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Abstract

Phosphorus (P) is an essential macronutrient for plant growth, but bioavailable P in soils
is often limited due to immobilization resulting from pH and geochemical interactions.
Understanding the dynamics of P in soils and elucidating the mechanisms by which plants access
P from their environment are critical to evaluating productivity, particularly in nutrient poor

environments. Phosphorus from organic matter can act as a major source of P for organisms in
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soil systems. Phosphatases, enzymes that liberate inorganic P from organic sources, are produced
by both plants and microbes and are considered one ofthe most active classes of enzymes in soil.
We developed a root blotting method to spatially image phosphatase activity in the rhizosphere.
Proteins from the rhizosphere are transferred to a nitrocellulose membrane while retaining their
enzymatic activity and two-dimensional spatial distribution. Subsequent application ofa
fluorogenic phosphatase indicator, DDAO phosphate, enables visualization ofthe distribution of
phosphatase activity in the sample. The proteins can then be fixed to the membrane and treated
with SYPRO® Ruby Protein Blot Stain, a fluorescent total protein stain, allowing for
visualization of'total protein distribution. Taken together, the images of phosphatase activity and
total protein localization can be mapped back to the root architecture and provide insight into
factors affecting the spatial distribution of enzymatic activity and protein accumulation in the
rhizosphere. Notably, this method can be applied to plants growing in rhizoboxes containing soil
or soilless growth mixtures (e g., sand or various potting mixes) and, because ofthe non-
destructive nature ofthis approach, be performed over time to track changes. We anticipate that
this fluorescent indicator imaging technique on root blots can be used in diverse plant-microbe-

soil systems to better understand the role of phosphatases in P acquisition and soil P cycling.

Keywords

Rhizosphere, root exudates, phosphatase activity, protein localization

1. Introduction

Phosphorus (P) is an essential macronutrient for plants, second only to nitrogen in

required uptake, and is only bioavailable to plants as inorganic phosphate. However, inorganic
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phosphate is frequently bound up with calcium, iron, or aluminum minerals and not readily
accessible to plants (Hinsinger, 2001; Shen et al., 2011). Low P bioavailability is a major
challenge worldwide and P amendments are frequently used to increase crop productivity
(Vance, 2001). The majority of commercial P fertilizers are derived from the processing ofrock
phosphate, which is a nonrenewable resource (Cordell and White, 2011). Furthermore,
overapplication of P in agricultural settings has led to significant environmental problems,
including eutrophication in major water bodies (Sharpley et al., 1994). Global demand for P is
expected to rise as food production increases to feed a growing world population (Cordell et al.,
2009; Cordell and White, 2011). Given predictions ofa global phosphate shortage in the next 50-
100 years (Cordell et al., 2009), approaches to studying P dynamics between plants, microbial
communities, and soils are needed to understand the complex mechanisms affecting P
acquisition (George et al., 2016; George et al., 2017). Expanding our understanding of P
dynamics in the rhizosphere may help us identify potential strategies by which P can be utilized
more efficiently in diverse systems.

Plants have evolved a variety of strategies to access phosphate from their environment
(Hammond et al., 2004; Shen et al., 2011; Hunter et al., 2014). Under phosphate-limiting
conditions, many plants modify their root growth architecture to seek out phosphate resources at
shallow soil depth (Vance et al., 2003; Peret et al., 2014). Additionally, plants may release
organic acids in root exudates to lower the local pH in the rhizosphere, enhancing the solubility
of P from mineral sources (Hinsinger, 2001; Richardson et al., 2009). Plants, bacteria, and fungi
can also produce phosphatases, which mineralize P from organic P sources, such as organic

matter and phytic acid (Dakora and Phillips, 2002; Richardson and Simpson, 2011). While
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organic P is thought to be of particular importance in tropical soils, this may be an
underestimated source of P in other ecosystems (Cabugao et al., 2017; Margalefet al., 2017).

Phosphatases play a critical role in P cycling and, as a result, are a frequently studied
class of enzymes in soil (Caldwell, 2005; Das and Varma, 2011; Nannipieri et al., 2011). Plants
primarily produce acid phosphatases (Duffet al., 1994), whereas soil bacteria and fungi possess
both acid and alkaline phosphatases that may be released into the environment (Nakas et al.,
1987; Dakora and Phillips, 2002). Phosphatase production and the capacity to solubilize
phosphate has been used as a key predictor of beneficial plant growth promoting bacteria and
fungi (Richardson and Simpson, 2011). The dynamic interplay between soil microbes that
convert mineralized P to biologically accessible forms, and the microbes and plants that compete
for the nutrient remain elusive, but investigation ofthe biological mechanisms governing these
processes is underway (Shen et al., 2011; Owen et al., 2015).

Many enzymatic assays, including phosphatase activity assays, have been applied to bulk
soil samples and microbial isolates to assess their biological activity (Marx et al., 2001; Saiya-
Cork et al., 2002; Caldwell, 2005; DeForest, 2009; Nannipieri et al., 2011). These approaches are
important first steps to evaluating the overall functional potential of specific soil environments.
However, given the high spatial heterogeneity of chemical and biological processes occurring at
pore- and sub-pore scales, additional methods are needed to complement existing bulk
approaches. To facilitate advanced investigations of interactions occurring between plants and
microbes in soil microenvironments, we developed a membrane blotting approach to capture
proteins from the rhizosphere and evaluate both their activity and spatial distribution.

Soil zymography has been used to spatially examine enzyme activity, with optimization

ofthe materials including various combinations of gel, filter paper, and membranes (Dinkelaker
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and Marschner, 1992; Grierson and Comerford, 2000; Spohn et al., 2013; Spohn and Kuzyakov,
2014; Guber et al., 2018; Heitkotter and Marschner, 2018; Ma et al., 2018; Nassal et al., 2018).
Spatially focused investigations of phosphatase activity in the rhizosphere have relied on a
variety of fluorescent and colorimetric phosphatase indicators, primarily based on
methylumbelliferone (MUB). Spohn and coworkers utilized MUB phosphate with both gel and
membrane surfaces to map phosphatase activity in conjunction with carbon allocation in the
lupine rhizosphere (Spohn and Kuzyakov, 2013). MUB phosphate is commercially available,
inexpensive, and has been used extensively for phosphatase activity in bulk samples, including
water and soil (Guilbault et al., 1968; Hoppe, 1993; Freeman et al., 1995; Marx et al., 2001; Bell
et al., 2013). A wide range of MUB substrates for other enzymes, such as P-N-
acetylglucosaminidase and P-glucosidase, are also commercially available. Marschner ef al. and
Grierson et al. have applied a similar approach using a two component mixture of naphthol
phosphate and the diazonium reagent Fast Red TR on filter paper and nitrocellulose membranes,
respectively, to detect phosphatase activity in the rhizosphere through formation ofthe red azo
dye precipitate (Dinkelaker and Marschner, 1992; Grierson and Comerford, 2000). Fast Red TR
and naphthol phosphate-based reagents provide excellent spatial information as the azo dye
product is insoluble in water and will not migrate from the site of reaction; however, these
reagents must be used at relatively high millimolar concentrations and may require several hours
for development of a visible signal (Dinkelaker and Marschner, 1992).

In order to expand the existing capabilities for spatially mapping enzyme activity in the
rhizosphere, we sought an alternative fluorescent substrate with photophysical properties that are
complementary to other common fluorescent indicators, such as those based on MUB.

Fluorescein-based substrates, while sufficiently red-shifted from the UV-excited MUB, are too
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water soluble and prone to diffusion to enable spatially resolved analysis. We therefore focused
on a different commercially available fluorogenic phosphatase substrate, DDAO phosphate,
which has red fluorescence after being activated by either alkaline or acid phosphatases. DDAO
phosphate displays good water solubility and turnover rates, making it a promising indicator for
imaging phosphatase activity. The resulting fluorescent product, DDAO, is largely water
insoluble and does not migrate from the site of activation; DDAO also has an excitation
maximum that is shifted over 200 nm from that of DDAO phosphate, resulting in little spectral
overlap. This fluorescent probe for phosphatase activity has been applied previously to various
biological systems (Leira et al., 2000), although to our knowledge, it has not been reported for
use in soil or environmental systems. Applying fluorescent indicators to complex matrices such
as soil is challenging due to unexpected interactions ofthe substrate with diverse, potentially
reactive, and often poorly described components (Foster et al., 2018). We, therefore, performed a
test to evaluate the extent of unintended fluorescence from this approach by pretreating selected
samples with a broad-spectrum phosphatase inhibitor cocktail to evaluate the level of
background signal expected when using this method and to confirm that the majority ofthe
fluorescence observed after staining with DDAO phosphate is phosphatase dependent.

We also coupled this assay for phosphatase activity with a general protein stain using the
commercial reagent SYPRO® Ruby Protein Blot Stain, which provides a measure of'the overall
amounts of protein transferred to the membrane, akin to a loading control. Dual detection of
enzymatic activity and total protein has previously been applied to Western blotting approaches,
although these methods are reliant on alkaline phosphatase-conjugated antibodies for signal
amplification rather than detection of native enzyme activities in a sample (Top et al., 2001).

High amounts oflabile proteins produced in the rhizosphere may be indicative of soil hotspots,
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or localized regions where nutrient exchange and biological interactions and activities are highly
concentrated (Kuzyakov and Blagodatskaya, 2015). By mapping the spatial distribution ofthese
protein hotspots with phosphatase activity, we can begin to examine the spatial focusing of
specific biological activities in the rhizosphere toward heterogeneously distributed nutrients in
the soil.

We present the application of a non-destructive root blotting method involving the
application ofnitrocellulose membrane to the soil and root interface, enabling capture of proteins
on the membrane surface and subsequent analysis using fluorogenic reagents to determine the
distribution of phosphatase activity and total protein content (Figure 1). This method can be used
in soil systems as well as various synthetic plant growth mixtures (e g., sand or different potting
mix formulas). Furthermore, we have developed an open-source image analysis module to
quantify spatial differences in root blot images. We highlight the application ofthe enzyme assay
and use of our image analysis method for linking enzyme activity distribution to root architecture
by imposing heterogeneous amendment ofnutrient resources in rhizobox soil and track the

resulting phosphatase spatial distribution in the system.

2. Materials and Methods

2.1 Seed sterilization

To avoid undesired microbial growth in the sand-filled rhizoboxes (see section 2.2), switchgrass
seeds for sand rhizobox experiments were surface-sterilized according to the following
procedure. ‘Cave-in-Rock’ switchgrass seeds from Native Connections (Three Rivers, Michigan,

USA) were acid scarified for 5 min in 8 M sulfuric acid with agitation. Seeds were washed with
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3x5 min of deionized water, drained thoroughly, and then imbibed on Whatman #1 filter paper
with 5 mL of'sterile 0.2% (m/v) KNO3 at 4 °C for 7 days. Seeds were then bleach sterilized with
3x5 min exchanges of 5% Clorox® bleach with agitation, rinsed thoroughly with 3x5 min
deionized water, and spread into a single layer in a Petri dish using a spatula. The Petri dish was
placed in a glass desiccator inside a fume hood. Seeds were then exposed to chlorine gas,
generated by the addition of 3 mL concentrated hydrochloric acid to 100 mL Clorox® bleach in
a 250 mL beaker. The desiccator was immediately sealed and allowed to stand for 4 hr. After
sterilization, the desiccator was opened and allowed to vent inside the fume hood for | hr. The

Petri dish was covered, sealed with parafilm, and stored at 4 °C, protected from light.

2.2 Plant growth and imaging in sand-filled rhizobox

40-100 mesh sand (Acros) was combusted at 500 °C for 8 hr. To avoid microbial
contamination, all materials for rhizobox assembly were autoclaved at 121 °C, 15 psi for 30 min
and non-autoclavable supplies were sterilized with 70% ethanol and 30 min of exposure to UV
light in a laminar flow hood. Sterilized switchgrass seeds were germinated in sterile 1%
potassium nitrate solution in glass beads and incubated in the dark at 28 °C for 6-11 days before
planting in sand.

Rhizobox assembly and opening ofjars were performed in a laminar flow hood. Empty
Lexan rhizoboxes (7.6 cm x 13.3 cm x 3.2 cm; 6 mm wide walls, 2 mm wide front panel) with 10
drainage holes in the bottom were assembled by securing the removable front panel ofthe
rhizobox with electrical tape and placing a piece of nylon mesh, cut to size, in the bottom ofthe
box to prevent loss of sand through drainage holes. Rhizoboxes were wrapped around the sides

with aluminum foil to protect the roots from light exposure and placed in 1-gallon glass jars over
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a 3-4 cm deep layer of marbles with 100 mL water. Jars were covered with screw-on metal lids
(110 mm diameter) in which 8 x | c¢cm holes were drilled. Aluminum foil was wrapped over jar
lids, and the jars were autoclaved for 30 min at 121 °C, 15 psi in an autoclave-safe plastic bin
with 3 inches of water to facilitate even heating of'the glass. Once cooled, sterilized jars were
transferred to a laminar flow cabinet and jar lid holes were sealed with Breathe-Easy® sealing
membranes (Research Products International Corp) to allow for gas exchange. Rhizoboxes were
removed from the jars and filled with combusted sand (approximately 160 g per box). Sand
rhizoboxes were bottom watered with 40 mL half-strength Hoagland’s solution without
phosphate (Jiang et al., 2017), the sand was stirred with a spatula to reduce compaction, and
seedlings were planted in sand against the front removable panel ofthe rhizobox with sterile
tweezers. Rhizoboxes were placed inside jars at an angle (-45°) to encourage root growth along
the front panel ofthe rhizobox. Sealed jars were then transferred to a reach-in Conviron growth
chamber on a 16 hr day/8 hr night cycle, 28 °C, 60% relative humidity. Plants were watered with
| mL half-strength -P Hoagland’s solution on day 7, 5 mL Milli-Q® water on day 20, and 10-15
mL Milli-Q® water on day 30.

Nitrocellulose membranes were autoclaved at 121 °C, 15 psi for 30 min to sterilize and
prewetted in autoclaved Milli-Q® water. Membranes were then placed directly onto the
sand/root surface. The front panels ofthe Lexan rhizoboxes were secured with electrical tape,
rhizoboxes were wrapped with aluminum foil to protect from light, and plants were returned to
their sterile jars. After the set incubation time of membranes against the sand/root surface had
passed, membrane blots were removed using tweezers for immediate processing using the
described methods for DDAO phosphate and SYPRO® Ruby blot staining. After membrane

removal, the rhizobox front panel was replaced, secured with tape, and roots were imaged using
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the Typhoon laser scanner. Plants were then returned to their jars until the next root blotting

timepoint.

2.3 Plant growth and imaging in soil-filled rhizobox

‘Cave-in-Rock’ switchgrass (Panicum virgatum L., PI1 469228) were obtained from the
United States Department of Agriculture Agricultural Research Service (USDA-ARS) U.S.
National Plant Germplasm System (NPGS) for soil experiments. Seeds were germinated in glass
Petri dishes with glass beads in Milli-Q® water and transferred to soil after 7-10 days.

Soil from Kellogg Biological Station (Michigan, USA) was collected in January 2018
and stored at 4 °C in the dark. Soil was sieved through a 4 mm plastic sieve to remove large roots
and leaves and then semi-dried in a fume hood for 24 hr. Black high-density polyethylene
(HDPE) rhizoboxes (15.2 cm x 20.3 c¢cm x 0.95 cm) with removable clear plexiglass side panels
(15.2 cm x 20.3 cm) were dry packed with soil by packing open-face and then filling from the
top to reduce soil compaction. Clear side panels were covered with opaque black HDPE side
covers (15.2 cm x 20.3 cm) to protect roots from light. Plants were grown in a Conviron walk-in
growth chamber (model no. GR48) on a 16 hr light, § hr dark cycle, at 24 °C with 50% humidity
during the day and 18 °C with 40% humidity at night. Plants were watered every 2-3 days from
the top with deionized water.

Roots were blotted at 6 to 11 weeks after planting in soil. For soil rhizoboxes,
nitrocellulose membranes were prewetted with deionized water and placed on the soil and root
surface. The rhizoboxes were reassembled with the plexiglass panels held in place with screws,
and the rhizobox was returned to the growth chamber for 24-72 hr. Membranes were removed

and processed as described below for DDAO phosphate and SYPRO® Ruby staining.
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Membranes treated with phosphatase inhibitor cocktail were prepared as described for the dot

blot assay in the Supporting Information.

2.4 DDAO phosphate and SYPRO® Ruby blot staining

Stock solutions of 9H-(1,3-Dichloro-9,9-dimethylacridin-2-one-7-yl) phosphate,
diammonium salt (DDAO phosphate, Invitrogen) were prepared by dissolving 5 mg solid probe
in Milli-Q® water to a concentration of 5 mM and storing as aliquots at -70 °C, protected from
light and avoiding freeze-thaw cycles. DDAO phosphate working solutions were prepared by
diluting stock solutions to 10 pM in 50 mM Tris-HCI buffer, pH 6.5. This pH was selected based
on previous reports for combined acid and alkaline phosphatase activity measurements (Schurr
and Yagil, 1971; Fraser et ah, 2017). A dot blot assay was used to confirm both acid and alkaline
assays were active at this pH (Figure SI) (Allis et ah, 1986). For phosphatase inhibitor
experiments, Phosphatase Inhibitor Cocktail 2 (P5726, Sigma Aldrich) was diluted 1:100 in 50
mM Tris-HCI buffer, pH 6.5 and applied to membranes for 10 min prior to DDAO staining.

Nitrocellulose membranes (45 pm, Bio-Rad) were cut to size for each experiment
(typically < 50 cm2) and handled with tweezers to avoid contaminating the exposed membrane
surface. Membranes were stained for phosphatase activity by immersing completely in 10 pM
DDAO phosphate solution for 5-10 seconds, blotting excess liquid from the corners ofthe
membrane with a Kimwipe™ or paper towel, and allowing the membrane to dry fully in air,
protected from light. Contact ofthe wet membrane with surfaces, which will produce artifacts in
the staining, was avoided by leaning membranes at an angle or by suspending from one edge
using a binder clip during the drying process. Stained membranes were then imaged using the

Typhoon laser scanner.
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SYPRO™ Ruby Protein Blot Stain (Thermo Fisher Scientific) was used according to the
manufacturer’s instructions for all staining. Briefly, nitrocellulose membrane blots were fixed in
10% methanol, 7% acetic acid in water for 15 min, as recommended by the manufacturer. The
membranes were washed with 4x5 min exchanges of deionized water, stained with SYPRO®
Ruby Protein Blot Stain for 15 min, and rinsed with 6x1 min deionized water. Membranes were

then dried in air, protected from light, before imaging with the Typhoon laser scanner.

2.5 Instrumentation and membrane imaging

Fluorescence imaging was performed using a Typhoon™ FL 9500 laser scanner (GE
Healthcare Bio-Sciences AB). Switchgrass (Panicum virgatum, var. Cave-in-Rock) roots or
membrane blots were imaged at 50 pm resolution using the DDAO phosphate, SYPRO® Ruby,
or Alexa Fluor® 488 settings for phosphatase activity, total protein, or root architecture imaging,
respectively. Blots were imaged using the same gain settings and processed identically when

comparing samples.

2.6 Resource island experiment

Organic matter pellets were prepared from freeze-dried (at least 24 hours) annual
ryegrass roots. Root material was ground with a mortar and pestle to a homogenous powder.
Approximately 0.5 - 0.7 mL of powder was compressed at >2000 psi in a hydraulic press to form
a pellet. Pellets were sliced into 6 fractions, approximately 6 mm x 4 mm dimensions (125 mm?
area), similar in size to quartz chips used as controls. Quartz chips (SiO?, quartz turnings from

Costech Analytical Technologies, Inc.) were used with no further processing.

12



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

Switchgrass seeds were germinated as described above and transferred to rhizoboxes
packed with soil from Kellogg Biological Station. Resource islands were placed in rhizoboxes 9-
10 days after switchgrass seedlings were introduced to soil and before the roots had reached the
depth at which the resource islands were installed. Membrane blotting experiments were
performed 34-35 days after resource island placement. Nitrocellulose membranes were placed in

rhizoboxes for approximately 48 hr.

2.7 Imaging analysis methods

To analyze the levels of phosphatase in the roots and surrounding soil, an open-source
Python module, “resource-islands”, was developed (https://github.com/pnnl/thizo phosph) for
use on DDAO stained images. Similar to our previous image analysis pipelines for soils (Ilhardt
et al., 2019), this module was built using Python (v 3.7.3), with packages opencv (v 4.1.0)
(Bradski, 2000), matplotlib (v 3.0.3) (Hunter, 2007), numpy (v 1.16.2) (Walt et al., 2011), and
seaborn (v 0.9.0) (Waskom et al., 2018), and was implemented using Jupyter Notebook (v 4.4.0)
(Kluyver et al., 2016), an interactive Python environment, to create figures and analyze data.

Prior to image analysis, DDAO images were aligned to the camera image using the affine
transform function in opencv. These images were then cropped to separate the two roots and their
corresponding rhizospheres (designated root R1 and root R2 images) for individual analysis, and
masks were manually added to the image based on visual identification ofthe boundary between
the root edge and adjacent rhizosphere and we used the masks to differentiate between root and
rhizosphere regions (which further included demarcation and masking of soil, organic material
pellets, and quartz). Root that is not visible between pieces of visible root were assumed to be

covered by a thin layer of soil; these regions were masked by making connections between root
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segments that were well defined and very close. Root R1 contained the root section near the
organic matter pellet resource islands and associated connected root sections and rhizosphere.
Root R2 contained pieces of quartz, the root growing next to them, and the associated
rhizosphere. Cropping was done to ensure that organic matter and neighboring regions were not
visible in root R2 image, and likewise, no quartz was visible in root R2 image. Because the root
in the root R2 image was longer than the root in the R1 image, the R2 image was cropped
vertically to match the length ofroot R1 to enable a fair statistical comparison (i.e., quantitation
of data for the same length and root depths). See Figure 5 for final masking, processing, and R1
and R2 demarcation. For all plots, distance was converted from pixels to mm using the
conversion | pixel = 0.05 mm.

For average pixel intensity figures, averages were calculated separately for root masks
and rhizosphere masks. To quantify rhizosphere phosphatase levels, the pixel intensities for soil
pixels located 0 to 2 mm on either side ofthe root were averaged into one value, starting from
the top ofthe image (i.e., top ofthe root) and going down one row of pixels at a time (Figure
S3). Similarly, to quantify average pixel intensity of the root masks themselves, each row ofroot
pixel intensities was averaged into a single value, starting from the top ofthe image and going
down one row of pixels at a time (Figure S8).

Due to the different number of pixels available in the R1 and R2 images, both ID and 2D
histograms were normalized to have a total summed signal of 1. Fitted Gaussian functions were
overlaid on each ID histogram to more easily compare the pixel distributions (Figure S6, Figure

S10). Parameters for these curves were calculated using numpy.

3. Results

14



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

To validate our method, we first performed a dot blot assay to confirm purified
phosphatase enzymes retained their activity when applied to the membrane. Detection of calf
intestinal alkaline phosphatase and wheat germ acid phosphatase activity on nitrocellulose
membranes was successful at varying concentrations, while the negative control protein BSA,
which lacks phosphatase activity, showed minimal staining from DDAO phosphate (Figure SI).
Notably, preventing the membrane from drying out during the course of the experiment was
important for maintaining enzymatic activity. This assay also demonstrated that DDAO
phosphate can be used to detect both alkaline and acid phosphatase activity under the tested
conditions. Loading of proteins onto the membrane was determined by a subsequent SYPRO®
Ruby blot stain.

Switchgrass seedlings grown in sand and hydroponic solution were used to demonstrate
the blotting method in an axenic live plant rhizosphere system. The developed method allowed
for repeated, facile sampling of the rhizosphere at various stages of plant growth. Membrane
blotting is non-destructive and can be performed several times on the same sample. For 50 cm?
membranes, all sample processing and imaging could be performed in under 1.5 hr; significantly
larger membranes required longer drying times prior to imaging. In an example of repeated,
time-resolved sampling, we observed both total protein and phosphatase distribution being more
focused along a primary root at day 21 with an example of increased focusing at the lateral root
tips in samples taken at day 27 of growth in a switchgrass seedling (Figure 3). Phosphatase
distribution was visually correlated with total protein, as determined using the SYPRO® Ruby
Protein Blot Stain, indicating the plants focus both root exudation of proteins and production of
active phosphatases at the root tips.

Next, we demonstrated this method could be applied successfully to plant roots growing

15



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

in soil. Application of membrane to the root and soil surface of switchgrass plants growing in
Kellogg Biological Station soil produced DDAO phosphate images with similar localization of
phosphatase activity hotspots around the root tips of branching lateral roots, as well as along
much of'the primary root (Figure 4). To validate the signal observed from the DDAO phosphate
staining was due to phosphatase activity, we treated the membrane with a commercially available
phosphatase inhibitor cocktail that inhibits both acid and alkaline phosphatases. Staining ofthe
inhibitor-treated membrane followed by imaging showed reduced levels of fluorescence from
DDAO phosphate, while total protein distribution as determined using the SYPRO® Ruby
Protein Blot Stain was similar to the previous blot (Figure 4E and 4F). This indicated that the
signal from DDAO phosphate can be primarily attributed to phosphatase activity in these
rhizosphere samples from switchgrass grown in soil. The remaining signal after inhibitor
pretreatment may be a result of nonspecific activation of DDAO phosphate or due to
phosphatases that are not inactivated by any ofthe components in the commercial inhibitor

cocktail.

Following successful application of our method to switchgrass plants grown in soil, we sought
to examine the distribution of phosphatase activity in the rhizosphere when organic matter
resource islands, containing organic phosphorus, were located adjacent to growing roots. Organic
matter pellets from root biomass and quartz chips as controls were placed in rhizoboxes, and
switchgrass seedlings were allowed to grow toward them (Figure 5). We developed an image
analysis method to map phosphatase activity in the switchgrass rhizosphere relative to organic
matter pellets or quartz chip controls. Organic matter pellets, quartz chips, and roots were

masked by hand (Figure 5). The intensity ofthe DDAO phosphate stain was quantified for the
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root itselfand through 2 mm of'the adjacent rhizosphere. Quantitative analysis of the DDAO
phosphate images showed that fluorescence intensity was increased in the rhizosphere of root
R1, which was adjacent to organic matter resource islands, compared to root R2, which was
adjacent to inert quartz chip controls (Figure 6); this difference was statistically significant
(Welch’s test). Additional studies are needed to further explore the influence ofresource islands

in soil on phosphatase activity and other enzymes of interest in the rhizosphere.

4. Discussion

Rhizosphere interactions between plant hosts, colonizing microbes, and the surrounding
soil involve complex biological and chemical dynamics. Elucidating these interactions will
improve our understanding ofthe mechanisms by which plants respond to and acquire nutrients
from their environment. We describe the application of a fluorogenic phosphatase substrate,
DDAO phosphate, in conjunction with a fluorescent total protein stain, SYPRO® Ruby Protein
Blot Stain, for non-destructive sampling and visualization ofthe spatial distribution of
phosphatase activity in the switchgrass rhizosphere. This method allows for comparison of
phosphatase activity relative to total protein distribution, while allowing for straightforward
mapping ofroot structure with enzyme and protein distribution.

Overall, the combined phosphatase and total protein staining and imaging can be
conducted in less than 1.5 hr using commercially available reagents. Transfer of proteins from
the plant root and soil surface to the membrane can be achieved using a wide range of
incubation times, although SYPRO® Ruby total protein results were improved at longer
incubation times (6-24 hr) compared to shorter time frames (5-10 min) (Figure S15). Notably,

background in the DDAO phosphate results were much higher at 48 hr and longer incubation
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times in soil, potentially due to microbial colonization ofthe membrane surface. Removal ofthe
membrane before application of'the fluorescent indicators eliminates the possibility of
transferring dye or buffer reagents to the soil, allowing the sample to be returned to the growth
chamber and reanalyzed at a later stage during the growth cycle. Additionally, this workflow
shortens the time required for image development to 10-15 min, compared to 1-4 hr for Fast Red
TR/naphthol phosphate reagents when treating membranes after application to roots and soil
(Dinkelaker and Marschner, 1992). Micromolar concentrations ofthe DDAO phosphate
fluorogenic substrate can be used while maintaining excellent sensitivity for phosphatase
activity, compared to millimolar amounts of Fast Red TR and naphthol phosphate.

Soil zymography is considered an average ofthe enzymatic activities occurring in the
sample during the duration ofthe experiment. Thus, the time frame for incubation ofthe soil and
roots with the membrane must be selected carefully, depending on the system of interest.
Previous work has observed differences in calculated enzyme activities using different
phosphatase substrates including p-nitrophenyl phosphate and 4-MUB phosphate, suggesting soil
phosphatases may have different affinities for these various indicators and may not necessarily
reflect the enzymatic potential ofthe sample for the native substrates (Caldwell, 2005;
Nannipieri et al., 2011). Thus, quantification of phosphatase activity in the rhizosphere using
synthetic substrates such as DDAO phosphate should be performed with caution and must be
considered a relative measure of functional activity among samples analyzed under similar
experimental conditions.

In the development of this method, we observed that maintaining suitable soil moisture
content is also an important consideration. Drying ofthe membrane may result in denaturation of

proteins adsorbed to the surface and consequently reduce enzyme activity (Figure SI16). On the
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contrary, excessive moisture in the substrate may result in diffuse blots (Figure SI17); Spohn and
coworkers previously observed sharper images when using membrane blotting systems rather
than a gel to transfer proteins from the rhizosphere, which was attributed to diffusion ofthe dye
through the medium (Spohn and Kuzyakov, 2013). Presumably, diffusion of enzymes through
liquid in soils, such as pore water, may also give rise to diffuse images of enzyme activity.

Our root blotting approach and image analysis methods offer new opportunities to
interrogate complex plant, microbe, and soil interactions in a spatial manner. We demonstrated
the utility ofthis method for conducting spatially resolved measurements of biological activity in
the switchgrass rhizosphere by mapping phosphatase and total protein distribution from
switchgrass plants grown in soil rhizoboxes containing organic matter resource islands. Analysis
of DDAO phosphate images ofroot blots showed that the distribution of phosphatase activity
was increased in a root adjacent to the organic matter compared to a control root growing near
quartz chips. Organic matter may provide an important source of organic P in certain soil
systems, and our approach can be used to evaluate spatial focusing of phosphatase activity and
root exudation in the rhizosphere in response to heterogeneously distributed nutrient sources.
Future applications of our approach will allow for investigation of spatially directed plant root
and microbial responses toward organic P sources in soil systems. Further studies are underway
to explore the impact of heterogeneously distributed nutrients in soil on spatial focusing of
enzyme activity in the rhizosphere.

We envision that the method presented here will support future efforts to map
phosphatase activity and protein content released from the rhizosphere in relation to P sources
(inorganic and organic) in soil. Additionally, the flexibility ofthis approach provides

opportunities to map the distribution of other important enzymes in the rhizosphere including 0-
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N-acetylglucosaminidase and P-glucosidase for nitrogen and carbon acquisition. Having
demonstrated the utility ofa DDAO based substrate in this method, we envision potential future
applications of multiple probes in a suite of colors for multiplexed imaging of different
enzymatic activities in a single sample. Combined with both bulk and spatially resolved
methods, this approach will facilitate additional studies to examine the complex relationships
between plants and microbial communities and provide deeper insight into the factors that

influence P dynamics in the rhizosphere.
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Figure captions

Figure 1. Schematic of workflow for root blotting using nitrocellulose membrane to capture
proteins from the rhizosphere. Switchgrass is grown in a rhizobox with sand or soil matrix.
Nitrocellulose membrane is cut to size, prewetted in water, and applied to the soil/root surface.
The rhizobox covers are replaced, and the plant is allowed to grow for the specified time after
which the membrane is removed and treated with DDAO phosphate, a fluorescent indicator of
phosphatase activity. The membrane can then be fixed and stained with SYPRO® Ruby Protein
Blot Stain, a fluorescent protein dye. Alternatively, membranes can be fixed and stained with
SYPRO® Ruby immediately after collection if phosphatase distribution is not required.
Fluorescence imaging ofthe membrane blots provides a map ofrhizosphere phosphatase activity

and total protein distribution.

Figure 2. Sterile sand rhizobox (A-C) and soil rhizobox (D-F). Rhizoboxes were designed with

clear front panels to allow for viewing the root architecture during growth (A, D) and to facilitate
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placement of membranes (B, E) for sampling proteins in the rhizosphere. Rhizoboxes were
oriented at a 45° angle (C, F) to promote root growth along the front panel.

Scale bar =3 cm.

Figure 3. Spatial distribution of phosphatase activity and total protein in switchgrass grown in
sand at two different timepoints during growth. Plants were supplied with half-strength -P
Hoagland’s solution. Nitrocellulose membranes were placed against the root/sand surface (D, H)
for 24 hr. Spatial distribution of phosphatase activity was determined using DDAO phosphate
indicator (A, E). Total protein was stained using SYPRO® Ruby Protein Blot Stain (B, F). Plant
roots were imaged directly (C, G) in their rhizoboxes using the Typhoon laser scanner with

excitation at 473 nm. Scale bar =10 mm. Arrows indicate location of selected root tips.

Figure 4. Spatial distribution of phosphatase activity and total protein in switchgrass grown in
soil from Kellogg Biological Station. Nitrocellulose membranes were placed against the
root/sand surface (D, H) for 20-24 hr and imaged for (A, E) spatial distribution of phosphatase
activity and total protein (B, F). Plant roots were imaged directly (C, G) within rhizoboxes using
excitation at 473 nm. Membranes were treated with a 1:100 dilution of phosphatase inhibitor
cocktail (E, F) to confirm DDAO phosphate staining is phosphatase dependent. Scale bar =10

mim.

Figure 5. Phosphatase activity in the switchgrass rhizosphere relative to organic matter resource
islands and quartz chip controls in soil. (A) A photograph ofroots (R1 and R2) originating from

a single plant. Original uncropped images are available in the Supporting Information. (B) A
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white mask was applied to the root and the organic material or quartz chips were outlined in
black. Places where the root was not visible are outlined and were also masked for analysis. (C)
Corresponding root blot from 48 hr incubation in the soil, stained with DDAO phosphate. (D)
Pixel intensity of DDAO phosphate stain image displayed as a heat map for the rhizosphere,

defined as the area encompassing the root and the adjacent 2 mm of soil.

Figure 6. Image analysis of root blots stained with DDAO phosphate and root images. Average
DDAO phosphate pixel intensity measuring the average phosphatase levels ofthe roots and 2
mm of soil surrounding the roots. Solid lines represent average pixel intensities and shading
represents the standard deviation for each row of pixels. Solid black rectangles representing
organic material (adjacent to Root 1) and dashed white rectangles representing quartz (adjacent

to Root 2) are shown at accurate depths for reference.
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RHIZOSPHERE BLOTTING MEMBRANE ANALYSIS
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Highlights:

* Method enables mapping ofrhizosphere phosphatase and total protein distribution
* Non-destructive and can be used for timeseries analysis
» Identified hotspots of'activity when combined with quantitative image analysis
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