReS September 2023

L)

4. References

Ainsworth, E. A, & Gillespie, K. M. (2007). Estimation of total phenolic content and other
oxidation substrates in plant tissues using Folin-Ciocalteu reagent. Nature
Protocols, 2(4), 875-877. https://doi.org/10.1038/NPROT.2007.102

Alegria Terrazas, R,, Giles, C., Paterson, E., Robertson-Albertyn, S., Cesco, S., Mimmo, T,,
Pii, Y., & Bulgarelli, D. (2016). Plant-Microbiota Interactions as a Driver of the
Mineral Turnover in the Rhizosphere. Advances in Applied Microbiology, 95, 1-67.
https://doi.org/10.1016/BS.AAMBS.2016.03.001

Badri, D. V., & Vivanco, J. M. (2009). Regulation and function of root exudates. Plant,
Cell & Environment, 32(6). https://doi.org/10.1111/1.1365-3040.2008.01926.X

Bais, H. P, Weir, T. L, Perry, L. G, Gilroy, S., & Vivanco, J. M. (2006). THE ROLE OF ROOT
EXUDATES IN RHIZOSPHERE INTERACTIONS WITH PLANTS AND OTHER
ORGANISMS.  Annual Review of Plant Biology,  57(1), 233-260.
https://doi.org/10.1146/annurev.arplant.57.032905.105159

Barillot, C. D. C,, Sarde, C. O, Bert, V., Tarnaud, E., & Cochet, N. (2013). A standardized
method for the sampling of rhizosphere and rhizoplan soil bacteria associated to
a herbaceous root system. Annals of Microbiology, 63(2), 471-476.
https://doi.org/10.1007/513213-012-0491-Y/FIGURES/2

Bhattacharyya, S. S., Ros, G. H., Furtak, K, Igbal, H. M. N., & Parra-Saldivar, R. (2022). Soil
carbon sequestration — An interplay between soil microbial community and soil
organic matter dynamics. Science of The Total Environment, 815, 152928.
https://doi.org/10.1016/3.SCITOTENV.2022.152928

Boldrin, D., Leung, A. K, Bengough, A. G., & Jones, H. G. (2019). Potential of thermal
imaging in soil bioengineering to assess plant ability for soil water removal and
air cooling. Ecological Engineering, 141, 1-6.
https://doi.org/10.1016/3.ECOLENG.2019.105599

Brown, L. K, George, T. S.,, Neugebauer, K, & White, P. J. (2017). The rhizosheath - a
potential trait for future agricultural sustainability occurs in orders throughout
the angiosperms. Plant and Soil, 418(1-2), 115-128. https://doi.org/10.1007/S11104-
017-3220-2/FIGURES/7

Bulgarelli, D., Schlaeppi, K., Spaepen, S., Van Themaat, E. V. L, & Schulze-Lefert, P.
(2013). Structure and Functions of the Bacterial Microbiota of Plants.
Https;//Doi.Org/10.1146/Annurev-Arplant-050312-120106, 64, 807-838.
https://doi.org/10.1146/ANNUREV-ARPLANT-050312-120106

Canarini, A, Kaiser, C., Merchant, A, Richter, A, & Wanek, W. (2019a). Corrigendum:
Root exudation of primary metabolites: Mechanisms and their roles in plant
responses to environmental stimuli . Frontiers in Plant Science, 10, 458437.
https://doi.org/10.3389/FPLS.2019.00420/BIBTEX

Canarini, A, Kaiser, C., Merchant, A, Richter, A, & Wanek, W. (2019b). Root Exudation of
Primary Metabolites: Mechanisms and Their Roles in Plant Responses to

Project funded by

23

Funded by UK Research
the European Union and Innovation

tion,
esearch and Innovation SERI




D2.3: phenotyping toolbox - rhizosphere
September 2023

!U-

Environmental Stimuli. Frontiers in Plant Science, 10.
https://doi.org/10.3389/FPLS.2019.00157

Carvalhais, L. C, Dennis, P. G., Fedoseyenko, D., Hajirezaei, M.-R., Borriss, R, & Von
Wirén, N. (2011). Root exudation of sugars, amino acids, and organic acids by
maize as affected by nitrogen, phosphorus, potassium, and iron deficiency.
Journal of Plant Nutrition and Soil Science, 174, 3-1.
https://doi.org/10.1002/jpIn.201000085

Corona Ramirez, A, Symanczik, S, Gallusser, T., & Bodenhausen, N. (2023).
Quantification of arbuscular mycorrhizal fungi root colonization in wheat,
tomato, and leek using absolute gPCR. Mycorrhiza, 1, 1-11.
https://doi.org/10.1007/S00572-023-01122-8/FIGURES/3

Darrah, P. R. (1991). Models of the rhizosphere - I. Microbial population dynamics
around a root releasing soluble and insoluble carbon. Plant and Soil, 133(2), 187-
199. https://doi.org/10.1007/BFO0009191/METRICS

De Vries, F. T., Criffiths, R. I, Knight, C. G., Nicolitch, O., & Williams, A. (2020). Harnessing
rhizosphere microbiomes for drought-resilient crop production. Science,
368(6488), 270-274. https://doi.org/10.1126/SCIENCE.AAZ5192

Dessureault-Rompré, J., Nowack, B., Schulin, R, & Luster, J. (2006). Modified micro
suction cup/rhizobox approach for the in-situ detection of organic acids in
rhizosphere sail solution. Plant and Soil, 286(1-2), 99-107.
https://doi.org/10.1007/S11104-006-9029-Z/METRICS

Duff, A. M., Forrestal, P,, Ikoyi, I, & Brennan, F. (2022). Assessing the long-term impact
of urease and nitrification inhibitor use on microbial commmunity composition,
diversity and function in grassland soil. Soil Biology and Biochemistry, 170,
108709. https://doi.org/10.1016/3.SOILBIO.2022.108709

Escudero, N., Marhuenda-Egea, F. C.,, lbanco-Cafiete, R., Zavala-Gonzalez, E. A, &
Lopez-Llorca, L. V. (2014). A metabolomic approach to study the rhizodeposition
in the tritrophic interaction: Tomato, Pochonia chlamydosporia and Meloidogyne
javanica. Metabolomics, 10(5), 788-804. https://doi.org/10.1007/511306-014-0632-
3/FIGURES/7

Escudero-Martinez, C., & Bulgarelli, D. (2019). Tracing the evolutionary routes of plant-
microbiota interactions. Current Opinion in Microbiology, 49, 34-40.
https://doi.org/10.1016/3.M1B.2019.09.013

Fan, T. W. M., Lane, A. N,, Shenker, M., Bartley, J. P., Crowley, D., & Higashi, R. M. (2001).
Comprehensive chemical profiling of gramineous plant root exudates using
high-resolution NMR and MS. Phytochemistry, 57(2), 209-221.
https://doi.org/10.1016/S0031-9422(01)00007-3

Frémont, A, Sas, E., Sarrazin, M., Gonzalez, E., Brisson, J., Pitre, F. E., & Brereton, N. J. B.
(2022). Phytochelatin and coumarin enrichment in root exudates of arsenic-
treated white lupin. Plant, Cell & Environment, 45(3), 936-954.
https://doi.org/10.1111/PCE.14163

Project funded by 24
* " #
JRCEl Funded by UK Research L+ ot T
PSR the European Union and Innovation e e




D2.3: phenotyping toolbox - rhizosphere
September 2023

!U-

Garcia, M. O., Templer, P. H,, Sorensen, P. O., Sanders-DeMott, R., Groffman, P. M., &
Bhatnagar, J. M. (2020). Soil Microbes Trade-Off Biogeochemical Cycling for
Stress Tolerance Traits in Response to Year-Round Climate Change. Frontiers in
Microbiology, 11, 507526. https://doi.org/10.3389/FMICB.2020.00616/BIBTEX

Hansen, J., & Mgller, I. (1975). Percolation of starch and soluble carbohydrates from
plant tissue for quantitative determination with anthrone. Analytical
Biochemistry, 68(1), 87-94. https://doi.org/10.1016/0003-2697(75)90682-X

Herz, K, Dietz, S., Gorzolka, K., Haider, S., Jandt, U,, Scheel, D., & Bruelheide, H. (2018).
Linking root exudates to functional plant traits. PLOS ONE, 13(10), e0204128.
https://doi.org/10.1371/JOURNAL.PONE.0204128

Jacoby, R. P., Koprivova, A., & Kopriva, S. (2021). Pinpointing secondary metabolites that
shape the composition and function of the plant microbiome. Journal of
Experimental Botany, 72(1), 57-69. https://doi.org/10.1093/JXB/ERAA424

Jarvis, N. J. (2007). A review of non-equilibrium water flow and solute transport in soil
macropores: principles, controlling factors and consequences for water quality.
European Journal of Soil Science, 58(3), 523-546. https://doi.org/10.1111/1.1365-
2389.2007.00915.X

Jones, D. L, Owen, A. G, & Farrar, J. F. (2002). Simple method to enable the high
resolution determination of total free amino acids in soil solutions and soil
extracts. Soil Biology and Biochemistry, 34(12), 1893-1902.
https://doi.org/10.1016/S0038-0717(02)00203-1

Knight, R., Vrbanac, A, Taylor, B. C., Aksenov, A, Callewaert, C., Debelius, J., Gonzalez,
A., Kosciolek, T., McCall, L. I., McDonald, D., Melnik, A. V., Morton, J. T., Navas, J.,
Quinn, R. A, Sanders, J. G., Swafford, A. D., Thompson, L. R, Tripathi, A., Xu, Z. Z,, ...
Dorrestein, P. C. (2018). Best practices for analysing microbiomes. Nature Reviews
Microbiology 2018 16:7, 16(7), 410-422. https://doi.org/10.1038/s41579-018-0029-9

Landl, M., Phalempin, M., Schluter, S., Vetterlein, D., Vanderborght, J., Kroener, E., &
Schnepf, A. (2021). Modeling the Impact of Rhizosphere Bulk Density and
Mucilage Gradients on Root Water Uptake. Frontiers in Agronomy, 3, 622367.
https://doi.org/10.3389/FAGRO.2021.622367/BIBTEX

Li, X,, Ingvordsen, C. H., Weiss, M., Rebetzke, G. J.,, Condon, A. G,,James, R. A,, & Richards,
R. A. (2019). Deeper roots associated with cooler canopies, higher normalized
difference vegetation index, and greater yield in three wheat populations grown
on stored soil water. Journal of Experimental Botany, 70(18), 4963-4974.
https://doi.org/10.1093/IXB/ERZ232

Lippold, E., Schluter, S., Mueller, C. W., Hoschen, C., Harrington, G,, Kilian, R., Gocke, M.
I, Lehndorff, E., Mikutta, R., & Vetterlein, D. (2022). Correlative Imaging of the
Rhizosphere—A Multimethod Workflow for Targeted Mapping of Chemical

Gradients. Environmental Science and Technology.
https://doi.org/10.1021/ACS.EST.2C07340/ASSET/IMAGES/LARGE/ES2C07340_000
7.JPEG

Project funded by 25
* " #
JRCEl Funded by UK Research L+ ot T
PSR the European Union and Innovation e e




D2.3: phenotyping toolbox - rhizosphere
September 2023

.

Lopes, M. S,, & Reynolds, M. P. (2010). Partitioning of assimilates to deeper roots is
associated with cooler canopies and increased yield under drought in wheat.
Functional Plant Biology, 37(2), 147-156. https://doi.org/10.1071/FP09121

Lopes, M. S., Reynolds, M. P, Lopes, M. S., & Reynolds, M. P. (2010). Partitioning of
assimilates to deeper roots is associated with cooler canopies and increased yield
under drought in wheat. Functional Plant Biology, 37(2), 147-156.
https://doi.org/10.1071/FP09121

McGONIGLE, T. P.,, MILLER, M. H., EVANS, D. G,, FAIRCHILD, G. L., & SWAN, J. A. (1990). A
new method which gives an objective measure of colonization of roots by
vesicular—arbuscular mycorrhizal fungi. New Phytologist, 115(3), 495-501.
https://doi.org/10.1111/3.1469-8137.1990.TB00476.X

McMurdie, P. J, & Holmes, S. (2013). phyloseq: An R Package for Reproducible
Interactive Analysis and Graphics of Microbiome Census Data. PLOS ONE, 8(4),
e61217. https://doi.org/10.1371/JIOURNAL.PONE.0061217

Mohanram, S., & Kumar, P. (2019). Rhizosphere microbiome: revisiting the synergy of
plant-microbe interactions. Annals of Microbiology 2019 69:4, 69(4), 307-320.
https://doi.org/10.1007/S13213-019-01448-9

Muller, H., Berg, C., Landa, B. B., Auerbach, A., Moissl-Eichinger, C., & Berg, G. (2015).
Plant genotype-specific archaeal and bacterial endophytes but similar Bacillus
antagonists colonize Mediterranean olive trees. Frontiers in Microbiology,
6(MAR), 127083. https://doi.org/10.3389/FMICB.2015.00138/ABSTRACT

Neumann, G., George, T. S, & Plassard, C. (2009). Strategies and methods for studying
the rhizosphere—the plant science toolbox. Plant and Soil 2009 321:1, 321(1), 431-
456. https://doi.org/10.1007/S11104-009-9953-9

Nonparametric Estimation of the Number of Classes in a Population on JISTOR. (n.d.).
Retrieved September 14, 2023, from https:;//www.jstor.org/stable/4615964

Oburger, E.,, Del'mour, M., Hann, S., Wieshammer, G., Puschenreiter, M., & Wenzel, W.
W. (2013). Evaluation of a novel tool for sampling root exudates from soil-grown
plants compared to conventional techniques. Environmental and Experimental
Botany, 87, 235-247. https://doi.org/10.1016/J.ENVEXPBOT.2012.11.007

Oburger, E., & Jones, D. L. (2018). Sampling root exudates — Mission impossible?
Rhizosphere, 6,116-133. https://doi.org/10.1016/3.RHISPH.2018.06.004

Oburger, E., Schmidt, H., & Staudinger, C. (2022). Harnessing belowground processes
for sustainable intensification of agricultural systems. Plant and Soil 2022 4781,
478(1),177-209. https://doi.org/10.1007/S11104-022-05508-Z

Oburger, E., Staudinger, C., Spiridon, A, Benyr, V., Aleksza, D., Wenzel, W., & Santangeli,
M. (2022). A quick and simple spectrophotometric method to determine total
carbon concentrations in root exudate samples of grass species. Plant and Soil
2022,1-9. https://doi.org/10.1007/S11104-022-05519-W

O’Neill, R. M., Duff, A. M,, Brennan, F. P., Gebremichael, A. W., Girkin, N. T,, Lanigan, G. J,,
Krol, D. J., Wall, D. P., Renou-Wilson, F., Muller, C., Richards, K. G., & Deveautour, C.

Project funded by
* o " o
JRCEl Funded by UK Research L+ gt
L the European Union and Innovation Resatcs and ovaton 68




D2.3: phenotyping toolbox - rhizosphere
September 2023

!U-

(2022). Linking long-term soil phosphorus management to microbial
communities involved in nitrogen reactions. Biology and Fertility of Soils, 58(4),
389-402. https://doi.org/10.1007/S00374-022-01627-Y/TABLES/1

Phalempin, M., Lippold, E., Vetterlein, D., & Schluter, S. (2021). Soil texture and structure
heterogeneity predominantly governs bulk density gradients around roots.
Vadose Zone Journal, 20(5), e20147. https://doi.org/10.1002/VZ32.20147

Phillips, R. P., Erlitz, Y., Bier, R, & Bernhardt, E. S. (2008). New approach for capturing
soluble root exudates in forest soils. Functional Ecology, 22(6), 990-999.
https://doi.org/10.1111/1.1365-2435.2008.01495.X

Poole, P.,, Ramachandran, V., & Terpolilli, J. (2018). Rhizobia: from saprophytes to
endosymbionts. Nature Reviews Microbiology 2018 16:5, 16(5), 291-303.
https://doi.org/10.1038/nrmicro.2017.171

Quince, C,, Walker, A. W,, Simpson, J. T., Loman, N. J,, & Segata, N. (2017). Shotgun
metagenomics, from sampling to analysis. Nature Biotechnology 2017 35:9, 35(9),
833-844. https://doi.org/10.1038/nbt.3935

Rillig, M. C., Aguilar-Trigueros, C. A, Camenzind, T., Cavagnaro, T. R.,, Degrune, F.,
Hohmann, P., Lammel, D. R.,, Mansour, |, Roy, J., van der Heijden, M. G. A, & Yang,
G. (2019). Why farmers should manage the arbuscular mycorrhizal symbiosis.
New Phytologist, 222(3), 1171-1175. https://doi.org/10.111/NPH.15602

Ruger, L, Feng, K,, Dumack, K, Freudenthal, J., Chen, Y, Sun, R., Wilson, M., Yu, P., Sun,
B., Deng, Y., Hochholdinger, F., Vetterlein, D., & Bonkowski, M. (2021). Assembly
Patterns of the Rhizosphere Microbiome Along the Longitudinal Root Axis of
Maize (Zea mays L).  Frontiers in Microbiology, 12, 614501
https://doi.org/10.3389/FMICB.2021.614501/BIBTEX

Schlaeppi, K., Bender, S. F., Mascher, F., Russo, G., Patrignani, A,, Camenzind, T., Hempel,
S., Rillig, M. C., & van der Heijden, M. G. A. (2016). High-resolution community
profiling of arbuscular mycorrhizal fungi. New Phytologist, 212(3), 780-791.
https://doi.org/10.1111/NPH.14070

Schlaeppi, K., & Bulgarelli, D. (2015). The plant microbiome at work. Molecular Plant-
Microbe Interactions: MPMI, 28(3), 212-217. https://doi.org/10.1094/MPMI-10-14-
0334-FlI

Shi, S., Condron, L, Larsen, S., Richardson, A. E,, Jones, E, Jiao, J., O'Callaghan, M., &
Stewart, A. (2011). In situ sampling of low molecular weight organic anions from
rhizosphere of radiata pine (Pinus radiata) grown in a rhizotron system.
Environmental and Experimental Botany, 70(2-3), 131-142.
https://doi.org/10.1016/3.ENVEXPBOT.2010.08.010

Shulaev, V. (2006). Metabolomics technology and bioinformatics. Briefings in
Bioinformatics, 7(2), 128-139. https://doi.org/10.1093/BIB/BBLO12

Siljanen, H. M. P, Manoharan, L., Hilts, A. S., Bagnoud, A, Alves, R. J. E,, Jones, C. M,,
Sousa, F., Hallin, S, Biasi, C., & Schleper, C. (2022). Targeted metagenomics using
probe capture detects a larger diversity of nitrogen and methane cycling genes

Project funded by

27

JRCEl Funded by UK Research
LA the European Union and Innovation

tion,
esearch and Innovation SERI




L
[

D2.3: phenotyping toolbox - rhizosphere
— ROOt ReS September 2023

L)

in complex microbial communities than traditional metagenomics. BioRxiv,
2022.11.04.515048. https://doi.org/10.1101/2022.11.04.515048

Spellerberg, I. F., & Fedor, P. J. (2003). A tribute to Claude Shannon (1916-2001) and a
plea for more rigorous use of species richness, species diversity and the
‘Shannon-Wiener' Index. Global Ecology and Biogeography, 12(3), 177-179.
https://doi.org/10.1046/1.1466-822X.2003.00015.X

Trivedi, P., Leach, J. E,, Tringe, S. G,, Sa, T., & Singh, B. K. (2020). Plant—-microbiome
interactions: from community assembly to plant health. Nature Reviews
Microbiology 2020 18:11, 18(11), 607-621. https://doi.org/10.1038/s41579-020-0412-1

van Dam, N. M, & Bouwmeester, H. J. (2016). Metabolomics in the Rhizosphere:
Tapping into Belowground Chemical Communication. Trends in Plant Science,
21(3), 256-265. https://doi.org/10.1016/J. TPLANTS.2016.01.008

Vetterlein, D, Lippold, E., Schreiter, S., Phalempin, M., Fahrenkampf, T., Hochholdinger,
F., Marcon, C, Tarkka, M., Oburger, E., Ahmed, M., Javaux, M., & Schluter, S. (2021).
Experimental platforms for the investigation of spatiotemporal patterns in the
rhizosphere—Laboratory and field scale. Journal of Plant Nutrition and Soil
Science, 184(1), 35-50. https://doi.org/10.1002/JPLN.202000079

Wang, L., Zhang, L., George, T. S, & Feng, G. (2023). A core microbiome in the
hyphosphere of arbuscular mycorrhizal fungi has functional significance in
organic phosphorus mineralization. New Phytologist, 238(2), 859-873.
https://doi.org/10.1111/NPH.18642

Wenzel, W. W., Wieshammer, G, Fitz, W. J., & Puschenreiter, M. (2001). Novel rhizobox
design to assess rhizosphere characteristics at high spatial resolution. Plant and
Soil, 237(1), 37-45. https://doi.org/10.1023/A:1013395122730/METRICS

Williams, A., & de Vries, F. T. (2020). Plant root exudation under drought: implications
for ecosystemm  functioning. New  Phytologist,  225(5), 1899-1905.
https://doi.org/10.1111/NPH.16223

Willis, A. D. (2019). Rarefaction, alpha diversity, and statistics. Frontiers in Microbiology,
10(OCT), 492464. https://doi.org/10.3389/FMICB.2019.02407/BIBTEX

York, L. M., Carminati, A, Mooney, S. J., Ritz, K,, & Bennett, M. J. (2016). The holistic
rhizosphere: integrating zones, processes, and semantics in the soil influenced
by roots. Journal of Experimental Botany, 67(12), 3629-3643.
https://doi.org/10.1093/IXB/ERW108

Project funded by

28

tion,
esearch and Innovation SERI

Funded by UK Research
the European Union and Innovation




N Root2Res

Root phenotyping and genetic improvement for
& rotational crops resilient to environmental change

ANNEXES

Project funded by

:"t*‘ Funded by : UK Research -+ é:r:::;z‘.r:\‘s;hrﬂ;‘d ety
o, | the EuropeanUnion and Innovation 0

Root2Res has received funding from the European Union's Horizon Europe research and innovation programme under Grant
Agreement No. 101060124. Its work is supported by Innovate UK through the Horizon Europe Guarantee scheme Grant Agreement No.
101060124 and by the Swiss State Secretariat for Education, Research and Innovation (SERI) grant No. 23.00050.




¥ D2.3: phenotyping toolbox - rhizosphere
5 ROOt ReS September 2023

5. AnneXx 1: Protocol for combined exudation and
microbiome sampling from the same plant

51. Background

The combined exudation and microbiome sampling from the same plant increases
throughput and is therefore a recommended tool for medium-scale rhizosphere
phenotyping. We tested and confirmed two suitable approaches for the combined
sampling of root exudates and microbiome. These two methods are similar, except
for the bulk soil removal which is either washed off the roots (A “wet approach”) or
manually shaken off the roots (B “dry approach”) (Figure A1).

Plant Bulk soil Remaining Rhizosphere Exudate
growth removal rhizosphere soil  soil collection  collection

\ \[ [ wet bulk soil

| - W /® U (washing off

‘v bulk soil

\ Y
' & \V removal

B) Dry approach \&
\ j (shaking off)

Waon

Figure A 1. Two approaches to combined sampling of root exudates and microbiome.

When working with the “wet bulk soil removal approach”, bulk- and rhizosphere soil
are washed off both and collected separately, with the washing procedure being
stopped when only a thin soil layer attached to roots remains. This soil layer is then
considered as the rhizosphere fraction which is collected by dipping the roots
repeatedly into a bucket filled with a fresh solution (distilled water or electrolyte
solution).

In contrast, no water is used for washing off the bulk soil from the roots during the
“dry approach”. Instead, bulk soil removal is done dry by shaking off the bulk soil
carefully until only a thin soil layer attached to the roots remains (this layer is also
defined as rhizosheath (Brown et al.,, 2017)). Collection of this rhizosphere fraction is
done as for the wet approach.

The “wet approach” is gentler than shaking off the bulk soil. However, the distinction
between bulk- and rhizosphere soil during the “wet approach” is less precise and
more operator-dependent than during the “dry approach”. Finding the right
approach for sampling exudates together with microbiome traits depends on the
research focus, but also on the soil texture in the experiment, since lighter sandy soils
can be shaken off easier with less root damage than heavier clayey soils.
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52. Material needed (for each sample)

Rhizosphere soil collection

experimental design: include additional unplanted pots as only bulk soil
samples (will be treated similar during experiment: e.g., watering, fertilization)
running water for root washing

1x 10 L basin for washing off the bulk sail

250 mL (volume used for 5 week old barley plants, volume will depend on
respective root system size) distilled water in a small bucket for collecting
rhizosphere soil (dipping)

1x 50 mL falcon tube

Icebox or cold room (keeping rhizospheres)

70 % EtOH (cleaning the spatula for bulk soil)

spatula (bulk soil)

centrifuge

liquid nitrogen

Exudate collection (based on soil-hydroponic-hybrid approach)

sampling solution: Milli-Q water + 5 mg L Micropure Classic (Roth Katadyn)
o tobe prepared 2 h before sampling exudates
bucket volume for collecting root exudates depends on root system size, root
(g dwt) to sampling solution volume ratio (L) should be in the range of 2-4
o e.g. 250 mL plastic bucket for barley, faba bean and sweet potato (after
5 weeks growth)
o e.g. 400 mL plastic bucket for potato (after 5 weeks growth)
2x same bucket for previous fine washing and osmotic adjustment
Ix aluminium foil square (30cmx30cm)
20 mL syringes
3x 0.2 acetate filters for syringes
50 mL tubes for collecting filtered exudates
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Wet bulk soil removal

Bulk soil Remaining
removal rhizosphere soil

wet bulk soil removal
(washing off)

remove rooted soil block from pots gently while keeping the entire plantintact

soak soil block in the basin pre-filled with distilled water (if not available use
tap water)

gently free roots from soil by moving the plant inside the bucket (it is
important to avoid root damage as much as possible)

take roots out to observe how much soil is still attached: wash bulk soil off until
roots are covered by a thin soil layer (= remaining rhizosphere soil)

when reaching this point, start dipping roots gently and repeatedly in a new
bucket filled with approx. 250 mL distilled water (volume depends on root size)
until roots are as clean as possible

place the bucket with the rhizosphere slurry in the cold room until
centrifugation

after the rhizosphere fraction has been collected, another gentle root rinsing
cycle needs to be done to get rid of the “last” soil attached (remaining soil
particles will interfere with exudation results)

Bulk soil sampling:

bulk soil washed off the roots is not considered for further analysis and thus
discarded

extra unplanted pots (with the same treatment as the pots with plants)
represent bulk soil sample

from the unplanted soil pots: with the help of a spatula remove a portion of soil
corresponding to the area explored by the roots. Avoiding the upper layer of
the pot as usually will be covered with other autotrophic organisms (e.g., moss)
place the bulk soil in the container with distilled water
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5.4. Dry bulk soil removal

Bulk soil Remaining
removal rhizosphere soil

\

A) Wet approach

dry bulk soil removal
(shaking off)

1. remove rooted soil block from pots gently while keeping the entire plantintact

2. begintoremove bulk soil: hold plant in on hand while carefully crumbling bulk
soil off the rooted soil block you are holding in the other hand

3. after most of the bulk soil has been removed, vigorously shake the intact root
against your palm hand (it is important here to avoid as much as possible root
damage)

4. the tight soil attached to the roots represents the rhizosphere fraction (also
defined as rhizosheath)

5. when reaching this point, start dipping roots gently and repeatedly in a new
bucket filled with approx. 250 ml distilled water (depends on root size) until
roots are as clean as possible

6. place the bucket with the rhizosphere slurry in the cold room until
centrifugation

7. after the rhizosphere fraction has been collected, another gentle root rinsing
cycle needs to be done to get rid of the “last” soil attached (remaining soil
particles will interfere with exudation results)

Bulk soil sampling:

- same procedure as for the “wet approach” (see description on previous page)
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55. Rhizosphere soil collection

1. take the buckets containing the rhizosphere fraction and the bulk soil controls
out of the cold room, and centrifuge the sample in 50 mL tubes at 1,500gx for
15 minutes

2. after centrifugation decant the supernatant
3. repeat the previous step with the rest of the rhizosphere sample

4. flash-freeze the rhizosphere samples in liquid nitrogen and store at -70°C

5.6. Exudate collection

A guideline for adjusting the correct sampling volume to collect root exudates
o Rootdry weight (g)/sampling volume (L) = 31

1. prepare Containerl with distilled water, Container2 with random volume of
Micropure solution, and Container3 with exact sampling volume of Micropure
solution on a table close to each other (to facilitate the transfer of intact plants
from container to container)

2. 1twash in distilled water: once the roots are clean (see point 7), place the entire
plant in 250 mL bucket (or 400 ml bucket for potato) filled with distilled water
(random volume) = Containerl

3. 2™ wash in Micropure solution (Milli-Q water + 5 mg L' Micropure): once the
roots are ultra-clean, transfer the entire plant in 250 mL (or 400mL) buckets
filled with the Micropure sampling solution (random volume) — wait for 3 min
= Container2

4. prepare 3@ wash Micropure solution: while plants stay for 3 min in Container2,
empty the distilled water in Containerl and refill it also with Micropure solution
(similar volume than Container2)

5. 39 wash Micropure solution: transfer plants from Container2 to Containerl —
wait for 3 min

6. remove plants from osmotic adjustment buckets (Containerl & Container2),
gently place roots for 1-2 seconds on tissue paper that was previously spread
on the work desk (fresh tissue for each plant) to remove excess Micropure
solution

7. in order to finally collect root exudates, transfer the roots into a third bucket
containing the sampling solution with an exact known volume (use the
guideline mentioned above to measure volumes like 125-275 mL barley; 250
mL faba bean; 250 mL potatoes; 125 mL sweet potatoes) = Container3

8. wrap Container3 in aluminum foil and take it back to the glasshouse, leave
samples for 3 h and record the exact sampling start and end
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after 3 h of exudate collection, carefully remove plants from the Micropure
sampling solution and place them back into the empty Container2

filter the exudate solution with pre-rinsed 0.2 um cellulose acetate syringe
filter (OE 66, Whatman, UK) and collect it in 50 mL vials (aliquoting
recommended)

- pre-rinse filter with 2-5 mL Micropure sampling solution and discard a few
drops to avoid C contamination

- exchange filters 2-3 per sample and use a fresh syringe for each sample

record the weight of filtered exudate solution and store it at -20°C for later
analysis
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