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Abstract

1. Plant-soil-microbe interactions play a central role in plant nutrient acquisition
and thus ecosystem functioning and nutrient availability in agroecosystems.
Adjustments in root morphology, root exudation and associations with
microorganisms such as arbuscular mychorrizal fungi are common for
phosphorus acquisition. Yet how plant belowground functional traits interact
with microbial communities for P-acquisition remains largely unknown, limiting
our understanding of phosphorus availability in agroecosystems.

2. Interactions between belowground functional traits and rhizosheath soil
microbial communities for P-acquisition were investigated across -eight
herbaceous species with contrasting root traits. Root morphological and
physiological traits involved in P-acquisition were quantified simultaneously
with  PLFA (phospholipid fatty acid) and NLFA (neutral lipid fatty acid)
microbial bioindicators.

3. Multiple correlations were observed between root morphology, root exudates
and rhizosheath fungal and bacterial communities. Root exudates and in
particular release of malate and malonate were strongly linked with indicators
of Gram-negative bacteria, which were correlated with changes in rhizosheath
soil P concentration and plant P content.

4. Our results suggest that root exudation of carboxylates may play an important
role in plant-soil-microbe interactions for P-acquisition, underlining their likely

role in shaping microbial communities. Incorporating these interactions in



biogeochemical models would lead to better predicting power and

understanding of P cycling and ecosystem functioning.
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Résumé

1. Les interactions plante-sol-microbe jouent un réle central dans l'acquisition
d’éléments nutritifs par les plantes et par conséquent dans le fonctionnement
des écosysttmes et la disponibilité des nutriments dans les
agroécosystéemes. L’acquisition du phosphore nécessite souvent des
ajustements entre morphologie et exsudations racinaires ainsi que
'association des racines avec les micro-organismes du sol tels que les
champignons mycorhiziens arbusculaires. Les mécanismes par lesquels les
traits fonctionnels des plantes interagissent avec les communautés
microbiennes pour l'acquisition de P restent pourtant largement méconnus,
limitant ainsi notre compréhension de la disponibilité du phosphore dans les
agroécosystemes.

2. Les interactions entre traits fonctionnels souterrains et communautés
microbiennes du sol rhizosphérique pour l'acquisition de P ont été étudiées au
sein de huit espéces herbacées aux traits racinaires contrastés. De multiples
traits morphologiques et physiologiques racinaires impliqués dans l'acquisition
de P ont été quantifiés simultanément avec plusieurs bioindicateurs
microbiens (PLFA et NLFA).

3. De nombreuses corrélations ont été observées entre la morphologie racinaire,
les exsudats racinaires et les communautés fongiques et bactériennes du sol
rhizosphérique. Les exsudats racinaires, en particulier la libération d’acide
malique et malonique, étaient fortement liés aux indicateurs de bactéries
Gram-négatives, eux-mémes corrélés aux changements de la concentration
en P du sol rhizosphérique et a la teneur en P des plantes.

4. Nos résultats suggerent que I'exsudation racinaire des carboxylates joue un
réle important dans les interactions plante-sol-microbe pour I'acquisition de P,
soulignant leur rdle probable dans la formation des communautés
microbiennes. L'intégration de ces interactions dans les modeéles
biogéochimiques conduirait a une meilleure précision ainsi qu’a une meilleure

compréhension du cycle du P et du fonctionnement des écosystemes.



List of abbreviations:

AMF : Arbuscular mycorrhizal fungi

AMF NLFA : Concentration of C16:1w5 neutral lipids

Gram-negative NLFA : Sum of concentrations of cy17:0, C18:1w7, cy:19:0 neutral
lipids

Gram-positive NLFA : Sum of concentrations of i15:0, al5:0, i16:0, i17:0, al7:0
neutral lipids

Fungi NLFA : Concentration of C18:2w6,9 neutral lipid

Bacterial NLFA : Sum of Gram-negative NLFA and Gram-positive NLFA

NLFA : Neutral lipid fatty acid

N/P AMF : Ratio of concentration of C16:1w5 neutral lipid and C16:1w5 phospholipid
Gram-negative PLFA : Sum of concentrations of cyl7:0, C18:1w7, cy:19:0
phospholipid

Gram-positive PLFA : Sum of concentration of i15:0, al5:0, i16:0, i17:0, al7:0
phospholipid

Fungi PLFA : Concentration of C18:2w6,9 phospholipid

Bacterial PLFA : Sum of concentration of Gram-negative PLFA and Gram-positive
PLFA

PLFA : Phospholipid fatty acid

PME : Phosphomonoesterase activity in the rhizosheath

RLD : Root length density

RSA : Root surface area

SRL : Specific root length

A microbial P : Difference in microbial P concentration between rhizosheath and bulk
soll

A Olsen P : Difference in Olsen P concentration between rhizosheath and bulk soil

A resin P : Difference in resin P concentration between rhizosheath and bulk soil

A pH : Difference in pH between rhizosheath and bulk soil



Introduction

Phosphorus (P) is a key limiting nutrient in most ecosystems, playing a central role in
ecosystem functioning via its influence on net productivity and carbon cycling
(Nottingham et al. 2015). Understanding and managing natural ecosystems and
agroecosystems functioning thus requires fully grasping the factors involved in P
cycling, and notably the influence of plants on P cycling via plant P-acquisition and
subsequent release via decomposition. Multiple factors influence plant P-acquisition
such as plant P-acquisition strategies, and in particularly root traits (Wendling et al.
2016), soil microbial communities (Smith and Smith 2011; Richardson et al. 2011),
climate (Hou et al. 2018) as well as soil properties. Interactions between these
factors, and especially between plant P-acquisition traits and soil microorganisms
are not fully understood (Legay et al. 2014; Bardgett et al. 2014; Sasse et al. 2018;
Sweeney et al. 2021). Gaining a better understanding of the complex relationships
between plants and soil microorganisms, as mediated by soil properties and plant
functional traits is thus central to gain insight into plant P-acquisition and in turn its
effects on P cycling and ecosystem functioning (Hunter et al. 2014).

A vast array of morphological, architectural, physiological and biotic traits can allow
plants to acquire P either directly or indirectly through interactions with microbial
communities (Campos et al. 2018). Through these traits, plants can acquire P from
the diverse pools of P present in soils, from readily available inorganic P to sparingly
available inorganic and organic P such as P sorbed onto clays and Al/Fe oxides or
slightly soluble Al, Fe, Ca-phosphates. Spatially uneven pools of available inorganic
P can be acquired via P-foraging traits such as specific root length (SRL), root length
density (RLD) or root hair length and abundance (Fort 2013; Haling et al. 2018; Ma
et al. 2018), allowing plants to develop an extensive surface for absorption to
efficiently explore larger soil volumes (Hinsinger et al. 2018). P-mobilisation traits
such as root exudation of protons, carboxylates or enzymes can also allow plants to
mobilise poorly available P, that is increase soil inorganic P concentration and thus P
availability by transforming P forms such as precipitates, P bound to soil particles or
organic P. Precipitated inorganic P forms such as Ca/Mg-phosphate can be
dissolved via proton release in the rhizosheath soil (White and Hammond 2008;

GOmez-Suarez et al. 2020). Plant-released carboxylates, by competing with P for



binding sites and complexing cations (e.g., Al, Fe and Ca), can also promote P
desorption from soil constituents (Wang and Lambers 2020). Finally, organic P can
be taken up after its mineralization by phosphomonoesterase, phosphodiesterase or
phytases released by roots (Richardson et al. 2011; Nobile et al. 2019). In addition to
the direct effects of plant traits involved in P foraging and P mobilization, the activity
and composition of soil microbial communities also strongly influences plant P-
acquisition (Smith and Smith 2011). Association with microbial groups can indeed
contribute considerably to plant P-acquisition such as extensively described for
arbuscular mycorrhizal fungi (AMF) (van der Heijden et al. 2008). Several microbial
groups such as phosphate solubilising bacteria, AMF or plant growth promoting
rhizobacteria (PGPR) can contribute to plant P uptake via the mobilisation of organic
P and unavailable inorganic P present in soils and their effect on root growth
(Richardson et al. 2011; Menezes-Blackburn et al. 2018). Plant P-acquisition traits
could also play an important role in shaping these bacterial and fungal communities
notably via the release of root exudates (Legay et al. 2014; Bardgett 2017; Sweeney
et al. 2021), jointly influencing plant P-acquisition and thus P cycling in
agroecosystems. Our understanding of the role of plant traits and notably root
exudates in shaping rhizosheath microbial communities for plant P-acquisition,
however, remains limited (Hunter et al. 2014; Martin et al. 2016; Datta et al. 2020).
Much, indeed, remains unknown on how specific belowground functional traits
influence fungal and bacterial communities and the contribution of these plant-soil
microorganism interactions to plant P-acquisition (Bardgett et al. 2014; Martin et al.
2016; Bardgett 2017; Sasse et al. 2018).

Several studies have underlined the considerable influence of plants on rhizosheath
soil microbial communities’ composition and activity, which in turn play a central role
in P-acquisition (Parniske 2008; Smith and Smith 2011; Richardson and Simpson
2011). The contribution of species identity as compared to environmental conditions
remains discussed (Defrenne et al. 2019; Sweeney et al. 2021). Some cover crops
species such as White Lupine for example have however been observed to strongly
and consistently influence microbial communities and lead to lasting effects on P
availability (Marschner et al. 2002; Hallama et al. 2019), prompting more studies on
the role of plant-microbe interactions in increasing P availability in agroecosystems

via cover cropping. Plant functional traits such as root exudates are likely key driver



of these plant-microbe interactions, while phylogenetic patterns and effects of
species identity also contribute (Barberan et al. 2015; Sweeney et al. 2021). A large
diversity of plant exudates such as amino acids, organic acids, sugars, phenolic
compounds and many secondary metabolites indeed play a role in shaping and
communicating with soil microbial community composition and abundance
(Marschner et al. 2002; Micallef et al. 2009; Harrison and Bardgett 2010; Eisenhauer
et al. 2017; Sasse et al. 2018; Datta et al. 2020), and, therefore, could influence P
dynamics and availability in agroecosystems. The rhizosheath microbial community
is likely the result of multiple exudates playing stimulating or inhibitory roles
(Hartmann et al. 2009; Datta et al. 2020). Carboxylates in particular can provide a
carbon source for microbial growth, and have have considerable impacts on
rhizosheath microbial community composition (Marschner et al. 2002; Martin et al.
2016; Paterson et al. 2007; Adeleke et al. 2017; Hu et al. 2018), suggesting their role
among the multiple overlapping mechanisms contributing to plant-microbe
interactions (Hartmann et al. 2009). Changes in rhizosheath soil microbial
community composition and activity due to root exudations may in turn influence P
solubilization and subsequent uptake by plants (Richardson 2001). Between 1 and
50% of rhizosheath soil bacteria are indeed P-solubilising bacteria (Kalayu 2019).
Root morphological traits similarly interact with microbial communities such as
observed in the case of plant-growth-promoting rhizobacteria synthesizing growth
regulators that can influence P-foraging traits and plant P uptake (Spaepen and
Vanderleyden 2011). Plants with fine, fibrous roots are less colonized by mycorrhizal
fungi (Wen et al. 2019), while this association can strongly contribute to plant P-
acquisition in coarser roots (Smith and Smith 2011), likely due to a “collaboration
gradient” between root traits, association with fungi and nutrient-foraging strategy
(Bergmann et al. 2020). In addition, patterns between root morphological traits and
root exudation have been observed (Wen et al. 2019; Honvault et al. 2020) jointly
influencing microbial communities and subsequently plant P uptake. However, the
role of soil microbial groups in plant P-acquisition is often studied independent of the
influence of physiological and morphological root traits, and mostly focus on a single
or a few bacterial or fungal species. Overall, our knowledge of the mechanisms and
plant traits interacting with rhizosheath microbial community for nutrient acquisition
and uptake remains limited, and further investigation is warranted. The role of
carboxylate exudation for P-acquisition has been extensively described, while their



impact on rhizosheath microbial communities and feedback effect on P availability
and plant P uptake has received less attention (Hunter et al. 2014; Martin et al.
2016).

In addition to our limited understanding of the role of root traits in plant-microbe
interactions for P-acquisition trait plasticity also remains a major source of
uncertainty when examining plant-microbe interactions for P-acquisition. Root traits
have indeed been observed to present high but uneven plasticity in response to
environmental conditions (Bardgett et al. 2014). Intraspecific trait variation induced
by plasticity could play an important role in shaping rhizosheath microbial
communities structure as well as their consequences on nutrient availability
(Sweeney et al. 2021). Interactions between plant traits and soil microbial
communities mediated by trait plasticity in response to environmental change were
demonstrated (Li et al. 2017; Zhang et al. 2019; Defrenne et al. 2019), however our
understanding of the importance of trait plasticity in response to soil properties for

microbial communities and their consequences on P uptake is limited.

Moreover, due to the carbon cost associated with traits expression and microbial
associations, multiple trade-offs and interactions exist between P-acquisition traits as
well as their efficiency in acquiring P and rhizosheath soil microbial community
composition and activity that also remain sources of uncertainty to be fully explored.
Lower carboxylate-release rates have been observed in mycorrhized roots for
instance, although inconsistencies between species have also been noted (Ryan et
al. 2012). The P-mobilizing efficiencies of carboxylates have moreover been
proposed to be linked negatively with their metabolization rate by soil
microorganisms (Wang and Lambers 2020), while increased microorganism
abundance and activity prompted by exudates can also contribute to P mobilisation.
This highlights the need to better understand plant and microbial mechanisms for P-
acquisition and their interactions in the rhizosphere (Richardson et al. 2011). Gaining
a better understanding of plant-microbe interaction for P-acquisition thus requires
investigating not only the complex and likely overlapping relationships between root
traits and rhizosheath microbial community, but also the importance of trait plasticity
and trade-offs in these interactions (Hartmann et al. 2009; Hunter et al. 2014; Legay
et al. 2014; Bardgett et al. 2014; Bardgett 2017).



The objective of this study was to examine the interactions between plant P-
acquisition traits and microbial communities, and to assess their role and contribution
to plant P-acquisition. In order to examine plant-soil microorganism interactions,
multiple belowground functional traits of eight cover crop species of two families
were measured together with fungal and bacterial bio-indicators in their rhizosheath
in two soil types. The interactions between plants P-acquisition strategies and
rhizosheath microbial communities were investigated via morphological and
physiological traits involved in P-acquisition and their consequences for P-
acquisition, as mediated by soil type. We examined trade-offs between root
morphology and, in particular, fine root percentage and association with microbial
communities and their consequences for P-acquisition. We expected stronger AMF
indicators in the rhizosheath of coarser roots, and strong relationships between AMF
indicators and P-acquisition. Interactions between carboxylate-release rates and
fungal and bacterial communities were investigated to gain a better understanding of
the role of carboxylate release in the complex plant-soil microorganism interactions
involved in P-acquisition. Our hypothesis was that carboxylate-release would
influence rhizosheath microbial community structure via selectively increasing the
abundance of specific microbial groups, which in turn would influence plant P-
acquisition. Finally, the effects of trait plasticity on plant-soil microbe interactions was
indirectly investigated with the hypothesis that these interactions would be strongly
mediated by soil type.



Material and methods

Experimental design

In order to examine the interactions between belowground functional traits involved
in P-acquisition and fungal and bacterial communities, eight species (Brassicaceae:
Brassica carinata A. Braun, Raphanus sativus L., Sinapis alba L.; Fabaceae: Lens
culinaris Medik., Pisum sativum subsp. Arvense L., Trifolium alexandrinum L., Vicia
faba L. and Vicia sativa L.) were grown under greenhouse conditions in two soil
types. We selected species of two contrasting phylogenetic lineages in order to
observe a gradient of belowground morphological and physiological P-acquisition
traits and understand how their diverging P-acquisition strategies interact with
microbial communities for P-acquisition. Brassicaceae were selected alongside
Fabaceae for their different P-acquisition strategies and notably interactions with soil
microorganisms, because Brassicaceae are predominantly non-mycorrhizal (Cosme
et al. 2018). Soils with contrasting characteristics (Table 1), a Retisol (formerly called
Albeluvisol) and a Calcaric Cambisol (characterized by the presence of an A horizon
developed over a calcareous substrate) (FAO 2014), were collected from cultivated
fields from north-eastern France. In order to further reduce P availability, soils were
collected after topsoil (0-5 cm) removal and mixed with washed sand (22% of the
final weight). After mixing, soil P concentrations were of 19.8 mg Pkg™* and 16.7 mg
kg™
limitation. Pots were randomly arranged with two individuals per species per pot (4.5

. Shoot P concentration of 0.8 to 3 mg P kg™® might indicate moderate P

L pots), and 2.5 months growing period. Greenhouse conditions were 22°C during
the day (14 hours) and 18°C at night. The experiment was carried out in triplicate,

with eight species and two soil types for a total of 48 pots.



Table 1 Chemical and physical soil characteristics

% Clay % Sand H KCl ca® N tot CEC Olsen P° Ca-P°
(<0.002mm) (>0.05mm) P (kg™  (mgkg") (cmolkg™) (mgkgh)  (mgkg™)
Calcaric b
] 30.7 22.0 7.9 44.7 1700 9.3 19.8 542
Cambisol
Retisol 22.3 54 7.4 2.60 1000 10.5 16.7 76.7
p value NS 0.03

p value: Analysis of variance between soil for replicated conditions. NS : Not significant. Abbreviations: Ca: exchangeable calcium; N tot: total nitrogen; CEC:
cation exchange capacity.

®Extractant : Ammonium acetate 0.5 M, EDTA 0.02 M pH 4.65

’CaC0;56.4 %

“According to Olsen (1954)

dApatite phosphorus as defined in Garcia-Albacete et al. (2012)



Plant measurements
Carboxylate release

At harvest, plants were carefully separated from the bulk soil, with care taken to
avoid damage to the root system. Soil tightly adhering to the root system after
shaking ,thereafter described as rhizosheath as in Pang et al. (2017), was collected
and stored at -20°C for further analysis. Carboxylate-release rate was measured by
immersing the entire root system in 0.20 mM CaCl, for 1 hour under the same
greenhouse conditions as used for plant growth, after rinsing off any remaining soil
(Yacoumas et al. 2020). Reversed-phase column liquid chromatography was then
used to measure carboxylate concentrations in the extract, offering a good resolution
for five carboxylates (citrate, fumarate, maleate, malate, malonate). Briefly, a C18
column with a 15 min elution time and a 1 mL min™ flow rate was used with an acid
mobile phase of 93% 25 mM KH,;PO4 at pH 2.5 and 7% (v/v) methanol (Cawthray
2003; Yacoumas et al. 2020). The total carboxylate-release rate was calculated as

the sum of all mentioned carboxylates.
Morphological traits

The plants were severed at the root-shoot junction for further measurements on the
root system. All Fabaceae were normally nodulated. The root systems were scanned
while being immersed in pure water using an Epson Scanner perfection V800
(Regent Instruments Inc., Québec, Qc, Canada) to produce a 600 dpi image. Root
length, root surface area and root length per diameter class were determined using
WInRHIZO Regular software V.2016a (Regent Instruments Inc., Québec, Qc,
Canada). Root length density (RLD) was calculated based on 4.5 L pot volume, and
the percentage of fine roots was calculated based on the percentage of root length of
roots with a diameter less than 0.5 mm (Elshafie et al. 2013; Wang et al. 2015). After
drying at 60°C for 48 hours, root dry weight was measured and specific root length

(SRL) was calculated.
Phosphorus content

All aboveground biomass was dried at 60°C for 48 hours and weighed, before being
digested via acid digestion and a microwave heating treatment (Lange et al. 2016).

Briefly, 0.1 to 0.2 g of dry biomass was digested for one hour in a Teflon vessel with



8 mL of 65% (v/v) HNO3; and 2 mL of 36% (v/v) HCI. After filtration, digest P and
manganese (Mn) concentration, a proxy for rhizosheath carboxylate concentration
(Pang et al. 2018), were determined by inductively coupled plasma mass
spectrometry (ICP-MS) (Thermo Scientific XSERIES2, Beauvais, France). A certified

reference (SRM1573) was used as external standard.
Soil analyses

Acid phosphatase activity in the rhizosheath soil (PME) was determined by
measuring the production of p-nitrophenol from sodium p-nitrophenyl phosphate, as
described in Tabatabai and Bremner (1969). Briefly, three sub-samples of 0.5 g dry
soil per replicate were added to a modified universal buffer at pH 6.5 with 0.2 mL
toluene and 1 mL substrate (p-nitrophenyl phosphate). After one hour at 37°C, the
reaction was stopped with 4 mL 0.5M NaOH and 1 mL 0.5 M CaCl,. After filtering to
remove the soil from the solution, p-nitrophenol release was determined
spectrophotometrically at 410 nm. Soil pH was measured in the rhizosheath and bulk
soil on 2 g equivalent dry soil with a 1:10 water to soil ratio. A pH between

rhizosheath and bulk soil was then calculated.
Phosphorus availability

Microbial P, resin P and Olsen P in the rhizosheath were extracted before inorganic
P determination on filtered extracts using malachite green colorimetry at 610 nm
(Ohno and Zibilske 1991). Olsen P was extracted with a 1:20 soil to solution ratio
and a solution of NaHCOgzat pH=8.5 (Olsen 1954). Microbial P was determined via a
differential method between hexanol-fumigated and non-fumigated extracts
(Bunemann et al. 2007). After initial preparation with 0.5 M NaHCOgj, anion-
exchange strips were shaken for 16 h with 2 g equivalent dry soil and 30 mL
deionised water. For each sample, three portions of soil were extracted, with or
without addition of 1 mL hexanol as fumigant and with spiking of a known amount of
inorganic P (KH,PO,). The anion-exchange strips (VWR, 551642S) were then rinsed
with deionised water before P was extracted by shaking 16 h in 20 mL 0.5 M HCI. To
compensate for sorption of the P released after fumigation, P recovery was
calculated in spiked samples otherwise extracted identically to non-fumigated
samples. Microbial P was calculated as the difference between fumigated and non-
fumigated samples, corrected by the recovery after spiking. To examine change in



rhizosheath P concentrations, A resin P, A microbial P and A Olsen P were calculated
based on differences of concentration of resin P, microbial P and Olsen P between

rhizosheath and bulk soil.
PLFA and NLFA determination

Frozen rhizosheath soil was freeze-dried for 48 hours. Any remaining root fragments
were then manually removed before milling with an MM 300 Mixer Mill (Qiagen, City,
USA). Phospholipid fatty acids (PLFA) were then extracted and analysed by the
procedure of Frostegard et al. (1993). The total lipid extraction procedure followed
that described by Frostegard et al. (1991), which is based on the method by Bligh &
Dyer (1959) as modified by White et al. (1979). For detailed information on the PLFA
and NLFA extraction see supplementary material S1. Specific PLFA and NLFA
biomarkers, as highlighted in He et al. (2007), were summarised per main microbial
group, that is bacteria, Gram-positive bacteria, Gram-negative bacteria, fungi and
arbuscular mycorrhizal fungi. The NLFA/PLFA ratio of C16:1w5 was calculated to
account for possible bacterial interference when interpreting NLFA C16:1w5
concentration as an indicator of AMF storage over growth, with possible interference
being noted for a ratio less than 1. NLFA were used as indicators of recently dead
bacterial necromass (Malosso 2004; Amir et al. 2008; Rinnan and Baath 2009). The
sum of Gram-negative NLFA and Gram-positive NLFA and the sum of Gram-
negative PLFA and Gram-positive PLFA were calculated as indicators of total

bacterial abundance (necromass and living biomass respectively).
Statistical analyses

All tests were performed with R v 3.6.0, the package plspm v 4.6, Rcmdr 2.5-3 and
XLSTAT 2020.4.1.1018 at a significance level of 0.05. Differences between plant
belowground P-acquisition traits, rhizosheath microbial indicators and P-acquisition
indicators between families, soils, interactions between soils and families as well as
species within families were first examined with nested ANOVAs in order to highlight
their plasticity per soil type, family and intra-family variability. Differences between
PLFA and NLFA and associated bacterial and fungal communities in the rhizosheath
in the two soils were then examined via a principal component analysis (PCA)

(supplementary material S2). As two distinct clusters regrouping all species per soill



type were identified on the PCA, further analysis was performed separately per soil

type.

Interactions between traits, PLFA, NFLA and P-acquisition, as measured via total P
content and change in rhizosheath P concentration (Resin P, Olsen P, Microbial P),
were examined via either Pearson or Spearman correlation, according to the
normality of the data. Generalized linear models (GLM) were then used to further
identify the contribution of the two phylogenetic families examined, the two soil types
as well as interactions between soil type and family to the main interactions
highlighted. A regressor selection method was employed. Briefly simple models
between one rhizosheath microbial indicator or indicator of P-acquisition and one
plant belowground P-acquisition trait or rhizosheath microbial indicator were
produced, specifying an effect of family and soil type as well as their interaction with
said belowground P-acquisition trait or rhizosheath microbial indicator. Regressors
were then progressively selected until only significant regressors were left in the

model. Gamma family with inverse link functions was used.

Finally, to understand the combined influence of root traits and PLFA/NFLA on P-
acquisition and synthesise the multiple correlations observed to further highlight the
key variables involved, we used a partial least square path model (PLS PM)
(Sanchez 2013). Three clusters of variables, or “latent variables” were defined:
“belowground traits”, “PLFA/NFLA” and “P acquisition”. “Belowground traits” grouped
change in rhizosheath pH, total carboxylate-release rate, citrate-release rate,
fumarate-release rate, maleate-release rate, malate-release rate, malonate-release
rate, leaf Mn concentration, phosphomonoesterase activity in the rhizosheath, root
surface area, specific root length, root length density and fine root percentage.
“‘PLFA/NFLA” grouped Fungi PLFA, Gram-positive PLFA, Gram-negative PLFA,
bacterial PLFA, AMF NLFA, Fungal NLFA, Gram-positive NLFA, Gram-negative
NLFA, bacterial NLFA, total PLFA and total NLFA. “P acquisition” grouped total P
content, A Olsen P, a resin P and A microbial P. The “belowground traits” and
“‘PLFA/NFLA” latent variables were then used to predict the “P acquisition” latent
variable. To account for a possible influence of belowground traits on microbial
communities, an interaction between the “belowground traits” latent variable and the
NLFA/PLFA latent variable was specified in the model structure. To avoid

dependency effects, replicates were averaged per species. Unidimensionality of



latent variables, as well as cross-loadings of variables within each latent variable
were verified. To ensure positive correlations in a latent variable, the sign of some
variables was modified. A first model incorporating all variables was used to select
the most representative variables. Variables were selected based on their loadings
(greater than 0.7) (Sanchez 2013).The PLFA/NFLA component was thus renamed
as NFLA, after all PLFA indicators were eliminated when selecting variables. Models
were produced with the “plspm” package version 0.4.9 and evaluated based on their
goodness of fit (GOF). Data deposited in the Dryad Digital Repository:
https://doi.org/10.5061/dryad.rv15dv47s, (Honvault et al. 2021).



Results

Differences among belowground traits, microbial communities and P-

acquisition indicators per family, soil type and species

Strong differences were observed between Brassicaceae and Fabaceae notably for
microbial indicators (Table 3) but also belowground traits (Table 4) and indicators of
plant P uptake (Table 2) (supplementary material S3 and S4). AMF NLFA
rhizosheath concentration and Gram-negative NLFA concentration were higher for
Fabaceae, while nested effects of species per family were also observed.
Brassicaceae had lower AMF NLFA rhizosheath concentration with ratios of
concentration of C16:1w5 neutral lipid and concentration of C16:1w5 phospholipid
inferior to one in both soils. The release rate malate and malonate were higher for
the Fabaceae family with no significant differences between species per family for
malate, while differences were observed for malonate. Fabaceae had higher P
content overall, with shoot P concentration between 0.8 mg P kg™ and 3 mg P kg*
and higher decreases in rhizosheath Olsen P concentration. Differences per species
per family were also noted both for plant P content and decreases in rhizosheath

Olsen P concentration.

Multiple plant traits were different per soil type. Leaf Mn concentration was strongly
different between soils, family and between species per family. Root malate and
malonate-release rate were similarly different per soil. Root morphology also proved

to be different per soil type, in particular fine root length percentage.



Table 2 Results of the nested ANOVA for the effect of soil, phylogenetic family, their interactions and nested effects of species within families on the changes

in rhizosheath soil P concentration and plant P content

A Resin P (mg/kg)

A Olsen P (mg/kg) P content (mg)

Source of d.f. Mean F- Mean F- Mean F-
variation squares values squares values squares values
Soil 1 517.23 22.94*** 505.75 32.37*+* 42.30 3.10
Family 1 515.93 22.89** 304.89 19.52%** 882.58 64.69***
Soil* Family 1 2.70 0.12 2.28 0.15 23.32 1.71
Specie(Family) 12 44.52 1.98 52.83 3.38** 75.40 5.53%**

* P< 0.05 ; ** P< 0.01; *** P<0.001. Abbreviations: A Resin P: Change in rhizosheath resin extracted P concentration (mg kg'l); A Olsen P: Change in

rhizosheath Olsen P concentration (mg kg‘l); P content : Total P content in plant biomass (mg P). For results for the other P-acquisition indicators measured

see supplementary material S3.



Table 3 Results of the nested ANOVA for the effect of soil, phylogenetic family, their interactions and nested effects of species within families on rhizosheath

PLFA and NLFA concentration

PLFA NLFA
Gram + Bacterial AMF Fungi Gram + Gram - Bacterial
F-
Source of variation d.f. MS F-values MS | MS F-values MS F-values MS F-values MS F-values MS F-values
values

Sail 7.28 27.29%*= 25.83 6.75* 53.11 39.33*** 0.03 0.25 0.85  14.94%** 0.91 0.55 0.00 0.00
Family 1 0.16 0.62 16.37 4.28* 165.86 122.83*** 0.78 6.46* 0.00 0.02 56.81 34.38*** 57.32  31.12%

Soil* Family 1 0.18 0.69 6.72 1.76 30.26 22.41%** 0.06 0.51 0.00 0.01 0.41 0.25 0.45 0.24

Specie(Family) 12 0.45 1.69 7.10 1.86 10.89 8.06*** 0.26 2.16* 0.19 3.27** 3.85 2.33* 4.69 2.54*%

* P< 0.05 ; ** P< 0.01; *** P<0.001. Abbreviations : PLFA : Phospholipid fatty acid; NLFA : Neutral lipid fatty acid; AMF: Concentration of C16:1w5 neutral

lipid; Fungi: Concentration of C18:2w6,9 neutral lipid; Gram + : Sum of concentration of i15:0, a15:0, i16:0, i17:0, a17:0 phospholipids or neutral lipids; Gram -

: Sum of concentration of cy17:0, C18:1w7, cy:19:0 neutral lipids; Bacterial : Sum of Gram-positive and Gram-negative bacteria phospholipids or neutral lipids

concentration; MS : mean squares. For results for the other PLFA and NLFA concentration measured see supplementary material S3.



Table 4 Results of the nested ANOVA for the effect of soil, phylogenetic family, their interactions and nested effects of species within families on belowground

traits
Malate Malonate FR Leaf [Mn] PME RLD RSA TCR
Source of variation  df. MS F-values MS F-values MS F-values MS F-values MS F-values MS F-values MS F-values MS F-values
Soil 1 221 6.26* 60 4.49* 0.04 27.72%** 104429 71.10%** 0.0042 29.87*** 0.17 20.59%** 75517 21.49%** 1452 8.99**
Family 1 395 11.20** 418 31.36%** 0.53 375.93*** 63014 42.90%** 0.0017 12.25** 0.01 1.64 42160 12.00** 1480 9.16**
Soil* Family 1 139 3.94 29 2.19 0.01 5.01* 26264 17.88*** 0.0010 7.33* 0.01 0.79 1390 0.40 205 1.27
Specie(Family) 12 43 1.22 33 2.45* 0.10 69.74%* 10770 7.33%* 0.0002 1.52 0.04 4.41%* 17905 5.10%** 206 1.27

* P< 0.05 ; ** P< 0.01; *** P<0.001. Abbreviations : Malate : Malate-release rate (umol g root™ hour™); Malonate : Malonate-release rate (umol g root™ hour™);
FR: Fine root percentage (<0.5 mm diameter); Leaf [Mn] : Leaf manganese concentration (ug Mn g'l); PME : Phosphomonoesterase activity in the
rhizosheath (g nitrophenol g™ hour™); RLD : Root length density (m m'3); RSA: Root surface area (cm?); TCR: Total carboxylate-release rate (umol g root™

hour"l); MS : mean squares. For results for the other belowground traits measured available in supplementary material S3.



Interaction between PLFA/NLFA microbial indicators, belowground traits and

P-acquisition indicators
Interactions between carboxylate release rate and PLFA/NLFA microbial indicators

Significant correlations were observed between root carboxylate-release rates and
NLFA fungal and bacterial indicators, with most correlation coefficients between 0.7
and 0.9 (Figures 1 and 2, supplementary Table S5). Carboxylate-release rate was
strongly correlated with NLFA and PLFA concentrations in the rhizosheath, with
malate-release rate in particular being positively correlated with multiple indicators
such as AMF NLFA concentration in both soils (Figureslal,2al) but also Gram-
negative NLFA concentration in the Retisol (Figure 1b3). In the Calcaric Cambisol,
malonate-release rate was positively correlated with Gram-negative NLFA
concentration (Figure 2 b3), AMF NLFA concentration and bacterial NLFA
concentration. Total carboxylate-release rate was not correlated with Gram-negative
NLFA or AMF NLFA concentration in the Retisol, while it was positively correlated
with  AMF NLFA, fungi NLFA and Gram-negative NLFA concentrations in the
Calcaric Cambisol. Generalized linear models reinforced these interactions with
malate-release rate and malonate-release rate being significant predictors of Gram-
negative NLFA concentration, AMF NLFA concentration and bacterial NLFA
concentration (Table 5). Previously highlighted differences between families also
contributed to these relationships, with interactions between malate-release rate and
malonate-release rate and family being selected as predictors, while relationships
between PLFA/NLFA microbial indicators and total carboxylate-release rate
observed separately per soil were mostly associated with family effects overall.
Gram-negative NLFA concentrations, bacterial NLFA and AMF NLFA concentrations
were positively correlated with leaf Mn concentration in the Calcaric Cambisol
(Figure 2 b4), and leaf Mn concentration was also positively correlated with total
carboxylate-release. GLMs indicated significant relationships between leaf Mn
concentration and these microbial indicators, but also interactions between leaf Mn

concentration and family and soil type.
Interactions between root morphological traits and PLFA and NLFA indicators

Fewer correlations were observed between root morphological traits and bacterial
and fungal communities. The percentage of fine roots was negatively correlated with



Gram-negative NLFA concentration in both soils (Figures1b2,2 b2), AMF NLFA and
bacterial NLFA concentrations in the Retisol. Interactions between the percentage of
fine roots and family as well as soil type also proved to be significant predictors of
Gram-negative NLFA concentration, AMF NLFA and bacterial NLFA concentrations.

Interactions between changes in rhizosheath soil P concentration, plant P content
and PLFA/NLFA indicators

We observed multiple correlations between plant P content or changes in the
rhizosheath P concentration and PLFA and NLFA concentrations. Phosphorus
content was strongly positively correlated with Gram-negative NLFA concentration
(Figures1b1,2 b2) and bacterial NLFA concentration in both soils, and also with AMF
NLFA concentration in the Retisol. A resin P and A Olsen P were similarly correlated
with Gram-negative PLFA, AMF NLFA, Gram-negative NLFA and bacterial NLFA
concentrations. The negative correlation between these variables indicates higher
decreases in P availability in the rhizosheath associated with higher value of these
indicators. Interactions between microbial indicators and family and soil type proved
to be significant predictors of plant P content, while soil type and family alone also

proved to be significant predictors.
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Figure 1 Correlations between rhizosheath fungal and bacterial NLFA concentrations, belowground

traits and plant phosphorus P-content in the Retisol.

a Correlations between AMF NLFA indicator and 1 Malate-release rate; b Correlations between
Gram-negative NLFA indicator and 1 Total plant P content; 2 Fine root percentage; 3 Malate-release
rate.. R: Pearson correlation coefficient. Rs: Spearman correlation coefficient. p : p-value of the

corresponding correlation test. Brassicaceae are represented in light gray, Fabaceae in black.
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Figure 2 Correlations between rhizosheath fungal and bacterial NLFA concentrations, belowground

traits and plant P-content in the Calcaric Cambisol.

a Correlations between AMF NLFA and 1 Malate-release rate; rhizosheath. b Correlations between
the Gram-negative NLFA indicator and 1 Total plant P-content; 2 Fine root percentage; 3 Malonate-
release rate; 4 Leaf manganese (Mn) concentration. R: Pearson correlation coefficient. Rg: Spearman
correlation coefficient. p : p value of the corresponding correlation test. Brassicaceae are represented

in light gray, Fabaceae in black.



Table 5 Selected models fitted to rhizosheath fungal and bacterial NLFA concentrations and plant

P content
Variable ) N N
Predictor Selected regressors Pr(>|t])
predicted
Malate 0.002**
Malate Soll 0.004**
Malate * Family 0.002**
Malonate 0.001**
Malonate Family 0.000***
Malonate * Family 0.001**
TCR Family 0.000***
Gram-negative Leaf [Mn] 0.0007
Family 0.000***
NLFA Leaf [Mn] Soil 0.001***
Leaf [Mn] * Family 0.000***
Leaf [Mn] * Soll 0.008**
FR 0.002**
Family 0.007**
FR Soil 0.022*
FR * Family 0.003**
FR * Soil 0.025*
Malate Malate 0.001***
Malate * Family 0.001**
Malonate 0.000***
Malonate Family 0.000**
Malonate * Family 0.000***
TCR Family 0.000**
Leaf [Mn] 0.000***
Bacterial Family 0.000%+*
NLFA Leaf [Mn] Sail 0.000***
Leaf [Mn] * Family 0.000***
Leaf [Mn] * Sail 0.004**
Fine root length % 0.002**
Family 0.006**
FR Soil 0.012*
FR * Family 0.003**
FR * Soil 0.034*
Malate Soll 0.006**
Malonate Family 0.000***
Malonate * Sol 0.000***
TCR 0.005**
AMF TCR Family 0.000%**
NLFA TCR * Soil 0.002**
Leaf [Mn] Family 0.000***
Leaf [Mn] * Soll 0.035*
Family 0.000***
FR

FR *Soll 0.001***




Family 0.003**

Gram-negative NLFA Soil 0.004**

Plant P Gram-negative NLFA * Soil 0.007**
content Family 0.002**
Bacterial NLFA Soll 0.006**

Bacterial NLFA * Soil 0.012*

* P< 0.05 ; * P< 0.01; *** P<0.001. ' : For model fitting initial model structure was Predicted ~
Predictor + Family + Soil + Predictor * Family + Predictor * Soil. > Selected based on a significativity
of the variable, factor or interaction term with a significance level of 0.05 Abbreviations : Malate :
Malate-release rate (umol g root™* hour™); Malonate : Malonate-release rate (umol g root™ hour™); FR:
Fine root percentage (<0.5 mm diameter); Leaf [Mn] : Leaf manganese concentration (ug Mn g'l);
TCR: Total carboxylate-release rate (umol g root™ hour'l); AMF NLFA: Concentration of C16:1w5
neutral lipid; Gram-negative NLFA : Sum of concentration of cy17:0, C18:1w7, cy:19:0 neutral lipids;
Bacterial NLFA: Sum of Gram-positive and Gram-negative bacteria neutral lipids concentration; Plant
P content : Total P content in plant biomass (mg P).



Modelling P-acquisition via interaction between PLFA and NLFA and root traits

Interactions between belowground traits and NLFA indicators in predicting P-

acquisition

PLS-PM offered a good fit when predicting P-acquisition as measured via total P
content and A P concentrations based on belowground traits and NLFA indicators,
with a GOF between 0.60 and 0.82 (Figure 3). We observed strong positive
correlations between the “belowground traits” latent variable and the “NLFA” latent
variable (Corr= 0.68 and 0.88 in the Calcaric Cambisol and Retisol, respectively).
Correlation between the “belowground traits” latent variable and the “NLFA” latent
variable resulted in a slightly lower indirect positive effect of belowground traits on P-
acquisition via their effect on NLFA (Corr= 0.34) than the direct positive effect of the
“‘NLFA” latent variable on P-acquisition (Corr= 0.38) in the Retisol (supplementary
material S6). In the Calcaric Cambisol, the latent variables “belowground traits” and
‘NLFA” presented equal correlations (Corr= 0.37) with the latent variable “P
acquisition”. In the Retisol the latent variable “belowground traits” presented a
stronger correlation with the latent variable “P acquisition (Corr= 0.54), while the
latent variable “NLFA” had a similar correlation coefficient to the one observed in the
Calcaric Cambisol (Corr= 0.38).

Contribution of microbial indicators to the “NLFA” latent variable

The “NLFA” latent variable was accurately described (rho= 0.97 and 0.98) by similar
key variables in both soils, namely AMF NLFA, Gram-negative NLFA and bacterial
NLFA (supplementary material S7). The NLFA latent variable was mainly
represented by the Gram-negative NLFA variable, followed by the bacterial NLFA
variable indicating that most of the variation in NLFA concentrations was observed

for these variables.
Contribution of root traits to the “Root traits” latent variable

The traits best describing the “Root traits” latent variable (rho= 0.84 and 0.94)
differed between soils. Two morphological traits, fine root percentage and root
surface area, were selected in the Calcaric Cambisol while none were in the Retisol.
Malate-release rate strongly contributed to the “belowground traits” latent variable in

both soils, while total carboxylate-release rate described the latent variable well in



the Calcaric Cambisol, but not in the Retisol. Another physiological indicator,

phosphomonoesterase activity best described it in the Retisol.
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Figure 3 : Partial least square-path models predicting phosphorus (P) acquisition

Corr is the correlation effect, Rho the Dilon-Golstein coefficient. Variables negatively transformed
indicated by -(variable). GoF= Goodness of Fit of the model. Based on three latent variables
“Belowground traits”, “NLFA” and “P acquisition” (in ovals), which are constructs based on multiple
individual factors (in square boxes). Individual factors loading presented per latent variable.
Abbreviations: A Microbial: difference in microbial P concentration between rhizosheath and bulk solil ;
A Olsen: difference in Olsen P concentration between rhizosheath and bulk soil; A Resin: difference in
resin P concentration between rhizosheath and bulk soil; FR : % fine roots ( <0.5 mm); Malate :
malate-release rate ; PME : phosphomonoesterase activity; RSA : root surface area; TCR : total
carboxylate-exudation rate; AMF: Concentration of C16:1w5 neutral lipid; Gram - : Sum of
concentrations of cy17:0, C18:1w7, cy:19:0 neutral lipid; Fungi : Concentration of C18:2w6,9 neutral

lipid; Bacteria: Sum of N Gram-negative and N Gram-positive; NLFA: Neutral lipid fatty acid.



Discussion

Interaction between root morphology and rhizosheath microbial communities

for P -cquisition

Plant-soil microorganism interactions play a major role in nutrient cycling and
ecosystem functioning (Richardson and Simpson 2011; Richardson et al. 2011,
Sunita 2017; Nobile et al. 2019). Despite recognition of the importance of such plant-
soil microorganism interactions the role of specific plant functional traits in the
mechanisms driving rhizosheath fungal and bacterial communities and their effect on
plant P-acquisition has rarely been investigated (Bardgett et al. 2014; Bardgett 2017,
Datta et al. 2020). Our study provide evidence for strong relationships between
several P-acquisition traits and fungal and bacterial rhizosheath communities
composition, and in turn plant P uptake. Fine root percentage was negatively
correlated with Gram-negative NLFA indicators in both soils, and with AMF NLFA
indicators in the Retisol. The several Brassicaceae species examined in this study,
which are non-mycorrhizal, may in part explain these correlations as evidenced by
the GLMs produced highlighting family as a significant predictor of AMF NLFA
indicators. A relationship between fine root percentage and AMF NLFA indicators as
modulated by soil type was, however, also highlighted reinforcing a likely link
between fine root percentage and AMF NLFA indicators apart from phylogenetic
patterns. Fine root percentage similarly proved to be a significant predictor of Gram-
negative NLFA indicators, while family, soil type and interactions with these factors
also contributed to the overall relationship. This suggest that while phylogeny in part
drove relationships between Gram-negative NLFA indicators and fine root
percentage a direct relationship between these variable is likely. Plants with thinner
roots in turn presented smaller decrease in rhizosheath resin P or Olsen P compared
to the bulk soil (in the Calcaric Cambisol and the Retisol, respectively). While
potentially exploiting a large soil volume at a reduced cost, they captured less of the
available P in their rhizosheath, possibly due to reduced bacterial associations.
Plants with thin roots have been observed to rely less on associations with
arbuscular mycorrhizal fungi for P-acquisition, and rather rely on enhanced soil P
foraging through higher SRL or root branching (Zhou et al. 2018; Wen et al. 2019). A
“collaboration gradient” has been proposed to explain the relationships often



observed between root diameter and association with Fungi with the hypothesis that
plant adjust their nutrient foraging strategies along this axis (Bergmann et al. 2020),
which our findings showing a negative tendency between fine root percentage and
AMF NLFA indicators appear to reinforce. Moreover, trade-offs between root
diameter and other root functional traits involved in P-acquisition such as
carboxylate-release or phosmonoesterase activity in the rhizosheath, have also been
reported in numerous species as a consequence of the carbon cost associated with
these diverging P-acquisition strategies (Lyu et al. 2016; Wen et al. 2019). The
pattern highlighted here of lower concentration of bacterial indicators in the
rhizosheath of thinner roots suggests that these tradeoffs could also extend to
associations with rhizosheath bacteria. Bacterial NLFA have, however, been
suggested to be indicators of recently dead rather than living bacterial biomass
(Rinnan and Baath 2009; Malosso 2004; Amir et al. 2008), suggesting important
bacterial turnover. In summary, we report plausible tradeoffs between root diameter
and associations with microbes in the rhizosheath, and observed a smaller decrease
of available P in the rhizosheath of thinner roots, which are less associated with soll
microbial communities. Further studies incorporating other root morphological traits
such as root-hair length or abundance and measuring pools of less plant-available
soil P could provide valuable insights into the complex and still unclear interactions
between root morphology and rhizosheath microbial communities for P-acquisition

from multiple soil P pools.

Carboxylate exudation role in plant-microorganism interactions for P-

acquisition

Differential exudation may play a major role in modulating plant interactions with soil
microorganisms, as recently reviewed in Sasse et al. (2018). Carboxylates, a major
fraction of total root exudates, can act as carbon source for microorganisms (Sasse
et al. 2018), while also promoting P-acquisition via P mobilisation (Wang and
Lambers 2020). Understanding the still enigmatic role of carboxylate-release in
shaping microbial communities and its implications for P-acquisition is as such
central to unravelling plant P-acquisition strategies. Our results demonstrate
relationships between the release of carboxylates and rhizosheath community
structure and could expand our understanding of the plausible role of specific
carboxylates in plant-microorganism interactions for P-acquisition. Specifically, we



observed significant links between the release rate of malate, malonate and
rhizosheath fungal and bacterial community composition. Both Gram-negative and
AMF NLFA indicators increased in concentration with increasing malate-release rate
and malonate-release rate. These relationships may have been driven by the
phylogenetic families examined, as evidenced by the lack of significant differences
among species per family for malate-release rate for example or by the interactions
terms with soil type and family predicting Gram-negative and AMF NLFA indicators.
GLMs however also confirmed that both malate-release rate and malonate-release
rate were significant predictors of Gram-negative NLFA and AMF NLFA indicators.
Our results thus hint at a potential role of released carboxylates and in particular
malate and malonate in interacting with rhizosheath microbial communities. This
potential role of carboxylates in shaping rhizosheath microbial communities is
reinforced by the proposition made by Habekost et al. (2008) that the greater
abundance of Gram-negative bacteria observed in the rhizosheath of Fabaceae may
in turn be the result of more root exudation including but not limited to exudation of
carboxylates. Numerous exudates have been identified to play a selective or inhibitor
role in shaping rhizosheath microbial communities (More et al. 2019), while the
specific contribution of carboxylates as compared with other exudates such as
flavonoids remains to be fully investigated (Martin et al. 2016). The abundance of
Gram-negative bacteria tends to be favoured by low-molecular-weight carbon
sources (Prashar et al. 2014), and carboxylates have thus been proposed to be key
drivers of rhizosheath soil microbial community composition (Hunter et al. 2014). The
rhizosheath soil microbial community is, however, to be the result of more than just
the utilization of carbon sources with multiple overlapping mechanisms involved
(Hartmann et al. 2009). Our observation of strong correlations between carboxylate-
release and Gram-negative bacteria indicators could indicate that irrespectively from
phylogenetic patterns and exudates other than carboxylates, plants may have
influenced their rhizosheath microbial communities by carboxylates exudation,
reinforcing the role of carboxylate in plant-microbe interactions. Several carboxylates
have indeed been observed to have considerable effects on rhizosheath microbial
communities. Malate and malonate for instance has been observed to affect
microbial community structure and activity (Marschner et al. 2002; Martin et al.
2016). In the present study correlations between malate or malonate and bacterial
and fungal NLFA appear to strengthen and expand these observations to other



carboxylates. Shifts in microbial communities were in turn strongly related to plant P
uptake, as indicated by positive correlations between plant P content and Gram-
negative NLFA indicators. A significant fraction of rhizosheath bacteria comprises P-
solubilising bacteria or plant-growth-promoting bacteria (Kalayu 2019). As such,
shifts in microbial community structure possibly due to carboxylate-release by roots
may increase P-acquisition. For instance, carboxylates promote root colonization by
plant-growth-promoting bacteria (Yuan et al. 2015). Positive correlations between
indicators of Gram-negative bacteria and plant P content, as well as with decrease in
rhizosheath P concentration in our results could thus suggest the modulation of
rhizosheath bacterial communities by plants for P-acquisition via carboxylate-
release, while the extent of which plant control microbial communities and its
plasticity according to soil type remains unclear. The results indeed suggested that
while significant relationships exist between plant P content and rhizosheath
bacterial indicators, these relationships are strongly modulated by soil type and are
in part driven by phylogenetic patterns. Fabaceae indeed tended to have greater P
content and result in higher decrease in rhizosheath concentration while also
releasing more carboxylates, which contributed to these correlations in our
experiment. By highlighting interactions between carboxylate-release by plants and
rhizosheath fungal and microbial communities, driven in part by phylogeny while
being also coherent with the current understanding of plant-soil microorganisms
interactions, our new findings support the sparsely-reported role of carboxylate-
release in shaping microbial communities and its implications for P-acquisition. As
our results show that these interactions depend on soil type and properties future
studies examining how soil biotic and abiotic factors drive the influence of specific
carboxylates on soil microorganisms are needed. Moreover the relative contribution
of carboxylates to these interactions as part of the wide range of root exudates also

require more attention.

Soil type mediate plant-soil microorganism interactions involved in plant P-

acquisition

The efficiency of several P-acquisition traits such as carboxylate-release or
rhizosheath acidification as well as plant associations with mycorrhizal fungi is highly
dependent on soil properties, especially P availability (Wen et al. 2019; Wang and
Lambers 2020). Root traits values and their efficiency in acquiring P can indeed be



very variable due to plasticity induced by biotic and abiotic stress, with poorly
understood consequences for rhizosheath microbial communities (Sweeney et al.
2021). Furthermore plant nutrient requirement are believed to be key factors driving
the effects of plants on rhizosheath microbial communities (Datta et al. 2020),
highlighting the need to expand our understanding of the role of trait plasticity in
plant-microbe interactions for nutrient acquisition. In order to investigate the
influence of soil types and properties on trait responses and interactions with
microorganisms for P-acquisition we examined two contrasting soil types in our
study. The results highlighted important modulation of plant-soil microorganisms
interactions by soil type, notably via relationships between different belowground
traits or microbial communities and P uptake per soil type. In particular, leaf Mn
concentration, an indicator of P mobilisation involving carboxylate-release (Pang et
al. 2018), was correlated with AMF NLFA, Gram-negative NLFA and bacterial NLFA
in the Calcaric Cambisol, but not in the Retisol. GLMs relating these factors similarly
highlighted interactions between leaf Mn and soil type as significant predictors of
AMF NLFA, Gram-negative NLFA and bacterial NLFA. Leaf Mn concentration was
also correlated with total carboxylate-release rate in the Calcaric Cambisol, but not in
the Retisol. Interestingly, we observed no correlation between leaf Mn concentration
and total carboxylate-release rate corrected for the number of carboxylic groups per
carboxylate. Our results may thus indicate a different role of released carboxylates in
plant-soil microorganism interactions for P-acquisition dependent on soil properties,
although an influence of soil Mn, not measured in our experiment, can not be ruled
out as highlighted by the soil effects observed. In the Calcaric Cambisol, correlations
between leaf Mn concentration and bacterial NLFA indicators suggest that the
released carboxylates were effective at mobilising P which is reinforced by the
correlation between total carboxylate-release and leaf Mn concentration, but also
partly metabolized by bacteria. Bacteria could also have contributed to this
observation, as Mn availability in soil is strongly affected by microbes which in turn
depend on root exudates as carbon source (More et al. 2019). In the Retisol, the lack
of correlation between microbial indicators and leaf Mn concentration could indicate
rapid microbial consumption upon release, as shown before (D’Angioli et al. 2017).
Increased microbial abundance due to carboxylate consumption would, in turn,
increase plant P-acquisition through positive plant-microorganisms feedback,
explaining the slightly higher correlation coefficient between microbial indicators and



indicators of plant P-acquisition in this soil, although higher P content in Fabaceae
may affect this observation. The complex combination of carboxylate-release for P
mobilisation and microbial consumption of exudates has indeed been suggested to
depend on the prevailing soil conditions and microbial community (Hunter et al.
2014). In our study, the differences in carboxylate exudations and relationships
between plant traits and microbial indicators per soil type for plants with overall
similar P content between soils seem to reinforce this suggestion. The degree to
which this plasticity in carboxylate exudations is controlled by plants in order to
interact with microbial communities, rather than a consequence of root plasticity
induced by soil properties, however, remains unclear (Sweeney et al. 2021). The
increased P availability in soil with high Ca-P concentration can be explained by the
weathering effect of carboxylate on minerals such as apatite as well as the
mobilisation of Ca from the Ca-P surface and the Ca chelation by carboxylates,
which, in turn, promotes the dissolution of Ca-P (Jones and Darrah 1994; Ryan et al.
2001; Rosling et al. 2007). We report how soil properties may affect plant-
microorganism interactions for P-acquisition, with the carboxylates released most
likely playing a different role in interacting with soil microbial communities and

mobilizing P dependent on soil type.
Conclusion

Examining interactions between belowground functional traits and fungal and
bacterial communities by measuring PLFA and NLFA concentrations in the
rhizosheath allowed us to gain a new understanding of the role of plant-soil
microorganism interactions in P-acquisition and the factors involved. We
demonstrate that plant functional traits are strongly linked with rhizosheath fungal
and bacterial communities, which are in return strongly involved in P-acquisition,
although some of the interactions highlighted may be constitutive of Brassicaceae
and Fabaceae species. Our results mainly highlighted specific links between
bacterial communities and the release of carboxylates, namely malate and malonate,
with the microbial groups affected seemingly playing an important role in P-
acquisition. Differences in plant trait interactions with PLFA and NLFA between soil
types suggested that soil type may mediate the role of carboxylates for P-acquisition.

Perspectives include examining the carbon costs of plant-soil microorganism



interactions for P-acquisition via differential root exudation and clarify the relative
contribution of carboxylate-release to these interactions and the plausible tradeoffs
with other root traits involved in P-acquisition. The mechanisms involved in the
relationships between soil properties and plant-soil microorganism interactions
should moreover be investigated over a wide soil gradient where pH and P forms
vary to elucidate the role of trait plasticity and in particular intraspecific variation of
traits in these interactions and overall in P-acquisition by plants and ecosystem

functioning.
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