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Abstract

A non-invasive plant phenotyping platform, GrowScreen-PaGe, was used to resolve the dynamics of shoot and root growth
of the model cereal Brachypodium (Brachypodium distachyon Bd21-3) in response to the plant growth promoting (PGP)
bacteria Azospirillum (Azospirillum brasilense Sp245). Inoculated Brachypodium plants had greater early vigor and higher
P use efficiency than non-inoculated Brachypodium at low P and low temperature conditions. Root systems were imaged
non-invasively at eight time points and data combined with leaf area, shoot biomass and nutrient content from destructive
subsamples at 7, 14 and 21 days after inoculation (DAI). Azospirillum colonisation of roots improved Brachypodium shoot
and, to a greater degree, root growth in three independent experiments. Inoculation promoted P use efficiency in shoots but
not P concentration or uptake, despite increased total root length. Longer roots in inoculated plants arose from twofold faster
branch root growth but slower axile root growth, detected at 11 DAI. Analysis of the spatio-temporal phenotypes indicated
that the effects of Azospirillum inoculation increased as shoot P concentration declined, but the magnitude depended on the
time after inoculation and growth rate of branch roots compared to axile roots. High throughput plant phenotyping platforms
allow the details of plant-microorganism symbioses to be resolved, offering insights into the timing of changes in different
tissues to allow molecular mechanisms to be determined.

Keywords Plant growth promoting (PGP) bacteria - Cereals - Phenotyping - Root architecture - Brachypodium distachyon
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Introduction

Cereals are consumed in all societies and retain a leading
position in diets by providing almost one half of the calories
consumed by humans (FAO 2018). Increasing agricultural
production while availability of arable land decreases is one
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subjected to suboptimal temperatures, which can negatively
affect the plant nutrient uptake capacity (Grant et al. 2001;
Hanway and Olson 1980) and inhibit root system elongation
(McMichael and Quisenberry 1993). Low P conditions are
typical of many cereal agricultural systems subject to cool
temperature, causing poor early growth and seedling vigor
after sowing in spring or autumn. Early plant vigor is a criti-
cal trait for capturing fertilizer and water soon after planting
(Palta and Watt 2009) and is positively correlated with yield
of cereals in many environments (Richards et al. 2007).

Numerous studies have shown that soil beneficial bacte-
ria, so-called plant growth promoting (PGP) bacteria, can
improve early plant vigor (Biswas et al. 2000; Gholami et al.
2009). We are not aware, however, of published results on
the effects of PGP bacteria on plant seedling vigor when
subjected to low P and temperature together. Indeed, stud-
ies on the combined effects of these stresses on cereals are
scarce and quite dated (Baon et al. 1994; Batten et al. 1986).
We have therefore investigated the interaction between the
well-studied PGP bacteria strain Azospirillum brasilense
Sp245 (Rothballer et al. 2005) and the model grass Brachy-
podium distachyon Bd21-3 (Catalan et al. 2014) in these
conditions. A. brasilense Sp245 can promote plant growth,
notably root length, through the production of PGP hor-
mones (Dobbelaere et al. 1999), and this has been observed
mainly when plants grow in suboptimal conditions (da Fon-
seca Breda et al. 2019; Pereyra et al. 2009). The response of
B. distachyon root systems to low P depends on genotype,
substrate, degree and duration of P deficiency (Ingram et al.
2012; Poiré et al. 2014; Sasse et al. 2019). Responses to
root-associated microorganisms also vary (Do Amaral et al.
2016; Fitzgerald et al. 2015; Gagne-Bourque et al. 2015;
Schneebeli et al. 2016). In previous studies on the interaction
between B. distachyon and A. brasilense, Delaplace et al.
(2015) exposed plant roots to bacterial volatiles and grew
them on nutrient rich agar, and Do Amaral et al. (2016)
studied the effects of the inoculation with both A. brasi-
lense FP2-7 and Herbaspirillum seropedicae RAM4 on B.
distachyon genotypes grown under no or low N conditions
in soil. To our knowledge no genotype of B. distachyon has
been tested for its response to any strain of A. brasilense
under low P and temperature conditions. In the present
study, we tested the hypothesis that Brachypodium distach-
yon Bd21-3 inoculated with A. brasilense Sp245 would have
greater vigor than non-inoculated plants in low P and low
temperature conditions, and that this would result from dif-
ferences in the timing of shoot and root responses to inocu-
lation. We used a phenotyping platform to non-invasively
measure the same plants over successive time points to test
our hypothesis.

Investigations of early interactions between plant roots
and microorganisms have used destructive methods in the
past. For instance, Casanovas et al. (2002) measured the
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effect of bacterial inoculation on water stressed maize
seedlings 15 days after planting. Egamberdieva (2009)
recorded germination and growth of seeds in saline con-
ditions with or without inoculation at five days. Non-
invasive imaging has been used to quantify the effects
of beneficial bacteria in high throughput systems at one
time point (Wintermans et al. 2016). Here we used the
GrowScreen-PaGe (Gioia et al. 2016) phenotyping plat-
form to quantify the dynamics of plant-root microorgan-
ism interactions at multiple time points. This platform is
a 2D image-based method specifically designed for high
throughput and non-destructive measurements of plant
roots at various stages of their growth. Non-destructive
root phenotyping in soil is performed with X ray CT and
magnetic resonance imaging (reviewed in Wasson et al.
(2020)). However the throughput and optical resolutions
of these approaches so far have been limited to smaller
experiments with crops like barley (Flavel et al. 2012) and
maize (Pflugfelder et al. 2017) that have thick branch roots
relative to those of Brachypodium.

This study aims to quantify how the root-colonizing
bacteria A. brasilense Sp245 modulated the growth of
Brachypodium distachyon Bd21-3 under unfavorable
growth conditions of low P and low temperatures with
non-destructive phenotyping and destructive shoot growth
and nutrient analyses. By providing insights into the tis-
sue- and time-specific effects of the inoculation, we hope
to advance knowledge of how PGP bacteria can improve
growth of cereal crops in soils with low fertility and cool
temperature.

Materials and methods
Seeds sterilization and germination

Brachypodium distachyon Bd21-3 (hereafter referred to as
Brachypodium in this study) seeds were dehusked, sterilized
as described by Sasse et al. (2019) and stored in Milli-Q
water at 4 °C for 7 d to synchronize germination. Operat-
ing in a biosafety cabinet, seeds were then put between two
layers of moist Grade 1 Qualitative Filter Paper (Whatman,
Maidstone, UK) with embryos facing downwards in Petri
dishes (Fig. 1a) that were then sealed and covered with foil
to prevent light reaching the emerging roots. The plates were
placed vertically to ensure roots emerged with gravity dur-
ing germination and left to germinate for 48 h at room tem-
perature (21 °C) in the dark. After this step, seedlings with
a primary root of approximately 1.5 cm were selected for
bacterial inoculation (inoculated plants) or mock-inocula-
tion (non-inoculated) before transferring to the phenotyping
system.



Plant Growth Regulation

Fig. 1 Conditions for growth and phenotyping of Brachypodium with
or without inoculation with Azospirillum in the GrowScreen-PaGe
phenotyping platform. (a) Dehusked Brachypodium seeds were first
placed on moist filter paper to synchronize germination at 4 °C for
7 days. Black arrows point to tips of primary axile roots (PR) emerg-
ing from the embryo at the base of the seeds. (b) Brachypodium seed-
ling with 1.5 cm long PR on moist gauze (G) on blue germination
paper (GP) after inoculation with Azospirillum. (¢) Brachypodium
plants with 2-3 leaves mounted on GrowScreen-PaGe PVC plates
with metal clips (white arrows). (d) Brachypodium root systems
imaged 21 days after inoculation and after manual color-coding with
PaintRhizo image analysis software according to root type. Left root
system is typical of plants with the PR (green line) extending verti-
cally through the experiment, becoming an axile root (AR) with
branch roots (BR, red). Right root system is typical of plants whereby
the PR stopped growing close to the seed (arrow), and new AR (red)
extending vertically with BR (blue). PR primary axile root, AR axile
root, BR branch root, G gauze, GP germination paper

Bacterial inoculation

Azospirillum brasilense Sp245 (hereafter referred to a Azos-
pirillum in this study) (Rothballer et al. 2005) were main-
tained on lysogeny broth (LB) (Bertani 1951) with 1.2% w/v
agar at room temperature prior to inoculation. The bacterial
suspension for seedling inoculation was prepared by aliquot-
ing a single bacterial colony from an agar plate into liquid
LB, and incubated overnight in a shaking incubator set at
210 rpm and 28 °C. When the culture reached an OD600

of 0.8 (equivalent to 107 CFUs mL™Y), it was diluted with
sterile phosphate buffered saline (PBS) to give a concen-
tration of 10° CFUs mL~'. Entire 48 h old Brachypodium
seedlings germinated as described above were transferred
to the bacterial culture for 90 min prior to transplanting to
the plant phenotyping system. Non-inoculated plants were
mock-inoculated in sterile PBS.

Plant growth conditions

Plants were phenotyped in the GrowScreen-PaGe system,
a plant phenotyping platform originally designed to image
root growth and architecture non-invasively over time at
low or high throughput and under abiotic conditions such
as nutrient deficiency (Gioia et al. 2016). Since this was
the first study to use GrowScreen-PaGe with a biotic treat-
ment, we conducted two low throughput pilot experiments to
establish plant growth and measurement conditions. These
were followed by one large high throughput experiment to
allow quantification of the dynamics of growth. In these
three experiments, plants are grown in the GrowScreen-
PaGe system as described by Gioia et al. (2016) with the
exception that 37.5 %23 cm polyvinyl chloride (PVC) plates
(Max Wirth GmbH, Braunschweig, DE) were used and steps
were taken to minimize contamination and maintain experi-
mental conditions for the inoculated seedlings (details below
and see Fig. 1).

First pilot experiment: Establishing growth and P
conditions in GrowScreen-PaGe

A first pilot experiment was designed to test the GrowScreen-
PaGe for biotic phenotyping and to establish the P condi-
tions where Azospirillum influenced Brachypodium growth
at low temperature when compared with control (non-inocu-
lated) plants grown at the same conditions. Non-inoculated
and inoculated plants were provided with moderately low
(25 uM KH,PO,) or extremely low (7 uM KH,PO,) P levels.
Twenty plants were grown for 21 days in each of the four
conditions.

Working on a surface-sterilized bench, inoculated seed-
lings were transplanted to the GrowScreen-PaGe germi-
nation paper using sterile forceps. Seedlings were placed
at the top of the paper and wrapped between two layers
of moist, sterile cotton gauze (Fig. 1b, c¢) to protect the
roots from light and dehydration. Following the results
obtained by Gioia et al. (2016), dark blue 194 grade paper,
430 g m~2 (Ahlstrom Germany GmbH, Bérenstein, DE)
was used as germination paper. The paper had been auto-
claved and moistened with the nutrient solution described
below, and attached to the PVC plates, such that each plate
had a germination paper with a plant on both sides when
placed vertically into the growth box. PVC plates and
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growth boxes had also been disinfected as described by
Gioia et al. (2016) to minimize background microorgan-
isms. Once in the growth boxes, the base of each germina-
tion paper was in nutrient solution that reached plant root
systems by capillarity.

A total of four boxes were used, and each box contained
plants subjected to a different condition. Each box had 12
plates, with two seedlings per plate (except the outer two
plates, which were left empty to counter edge effects). The
top of each box was covered with aluminum foil, leaving
only a small opening for the shoot to grow, to prevent light
from reaching the roots, reduce the evaporation rate of the
nutrient solution and minimize contamination of the plates
within the inoculated and control boxes. The GrowScreen-
PaGe growth boxes were moved to a custom made climate
chamber set at the day/night temperature of 20/10 °C and
70% relative air humidity with a 16/8 h light/dark cycle
and light intensity of 250 umol m =2 s~!, provided by alter-
nating 400 W HPI and SON-T lamps (Philips, Amsterdam,
NL) every 60 min. 20/10 °C is a cool temperature range for
Brachypodium, which has an optimal growth temperature
of 24/18 °C day/night (Harsant et al. 2013). The position
of plants inside the boxes and boxes inside the chamber
were rotated during the experiment every time roots were
imaged.

Previous studies report that the optimal P substrate con-
centration for Brachypodium’s growth is approximately
1.5 mM in soil (Zhang et al. 2018) and 0.6 mM in hydro-
ponic systems (Poiré et al. 2014), respectively. Through
the experiment, each box was supplied with 12 L of 1/3
strength Hoagland solution (Hoagland and Arnon 1950),
where KH,PO, was supplied at a concentration of 7 uM for
the extremely low P treatment and 25 uM for the moderately
low P treatment. The solution was replaced weekly to pre-
vent the depletion of nutrients (other than P), excessive pH
fluctuations and to decrease the risk of contamination (Gioia
et al. 2016). All stock solutions were autoclaved before use
and the working 1/3 Hoagland was diluted using deionized
water.

Second pilot experiment to reproduce and validate the first
pilot experiment

A second pilot experiment was done to verify the repro-
ducibility and validity of the results observed in inoculated
plants when compared with control (non-inoculated) plants
at extreme low P availability (7 uM P) during the first pilot
experiment. Seeds were sterilized, germinated, and seedlings
were inoculated and grown as described above, with the
exception that plants were inoculated with bacteria or non-
inoculated and grown with 7 uM KH,PO,. Twenty plants
per treatment were grown for 21 d in the GrowScreen-PaGe.
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High throughput experiment

Once the conditions were refined and the plant response
to inoculation at extremely low P levels was confirmed in
the pilot experiments, a third experiment was conducted in
the GrowScreen-PaGe at much higher throughput and with
higher sampling resolution to determine the impact of Azos-
pirillum on shoot and root growth and nutrient concentra-
tions in Brachypodium throughout development.

A total of 368 plants were divided into eight boxes, four
containing inoculated plants and four containing control
(non-inoculated) plants. Each box had 25 PVC plates with
two seedlings per plate, except for the outer two plates which
were left empty. Inoculated and non-inoculated plants were
provided weekly with 12 L of modified Hoagland solution
containing the lower P levels (7 uM KH,PO,) as described
previously. The full scheduling of nutrient supply and meas-
urements is provided in Fig. 2.

14d
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3d 5d 7d 9d 11d 14d 18d 21d

| N} | 5}
5 4 2

6d 13d 20d

\ / nutrient
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Fig.2 Design and workflow of high throughput experiment to phe-
notype Brachypodium responses to Azospirillum in the GrowScreen-
PaGe platform, which combined non-invasive with destructive meas-
urements. The third timeline arrow shows the days that root systems
of plants were imaged non-invasively (see Fig. 1d) after inoculation.
These plants were harvested at 21 days for analysis of root fresh and
dry weight and bacterial colonization by PCR (see Online resource
1), and shoot leaf area, shoot fresh and dry weight and nutrient analy-
ses. Subgroups of plants were destructively harvested at 7, 14 days for
leaf area, shoot fresh and dry weight and nutrient analyses. The nutri-
ent solution in the GrowScreen-PaGe platform was replaced weekly
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Shoot traits and nutrient analyses
First and second pilot experiment

Inoculated and non-inoculated plants were harvested
destructively at 21 days after inoculation (DAI). Roots
were separated from the shoots with a scalpel and the leaf
area was recorded with a leaf area meter (LI-COR Li3100,
LI-COR Biosciences GmbH, Bad Homburg, DE). Shoots
were then dried at 80 °C for 72 h and the shoot dry weight
(DW) was measured using a digital scale with a 0.1 mg
resolution (Mettler Toledo, Columbus, USA).

High throughput experiment

Inoculated and non-inoculated plants were harvested
destructively at 7, 14 and 21 DAI (Fig. 2) and leaf area and
shoot DW were recorded as described above for each indi-
vidual plant. After DW was determined, shoots of indi-
vidual plants were pooled into three groups for each of the
two treatments, each with approximately the same number
of individuals. Pooled dry tissues were ground into a fine
powder using a Retsch Mixer Mill MM400 (Retsch GmbH,
Haan, DE) and analyzed for P, N and K elements. N was
detected in an elemental analyzer (vario EL cube, Elemen-
tar, Langenselbold, DE) by combustion of 2 mg dry shoot
tissue and detection of their thermal conductivity, while P
and K contents were recorded using microwave digestion
and analysis by Inductively Coupled Plasma with Optical
Emission Spectroscopy (ICP-OES) using 40 mg dry shoot
tissue. All nutrient analyses were performed at the Central
Institute for Engineering, Electronics and Analytics (ZEA-
3) of Forschungszentrum Juelich (DE)S.]ThDethysiological
001,

P use efficiency (PPUE, expressed as W) (Hammond

et al. 2009) at each harvest point was recorded for both
treatments.

Root development analyses
First and second pilot experiment

To non-destructively quantify root growth over time, roots
were photographed at 3, 5,7, 9, 11, 14, 18 and 21 DAI
using the image capturing box described in Gioia et al.
(2016) equipped with 16 MP cameras that allow high reso-
lution imaging (74 pm per pixel) (Fig. 1d). Root images
were analyzed from each plant using the PaintRhizo soft-
ware package (Belachew et al. 2018; Nagel et al. 2012). At
each time point, the total root length and root growth rate

(rootlengthtt) —rootlengthity)

(root growth rate = were compared

1=ty
across plants, time and treatment.

High throughput experiment

As in the pilot experiments, roots were photographed at 3,
5,7,9, 11, 14, 18 and 21 DAI (Fig. 2) and the length and
growth rate of the whole root system were analyzed. To fur-
ther understand when and how Azospirillum could alter the
root systems, the PaintRhizo software was used to manually
select and color the root types: axile roots (AR) and branch
roots (BR) (Fig. 1d). Two criteria were used to separate AR
and BR: the angle of growth and site of emergence. Axile
roots developed vertically following gravity and came from
either the seed (as in primary roots) or from the primary root
if the primary root had stopped elongating close to the seed.
Branch roots grew laterally (more horizontal to gravity) and
developed from an AR (Roychoudhry and Kepinski 2015).
In this experiment, no branch roots of an order higher than
the first were observed.

Validation of colonization by Azospirillum

At 21 DAI in the pilot experiments and at 7, 14 and 21 DAI
in the high throughput experiment, the roots of five plants
per treatment were randomly chosen and PCR was used to
validate that inoculated samples were colonized by Azos-
pirillum, and that no cross-contamination occurred in non-
inoculated samples. The PCR used strain specific primers to
amplify genomic DNA extracted from roots using an adapted
version of the CTAB protocol from Doyle and Doyle (1987).

The PCR primers (FW 5" GGTGTTTCGCAACTCTCT
GC 3', RV 5" GCACGACCTACACCTACTGG 3') were
designed to amplify a 458 bp strain specific portion of the
A. brasilense Sp245 nitrite reductase sequence (Pothier et al.
2008) using the NCBI primer designing tool (Ye et al. 2012).
Primers were synthesized by Eurofins Genomics GmbH
(Ebersberg, DE). The PCR products were run on a 1% aga-
rose gel to confirm amplification of target sequence.

Each PCR amplicon was sequenced by Sanger sequenc-
ing at LGC Genomics GmbH (Berlin, DE) and was com-
pared against the NCBI database using the BLAST program
(Altschul et al. 1990) to confirm sequence similarity to A.
brasilense Sp245.

Statistical analyses and data display

The statistical significance of a difference between meas-
ured parameters in two treatments was analyzed using the
Student’s ¢-test (two tailed distribution, variance between
treatments compared using Levene’s test). Only those
results with a significance level (P-value) < 0.05 were
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considered reliable enough to reject the null hypothesis
that the two treatments did not differ for a particular
parameter. The difference between the two treatments,
when significant, is displayed as a percentage

(% change = Parameter iy cyared —PAAMEIeT won—inoculated 3¢ 100)

parameter, o, _inoculated

Results

In the pilot and high throughput experiments in the
GrowScreen-PaGe phenotyping system, Azospirillum influ-
enced the above and below ground portions of plants. The
DNA extraction, amplification with strain specific A. brasi-
lense Sp245 specific primers and sequencing of the obtained
amplicons confirmed that in the pilot experiments (data not
shown) and at 7, 14 and 21 DAI in the high throughput
experiment (Online resource 1) bacteria-inoculated sam-
ples contained A. brasilense Sp245 DNA, while no products
were amplified from DNA extracted from the non-inoculated
samples.

Shoot growth benefited from Azospirillum
treatment

First pilot experiment

Inoculated plants supplied with lower P (7 uM KH,PO,)
had 17% greater leaf area at 21 DAI than inoculated plants
provided with 25 uM KH,PO,. All other treatments did not
differ (Online resource 2a). The shoot DW did not differ
among the treatments (Online resource 3a).

Second pilot experiment

The repetition of the experiment with plants grown only with
lower P provided different results from the first pilot experi-
ment, as at 21 DAI inoculated plants had 36% greater leaf
area compared to non-inoculated plants (Online resource 2b)
and the shoot DW of inoculated plants was higher (+21%)
than non-inoculated plants (Online resource 3b).

High throughput experiment

The results from the high throughput experiment confirm
those from the second pilot experiment. Leaf area was con-
sistently higher in inoculated plants than non-inoculated
plants, at levels of 16, 13 and 14% at 7, 14 and 21 DALI,
respectively (Fig. 3a). This result was also reflected in the
shoot DW, which was 12, 25 and 12% greater in Azospiril-
lum inoculated plants at those harvest points, respectively
(Fig. 3b).
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Fig.3 Shoot growth of Brachypodium with or without Azos-
pirillum inoculation and harvested after 7, 14 and 21 days in the
GrowScreen-PaGe platform. (a) Leaf area. (b) Shoot dry weight
(DW). Means +standard error presented. At 7 days, n=87 Azos-
pirillum-inoculated and n =87 non-inoculated plants; 14 days, n=25
Azospirillum-inoculated and n=37 non-inoculated plants; 21 days,
n=28 Azospirillum-inoculated and n=32 non-inoculated plants.
Asterisks indicate probability of significant difference between mean
of Azospirillum-inoculated and non-inoculated plants based on Stu-
dent’s t-test. *p <0.05; **p <0.01; ***p <0.001. DW dry weight

The effect of inoculation with Azospirillum varied
for different nutrients in Brachypodium shoots

High throughput experiment

The concentration of P, N and K in the shoots of inoculated
and non-inoculated samples were similar at all harvest points
(Fig. 4a, b, c), except that N at 14 DAI was 13.24% lower in
inoculated plants than non-inoculated plants (Fig. 4b). The
shoot concentration of P decreased approximately fourfold
throughout the experiment in both treatments: at 7, 14 and
21 DAI the P concentration was 3.61, 1.88 and 0.77 mg g~
DW in inoculated plants and 3.90, 2.16 and 0.78 mg g~' DW
in non-inoculated plants, respectively (Fig. 4a).

P content was also similar with or without bacterial
treatment (Fig. 4d), while N (Fig. 4e) and K (Fig. 4f)
contents were 15 and 17% greater, respectively, in plants
treated with Azospirillum by 21 DAI. While N and K con-
tent increased steadily in both treatments throughout the
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Fig.4 Nutrients in Brachypodium shoots of plants with or without
Azospirillum inoculation and harvested after 7, 14 and 21 days in the
GrowScreen-PaGe platform. Concentration of phosphorus (a), nitro-
gen (b) and potassium (c), content of phosphorus (d), nitrogen (e) and
potassium (f). All points are the mean + standard error of n=3 sam-

experiment, the shoot content of P remained around 6 pg
per shoot. The patterns of change of P, N and K through
the experiment are shown in Online resource 4.

Plants inoculated with Azospirillum had significantly
higher physiological phosphorus use efficiency (PPUE;
the shoot dry weight per P concentration in the shoot)
than non-inoculated at 14 DAI (40%) and 21 DAI (16%)
(Online resource 5).
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7 14 21
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80+

K content (M g)

40-

7 14 21
time after inoculation (d)

- non-inoculated

ples of plants pooled within each treatment. Asterisks indicate prob-
ability of significant difference between mean of A. brasilense-inoc-
ulated and non-inoculated plants based on Student’s t-test. *p <0.05;
*#p <0.01; ***¥p <0.001

Modulation of root development by Azospirillum
at low P depended on time after inoculation
and type of root

First pilot experiment

By 21 DAL, the root systems of plants inoculated with Azos-
pirillum were 49% longer than those of non-inoculated
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plants in the lower P (7 uM KH,PO,) condition. In con-
trast, inoculated and non-inoculated plants with higher P
(25 uM KH,PO,) had similar root lengths (Online resource
6a). Inoculated plants supplied with lower P had consistently
longer roots and a higher root growth rate than non-inocu-
lated plants grown at the same P concentration throughout
the experiment (Online resource 6), and developed longer
roots than plants grown at higher P levels after 14 DAI
(Online resource 7). The difference in root length between
inoculated plants grown in low P and those grown at higher
P was detected between 11 and 14 DAI (Online resource
6, 7).

Second pilot experiment

The second pilot experiment confirmed the low P treatment
results from the first pilot experiment. At 21 DAI, inocu-
lated plants had roots 21% longer than non-inoculated plants.
The difference in the length of the root system in inoculated
plants compared to non-inoculated plants became signifi-
cant at 11 DAI (Online resource 8a). The length differences
reflected growth rates, which were faster in inoculated plants
between 7 and 11, and 11 and 14 DAI (69 and 72%, respec-
tively), but similar during the last week of the experiment
(Online resource 8b).

High throughput experiment

As in the pilot experiments, inoculated plants in the high
throughput experiment had significantly longer root systems
than non-inoculated plants at 14 DAI (18%), 18 DAI (33%)
and 21 DAI (32%) (Fig. 5a). The differences in growth rate
indicate greatest stimulation from inoculation took place
between 14 and 18 DAI. Roots of inoculated plants elon-
gated, on average, 27% faster than non-inoculated plants
between 11 and 14 DAI; 47% faster between 14 and 18 DAI
and 31% faster between 18 and 21 DAI (Fig. 5d). Growth
rates of roots of individual plants plotted in Online resource
9 highlight the distinct shift to faster root growth around 11
DAI in plants inoculated with Azospirillum.
Discriminating axile and branch roots revealed how
inoculation specifically altered different root types (Fig. 5).
Notably, the inoculated axile roots were shorter from 14 DAI
(=25, =32 and —36% at 14, 18 and 21 DAL, Fig. 5b) because
they were growing slower from 7-9 DAI (—28% between 7
and 9 DAI, —29% between 9 and 11 DAI, —46% between
11 and 14 DAI, —44% between 14 and 18 DAI and -48%
between 18 and 21 DAI, Fig. Se). In contrast, the branch
roots of inoculated plants developed earlier and were con-
sistently longer compared to non-inoculated plants. The
first branch roots were observed in inoculated plants at 9
DALI, while non-inoculated plants started developing branch
roots at 14 DAI, by which time branch roots of inoculated
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plants were more than fivefold longer (1.2 versus 8.4 cm
in non-inoculated and inoculated plants). Inoculated plants
had 199% longer branch roots at 18 DAI and 133% longer
branch roots at 21 DAI (Fig. 5c). Branch root growth rates
were consistently higher in inoculated plants from 7-9 DAI
(Fig. 5f), the time window when the growth rate of axile root
in these plants started to slow.

Inoculated plants generally had longer roots than non-
inoculated plants irrespective of leaf area. The slope of the
linear regression between those two parameters was steeper
for inoculated plants, which were growing 72 cm root length
per cm? of leaf area while non-inoculated plants were grow-
ing 52 cm root length per cm? leaf area (Online resource 10).

Discussion

These studies demonstrated that the PGP bacteria A. brasi-
lense Sp245 stimulated the shoot and root growth of seed-
lings of the model grass B. distachyon Bd21-3 at suboptimal
P and temperature conditions. Non-invasive phenotyping
combined with destructive harvests resolved the following
dynamics. First, inoculation altered shoot growth relative to
root growth. Although plants had larger leaf area, the most
noticeable difference was an increase in total root length
which was 31% greater in inoculated compared to non-inoc-
ulated plants at 21 DAI. This result was mainly achieved by
a higher root growth rate between 11 and 21 DAI (Fig. 5a,
d, Online resource 9). Second, root types were differentially
influenced by inoculation; inoculated plants had shorter
axile roots, but their branch roots appeared earlier and were
more developed than in non-inoculated plants (Fig. 5). We
discuss these results in the context of shoot nutrients and
propose a role for plant P in the timing and spatial effects
on roots versus shoots.

Azospirillum inoculation benefited shoot growth
at low P and temperature regardless of root growth
dynamics

Shoots were more developed in inoculated than non-inocu-
lated plants at all harvest time points (Fig. 3a, b), although
roots were similar during the first half of the experiment.
We propose that P levels in the plant modulated the positive
effect of bacteria on roots in the second half of the experi-
ment, while shoots responded to Azospirillum by improving
plant tolerance to the cool temperature from the beginning of
the experiment. Certain cold tolerant PGP bacteria, sourced
from cold areas, have been reported to alleviate low tem-
perature stress in cereals whereby inoculated plants showed
increased shoot biomass, root growth, nutrient uptake,
and water content (Mishra et al. 2011; Selvakumar et al.
2010; Yarzébal et al. 2018). These previous studies ascribe
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were analyzed with the PaintRhizo software. (a) Root system
length. (b) Axile root length. (¢) Branch root length. (d) Root sys-
tem growth rate. (e) Axile root growth rate. (f) Branch root growth

improved acclimation to low temperatures to mechanisms
such as the bacterial production of PGP hormones (mainly
auxins), osmoprotectants that allowed osmotic adjustments
for continued water uptake and enzymes capable of inter-
rupting the biosynthesis of stress hormones in the plant.
A further possible mechanism through which the bacte-
rial treatment may have improved shoot development is the
change in the concentration of cold-response proteins caused
by tissue expansion in inoculated plants. Plant response to
low temperature is regulated by a complex network of genes

rate. Means +standard error presented. n=28 Azospirillum-inoc-
ulated and n=32 non-inoculated. Asterisks indicate probability of
significant difference between mean of Azospirillum-inoculated and
non-inoculated plants based on Student’s t-test. *p <0.05; **p <0.01;
**¥p <0.001

and related transcription factors, whose tissue concentra-
tion can be affected by changes in plant growth rate (Zhao
et al. 2020). Overall, additional biochemical and molecular
studies are required with similar time resolved tissues to
uncover hormone, signaling and omics changes underlying
how Azospirillum stimulated Brachypodium shoot growth
before root growth under low P and temperature conditions.

Interestingly, shoot growth was maintained in inoculated
plants even though root growth increased. When leaf P con-
centration decreases, shoot carbohydrates can be reallocated,
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mainly in the form of sucrose, to the roots, where they func-
tion both as signaling molecules involved in rearrangement
of root architecture and as a source of energy for those rear-
rangements (Hammond and White 2011). Low shoot P levels
can also decrease plant biomass by impairing photosynthe-
sis. When the P reserves are depleted, this has direct effects
on the energy transduction in thylakoids, inhibiting various
Calvin cycle enzymes (Hammond and White 2008). In our
study, inoculated plants showed not only a better developed
root system, but also a higher shoot dry biomass and higher
leaf area compared to non-inoculated plants, suggesting that
the larger root system did not require redirection of resources
needed for shoot development.

Azospirillum inoculation did not increase shoot
nutrient concentrations

Shoot P concentration declined steadily through the experi-
ment in inoculated and non-inoculated plants, due to shoot
biomass increasing without an increase in P uptake. P is
an essential element for early plant growth, and insufficient
P availability can significantly alter plant physiology and
development (Richardson et al. 2009b; White and Ham-
mond 2008). As a general approximation, the critical leaf
phosphorus concentration (the concentration in a diagnostic
tissue that allows a crop to achieve 90% of its maximum
yield) is 2-5 mg g~! DW (White and Brown 2010). The ICP
analyses performed on Brachypodium shoots at 7, 14 and
21 DAI show that both inoculated and non-inoculated plants
became P deficient in the second week of their growth and
were suffering severe P deficiency at the end of the experi-
ment (Fig. 4a). This result shows that the more developed
root system of inoculated plants was unable to provide P to
relieve tissue P deficiency.

Inoculation stimulated more shoot biomass per P and thus
increased the PPUE (Online resource 5). This supports the
hypothesis that A. brasilense Sp245 can increase the adapta-
tion of grass plants to low P through their PPUE. A similar
result was observed on wheat and corn inoculated with vari-
ous PGP strains and grown on substrates with different P lev-
els (Pereira et al. 2020; Talboys et al. 2014). Ours and these
studies suggest that PGP bacteria can improve the perfor-
mance of cereals in limiting P conditions also by improving
plant PPUE. While the molecular mechanisms underlying
this result need to be fully understood, the improved PPUE
is of importance for agricultural environments where P is
deficient.

The only difference in N shoot concentration was
observed at 14 DAI, when it was higher in non-inoculated
plants (Fig. 4b). There was a small and significant increase
in N content at 21 DAI (Fig. 4e), possibly due to stimulation
of root elongation by Azospirillum. N fixation is probably
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the best known benefit that bacteria provide to legumes, but
there is still a lack of experimental evidence that this is an
important mechanism in interactions between cereals and
bacteria (Dobbelaere et al. 1999; Rosenblueth et al. 2018).
While there is one report of A. brasilense cd improving
the growth of foxtail millet by fixing and providing N to
inoculated plants supplied with suboptimal N levels (Kapul-
nik et al. 1981), most studies agree that the amount of N
directly provided to cereals by A. brasilense strains is less
significant than was previously hypothesized (Hungria et al.
2010; Rosenblueth et al. 2018). Our results seem to support
the hypothesis that the beneficial role of Azospirillum on
Brachypodium was not limited to diazotrophy, and was more
related to promoting root length through branching.

Bacteria can enhance plant nutritional status by increas-
ing the uptake of minerals from the soil, which can be done
directly by converting those nutrients into more bioavailable
forms, or indirectly by improving the development of plant
roots, which then explore higher portions of soil (Shaha-
roona et al. 2008). In this experiment, shoots of inoculated
plants had a higher N and K content per plant than non-inoc-
ulated plants (Fig. 4e, f), but this is probably a consequence
of a more developed root system, that allowed exploration
of a larger area, rather than the consequence of an active role
of Azospirillum in nutrient uptake.

Axile and branch roots were differentially affected
by bacterial inoculation

Thanks to their capacity to explore more portions of soil
compared to axile roots, branch roots are particularly impor-
tant in supporting plant growth in poor environments. Stud-
ies performed on barley (Nadira et al. 2016) and maize (Zhu
and Lynch 2004) cultivars with varying performances at low
P showed that the tolerant ones tend to conserve root branch-
ing, which improved P accumulation and relative growth rate
compared to genotypes with less branch roots. We found
here that Azospirillum inoculation enhanced root length
specifically by enhancing branch root elongation. The root
system of Brachypodium is highly responsive to P supply.
In the first pilot experiment of this study, non-inoculated
Brachypodium plants supplied with 7 uM P had a signifi-
cantly shorter root system than non-inoculated plants sup-
plied with 25 uM P (Online resource 7). A previous study
of Brachypodium grown at varying P levels found that the
growth of seminal roots was enhanced at moderately low P
levels (Poiré et al. 2014). Interestingly, Ingram et al. (2012)
found that different Brachypodium genotypes supplied with
low P levels varied in root system length and branch root
numbers. These studies did not distinguish between branch
and axile roots. While we could not find previous studies on
the effects of the interaction with any Azospirillum spp. on
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different root classes of Brachypodium, different A. brasi-
lense strains have been observed to modify the root develop-
ment of cereals, particularly that of branch roots. Malhotra
and Srivastava (2009) inoculated sorghum, maize, wheat
pearl millet and barley with A. brasilense SM and recorded
a higher number of branch roots in sorghum and maize but
not in barley and millet. In another study, pearl millet inocu-
lated with A. brasilense Sp13t developed significantly longer
branch roots than non-inoculated plants (Tien et al. 1979).

We propose that the bacterial treatment sustained branch
root development particularly when plants started becoming
P deficient, by stimulating earlier production of branch roots
and increasing their growth rate during the second half of
the experiment (Fig. 5). Development of branch roots can
be a successful adaptation strategy in P poor environments,
as it may require lower P investment per unit root length
(Zhu and Lynch 2004). Root branching is typically increased
by auxin accumulation, and the production of this hormone
by bacteria is an important mechanism for their promotion
of branch root growth (Goh et al. 2013). Phytohormones
also play a decisive role in the rearrangements that occur
in the root system of plants suffering P deficiency (Nadira
et al. 2016; Talboys et al. 2014), and it is likely that bacterial
PGP hormones can modify root responses in low P environ-
ments (Richardson et al. 2009a). Wheat plants inoculated
with Bacillus amyloliquefaciens developed more biomass
and longer roots, branch roots particularly, when grown at
low P levels. The authors hypothesize that this result was
linked to bacterial auxins, which increased root branching
(Talboys et al. 2014).

As well as promoting branch root elongation, Azospiril-
lum inoculation caused concomitant slowing of the parent
axile roots. High auxin levels can also reduce root elonga-
tion, and it is possible that axile and branch root tips have
different sensitivities to auxin from Azospirillum. Abiotic
stresses such as soil strength (Watt et al. 2003) and salin-
ity (Rahnama et al. 2011) cause axile root growth to slow,
while branch root growth is stimulated. It was shown with
modelling that a dynamic shift from axile to branch roots can
reduce the energy costs of ATP-related transport substan-
tially because membrane surface area is much less (Arsova
et al. 2020). Our phenotyping study suggests that the interac-
tion between Brachypodium and Azospirillum led to a rear-
rangement of the shoot and root system to allow the plant to
respond efficiently to the low P and temperature conditions.

The GrowScreen-PaGe phenotyping platform is a prom-
ising tool to analyze the root growth of a large number of
plants in response to PGP bacteria during various stages
of their growth. However, the throughput and resolution of
GrowScreen-PaGe did not allow us to extend to Brachy-
podium root hairs. Root hairs are important particularly in
nutrient-poor environments (Nestler et al. 2016) and can

play a significant role in the interaction with PGP bacte-
ria (Mercado-Blanco and Prieto 2012). Brachypodium root
hairs are sensitive to P concentrations and to compounds in
soil solutions (Sasse et al. 2019). It would be very interesting
to study if Azospirillum can alter the root hairs of cereals
under low P and temperature conditions. While we hypoth-
esize that in our study the bacteria improved plant adap-
tation to the combined abiotic stresses of low temperature
and P, further studies are needed to identify the mechanisms
by which Azospirillum mediated growth changes, such as
through a role in photosynthesis stimulation and reactive
oxygen species (ROS) scavenging. Another limitation of the
GrowScreen-PaGe is that this environment differs greatly
from the one that plants and bacteria would be exposed to
in the field. Although previous studies validating lab screens
in agricultural fields have shown that germination-paper root
screens robustly represent the root architecture of wheat
grown in the field at the seedling stage (Rich et al. 2020;
Watt et al. 2013), we are aware that the findings of our study
need to be further validated in more realistic conditions.
A great challenge for applying the results of bacteria-plant
interaction studies to the agricultural sector is the transi-
tion from lab experiments (relatively small scale, controlled
conditions, one or few stresses applied at the time) to “real”
agricultural conditions, characterized by the presence of
diverse microbiota in soils, constantly fluctuating growing
conditions and multiple biotic interactions in both plants
and PGP bacteria.

Our experiments show that Azospirillum can improve the
shoot growth of the model plant Brachypodium in environ-
ments characterized by low temperature and this beneficial
role extends to branch roots when plants are P deprived. The
main phenotypic results observed in this study were larger
inoculated shoots, which nevertheless had similar nutrient
concentrations as non-inoculated plants, and longer branch
roots at later stages of the experiments. The interactions
between cereals and PGP bacteria in suboptimal environ-
ments are likely to become increasingly relevant in the
coming decades. Our study allows resolution of beneficial
developmental stages and time points to inform new man-
agement and genetic solutions for the use of PGP bacteria,
thus contributing to a more economically and environmen-
tally sustainable agriculture.
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