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Abstract
Background: Mineral phosphorus (P) fertilizers must be used wisely in order to pre-
serve rock phosphate, a limited and non-renewable resource. The use of bio-inocu-
lants to improve soil nutrient availability and trigger an efficient plant response to 
nutrient deficiency is one potential strategy in the attempt to decrease P inputs in 
agriculture.
Method: An in vitro co-cultivation system was used to study the response of 
Brachypodium distachyon to contrasted P supplies (soluble and poorly soluble forms 
of P) and inoculation with P solubilizing bacteria. Brachypodium's responses to P con-
ditions and inoculation with bacteria were studied in terms of developmental plastic-
ity and P use efficiency.
Results: Brachypodium showed plasticity in its biomass allocation pattern in response 
to variable P conditions, specifically by prioritizing root development over shoot 
productivity under poorly soluble P conditions. Despite the ability of the bacteria 
to solubilize P, shoot productivity was depressed in plants inoculated with bacte-
ria, although the root system development was maintained. The negative impact of 
bacteria on biomass production in Brachypodium might be attributed to inadequate 
C supply to bacteria, an increased competition for P between both organisms under 
P-limiting conditions, or an accumulation of toxic bacterial metabolites in our cultiva-
tion system. Both P and inoculation treatments impacted root system morphology. 
The modulation of Brachypodium's developmental response to P supplies by P solubi-
lizing bacteria did not lead to improved P use efficiency.
Conclusion: Our results support the hypothesis that plastic responses of Brachypodium 
cultivated under P-limited conditions are modulated by P solubilizing bacteria. The 
considered experimental context impacts plant–bacteria interactions. Choosing ex-
perimental conditions as close as possible to real ones is important in the selection of 
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1  | INTRODUC TION

An important challenge for this century is to implement sustainable 
cropping systems that preserve the environment and non-renew-
able resources. This is particularly true concerning phosphate rock, a 
finite resource mined from only a few countries (Cooper et al., 2011). 
Phosphate rock constitutes the main source of phosphorus inorganic 
fertilizer and has been extensively used by farmers in industrialized 
countries during the past century. Given the growing demand for 
food, the increasing demand for P fertilizers is predicted to continue 
(mainly in the developing countries). Although this is a controversial 
issue, it is estimated that global commercial P reserves could be de-
pleted within 50–100 years (Cordell et al., 2009). In the foreseeable 
future, a peak in P production is expected in 2033. This implies that 
the growing demand for P will overtake the economically available 
supply due to decreasing quality and accessibility of the remaining 
phosphate rock reserves (Cordell & White, 2011). As the European 
Union is strongly dependent on P imports (van Dijk et al., 2016), 
phosphate rock has been classified as a “critical raw material” by the 
European Commission since 2014 (European Commission, 2014). 
These considerations emphasize the necessity of adapting fertiliza-
tion strategies.

In industrialized countries, the excessive use of P fertilizers has 
led to an accumulation of P in agricultural soils, constituting a new 
source of P reserves known as “legacy soil P” (van Dijk et al., 2016; 
Menezes-Blackburn et al., 2018; Rowe et al., 2016). In some regions, 
this accumulation has reached levels that generate an environmental 
risk of watercourse contamination and subsequent eutrophication 
(Haygarth et al., 2014). It has been estimated that the total soil P 
stock for arable and grassland soils represents 352 ± 26 years of 
agronomic P use, with orthophosphate and monoester (organic) 
phosphate accounting for the greatest proportion (study based on 
258 different soils collected in Europe, Oceania and North America; 
Menezes-Blackburn et al., 2018). However, this soil P reserve is un-
available to plants due to the capacity of many soils to fix P. In acidic 
soils, P fixation mainly occurs through adsorption on clays and on alu-
minum or iron oxides, whereas precipitation with calcium dominates 
in neutral to calcareous soils. P is also immobilized in organic forms 
following intake by plants and microorganisms (Shen et al., 2011). 
Soil P reserve mobilizing technologies must be developed in order 
to reduce the use of inorganic P fertilizers. The requirement for in-
organic P fertilizers could be reduced by 50% if legacy soil P was 
included in nutrient management practices (Sattari et al., 2012).

Plants have developed strategies to cope with P deficiency and 
enhance their P use efficiency (PUE), including alteration of the root 
morphology and architecture, as well as exudation of carboxylates 
and hydrolytic enzymes for P solubilization. Microorganisms can 
also be useful in mobilizing soil P reserves, by directly increasing 
the P availability in soils through solubilization (by releasing protons, 
organic anions, and chelating compounds) and mineralization (by 
releasing hydrolytic enzymes), or enhancing plant P nutrition pro-
cesses through hormonal stimulation of root growth, for example 
(Richardson et al., 2011). The use of microorganisms, broadly called 
biological inoculants (“bio-inoculants”), is considered a technology 
to improve soil P use by crops and pastures (Owen et al., 2015). 
Those products belong to the biostimulants category as defined by 
du Jardin (2015). Biostimulants including substances and/or micro-
organisms act in addition to fertilizers, with the aim of optimizing the 
efficiency of those fertilizers and reducing nutrient application rates 
(European Parliament and Council of the EU 2019).

Plants exhibit modular growth, potentially allowing them to add 
new branches to their body. New meristems are exposed to the direct 
influence of the environment, making plant growth a flexible process 
(Schmid, 1992). Phenotypic plasticity, i.e. the environment-driven al-
teration of a phenotype, gives the plant a great potential to respond 
to fluctuating environments (Nicotra et al., 2010; Schmid, 1992). 
It is, at least in part, genetically controlled and heritable (Nicotra 
et al., 2010). Breeding programs have traditionally opted for stable 
high yielding phenotypes in constant agricultural systems with high 
inputs. However, the uncertainty of the future environment and 
climate requires us to reconsider the place of phenotypic plasticity 
in breeding strategies. Indeed, phenotypic plasticity can be an ad-
vantage to plants living in changing or heterogeneous environments 
by increasing plant fitness (Lobet et al., 2019; Nicotra et al., 2010). 
Plasticity in root traits among contrasting environments was as-
sociated with stable yield in rice genotypes (Sandhu et al., 2016; 
Topp, 2016). The plastic response of plants to abiotic factors and to 
the presence of microorganisms still needs clarification. Additionally, 
the microbial-triggered change in plants’ plastic response to P defi-
ciency deserves greater attention in order to optimize plant P nutri-
tion and reduce the use of fertilizers (Goh et al., 2013).

This study aimed to characterize Brachypodium distachyon's re-
sponse to contrasted P supplies (soluble and poorly soluble forms 
of P), as well as the impact of plant inoculation with single strains of 
phosphate-solubilizing bacteria (PSB) on this response in terms of 
developmental plasticity. The following hypotheses were tested: (i) 

P solubilizing bacteria. Both persistent homology and allometric analyses proved to 
be useful tools that should be considered when studying the impact of bio-inoculants 
on plant development in response to varying nutritional context.

K E Y W O R D S

bio-inoculants, biomass allocation, P solubilizing bacteria, P use efficiency, root system 
morphology
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biomass allocation and root system development in Brachypodium 
show plasticity in response to contrasted P conditions; (ii) inoculation 
with PSB modulates the plant's plastic response to contrasted P sup-
plies; and (iii) this modulation induces changes in plant PUE. Biomass 
accumulation and allocation, shoot P concentration and PUE, as well 
as root architectural traits, were considered. Brachypodium's devel-
opmental plasticity was assessed using tools including allometry 
analysis for the biomass allocation and persistent homology analy-
sis for the root system architecture (RSA). It is the first time, to our 
knowledge, that these tools have been used to precisely evaluate the 
impact of biostimulants on a plant's response to nutrient limitation.

2  | MATERIAL AND METHODS

2.1 | Objectives and methodology

First, the ability of selected bacterial strains to solubilize poorly 
available P sources was characterized by performing in vitro P solu-
bilization assays. Calcium phosphates are stable P forms found in 
alkaline soils. Tricalcium phosphate (TCP) is the most used P form in 
studies aiming at demonstrating P-solubilizing ability. However, TCP 
is easily solubilized by numerous bacteria through release of protons 
and organic acids. TCP could therefore be not selective enough and 
the use of less soluble forms is recommended. Chelating or complex-
ing compounds are involved in the solubilization of more stable P 
forms (Bashan et al., 2013). We selected hydroxyapatite (HA), a less 
soluble calcium phosphate form than TCP (Bashan et al., 2013), in ad-
dition to TCP to quantify the ability of bacterial strains to solubilize P.

In order to evaluate the impact of single bacterial strains on 
Brachypodium development, a closed system allowing gnotobiotic 
conditions (i.e. including the selected plant and bacterial organisms 
only, avoiding contaminations) was used for co-cultivation experi-
ments. Plants inoculated with single strains were individually culti-
vated for 4 weeks under contrasted P conditions (low level of soluble 
P, low level of soluble P supplemented with a poorly soluble P form 
TCP or HA and high level of soluble P). The way in which the plants 
allocated their biomass between shoot and roots was unravelled using 
allometric analyses, making it possible to detect plasticity in biomass 
allocation. In complement, the root mass fraction (an indicator of the 
fraction of the total biomass allocated to the roots) was also analysed. 
Biomass allocation in plants is an allometric process that varies with 
plant size. Allometry analyses, performed by plotting the size of two 
organs against one another, are a good way to visualize and test how 
the growth of a given organ changes relative to the others (Poorter & 
Sack, 2012). A major advantage of allometry analyses is that it high-
lights the adaptability of the biomass allocation pattern in response to 
the environment (true plasticity). By comparison, the analysis of bio-
mass ratios and fractions (e.g., root: shoot ratio and root mass fraction) 
independently from plant size does not only reflect the adaptability of 
a plant to environmental conditions, but also integrates the global pro-
ductivity (dependent on growth rate) of the plant in those conditions 
(apparent plasticity) (Weiner, 2004). The effect of our experimental 

treatments on the morphology of plant root systems was investigated 
using two complementary approaches. First, root systems were com-
pared based on their total root length (geometric descriptor). Second, 
we applied persistent homology, a mathematical framework developed 
for the quantification of plant morphologies at different scales (Li, 
Duncan, et al., 2017; Li et al., 2018). The main goal of this method is to 
produce a persistence barcode encapsulating geometric (e.g., total root 
length and number of root tips), but also topological (i.e., how individual 
roots are connected to each other through branching) information for 
each root system (see figures 1 and 3 in Delory et al., 2018). The degree 
of dissimilarity between root systems can then be assessed by compar-
ing persistence barcodes against each other (Li, Duncan, et al., 2017; 
Li et al., 2018). Finally, we measured the shoot P content and were 
interested in Brachypodium's PUE (considering different components 
of it) as it can be potentially impacted by any alteration of the plant 
morphology.

2.2 | Plant and bacterial material

Brachypodium distachyon (L.) P. Beauv. (Bd21 line) caryopses were 
kindly provided by Dr Philippe Vain from the John Innes Centre 
(Norwich, UK) and propagated under greenhouse conditions.

Four bacterial strains were selected for their potential plant 
growth promotion and phosphorus solubilization capacities: Bacillus 
velezensis GB03 (BveGB03), B. velezensis FZB42 (BveFZB42), 
Pseudomonas fluorescens 29ARP (Pfl29ARP), and Azotobacter vine-
landii F0819 (AviF0819). The Bacillus strains were selected for their 
plant growth promotion activities on Poaceae (Delaplace et al., 2015; 
Myresiotis et al., 2015; Zhang et al., 2014), as well as their ability to 
solubilize different forms of P (Giles et al., 2014; Idris et al., 2007; 
Idriss et al., 2002; Liu et al., 2015). Pseudomonas fluorescens also 
exhibited P solubilizing activities and promoted wheat (Shaharoona 
et al., 2008) and maize growth (Li, Liu, et al., 2017). Azotobacter vine-
landii, a free diazotrophic bacteria, exhibited P solubilization activ-
ity (Nosrati et al., 2014) and plant growth-promoting traits (Taller & 
Wong, 1989). Escherichia coli DH5α 99B829 (Eco99B829), was se-
lected as a negative control for plant growth promotion (Delaplace 
et al., 2015; Wu et al., 2016; Zhou et al., 2016). The strains BveGB03 
and Eco99B829 were kindly provided by Dr Paul W. Paré and Dr John 
McInroy (Texas Tech University, Lubbock, TX, USA), Pfl29ARP by 
Dr Alain Sarniguet (Institut National de la Recherche Agronomique, 
Rennes, France), AviF0819 by the Katholieke Universiteit Leuven 
(Leuven, Belgium), and BveFZB42 by Pr Rainer Borriss (Nord Reet 
UG, Greifswald, Germany). The bacterial strains were stored at 80°C 
in LB medium containing 20% v/v glycerol before plating.

2.3 | In vitro P solubilization assay

One week before the experiment, the bacteria were plated on LB 
agar plates (2.5% w/v LB broth, Prod. No. L3152; 1.5% w/v agar, 
Prod. No. 05039, Sigma-Aldrich Co., St. Louis, USA) and incubated 
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at 28°C. The day before the experiment, the bacteria were sus-
pended in 40 ml of LB (2.5% w/v LB broth) and incubated overnight 
at 150 rpm and 30°C (Innova 4340; New Brunswick Scientific Co. 
Inc., Edison, USA). The concentration of the bacterial suspensions 
was derived from the optical density, measured at 540 nm. The 
tubes were centrifuged (20 min at 1735 g) and the LB medium was 
removed. The bacterial pellets were rinsed with 25 ml of 10 mM 
MgSO4 in order to avoid P contaminations. The tubes were centri-
fuged again (20 min at 1735 g) and the MgSO4 solution was removed. 
The bacteria were suspended in an adequate volume of NBRIP me-
dium (National Botanical Research Institute's phosphate growth me-
dium, Nautiyal, 1999) containing tricalcium phosphate (Ca3(PO4)2, 
hereafter named “TCP”, Prod. No. C0506.1000, Duchefa Biochemie, 
Haarlem, The Netherlands) or hydroxyapatite (Ca5(PO4)3OH, here-
after named “HA”, Prod. No. 8450.1, Carl Roth GmbH+Co. KG, 
Karlsruhe, Germany) at a concentration of 5 g/L (pH 7) in order to 
obtain a bacterial concentration of 107 CFU/ml. Bottles containing 
90 ml of NBRIP medium were successively inoculated with 10 ml of 
the prepared suspensions to obtain a final concentration of 106 CFU/
ml, and incubated for 3 days at 30°C and 150 rpm.

10 ml were sampled daily for subsequent analysis. 1 ml was sub-
sampled for serial dilution and plating on LB agar plates in order to 
monitor bacterial growth. The remaining samples were centrifuged 
and the supernatant was filter-sterilized (pore size 0.2 µm) for pH 
and soluble P content measurements. The P content in the solution 
(as soluble phosphate) was measured according to the phosphomo-
lybdate blue colorimetric method (Murphy & Riley, 1962) (Prod. No. 
69888, molybdate reagent solution, Fluka Sigma-Aldrich Co., St. 
Louis, USA).

2.4 | In vitro Brachypodium-bacteria co-cultivation

One week before the experiment, the bacteria were plated on LB 
agar plates and incubated at 28°C. The day before the experiment, 
the bacteria were suspended in 40 ml of LB and incubated overnight 
at 150 rpm and 30°C. The tubes were centrifuged (20 min at 1735 
g) and the LB medium was removed. Inoculums at 108 CFU/ml were 
finally prepared in 10 mM MgSO4 for subsequent inoculation of the 
plantlets.

Brachypodium distachyon Bd21 seeds were surface sterilized 
(30 s in 70% v/v ethanol, rinsed once with sterile water, 10 min in 
sodium hypochlorite 5% v/v, rinsed three times with sterile water) 
and stratified for 2 days at 4°C on Hoagland agar plates (0.125% 
w/v Hoagland, Prod. No. DU1201, Duchefa Biochemie, Haarlem, 
The Netherlands; 0.094% w/v Ca(NO3)2.4H2O; 0.8% w/v Plant agar, 
Prod. No. P1001, Duchefa Biochemie, Haarlem, The Netherlands). 
The seeds were then incubated for 24 hr in a growth chamber (23°C, 
16h/8h day light, PPFD 140 µmol m−2 s−1) for germination.

Homogeneous 24 hr-old plantlets were selected and inocu-
lated with bacteria by dipping them into 10 mM MgSO4 containing 
a bacterial strain at 108 CFU/ml for 10 min (control plantlets were 
dipped into 10 mM MgSO4). The plantlets were then transferred into 

Magenta® boxes (GA-7 Magenta vessel, Magenta LLC, Lockport, 
USA) filled with 180 g of sterilized black gravel (rinsed three times 
with tap water and autoclaved; 1–3 mm quartz gravel, prod. no. 
400723, Flamingo, Geel, Belgium) and 50 ml of sterile nutrient 
solution. One plantlet was placed into each Magenta® box. Three 
modified Hoagland nutrient solutions and a reference solution, cor-
responding to the contrasting P treatments, were used: a P-limiting 
supply containing 25 µM of KH2PO4 (soluble P form, “P-”), a P-limiting 
supply supplemented with 1 g/L TCP (poorly soluble P form, “P-/
TCP”) or 1 g/L HA (poorly soluble P form, “P-/HA”), and a P-sufficient 
supply containing 1 mM KH2PO4 (soluble P form, “P+”). The quan-
tity of TCP and HA (1 g/L) allows to potentially raise non-limiting P 
concentration in case they are completely solubilized (the maximum 
soluble P concentration is 6.4 mM in P-/TCP treatment and 6.0 mM 
in P-/HA treatment). The boxes were sealed with Leukopor® tape 
(prod.no. 02454-00, BSN medical GmbH, Hamburg, Germany) and 
incubated in the growth chamber for 4 weeks (23°C, 16h/8h day 
light, PPFD 140 µmol m−2 s−1). Six independent time-spaced exper-
iments were carried out (three with P-, P-/TCP, and P+ treatments; 
three with P-, P-/HA, and P+ treatments) and five plants were culti-
vated as replicates for each treatment combination (factorial design, 
6 different strains*3 P treatments*5 replicates = 90 plants per ex-
periment) (Figure 1).

Four week-old plants were harvested and cut to measure fresh 
biomass accumulation in shoot and roots. Sticking gravel was re-
moved by gently shaking the plants in water and removing it by 
hand. The presence of bacteria was assessed by scratching agar 

F I G U R E  1   Description of the experimental design used for the 
in vitro co-cultivation experiments exposing PSB-inoculated Bd21 
plantlets to contrasted P supplies
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plates with the root system. The root system was scanned for three 
plants per treatment. The roots were spread in a transparent tray 
containing a thin layer of water and scanned using a flatbed scanner 
equipped with a transparency unit (backlight) (8-bit grayscale images 
saved as jpg files, 1,200 dpi, Epson Perfection V800 Photo, Epson 
America Inc., Long Beach, USA) in order to perform RSA analyses. 
Shoots were stored at −80°C before P content measurements. Total 
biomass and root mass fraction (hereafter named “RMF”, mg root 
biomass/mg total biomass) were computed from the measured bio-
masses. RMF was recorded in order to analyse biomass allocation 
in Brachypodium, considering allocation as a partitioning process. 
According to this perspective, plants divide a given amount of re-
sources among structures according to their developmental priori-
ties (Weiner, 2004). A description of the experimental design used 
for the co-cultivation experiments is provided in Figure 1.

2.5 | P concentration in plant tissues

P content in Brachypodium shoots was measured by ICP-OES on 
frozen samples (C.A.R.A.H. ASBL, Ath, Belgium). The samples were 
calcinated overnight at 450°C. The ashes were then suspended in 
nitric acid for digestion. The P concentration was measured by ICP-
OES (Thermo Fisher iCAP 7600, Thermo Fisher Scientific, Waltham, 
USA). The five replicates of each treatment in each independent ex-
periment were pooled. Three pooled samples were analysed for the 
P-/TCP and P-/HA treatments. Six pooled samples were analysed for 
the P- and P+ treatments. The results were expressed as total shoot 
P concentration (µg P/ mg fresh weight).

2.6 | Root system architecture measurement

An automated evaluation of the total root length (“TRL”) was per-
formed for all scanned root systems using the ImageJ macro IJ_Rhizo 
(Pierret et al., 2013; Schneider et al., 2012). For each image, the TRL 
was estimated using the Kimura method as it provides more accu-
rate length estimates than the other methods available in IJ_Rhizo 
(Delory et al., 2017).

In addition, more detailed root system architecture analyses were 
performed using SmartRoot (Lobet et al., 2011). Only the 1st and 2nd 
order roots were analysed because the thinner, higher order, roots 
easily break at harvest. These manual analyses were performed for 
the control treatment and for the two strains mostly impacting plant 
development. We used persistent homology, a mathematical frame-
work for quantifying plant morphology (Li et al., 2018), to analyse the 
topology of plant root systems. Persistent homology-based meth-
ods are complementary to multivariate approaches relying on the 
quantification of a number of geometric traits (e.g., total root length) 
(Delory et al., 2018; Li et al., 2018) and are therefore well-suited 
to accurately characterize and compare root systems treated with 
different bacterial strains or biostimulants. All RSML (Root System 
Markup Language) files exported by SmartRoot were processed 

with persistent homology-related functions of the R package archi-
DART (R 3.5.2, R core Team 2018; archiDART package version 3.3, 
Delory et al., 2016, 2018). A geodesic distance function was used 
to compute a persistence barcode for each root system. The geo-
desic distance measures the distance along the roots between the 
root system base and any point on the root system. This method is 
not sensitive to transformation and deformation. This means that 
the computed persistence barcode is not affected by root washing 
and 2D scanning (Delory et al., 2018). The degree of dissimilarity 
between barcodes (i.e. root systems) was assessed by computing a 
pairwise distance matrix containing dissimilarities calculated using 
a bottleneck distance method. Morphological differences between 
root systems were then visualized using multidimensional scaling (R 
3.5.2, R Core Team 2018).

2.7 | P use efficiency

The P use efficiency analysis was performed by considering three 
different parameters: (i) the P uptake efficiency (PUpE, µg P/mg P 
applied), corresponding to the shoot P content per unit of soluble 
P applied; (ii) the P utilization efficiency (PUtE, mg FW/µg P), cor-
responding to the biomass produced by unit of shoot P; and (iii) the 
physiological P use efficiency (PPUE, mg2 FW/µg P), corresponding 
to the produced biomass divided by the tissue P concentration (Neto 
et al., 2016).

2.8 | Statistical analyses

The relationship between P solubilization and pH variation in the 
NBRIP medium was studied by performing regression analyses (lm 
function, R 3.5.2, R Core Team 2018). The model order was increased 
until there was no significant difference with the higher order model 
(ANOVA function, R 3.5.2, R Core Team 2018).

Three-way ANOVAs were performed to study the impact of 
P supply, bacteria inoculation, independent temporal repetitions, 
and the interaction between P supply and bacteria inoculation on 
the following response variables: shoot, root, and total biomass 
parameters; RMF; TRL; shoot P concentration; and the three 
components of PUE. A model with crossed fixed factors was ap-
plied (lm, glm, and ANOVA functions, R 3.5.2, R Core Team 2018; 
Gamma family distribution with a log-link function was used for 
GLM models). Dunnett's post-hoc tests were performed to com-
pare the treatments to the control situation (non-inoculated plants 

PUpE =

[

P
]

xFW

Papplied

PUtE =

FW
[

P
]

xFW

PPUE =

FW

[P]
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for inoculation treatment, P+ for P treatment) (R 3.5.2, R Core 
Team 2018; multcomp package version 1.4-8, Hothorn, Bretz, & 
Westfall, 2008).

Allometry analyses were performed on shoot and root biomass in 
order to study the biomass allocation pattern. The “smatr” package 
(R 3.5.2, “smatr” version 3.4-8) was used for estimation, inference, 
and plotting of allometric lines as well as for checking assumptions 
(Warton et al., 2012). The standardized major axis (“SMA”) analysis 
was used and all variables were log-transformed. In brief, this anal-
ysis consists of a model II regression, estimating how one variable 
scales against another. The obtained allometric trajectories depict 
the relative development of the shoot and root compartments, 
i.e. how the root system growth impacts the shoot development. 
Inference statistics compare coefficients of the regression lines 
(slope and elevation) between the populations (Warton et al., 2006). 
Firstly, differences in slope between groups were tested. If there 
was no difference in slope between groups, differences in elevation 
were tested using a common slope for all groups. When significant 
differences between groups were highlighted, pairwise multiple 
comparisons were performed in order to identify which populations 
differed from each other. Differences in slope (i.e. investment in 
shoot biomass per additional unit of root biomass) or elevation (i.e. 
shoot productivity for similar root biomass) among treatments led to 
different allometric trajectories. Change in allometric trajectory due 
to different treatments revealed plasticity in the biomass allocation 
process (Weiner, 2004; Xie et al., 2015). The analysis of allometric 
trajectories is complementary to the analysis of RMF for the study 
of biomass allocation plasticity.

Differences in root system architecture were investigated using 
permutational multivariate analysis of variance (PERMANOVA) (R 
3.5.2, R Core Team 2018; vegan package version 2.5-4, Oksanen 
et al. 2019). The dissimilarity matrix used in the model formula was 
the pairwise distance matrix returned by the persistent homology 
analysis of plant root systems. Bacterial strain, P treatment and 
their interaction were used as independent variables in the model. 
For each fixed factor, a post-hoc test was performed by running 
a separate PERMANOVA for each pairwise comparison. P val-
ues were adjusted for multiple comparisons using the Bonferroni 
method.

All figures shown in this study were generated using the “gg-
plot2” package (R 3.5.2, “ggplot2” version 3.1.0, Wickam 2016).

Data and R scripts are accessible on Zenodo repository at https://
doi.org/10.5281/zenodo.3555566

3  | RESULTS

3.1 | The selected bacterial strains solubilized 
tricalcium phosphate and hydroxyapatite, while 
acidifying their growth medium

The bacteria's ability to solubilize poorly available forms of P was as-
sessed using TCP and HA in a modified NBRIP medium. After three 

days, all the selected strains were able to solubilize both forms of 
P to some extent (Figure 2a) compared to the non-inoculated con-
trol treatment. For both forms of P, the bacterial strains showing the 
highest solubilization ability were Eco99B829 and Pfl29ARP. The 
solubilization of TCP and HA were similar for all bacterial strains with 
the exception of Eco99B829, which exhibited a stronger solubiliza-
tion ability for HA despite a greater variability between independent 
replicates. All the strains were able to maintain stable population size 
during the duration of the experiment (data not shown). BveGB03, 
AviF0819, Pfl29ARP, and Eco99B829 generated a pH drop during the 
experiment for both forms of P (Figure 2a). As for the P concentra-
tion, Eco99B829 and Pfl29ARP induced the strongest acidification.

Regarding HA solubilization, the relationship between the solu-
ble P concentration and ΔpH in the growing medium was best fitted 
by a 4th order polynomial model (Figure 2b). The HA solubilization 
activity clearly intensified as the acidification became stronger. The 
regression between soluble P concentration and ΔpH for TCP solubi-
lization was best fitted by a 2nd order polynomial model (Figure 2b). 
As for HA, the TCP solubilization activity intensified with increasing 
pH variation, but to a lesser extent.

3.2 | Biomass accumulation in Brachypodium was 
altered by soluble P deficiency and inoculation with P 
solubilizing bacteria

Shoot biomass production was lower in plants grown under P-, P-/
TCP, and P-/HA conditions, with a diminution of 43.1%, 35.2%, 
and 33.4% compared to the P+ treatment respectively (p < .001, 
Figure 3a–d). Plant inoculation with PSB strains had either no im-
pact or induced a lower shoot biomass accumulation (Figure 3e). 
Inoculation with BveFZB42 and Pfl29ARP led to a lower shoot 
biomass, with up to 13.2% reduction in plants inoculated with 
BveFZB42 under the P+ treatment and 30.3% reduction in plants 
inoculated with Pfl29ARP under the P-/TCP treatment (p < .001). 
The impact of P conditions on the accumulation of biomass in roots 
was more limited, with only plants grown under the P- treatment 
having a greater root biomass (+13.3%) compared to the plants 
exposed to P+ conditions (p < .001, Figure 3f–i). Inoculation had 
either no impact or a negative impact on the accumulation of bio-
mass in roots (p = .003, Figure 3j). Indeed, plants inoculated with 
BveFZB42 exhibited a significant reduction in the root biomass of 
up to 14.5% under the P- treatment. The total biomass decreased 
by 27.8%, 25.2%, and 24.1% under the P-, P-/TCP and P-/HA treat-
ments respectively (p < .001, Figure 3k–n). Plant inoculation with 
PSB strains led to a repression of the biomass accumulation at the 
whole plant level (p < .001, Figure 3o). Inoculation with BveFZB42 
and Pfl29ARP induced a significantly lower total biomass in com-
parison with the non-inoculated control. The growth reduction 
reached 12.2% with BveFZB42 under P-/HA conditions and 21.1% 
with Pfl29ARP under P- conditions. A table comprising mean values 
per treatment, standard deviation and coefficients of ANOVAs is 
available in Supplemental Resource 1.

https://doi.org/10.5281/zenodo.3555566
https://doi.org/10.5281/zenodo.3555566
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3.3 | Shifts in biomass partitioning and allometric 
trajectories of Brachypodium were observed when 
exposed to contrasted P supplies and inoculated with 
P solubilizing bacteria

Exposure of Brachypodium to soluble P limitation (P-, P-/HA, and 
P-/TCP) increased RMF by 55.8%, 34.9%, and 35.7% compared to 
the P+ treatment respectively (p < .001, Figure 3p–s). The impact 
of Brachypodium inoculation with PSB was dependent on the P en-
vironment, as there was an interaction between these two variables 
(p < .001). Plants inoculated with Pfl29ARP exhibited the greatest 
RMF under all treatments (Figure 3t) and this effect was significant 
for the P-, P-/TCP, and P + treatments (12.1%, 22.7%, and 23.4% 
increase respectively). Under P- conditions, plants inoculated with 
BveGB03 and Eco99B829 also had a significantly greater RMF com-
pared to non-inoculated plants (Figure 3p–t). Mean values per treat-
ment, standard deviation, and coefficients of ANOVAs are available 
in Supplemental Resource 1.

The allocation pattern between shoots and roots was further 
analysed using SMA regression models (Figure 4). In non-inocu-
lated plants grown under P-/TCP and P-/HA conditions, the shoot 
biomass increase per unit of root biomass was greater than that of 
non-inoculated plants grown under P- and P+ conditions (slopes: 

1.15, 1.19, 0.81, and 0.60 respectively; p = .021; Figure 4a). Non-
inoculated plants grown under P+ conditions exhibited the great-
est shoot productivity, but invested the lowest amount of biomass 
into the shoot per unit of root production. Inoculation of plants 
grown under P- conditions did not induce a significant difference 
in slope (p = .757, Figure 4b). Differences in elevation were ob-
served (p < .001), with non-inoculated plants and plants inocu-
lated with BveFZB42 showing the greatest shoot productivity and 
plants inoculated with Pfl29ARP the lowest, for similar root bio-
mass. Under the P-/HA treatment, slope and elevation did not vary 
among groups (p = .174 and 0.433, respectively; Figure 4c), even if 
plants inoculated with BveGB03 and Eco99B829 showed greater 
shoot biomass increase per unit of root biomass, when considering 
the graphical trends. When plants were grown in the presence of 
TCP, the inoculation with PSB did not affect the slope (p = .835, 
Figure 4d). Elevation was altered when plants were inoculated 
with Pfl29ARP, leading to the lowest shoot productivity for simi-
lar root biomass (lowest elevation, p < .001). Differences in slope 
were observed under the P+ treatment (p = .008), with the greatest 
production of shoot biomass per unit of root production in plants 
inoculated with Pfl29ARP, Eco99B829, and BveFZB42 (Figure 4e). 
SMA coefficients and results of covariance analysis are available in 
Supplemental Resource 2.

F I G U R E  2   (a) Soluble P concentration and pH variation in NBRIP medium after three days of bacteria cultivation in the presence of 
either TCP or HA as poorly soluble forms of P (n = 4, mean ± SD). (b) Regression curves linking the observed P concentration and the ΔpH in 
the growing medium after three days of incubation. For each regression model, adjusted R2 values are displayed on the graphs. Regression 
coefficients for HA solubilization: y = 0.571−0.814x + 2.7675x2 + 4.219x3 + 2.039x4; regression coefficients for TCP solubilization: 
y = 0.513−1.727x + 0.530x2
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3.4 | Brachypodium's root system morphology 
was impacted by P supply and inoculation with P 
solubilizing bacteria

Brachypodium TRL increased by 8.97% when plants were exposed 
to the P-/HA treatment compared to the P+ treatment (p = .023, 
Figure 5a–d). In comparison with the TRL measured in non-inoculated 
plants, the TRL of plants inoculated with BveFZB42, Eco99B829, or 
Pfl29ARP decreased by 9.64%, 11.61%, and 16.67% respectively, 
whatever the nutritional context (p < .001, Figure 5e). Mean values 

per treatment, standard deviation, and coefficients of ANOVAs are 
available in Supplemental Resource 3.

The persistent homology analysis of the root systems was per-
formed on 1st and 2nd order roots of non-inoculated plants and plants 
inoculated with Pfl29ARP or BveFZB42, as those strains showed a 
strong impact on root biomass accumulation (Figure 6). Both PSB in-
oculation and P treatment had an impact on root system morphology 
(p < .001 and =0.006 respectively). Pairwise comparisons revealed 
that, on average, the morphology of plant root systems inoculated with 
Pfl29ARP was different from those of non-inoculated plants and plants 

F I G U R E  3   Average shoot biomass (a–e), root biomass (f–j), total biomass (k–o), and root mass fraction (p–t) of 4-week-old Brachypodium 
plantlets exposed to contrasted P supplies and either inoculated or not inoculated with bacteria. n = 30 for the P- and P+ treatments, n = 15 
for the P-/HA and P-/TCP treatments. For each P treatment, the grand mean is shown by a dashed horizontal line. For each inoculation 
treatment, large black-circled dots represent mean values, and shaded areas show the density distribution of each population. Individuals 
are displayed as small grey-circled dots in the graphs. In panels e, j, o, and t, values are means ± 95% confidence intervals calculated across P 
treatments
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inoculated with BveFZB42. Despite a significant impact of P treatment 
on root system morphology, pairwise comparisons did not highlight the 
P treatments that differed from one another. The coefficients of the 
statistical analysis are available in Supplemental Resource 4.

3.5 | Low P availability induced lower shoot 
P concentration, even in the presence of P 
solubilizing bacteria

P concentration in the shoot of plants exposed to the P-, P-/HA, and 
P-/TCP treatments was lower than in plants exposed to P+ (−68.9%, 
−56.2% and −63.2% respectively; p < .001; Figure 7a–d). Plants 
grown under these three treatments showed P deficiency symptoms, 
such as necrosis starting from the apex of mature leaves (Arvalis, 
Institut du Végétal). Inoculation with bacteria did not help the plants 
to increase the shoot P concentration, even in the presence of the 

potentially mobilizable P sources TCP or HA (Figure 7e). Mean values 
per treatment, standard deviation and coefficients of ANOVAs are 
available in Supplemental Resource 5.

3.6 | P supply and inoculation with Pfl29ARP 
impacted P use efficiency components in 
Brachypodium

Regarding the PUpE (i.e. the ratio between shoot P content and 
applied soluble P), plants exposed to soluble P deficiency had a 
greater uptake efficiency (p < .001), with the greatest values meas-
ured on plants grown in the presence of TCP and HA (883.5% and 
1,128.8% increase, respectively, compared to plants exposed to 
P+; Figure 7f–i). Brachypodium acquired and accumulated a greater 
amount of P in shoots when TCP or HA were added to the nutrient 
solution, in comparison with the P- treatment and regardless of 

F I G U R E  4   Allometric relationship between shoot biomass and root biomass of 4-week-old Brachypodium plantlets exposed to contrasted 
P supplies and grown with or without bacterial inoculation. X and Y axes are log-scaled. Symbols represent individuals. Lines represent SMA 
regression lines. (a) Non-inoculated plants exposed to contrasted P supplies. Inoculated and non-inoculated plants grown under (b) P-, (c) P-/
HA, (d) P-/TCP, and (e) P+ conditions
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the bacterial treatment. Plants inoculation with Pfl29ARP led to 
lower PUpE values under all P treatments compared to non-inoc-
ulated plants (average decrease of 35.8% across all P treatments, 
p = .011, Figure 7j).

Plants grown under soluble P deficiency were more efficient at 
utilizing P for biomass accumulation (PUtE, biomass produced by unit 
of plant P content; p < .001; Figure 7k–n). These plants accumulated 
more shoot biomass per unit of shoot P content compared to plants 
exposed to P + condition. Plants grown under the P- treatment were 
globally the most efficient. Inoculation of Brachypodium by any of 
the bacterial strains had no impact on PUtE (p = .436, Figure 7o).

The PPUE (i.e. shoot biomass divided by shoot P concentration), 
was higher in plants grown under P-, P-/HA and P-/TCP conditions 
compared to plants exposed to sufficient P supply (81.8%, 49.1%, and 
80.1% increase respectively compared to P + condition, p < .001, 
Figure 7p–s). Plants exposed to a deficiency in soluble P produced 
shoot biomass more efficiently at lower shoot P concentration. The 

inoculation with Pfl29ARP induced a 19.9% reduction in PPUE com-
pared to non-inoculated plants (p = .008, Figure 7t). Mean values 
per treatment, standard deviation, and coefficients of ANOVAs are 
available in Supplemental Resource 5.

4  | DISCUSSION

This study aimed to explore the impact of PSB inoculation on the re-
sponse of Brachypodium distachyon Bd21 to contrasted P conditions. 
Brachypodium and the PSB were co-cultivated over four weeks in an 
in vitro gnotobiotic system and exposed to four different nutritional 
conditions: a low level of soluble P (P-); a low level of soluble P sup-
plemented with poorly soluble forms of P (P-/TCP, and P-/HA); and 
a high level of soluble P (P+). The plant biomass production and al-
location, the root system architecture and the P use efficiency were 
studied.

F I G U R E  5   Average total root length of 4-week-old Brachypodium plantlets exposed to contrasted P supplies and either inoculated or not 
inoculated with bacteria. n = 18 for the P- and P+ treatments, n = 9 for the P-/HA and P-/TCP treatments. For each P treatment, the grand 
mean is shown by a dashed horizontal line. For each inoculation treatment, large black-circled dots represent mean values, and shaded areas 
show the density distribution of each population. Individuals are displayed as small grey-circled dots in the graphs. In panel e, values are 
means ± 95% confidence intervals calculated across P treatments

F I G U R E  6   Multidimensional scaling plots displaying morphological differences between root systems, induced by P (a) and inoculation (b) 
treatments. The Euclidean distance separating two branching structures (dots) on the plot is a close representation of the true dissimilarity 
between these structures. 95% confidence ellipses for the centroids are plotted for each treatment
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4.1 | Brachypodium shows developmental plasticity 
in response to contrasted P conditions

Our study demonstrated that Brachypodium biomass accumulation 
is highly responsive to P supply, with lower shoot biomass but sta-
ble or greater root biomass accumulation under soluble P deficiency 
compared to high soluble P levels. The reduction in shoot biomass 
under soluble P deficiency was also reported in Brachypodium 
(Bd21-3) by Poiré et al. (2014) and Dactylis glomerata by Haling 
et al. (2016). Interestingly, a reduction in root biomass was observed 
in their studies, while our results showed no impact or even an 

increase in root biomass accumulation when plants were exposed 
to soluble P deficiency. Brachypodium plants (Bd21-3) in the study of 
Poiré et al. (2014) reached higher total biomass than Brachypodium 
Bd21 plants in our study. The younger growth stage obtained in 
our confined experimental system could explain these results, 
as plants allocate more biomass to the roots when they are small 
and develop more the aboveground system as they become larger 
(Weiner, 2004). Similarly to our results, Giles et al. (2017) showed 
a decrease in shoot dry weight and an increase in root dry weight 
in hydroponically grown barley under P deficiency. The stimulation 
of root development under low P conditions is a common reported 

F I G U R E  7   Average shoot P concentration (a–e), P uptake efficiency “PUpE” (f–j), P utilization efficiency “PUtE” (k–o), and physiological P 
use efficiency “PPUE” (p–t), of 4-week-old Brachypodium plants grown under contrasted P supplies and either inoculated or not inoculated 
with bacterial strains. n = 6 for the P- and P+ treatments, n = 3 for the P-/HA and P-/TCP treatments. For each P treatment, the grand 
mean is shown by a dashed horizontal line. For each inoculation treatment, large black-circled dots represent mean values, and shaded areas 
show the density distribution of each population. Individual data points (pool of five plantlets) are displayed as small grey-circled dots in the 
graphs. In panels e, j, o, and t, values are means ± 95% confidence intervals calculated across P treatments
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response, facilitating the plant to explore the substrate and take up 
P (Lynch et al., 2012). Nonetheless, it seems that both the growing 
conditions and the plant growth stage are important factors affect-
ing biomass accumulation in response to P deficiency.

Brachypodium displayed different allometric trajectories under 
contrasted P conditions, showing responsiveness of the allocation 
pattern to the P supply. Plants grown in the presence of TCP or HA 
exhibited a higher shoot development per unit of root biomass than 
plants grown under the P- and P + treatments. From this we can 
infer that the presence of unavailable but potentially mobilizable P 
sources induced a reduction of investment into the development of 
the root system, in comparison with plants grown under P- condi-
tions. Nevertheless, for similar root biomass, the shoot biomass was 
the highest in plants supplied with the P+ treatment compared to 
the three other treatments. We can hypothesize that stressed plants 
(P- conditions) maintained root development at the expense of the 
shoot. This is confirmed by the greater RMF observed under soluble 
P limitation. On the contrary, when there was no nutrient limitation, 
there was no need for the plants to prioritize extension of their root 
systems and the plants maintained the biomass accumulation into 
the above-ground compartment.

Regarding the root system, plants exposed to the P-/HA treat-
ment exhibited a greater TRL. The observed root system lengthen-
ing was associated with greater root biomass and RMF for plants 
grown under P-conditions. These results are consistent with those 
of a hydroponics experiment on several barley varieties, which re-
vealed a general trend toward root lengthening in response to P de-
ficiency (Giles et al., 2017).

4.2 | Despite their ability to solubilize tricalcium 
phosphate and hydroxyapatite, the bacterial 
inoculants did not alleviate P deficiency stress 
in Brachypodium under the experimental 
growing conditions

All the selected bacteria were able to solubilize the poorly available 
forms of P (TCP and HA) in NBRIP medium (Nautiyal, 1999). HA, 
despite being reported as less soluble than TCP (Bashan et al., 2013; 
Havlin et al., 2014), was as easily solubilized as TCP. Some acidifica-
tion of the medium was observed, with the best solubilizer strains 
acidifying the most. Medium acidification by proton release is the 
most straightforward P solubilization process (Bashan et al., 2013) 
and numerous studies have reported an acidification-associated P 
solubilization (Collavino et al., 2010; Fernández et al., 2012; Pereira 
& Castro, 2014; Yu et al., 2011). The relationship between soluble P 
concentration and pH variation tended toward an intensification of P 
solubilization activity as the pH variation became stronger. This was 
more pronounced for HA than for TCP solubilization. This raises the 
hypothesis that HA solubilization mechanisms other than acidifica-
tion are involved, such as complexing or chelating reactions (Bashan 
et al., 2013).

The use of PSB as bio-inoculants is increasingly reported in 
the literature, with interesting effects of microbial P mobilization 
on plant development and yield (Bakhshandeh et al., 2015; Li, Liu, 
et al., 2017; Oteino et al., 2015; Pereira & Castro, 2014), but few 
results have reported the inefficiency of in vitro-selected PSB to 
promote plant growth in the presence of poorly soluble forms of P 
(Collavino et al., 2010; Yu et al., 2011). In our study, the biomass ac-
cumulated in shoots and roots was reduced when plants were grown 
in the presence of bacteria. The strains Pfl29ARP and BveFZB42 had 
the strongest impact on plant development. Despite their ability to 
solubilize TCP and HA in NBRIP medium, the selected strains were 
not able to mobilize these poorly soluble forms of P under co-cul-
tivation conditions and by this way alleviate P-starvation stress in 
Brachypodium. The soluble P concentration in the Hoagland solution 
at the end of the cultivation was below the detection limit of our 
analytical method for the P-, P-/TCP, and P-/HA treatments (data not 
shown). A slight acidification of the nutrient solution was observed 
at the end of the co-cultivation in the presence of bacteria, but the 
pH remained within an acceptable range for plant development (data 
not shown). The absence of P-solubilization by bacteria during the 
co-cultivation experiments can be explained by a too low C supply 
through root exudates to sustain bacterial activity, as observed by 
Nico et al. (2012) in in vitro gnotobiotic conditions and Bradácová 
et al. (2019) in soils with low organic matter content. On the other 
hand, some studies have revealed a deleterious impact of inoculation 
with bacterial strains on plant growth under gnotobiotic conditions 
due to the accumulation of bacterial toxic metabolites (Rybakova 
et al., 2016; Timmusk et al., 2015). The efficacy of a system to test 
for PSB activity in the presence of a host plant appears to be highly 
dependent on the considered organisms, but also on the co-cultiva-
tion conditions.

4.3 | The plastic response of Brachypodium to P 
deficiency was modulated by inoculation with P 
solubilizing bacteria

Regarding the biomass allocation pattern, inoculation with PSB re-
vealed an alteration of the plant's response to P conditions, except 
in the presence of HA. Under P- conditions, inoculation with PSB 
(except with BveFZB42) led to a reduced shoot productivity for simi-
lar root biomass. The same observation was made under the P-/TCP 
treatment, mainly with Pfl29ARP. The depletion in shoot growth 
benefited the root system, the development of which was either 
unaffected or less impacted than the shoot. This resulted in an in-
crease in RMF. Under the P+ treatment, investment into the root 
system was reduced in inoculated plants, except with AviF0819 and 
BveGB03. The RMF was still increased for the same reason as be-
fore: a repression of shoot biomass but a steady root biomass accu-
mulation. As the root system is the place where the interaction with 
the bacteria occurs, it appears that the plant modulated the devel-
opment of this interface of interaction depending on the nutritional 
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context. These contrasted behaviors in Brachypodium should be ex-
plored more deeply.

The total root length of Brachypodium was significantly im-
pacted by the P supply and inoculation with PSB. Regardless 
the P treatment, inoculation with BveFZB42, Eco99B829, and 
Pfl29ARP led to a reduction in TRL. These results contrast with 
others reported in the literature. Indeed, Talboys et al. (2014) 
demonstrated a root elongation promotion effect of BveFZB42 
inoculation on wheat (through auxin production), in both low and 
high P-level soils. In a soil experiment, Pseudomonas fluorescens 
strains also exhibited a positive impact on wheat root elongation 
under contrasted P fertilization (Zabihi et al., 2011). The persistent 
homology analysis performed in our study revealed that inocula-
tion with Pfl29ARP impacted the morphology of the plant root 
system (considering 1st and 2nd order roots) in comparison with 
non-inoculated plants and plants inoculated with BveFZB42. The 
P conditions also induced changes in root system morphology, 
but these were less easily characterized. According to our results, 
Brachypodium showed a modification of root development, trig-
gered by contrasted P supply and inoculation with bacteria. This 
study did not consider root hairs, yet they constitute an import-
ant strategy for P nutrition (Lynch, 2011) and should be further 
investigated.

4.4 | Inoculation with P solubilizing bacteria did not 
improve Brachypodium P use efficiency under the 
experimental growth conditions

The shoot P concentration and PUE in Brachypodium were mainly 
affected by the P supply, but also by PSB inoculation to some extent. 
The shoot P concentration was the lowest in plants grown under 
P- conditions, confirming the P-deficient status of those plants. 
Despite the demonstrated ability of the bacterial strains to solubilize 
TCP and HA, they did not alleviate P deficiency in the plants. The 
soluble P concentration in the Hoagland solution at the end of the 
cultivation was null for the P-, P-/TCP, and P-/HA treatments (data 
not shown). This result reinforces the above-mentioned hypothesis 
that the PSB did not extensively solubilize TCP and HA in our gno-
tobiotic conditions. On the other hand, the P+ solution contained 
enough soluble P after 4 weeks for avoiding nutritional stress in 
the plants (data not shown). Considering the slightly higher shoot P 
concentration in the presence of TCP and HA regardless the inocu-
lation treatment, we assume that Brachypodium was able to partly 
solubilize those poorly soluble forms of P. Indeed, plants are able to 
acidify the rhizosphere and release organic anions, mobilizing poorly 
available P sources (Hinsinger et al., 2003; Wang & Lambers, 2020). 
The PUpE was significantly higher in plants exposed to soluble P de-
ficiency compared to plants grown under the P+ treatment, as the 
stressed plants took up all the available soluble P and partly used 
it to build their shoots. The highest PUpE values were obtained in 
the presence of TCP and HA. This observation is consistent with the 
higher shoot P concentration observed under these treatments and 

reinforces the above-mentioned hypothesis of partial P solubiliza-
tion by Brachypodium. The PUpE reduction in plants inoculated with 
Pfl29ARP is consistent with the observed decrease in shoot biomass 
accumulation, which impairs their P accumulation ability. The PUtE 
was significantly higher under soluble P deficiency than under the 
P+ treatment, with the highest efficiency under the P- treatment. 
Therefore, stressed plants produced the largest biomass per unit of 
accumulated P. The inoculation of Brachypodium with bacteria did 
not impact the PUtE, as expected from their poor P solubilization 
activity during the co-cultivation experiment. As observed for PUpE 
and PUtE, the PPUE values were higher under soluble P deficiency, 
meaning that for similar shoot P concentration the stressed plants 
produced more shoot biomass. The inoculation with Pfl29ARP in-
duced a reduction in PPUE. Indeed, shoot P concentration was simi-
lar in non-inoculated plants and in plants inoculated with Pfl29ARP, 
but shoot biomass accumulation was reduced in inoculated plants.

4.5 | Allometry and persistent homology 
analyses are convenient tools for unravelling the 
impact of bioinoculants on plant plasticity in response 
to a variable environment

In this study, biomass allocation was explored considering RMF and 
allometry analyses. Our results are in accordance with the “functional 
equilibrium model”, which states that a plant shifts allocation toward 
the organ involved in the acquisition of the most limiting resources 
(Brouwer, 1963), and reveal a true plasticity in response to P supply 
as well as a real modulation of this plastic response when plants are 
inoculated with bacteria. Contrasted results were found in previous 
studies about the allocation pattern in response to P nutrition. Some 
of these conclude in a “conservative response” of the plants adjust-
ing their size rather than their allocation pattern (apparent plasticity; 
Müller et al., 2000). Others described an impact on the allocation 
pattern, but only under severe P stress (Rubio et al., 2013) or in inter-
action with nitrogen fertilization (Sims et al., 2012). Plasticity of bio-
mass allocation was also demonstrated, with a strong impact from 
the nutritional context (Poorter & Nagel, 2000; Poorter et al., 2012; 
Shipley & Meziane, 2002). The complementarity between biomass 
partitioning (RMF) and allometric trajectories appears clearly here 
for the analysis of biomass allocation patterns under environmental 
variation. Both approaches should be considered when studying the 
impact of biostimulants on plant biomass allocation in response to 
environmental constraints.

Morphological plasticity and local adaptation are important pro-
cesses allowing plant roots to take up soil resources that are hetero-
geneously distributed in space and time (Koevoets et al., 2016). The 
use of persistent homology to quantify differences in root system 
morphology (based on 1st and 2nd order roots) showed that the 
strain Pfl29Arp had a strong impact on Brachypodium's root system 
development. As this analysis gathers geometrical and topological 
information, we can infer that the root system morphology is mod-
ulated in at least one of these components. The reduction in total 
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root length (1st and 2nd order roots) observed on plants inoculated 
with Pfl29Arp is partly responsible for this modulation of root sys-
tem morphology.

All the methodological approaches used in this study appear to 
be suitable tools for the accurate characterization of above- and be-
lowground plant responses to various P sources and inoculation with 
PSB. As plant plasticity is getting more and more attention in breed-
ing programs and agricultural systems, we believe that the comple-
mentary methodological approaches used in this paper will be useful 
in helping us unravel the mechanisms by which bioinoculants mod-
ulate plant plasticity.

5  | CONCLUSION

The selected PSB efficiently solubilized TCP and HA in an in vitro 
liquid cultivation system. However, they did not alleviate P defi-
ciency in Brachypodium under gnotobiotic co-cultivation conditions. 
Brachypodium showed developmental plasticity in response to con-
trasted P conditions, prioritizing the development of the root system 
upon P starvation. Despite their inability to alleviate P deficiency, the 
selected PSB modulated Brachypodium's response to P conditions by al-
tering the plant allocation pattern (reduced shoot productivity but un-
affected or less impacted root system under P-limiting conditions) and 
root system development (modulation of the root system morphology, 
partly due to a reduction in total root length). Nevertheless, this modu-
lation did not improve PUE in Brachypodium under our experimental 
conditions. This study highlights the necessity to select experimental 
conditions as close as possible to realistic conditions in the perspective 
of screening PSB for the purpose of using them as plant inoculants. 
Co-cultivation experiments are mandatory in order to confirm a ben-
eficial interaction and test the related hypothesis. To our knowledge, 
this study represents the first time that allometry and persistent ho-
mology analyses were used to assess the impact of biostimulants on 
plant development under nutritional deficiency. They revealed to be 
convenient tools to study potential plasticity in biomass allocation or 
change in root system morphology. The plasticity in biomass allocation 
could be explored more deeply by considering a temporal perspective 
of the biomass allocation patterns; this would allow the experiment to 
cover a broader range of plant sizes and clearly assess the interaction 
between the use of biostimulants and varying nutrient supply. As root 
hairs are an important trait in nutrient acquisition, they deserve consid-
eration in addition to root system architecture parameters, providing 
a more precise insight into root system plasticity in response to P sup-
ply and PSB inoculation. Integrating the proposed analyses and tools in 
future research would provide a better understanding of the impact of 
biostimulants on plant plasticity in a changing environment.
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