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Abstract

Aims Phosphorus (P) deficiency-induced mobiliza-
tion of rare earth elements (REEs) in the rhizosphere
contributes to REE accumulation in the hyperaccu-
mulator Phytolacca americana, but a lack of in situ
methods for visualization of the root-soil interface
limits our understanding of the underlying processes.

Methods Diffusive gradients in thin-films (DGT) devices
were used for probing root exudates, REEs and P in the P.
americana rhizosphere. Desorption electrospray ionization
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mass spectrometry and laser-ablation inductively coupled
mass spectrometry were used for in situ imaging of root
exudates, REEs and P sorbed on the DGT.

Results The novel approach demonstrated here is
capable of synchronously and quantitatively charac-
terizing the distribution of root exudates and labile
elements in the rhizosphere. The secretion fluxes of
citrate and oxalate in the rhizosphere under P defi-
ciency were three times higher than under P suffi-
cient condition; and the lanthanum (La) fluxes in the
rhizosphere under P deficiency were ten times greater
than at P sufficiency condition. The enrichment of P
and La under P deficiency and depletion under P suf-
ficient conditions in the rhizosphere suggests that P
deficiency-induced organic acid secretion is crucial
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for the mobilization of soil REEs and subsequent
REE accumulation in P. americana.

Conclusion The combination of DGT devices with
mass spectrometry imaging is technically feasible for
in situ synchronous imaging of root exudates, REEs
and labile elements at the root-soil interface. Our
study shed light on processes of mobilization of min-
eral elements in the rhizosphere induced as a side-
effect of the P acquisition mechanism.

Keywords Root exudates - Mass spectrometry
imaging - Rhizosphere effect - Spatial distribution -
DGT

Introduction

Hyperaccumulators are plants that accumulate metal(loid)
s in their leaves exceeding nominal element threshold cri-
teria whilst successfully completing their life cycle (van
der Ent et al. 2013). The (hyper)accumulation of some
metals or metalloids in a number of hyperaccumula-
tor species is, to a large extent, a side-effect of nutrient
acquirement (i.e., inadvertent uptake) (Pollard 2022; Pol-
lard et al. 2014). This includes phosphorus (P) deficiency-
induced rhizosphere acidification inadvertently caus-
ing mobilization of soil manganese (Mn) leading to Mn
hyperaccumulation in Phytolacca americana (DeGroote
et al. 2018). The P acquisition strategy also facilitates
rare earth element (REE; the lanthanides and yttrium)
mobilization in the soil by ligand complexation and H*
competition, leading to inadvertent REE accumulation
in some plants species (e.g., lupin) (Monei et al. 2022;
van der Ent et al. 2022; Wiche et al. 2016). In previous
studies, we have shown that P deficient conditions induce
an increased secretion of protons and organic acids in
the rhizosphere P. americana, and this process not only
promotes the mobilization of soil P, but also causes the
release of REEs in the soil and subsequent uptake of
REEs (Liu et al. 2021, 2023). However, it remains unclear
how plant root exudates and soil P in the rhizosphere
interact with each other to affect REE availability.

The rhizosphere refers to the small volume of soil
that surrounds living roots and is of great importance
to the mobilization and bioavailability of plant nutri-
ents and other trace elements (Badri and Vivanco
2009). Plant root exudates, especially organic acids,
are one of the major driving forces for solubilization
of mineral nutrients in the rhizosphere soils and the
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subsequent root uptake (Chen et al. 2017; Singh et al.
2016; Tao et al. 2016; Tiziani et al. 2022). A range
of simple, but useful methods, such as exogenous
addition of organic acids and artificial separation of
bulk and rhizosphere soils, have been used for study-
ing the physio-chemical changes induced by root
exudates (Tao et al. 2020; Yang et al. 2021). How-
ever, these methods are usually not sensitive enough
to detect rhizosphere effect, due to the very small
volume of rhizosphere soil (Kuzyakov and Razavi
2019; Oburger and Jones 2018). Therefore, in order
to quantitively observe rhizosphere processes and
root exudate-mineral element interactions at the root-
soil interface, it is imperative to develop methods for
in situ determination of the root exudates and mineral
elements (Kuzyakov and Razavi 2019).

Visualization of 2D and 3D rhizosphere processes
via chemical and non-invasive imaging has signifi-
cantly enhanced our knowledge of rhizosphere pro-
cesses across a range of scales from cm to sub-mm
(Gregory et al. 2022; Oburger and Schmidt 2016).
One of these methods, diffusive gradients in thin
films (DGT), has been intensively used to character-
ize the distribution of elements in soils and measure
the bioavailability of a variety of anions and cations
(Guan et al. 2021). The DGT method has been widely
used in rhizosphere visualization due to its advan-
tages of in situ measurement and high spatial resolu-
tion (~100 pm) (Alvarez-L()pez et al. 2021; Davison
and Zhang 1994; Williams et al. 2014). Other meth-
ods have also been used for quantification of root exu-
dates, including hydroponic culture-based approaches
and soil-based approaches (e.g., the “quick and dirty”
root washing) (Oburger and Jones 2018). However,
most of these existing methods for collection of
root exudates are destructive, and thus cannot pro-
vide accurate in situ spatial distribution of the target
analytes (White et al. 2017). Moreover, thus far no
attempts have been made to in situ visualization of
root exudates and mineral elements simultaneously.

Mass spectrometry imaging (MSI), a molecular
imaging technology which combined with mass spec-
trometry and imaging technology, can directly pro-
vide information on the spatial distribution of biomol-
ecules. MSI is mostly used in the field of biomedicine
(Bhandari et al. 2015), but has rarely been employed
to explore the root exudate mediated processes. Using
a hydrophobic polyvinylidene fluoride (PVDF) mem-
brane and matrix assisted laser desorption ionization



Plant Soil

mass spectrometry (MALDI-MS), Velic¢kovi¢ et al.
(2020) localized the spatial distribution of some
metabolites in switchgrass rhizosphere. However,
this method was not able to provide information on
the spatial distribution of organic acids. Tiziani et al.
(2021) used DGT devices with zirconium hydrox-
ide binding layer (-ZrOH) to characterize the spatial
in situ distribution of citrate in white lupin root exu-
dates, but the complexity of operation and relatively
low resolution means that it has limited application.
A recent study showed that MALDI-MS can be used
to obtain information on the spatial distribution of
lysimachic acid secretion under P deficient conditions
(Gomez-Zepeda et al. 2021). However, this study was
based on an artificial medium rather than natural soil.
In conclusion, approaches for in situ quantitative vis-
ualization of the spatial distribution of root exudates
are still lacking, and there has been no attempt yet
to combine MSI with DGT to link root exudates and
metal dynamics in the rhizosphere.

Therefore, the aims of this study were: (i) to
develop an approach for in situ simultaneous imag-
ing of root exudates and elements in the rhizosphere;
(ii) to reveal the spatial distribution of REEs, P and
root exudates in the rhizosphere of P. americana; (iii)
to clarify the interaction process of REEs, P and root
exudates in the rhizosphere hotspots. The combina-
tion of the above sub millimeter imaging technologies
is expected to achieve a clear picture of P deficiency-
induced mobilization of REEs in the rhizosphere of P.
americana.

Materials and methods

Rhizobox experiment and experimental rhizosphere
for imaging

The soils material for the experiments was collected
from REE mine tailings (115.032291°E, 24.99591°N)
near Ganzhou city, Jiangxi province, China. The
soils had low organic matter content and was nutri-
ent deficient (e.g., N and P), but has high REE con-
centrations (435+30.6 mg kg~!, Table S1). Due to
the barren properties of soils, approximately 1% (dry
weight) biochar was added to the soil (2 mm) to sup-
port plant growth. This proportion of biochar addition
has limited stabilization effect on REEs (Liu et al.
2020). The biochar was made from sawdust that was

anaerobically carbonized at 500°C for 1 h. The chemi-
cal analysis and physicochemical properties of the
soil and biochar are shown in SI Materials and Meth-
ods and Table S1.

The amended soils were used to fill rhizoboxes
(14x4%x21 cm) with a detachable side. The
rhizoboxes filled with soils were watered with
ultrapure water to reach 65% field capacity by weight
and the rhizoboxes were homogenized for three
weeks. The germinated seeds of P. americana were
sown into these soil-filled rhizoboxes, which were
then wrapped with aluminum foil and kept inclined at
45° to promote root growth onto the detachable side.
This process created an experimental rhizosphere for
subsequent imaging. The rhizoboxes were places in
a climate chamber with the growth condition as fol-
lows: day 25°C/night 20°C, humidity 60-70%, illumi-
nation time 16 h, intensity 250-300 pmol m~2 s~ .
During the experiment, the soil water content was
maintained at 65% of field capacity by weighing
every 4 days.

Mass spectrometry imaging of root exudates in
rhizosphere by desorption electrospray ionization
mass spectrometry (DESI-MS)

In situ sampling of root exudates

A hydrophilic PVDF membrane was used to imprint
organic acids from experimental rhizosphere. This
is because the compatibility of the surface chemistry
of this membrane with the negative ionization mode
required for organic acid detection (Velickovi¢ et al.
2020). The PVDF membrane (Durapore® PVDF,
Millipore) has a pore size of 0.45 pm, a diameter of
47 mm and a thickness of 100 pm. After four weeks
of cultivation of the plants, the regions of interest
(ROIs) on the detachable side of rhizoboxes were
selected according to their root growth (Fig. la).
The root system was imaged with a digital cam-
era after removing the side plate and the PVDF
imprinting membrane was subsequently placed on
the ROI (Fig. 1b), and the side plate was re-installed
again. During the process of membrane adsorption,
any moving of membrane and detachable side of
rhizoboxes was strictly avoided. After 24 h, the side
plate was carefully removed and the PVDF mem-
brane was recycled. To reduce contamination from
soil particles, the soil particles adhered to the PVDF

@ Springer
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Fig.1 The workflow for DESI-MS imaging of root exudate
of organic acids in rhizosphere of P. americana. a P. ameri-
cana planted in rhizoboxes with a detachable side. b The
PVDF membrane was installed on the root-soil interface and
developed for 24 h; ¢ The PVDF imprinting membrane was

membrane were removed by forced air using an auri-
lave. The deployed imprinting membrane was then
affixed onto Omni Slide MT-96 (Prosolia Inc., USA)
with double-sided tape. The slides were immediately
mounted onto the sample stage for the DESI analysis
(Waters, USA) (Fig. 1c).

DESI imaging of root exudates

DESI-MS refers to the method using charged solvent
droplets to desorb and ionize species from the sample
for mass spectrometry analysis. Combined with imag-
ing software, the spatial distribution of target mol-
ecule are in situ imaged (Velickovi¢ and Anderton
2017). The photograph of the slides with the PVDF
membranes were loaded into HDImaging v1.4 (HDI)
software (Waters, USA). The detail DESI param-
eters are shown in SI Materials and Methods. The
obtained raw data from DESI-MS were imported into
HDI for data processing (Fig. 1d). The processing
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mounted on the sample stage to be subjected to DESI analysis.
d The obtained raw data from DESI-MS were imported into
HDImaging v1.4 software for further processing. DESI-Q-
TOF-MS, desorption electrospray ionization - quadrupole-time
of flight- mass spectrometry

parameters were set as follows: the number of most
intense peaks 1000, whole mass range, enable lock
mass at 554.2620 m/z.

DESI imaging of standard organic acids

In order to quantify the adsorption of organic acids on
the PVDF membrane, calibration was performed by
adding organic acids on PVDF membrane as follows.
Three types of organic acids (i.e., citrate, malate, and
oxalate) (Sigma-Aldrich, USA) were used to pre-
pare the calibration solutions. One microliter mixed
organic acid solutions with different concentrations
(0,0.1,0.25, 0.5, 1.0, 2.5, 5.0, 10, 25, 50 mmol L™
were slowly added dropwise onto the PVDF mem-
brane. After that, the PVDF membrane was affixed
onto the glass slide with double-sided tape. The
slide was immediately mounted on the sample stage
to conduct the DESI-MS analysis after acquiring an
image with a fixed distance between the camera and
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the slide. The circular area of each calibration point
of organic acids was selected with the ROI tool in
HDI to obtain average intensity values. The intensi-
ties and corresponding concentrations of organic acid
were subjected to linear fitting using Origin software
(Pro 2021b, OriginLab Corporation, USA).

Synchronous imaging of the spatial
distribution of root exudates and elements in P.
americana rhizosphere

Rhizobox experiment with distinct P treatments

In order to investigate the relationships between
REEs, P and root exudates in the rhizospheres,
another rhizobox experiment was conducted. In
this experiment, the P supply, 0 mmol L™! (“~P”)
and 2 mmol L™!' (“4P”) KH,PO, (dry weight)
were amended into the tailing soil material, respec-
tively. Then 160 mL of Hoagland solution (pH 5.3,
Table S2) was added to all the treatments to sup-
port plant growth. The soil solution was collected
once a week with a porewater sampler (Rhizon
MOM, 19.21.21f, Netherlands) following the meth-
ods described in Liu et al. (2020). The collected soil
solutions were immediately frozen at —80 °C until
analysis.

Synchronous imaging of root exudates and elements
by DESI-MS and laser-ablation inductively coupled
mass spectrometry (LA-ICP-MS)

Diffusive gradients in thin-films (DGT) are a passive
sampler composed of binding gel, diffusion gel and
filter membrane. By simulating the migration of ele-
ments to the root surface through DGT, the concen-
trations of bioavailable chemicals in soil are in situ
detected (Guan et al. 2021). DGT devices were used
to reveal the spatial distribution of root exudates,
REEs and P. The DGT device was composed of a
PVDF filter membrane (0.45 pm, Durapore®, Milli-
pore, USA; for root exudates), binding gel (0.40 mm,
Chelex-100 resin, zirconium hydroxide precipitate;
for REEs, P, etc.) and diffusion gel (0.80 mm, 1.5%
agarose) (Nanjing Easysensor Environmental Tech-
nology Co., Ltd., China). The preparation and instal-
lation of these flat-panel high-resolution DGT devices
followed the methods described in Ren et al. (2021).
After 4 weeks of plant growth, the region of interest

(ROI) on the removable side of the rhizobox was
selected and DGT device was installed. During the
DGT deployment, the PVDF membrane was close to
the root-soil interface, and the binding gel and the dif-
fusion gel were attached onto the PVDF membrane
respectively (Fig. 2).

After 24 h-deployment, the rhizobox side was
removed, and the PVDF membrane was recycled.
The soil particles adhered to the PVDF membrane
were removed by forced air using aurilave. The PVDF
membrane was affixed onto the slide (Omni Slide
MT-96, Prosolia Inc., USA) with double-sided adhe-
sive tape. To identify organic acids in the membrane,
1 uL organic acid standard solution (1 umol L™ ') was
slowly added on another small piece of PVDF mem-
brane, and then immediately stick the small piece
of membrane next to the sample on the slide. The
slide was immediately mounted on the sample stage
for the DESI-MS analysis (Fig. 1b). The left DGT
device (binding gel and diffusion gel) was retrieved
and rinsed with a jet of ultrapure water. The binding
gels were dried (50°C, 3 h) using a vacuum gel dryer
(GDS2000D, Life Technologies, USA). The dried
gels were then subjected to the LA-ICP-MS analysis.

LA-ICP-MS wuse high-energy laser beam to
focus on the sample surface, where the particles
generated by ablation are transported to ICP-MS and
subsequently introduced into the mass spectrometer
detector (Giinther and Hattendorf 2005). LA-ICP-MS
was used to visualize the spatial distribution of
labile elements bound in binding gel of DGT.
To quantitatively analyze the elements bound in
binding gel using LA-ICP-MS, calibration standards
for LA-ICP-MS were prepared by immersing the
HR-ZCA binding gel assembled in the DGT samplers
(3.14 cm in diameter) into solutions containing
different concentrations of REEs, P and mineral
elements (Mn, Zn, etc.) (4 replicates). After 24 h of
immersion, three replicate of binding gels were used
for acid digestion and determination of the total
amount of target elements by ICP-MS. The other one
replicate of binding gel was dried and then analyzed
by LA-ICP-MS with sample and sample blank. The
samples were collected using a laser ablation system
(NWR imagegeol193, elemental scientific, USA),
and ionic signal intensity was obtained by ICP-MS
(icpTOF R, Tofwerk, Switzerland). To improve the
analysis accuracy, internal standard correction was
carried out according to the method of Lehto et al.

@ Springer
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Fig.2 The workflow for the imaging of root exudate of
organic acids and labile elements in the rhizosphere of P.
americana. The polyvinylidene fluoride (PVDF) membrane,
binding gel, and diffusion gel were installed on the root-soil
interface and saturated for 24 h (left); The PVDF imprinting

(2012). Since '* C is the main element of the binding
gel matrix, '* C is used as the internal standard for
standardization (Ren et al. 2021). The parameters
for the analysis of LA-ICP-MS are provided in SI
Materials and Methods.

After the demounting of the DGT devices, the
plants were harvested and separated into roots and
shoots and carefully rinsed with ultrapure water.
Root samples were soaked in 5 mM CaCl, for 15 min
(4°C) for desorption of ions (Han et al. 2005). The dry
weight of plant samples was recorded after drying at
65°C for 72 h. The plant samples were then ground
with a mortar and sieved to <1 mm. The plant powder
was subsequently digested with HNO;:H,O, (3: 1) at
190°C for 30 min using a microwave digestion system
(MARS6, CEM, USA). The determination of P and
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Imaging of root exudates

membrane and the binding gel of diffusive thin gradients in
thin-films (DGT) were subjected to desorption electrospray
ionization mass spectrometry (DESI-MS) and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS)
analysis, respectively (right)

metal concentrations in the plant samples was the
same as described above.

Image processing and analysis

Root-soil interface photographs, root exudate imaging
maps, and elemental imaging maps were captured or
generated by cameras, DESI-MS, and LA-ICP-MS,
respectively. For root exudate imaging maps, the
obtained raw data from DESI-MS were imported into
the HDI software for processing. The image parameter
inputs were the same as described above. The mass
to charge ratio (m/z), intensity and the coordinate
profiles of the corresponding compounds were
obtained in the HDI software. The regions of interest
(ROI) were selected by using the HDI ROI tool, and
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then the extracted MS information from all ROIs were
exported by MVA for multi-variate analysis (Fig. 1d).
The elemental imaging maps were generated by Surfer
software. Root-soil interface photographs, imprinting
membrane images, root exudate imaging maps, and
elemental imaging maps were aligned using Adobe
Mlustrator (CC 2019, Adobe Systems Incorporated).

Statistical analysis

The intensity values of organic acids in each coordi-
nate were converted into concentrations using the cal-
ibration curve, and the spatial distribution of organic
acids was obtained by Origin (Pro 2021b, OriginLab
Corporation, USA). The linear fit was performed by
Origin (Pro 2021b, OriginLab Corporation, USA).
Student’s t-test was employed to compare the dif-
ference of plant biomass and element concentration
between P sufficiency and P deficiency treatments.

Results
Plant growth and element accumulation

The root and leaf dry weights of P. americana under
P deficient conditions were 0.60+0.21 g, were
significantly lower than those of plants grown on P
amended soil (1.46+0.12 g, 1.134+0.12 g) (Fig. 3a). The
REE concentration in the leaf of P. americana under P
deficient conditions were 832+56.2 mg kg~!, which

(@ =
1.54 l
*%k
[
I
5 1
s
[l
& I
0.5
I
o x
Root Stem Leaf

Fig. 3 Plant growth (a) and REE accumulation (b) of P.
americana under different phosphorus (P) treatments. —P, P
deficient; +P, P sufficient conditions. Significant differences

(b) ™* P e

was 1.4-times higher than those of plants grown on P
sufficient soil (591+87.1 mg kg™ D} (Fig. 3b). For nutrient
accumulation, P and Mn concentrations in organs of P.
americana grown in P sufficiency were 1.5-3.0 times
higher than those in the P deficient treatments. However,
plants under P deficient conditions had 1.1-1.6 times
higher Fe, Ca and Mg concentrations in root and stem
than plants under P sufficiency (Table S2).

Effects of P supply on soil solution chemistry

The pH values of P. americana rhizosphere soil
solutions were about the same at the first week,
while the pH of both treatments increased with
plant growth. The P deficient treatment had a lower
pH value (0.3 pH units) of soil solution than that of
P sufficiency in the fourth week (Fig. 4a). However,
the REE concentration in soil solution decreased
with plant growth, and in the P deficient treatment
had 1.6 times higher REE concentration than that of
P sufficient conditions in the fourth week (Fig. 4b).
There were no significant differences in TOC and P
concentrations between P deficient and P sufficient
treatment groups (Fig. 4c and d).

Validation of root exudates imprinted on the PVDF
by DESI-MS

In order to validate the root exudates imprinted on
the PVDF, the relationship between the masses of

800 I

600 1

400

REE concentration (mg kg™)

N
(=]
o
1
—
—_
H

Root Stem Leaf

between P deficient and P sufficient treatments are indicated by
asterisks (*, p <0.05, **, p<0.01, Student’s test, n=3)
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Fig. 4 Dynamics of pH (a), REE (b), P (c¢) and d total organic
carbon (TOC) concentrations in the soil solution in P. ameri-
cana. —P, P deficient; 4+P, P sufficient conditions. Significant

standard organic acids accumulated on PVDF and
intensity measured by DESI-MS was examined.
As the concentrations of standard organic acids
increased, the brightness of the circular area con-
taining the standard solution gradually increased
(Fig. 5a). Moreover, linear correlations were observed
between the accumulated mass of organic acids (i.e.,
citrate, malate, and oxalate) on PVDF membrane and
the corresponding DESI intensity values (R?>>0.95,
Fig. 5b, c, d).

Figure 6 shows the root system and the root
exudate maps of P. americana generated by DESI
with a resolution of 300X 300 pm. The zone of root
exudates was strongly co-localized with the root
zone, particularly in the area with dense root for-
mation. Two spatially distinct areas were found in
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differences between P deficient and P sufficient conditions are
indicated by asterisks (¥, p <0.05, Student’s test, n=3)

PVDF imprinting membrane of the rhizobox from
the DESI analysis. Organic acids constituted the
first area, which located in three dense root areas.
Among the detected organic acids, oxalate was the
most abundant followed by malate and citrate. The
second area comprised of high-molecular weight
root exudates, such as m/z 539.1583, m/z 709.3835
and m/z 761.3458, which co-localized with the
entire root zone especially axial root (Fig. 6,
Fig. S1).

The distribution of REEs, P and root exudates in
rhizosphere

To explore the interaction between REEs, P and root
exudates in the rhizosphere of P. americana, the
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Fig. 5 Linear correlations between the intensities of the cali-
bration membranes and the organic acids calculated from the
concentration of calibration solutions added on the PVDF
imprinting membrane. a brightness of circle area containing
the standard solution; b-d correlations between the accumu-

spatial distribution of lanthanum (La), P and organic
acids secreted by roots under different P treatments
were studied by LA-ICP-MS and DESI-MS. It can
be seen from Fig. 7 that in the coupling of DESI and
LA-ICP-MS, the spatial distribution of root exudates
and labile elements was not ideal. Due to the partial
diffusion, the spatial distribution of organic acids,
La and P at the soil-root interface can be hardly
distinguished. However, differences can be found in
the rhizosphere of +P and -P treatments. The citrate
and oxalate fluxes in the rhizosphere of P. americana
under P deficiency were the highest, about 2x107°
pmol mm~2 h™! and 4x107° pmol mm~2> h~!
respectively; while those under P sufficiency

(b)
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lated mass of organic acids on the PVDF membrane and the
corresponding DESI intensity. All data were log-transformed
before further analysis. The circle areas of the standard solu-
tions were 22 mm?

treatment was about 0.6x 10~¢ pmol mm~2 h™! and
1.2x 1075 pmol mm~2 h™! respectively, which was
only one third of the P deficiency treatment. The P
and La fluxes in the rhizosphere were the highest
under P deficient conditions, which were 1.0 pg
em~2 s~ and 10 pg cm™2 s7! respectively (Fig. 7).
However, the P and La fluxes in the rhizosphere
were the lowest in the P sufficient treatment (1.5 pg
em™? s7! and 1.0 pg em™? s7! respectively).
Compared with the P sufficient treatment, the P,
La and mineral elements (e.g., Cu, Mn and Mo) in
the rhizosphere of P. americana in the P deficient
treatment all showed obvious mobilization effects
(Fig. 7, Fig. S2).
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Fig. 6 DESI-MS imaging of root exudates in the rhizosphere of P. americana. (left) The root system of P. americana and the selec-
tion of regions of interest (black circle). (right) The spatial distribution of organic acids and other metabolites in rhizosphere

Discussion

Application of combined imaging in visualization of
rhizosphere process

The imaging methods of root exudates reported in
previous studies have increased our understand-
ing of rhizosphere effects. However, there are also
shortcomings that remain to be solved, such as
destructive sampling, their complex operation, non-
quantitative imaging, and limited access to small
molecular organic acids of root exudates. In this
study, the hydrophilic PVDF membrane and DESI-
MS analysis were combined to quantitatively obtain
the in situ imaging of root exudates in root-soil inter-
face of P. americana. The hydrophilic PVDF mem-
brane is suitable for the imaging of low molecular
organic acids in the rhizosphere (Fig. 5) because of
the compatibility of surface chemistry of the PVDF
membrane with negative ionization mode analysis of
DESI-MS (Veli¢kovi¢ et al. 2020). Under the condi-
tions of this study, the spatial distribution resolution
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of P. americana root exudates can reach 50 pm
(Fig. 6), which is much higher than in previous stud-
ies (Tiziani et al. 2021). In addition, matrix interfer-
ences can be avoided and the target analyte can be
expanded to include multiple molecules from low to
high molecular weight. Therefore, the PVDF mem-
brane sampling combined with DESI-MS analysis
had important advantages in quantifying the in situ
distribution of root exudates, including its simple
operation, high resolution and low interference.

To our knowledge, there are no reports on syn-
chronously and quantitatively imaging of root exu-
dates and labile elements in situ. In this study, we
for the first time show the combination of PVDF-
DGT sampling with LA-ICP-MS and DESI-MS
imaging analysis, indicating that the coupling of
DGT and DESI imaging analysis is technically
feasible, and can synchronously and quantitatively
provide information on the spatial distribution of
labile elements and root exudates in the rhizosphere
with sub millimeter resolution. The two sampling
methods noted above are non-destructive, and can
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Fig. 7 Spatial distribution of root exudates, phosphorus (P)
and lanthanum (La) in the rhizosphere of P. americana. (Col-
umn 1) Images of P. americana rhizosphere and regions of
interest; (Column 2-3) Spatial distribution of organic acids in

therefore synchronously characterize the spatial dis-
tribution of multiple elements in the same rhizos-
phere hotspots. This novel approach can be used to
study the distribution patterns of labile elements
and root exudates at different plant growth stages.
The surface of the DGT device used in this study is
covered with a hydrophilic PVDF membrane, which
acts as a filter for soil particles during the DGT
sampling (Fig. 2). Thus, the binding and diffusion
gels used for the elemental mapping are free from
contamination from the soil. Moreover, due to the
ability of PVDF membrane to adsorb organic acids
(Figs. 5 and 6), we use the PVDF membrane as an
adsorption carrier for root exudates. This achieves
dual-purpose and synchronous quantitative meas-
urement of the spatial distribution of elements and
root exudates in the rhizosphere. Therefore, the
combination of DGT and DESI imaging analysis
will not affect each other.

However, it should be pointed out that the activ-
ity range of rhizosphere microorganisms almost
overlaps with the root exudates, because root

Organic acids

Oxala te

|
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the rhizosphere of P. americana detected by DESI-MS; (Col-
umns 4-5) Spatial distribution of P and La in the rhizosphere
of P. americana detected by LA-ICP-MS. -P, P deficient; +P, P
sufficient conditions

exudates provide important energy source for
microbial growth (Kuzyakov and Razavi 2019).
This means that root exudates may be degraded
by microorganisms during the migration pro-
cess towards the PVDF membrane and the root
exudates adsorbed into the membrane may also
been degraded. In this study, plant roots and soil
showed clear separation on the detachable slide of
rhizobox (Figs. 1b and 6). In addition, the PVDF
membrane and root system are in close contact,
and organic acids can be quickly absorbed by the
membrane, while the smaller pore size of the mem-
brane (0.45 pm) can isolate most microorganisms.
Meanwhile, as Fig. 7 implies, the overall spatial
distribution effect is still not satisfactory compared
to Fig. 6. This may be related to the properties of
organic acids and the soil moisture content in the
rhizobox. DGT often requires a high soil moisture
content (80%), which may promote the diffusion
of organic acids at the root soil interface, resulting
in a decrease of spatial resolution. In the future,
optimizing plant growth medium parameters and
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selecting the optimal conditions for the combina-
tion of the two can be considered. We believe that
through adjustments in soil moisture and plant con-
ditions, this method could simultaneously obtain
high-resolution spatial distribution imaging of root
exudates and labile elements.

Mobilization of REEs and P in rhizosphere by root
exudates of P. americana

Phosphorus deficiency induced root exudation
plays an important role in plant P acquisition
(Cesco et al. 2021; Lambers et al. 2015, 2021;
Santner et al. 2012; Tiziani et al. 2020). This is
because the secretion of organic acids (e.g., cit-
rate) causes large amount of labile P from the
P-containing minerals to be released. Combining
DGT with LA-ICP-MS imaging, Kreuzeder et al.
(2018) found that P accumulated around the root
tip of white lupin. In the present study, PVDF-
DGT sampling combined with DESI-MS and
LA-ICP-MS mapping showed that P deficiency
induced organic acid release causes the accu-
mulation of plant-available P, REEs and nutrient
elements in the rhizosphere soil of P. americana
(Fig. 7, Fig. S1). This result thus provides visual
evidence that organic acids released by P. ameri-
cana in the rhizosphere play an important role in
mobilizing P and REEs in the rhizosphere soil,
leading to inadvertent uptake and accumulation of
REE:s in this species.

The distribution of root exudates based on
PVDE-DESI-MS shows that, the oxalate flux in the
rhizosphere of P. americana was 20 greater than
citrate, and the oxalate flux under P deficiency was
three times higher than in the P sufficient treat-
ment (Fig. 7). This suggests that oxalate exudation
is an important response of P. americana roots to
counter P deficiency. In a previous study, we found
that oxalate can effectively mobilize P, but will not
release soil-bound REEs (Liu et al. 2023), which
might explain how P. americana simultaneously
copes with P deficiency and REE toxicity. However,
a small amount of other organic acids (e.g., citrate
and malate) can effectively mobilize REEs, thereby
increasing REE flux and enrichment on the root
surface (Fig. 7). Our recent study has also revealed
that oxalate had limited contribution to REE exclu-
sion by P. americana roots, while citrate and malate
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promote REE translocation from the roots to shoots
(Liu et al. 2022).

Conclusions

We developed a novel approach for in situ sampling
and quantitative imaging of various parameters in
the rhizosphere, achieving synchronous characteri-
zation of the spatial distribution of root exudates
and nutrition and trace elements at sub-millimeter
spatial resolution. This method combines DGT-
LA-ICP-MS with PVDF-DESI-MS to overcome
the limitations of existing methods in its operation
complexity, single target analyte, matrix interfer-
ences, non-in situ and non-quantitative. In the new
approach demonstrated here, we show that under P
deficiency, organic acid secretion enhances enrich-
ment of P and REEs in the rhizosphere, which is a
key rhizosphere process for soil REE mobilization
and subsequent REE hyperaccumulation in P. amer-
icana. In summary, this study presents a straight-
forward method to obtain the spatial distribution
of labile elements and root exudates in rhizosphere
hotspots. This method is applicable to laboratory
(e.g., rhizobox) and as well as in the field (e.g., root
window). The visualization at the root-soil interface
is a powerful tool for better understanding of nutri-
ent efficiency induced rhizosphere effects by plants.
This approach presented here does have some limi-
tations, including the limited spatial fidelity of the
organic acids in the rhizosphere of P. americana
due to partial diffusion effects. The optimization of
soil parameters and analytical conditions and com-
bining DESI, DGT with planar optode and zymog-
raphy should be investigated further.
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