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Abstract

Decomposition of organic material in the rhizosphere — the most dynamic
microbial habitat in soil — involves arrays of oxidoreductase and hydrolytic
enzymes. Spatial distributions of various hydrolytic activities in soil have
already been explored by zymographic techniques. However, the distribution
oxidative activity in the rhizosphere remains to be studied. Thus, we extended
a Time-Lapse Zymography technique, using Amplex Red® reagent, to
visualize and quantify distributions of phenol oxidase and peroxidase activities
in the rhizosphere of Zea mays L. growing in a Haplic Phaeozem and the non-
rhizospheric soil. The gross oxidative activity was greatest at the root
surfaces, and fell to background soil levels 1.26 and 0.67 mm from seminal (>
1 mm diameter) and lateral (<0.5 mm diameter) roots, respectively. The
rhizosphere extent relative to the root radius was 55% broader around lateral
than around seminal roots. The greatest activities, up to 30 nmol cm? min’,
were peroxidase-dominated and closely associated with roots. The results
confirm the utility of the approach for studying spatio-temporal distributions of
oxidative activities in soil. However, actual activity of oxidoreductases in the
field will be strongly controlled by fluctuating environmental conditions such as
soil aeration and the gradient of reactive oxygen species, which need to be

considered especially in anoxic soils.

Keywords: Amplex Red, Soil oxidative activity, Peroxidase and phenol

oxidase, Spatial distribution, Time-Lapse Zymography.

Abbreviations: ABTS, 2,2 -azino-bis (3-ethylbenzthiazoline-6-sulfonic acid);

AMC, 7-amino-4-methylcoumarin; Amplex Red® reagent, 10-acetyl-10H-
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phenoxazine-3,7-diol (ADHP); GSV, greyscale value; MUF, 4-
methylumbelliferone; TLZ, Time-Lapse Zymography; RMSE, root mean

square error; SD, standard deviation.

Highlights

e A Time-Lapse Zymography technique was developed for soil

oxidoreductases.

e Oxidative activity in the maize rhizosphere was dominated by peroxidases.

e The relative rhizosphere extent was broader around lateral (thin) than

around seminal (thick) roots.

1. Introduction

The root-soil interface is a highly dynamic habitat, in which diverse
microbial processes are driven by easily degradable organic compounds
secreted by roots into the rhizosphere (Kuzyakov, 2002; Hinsinger et al.,
2009). Rhizodeposits influence organic matter cycling by stimulating microbial
growth and production of exo-enzymes that facilitate decomposition of
numerous organic compounds (Dwivedi et al., 2019). Highly diverse
oxidoreductase and hydrolytic enzymes — actively secreted by bacteria,
fungi, and living roots — are responsible for catalyzing decomposition of these
organic composites (Dennis et al., 2010; Theuerl and Buscot, 2010; Burns et
al., 2013). The first stage of decomposition begins with oxidative processes
mediated by multiple oxidoreductases (Sinsabaugh, 2010; Burns et al., 2013),
which are mostly present in the vicinity of roots, microbial cells, and
decomposing components (Gramss et al., 1999; Tuomela and Hatakka,

2011). Despite the multi-functional roles of oxidoreductases in transformation
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of soil organics, little is known about their distribution in rhizosphere and non-
rhizospheric soil. This is partly because previous zymographic attempts to
visualize distributions of enzymatic activities in soil have focused on hydrolytic

reactions (Spohn et al., 2013; Sanaullah et al., 2016).

Oxidative processes in soil are catalyzed by oxidoreductases, generally
categorized as phenol oxidases and peroxidases (Sinsabaugh, 2010; Burns et
al., 2013). These enzymes non-specifically catalyze cleavage of links in
electron-rich substrates (e.g., phenols, lignin, thiols, aromatic alcohols and,
unsaturated lipids) across a wide range of redox potential (German et al.,
2011; Tuomela and Hatakka, 2011), which is crucial for decomposition of
diverse biotic and xenobiotic aromatic compounds in soil (Gramss et al., 1999;
Muratova et al., 2009). Studies on oxidoreductases in soil have mainly
focused on the degradation of lignin and bioremediation of aromatic
compounds, while the oxidoreductases have multiple physiological functions
including morphogenesis, cell metabolism, protective function in pathogenic-
plant interactions and under stress conditions (Courty et al., 2009). Phenol
oxidases — copper metalloenzymes that typically have four copper (Cu)
atoms in their interaction centers — catalyze the degradation of phenolic
compounds by reducing molecular oxygen to water (Bach et al., 2013).
Laccases are the most intensively investigated phenol oxidases in soil. They
are encoded by multigene families and produced by bacteria, fungi, and
plants, so laccases with vast functional diversity participate in decomposition
processes (Theuerl and Buscot, 2010; Burns et al., 2013). Numerous phenols,
aromatic amines, and heterocyclic compounds can be oxidized by laccases.

However, oxidation is usually restricted by the low redox potential of laccases
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(450 — 800 mV). For example, they cannot directly oxidize non-phenolic bonds
in lignin with a redox potential over 1500 mV (Tuomela and Hatakka, 2011;
Bach et al., 2013). In contrast, peroxidases have sufficiently high redox
potential, up to 1490 mV (Bach et al., 2013), to cleave aryl and alkyl bonds in
lignin (Tuomela and Hatakka, 2011). Members of the peroxidase superfamily
(e.g., horseradish, lignin, and manganese peroxidases) are heme-containing
glycoprotein enzymes that require H202 (instead of oxygen) as an electron
acceptor to oxidize phenolic compounds (Sinsabaugh, 2010; Burns et al.,

2013).

A fluorometric microplate technique has been developed for assaying
laccases activities in homogenized soil suspensions, which are assumed to
be representative for overall oxidative activities, using Amplex Red as a
substrate (Wang et al., 2017). Peroxidases require H202 for activity, but not
phenol oxidases. Therefore, substrate oxidation rates determined in the
presence and absence of H202 respectively correspond to activities of both
enzymes and solely phenol oxidase activities. Thus, peroxidase activities can
be simply estimated from differences between rates measured with and
without H202 (Sinsabaugh, 2010; Bach et al., 2013; Burns et al., 2013).
However, microplate assays do not provide information on the localization of
oxidative processes in soil (German et al., 2011). The rhizosphere
encompasses peroxidases and phenol oxidases originating from both
microbes (soil- and root-associated) and plants (Gramss et al., 1999;
Cheeseman, 2007). As enzymes secreted by plants and root-associated
microbes do not diffuse in a long distance away from roots (Guber et al.,

2018; Kuzyakov and Razavi, 2019), the oxidative processes are expected to
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be more intensive at root surfaces and in the rhizosphere than in bulk soil
(Criquet et al., 2000; Muratova et al., 2009). However, such an assumption
still requires experimental proof by estimation of localized oxidoreductase

activities at root-soil interfaces.

The two-dimensional distribution of hydrolytic enzyme activities in
undisturbed soil have been visualized by zymographic techniques in which
fluorescent dye-conjugated substrates such as 4-methylumbelliferone (MUF)
or 7-amino-4-methylcoumarin (AMC) are integrated (Spohn et al., 2013;
Spohn and Kuzyakov, 2013; Sanaullah et al., 2016). With appropriate
modification, the technique enables visualization of activities of diverse
hydrolytic enzymes, such as proteases, amylases (Spohn et al., 2013), acid
and alkaline phosphatases (Spohn and Kuzyakov, 2013), B-glucosidases
(Sanaullah et al., 2016), cellobiohydrolases, leucine aminopeptidases,
xylanases, and chitinases in various soil hotspots including rhizosphere,
detritusphere, and biopores (Hoang et al., 2016; Loeppmann et al., 2016; Ma
et al., 2018). However, zymographic techniques using labelled-fluorogenic
substrates have not been previously applied successfully to oxidoreductases,
despite their importance in organic matter transformation in the rhizosphere
and at soil surfaces. Recent attempts to develop a zymographic technique for
phenol oxidases using 2,2 -azino-bis (3-ethylbenzthiazoline-6-sulfonic acid;
ABTS), have revealed several methodological restrictions, including lack of
calibration of the oxidized product of ABTS (which is not commercially
available), low sensitivity, and interference from light adsorption by soil
minerals and organic matter (Leue et al., 2021). As the end product of ABTS

assay is not readily synthesized (Leue et al., 2021), purified laccases or
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horseradish peroxidases were used for calibration to transform ABTS to the
oxidized product (German et al., 2011). The assumption of this method is that
initial ABTS concentration equals to the concentration of oxidized product. If
this assumption is not valid, the calibration coefficient will be incorrect
(German et al., 2011). Therefore, the commercial oxidized product of ABTS
with known concentration is necessary to accurately measure enzyme activity.
It is anticipated that much better results could be obtained using a fluorescent
reagent for zymographic analysis of oxidative enzymes.

In fluorogenic zymography, a membrane saturated with an enzyme-specific
fluorogenic substrate is placed on the surface of soil, and decomposition of
the substrate catalyzed by enzymes in the soil is monitored (Razavi et al.,
2019). A fluorescent product appears in the membrane due to diffusion of the
substrate from the membrane to the soil, its cleavage by enzymes and
diffusion of the product back to the membrane (Guber et al., 2018). The
distance between the membrane and enzymes affects the diffusion length and
time, manifested in non-linear signal development in the membrane (Guber et
al., 2018; Guber et al., 2021). Thus, an approach called Time-Lapse
Zymography (TLZ) methodology was recently developed by Guber et al.
(2021) to account for the signal non-linearity and diffusion losses of the
product in the activity calculations, thereby providing more accurate estimates
of enzyme activities than traditional membrane zymography (Spohn et al.,

2013; Sanaullah et al., 2016).

The aim of the study presented here was to extend TLZ methodology to
oxidoreductases. For this, we used Amplex Red, which forms the brightly

fluorescent product resorufin when oxidized (Zhao et al., 2012). Amplex Red
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has been used for imaging locations of reactive oxygen species (particularly
H202) that may appear at shoot apices and root surfaces (Driever et al., 2009;
Kovacik et al., 2014; Voothuluru et al., 2018; Huang et al., 2020), as well as
for measuring enzyme activities in soil suspensions (Wang et al., 2017). It has
also been used to measure extracellular H202 concentrations and peroxidase
activities in organelles and tissues (Reszka et al., 2005), and thus has
apparent utility as a fluorogenic substrate for zymographic visualization of
oxidative enzyme activities. Moreover, resorufin can be easily quantified,
thereby enabling straightforward calibration of oxidoreductase activities. Thus,
we tested the applicability of Amplex Red-based zymography to quantify and
visualize localizations of oxidative processes in non-rhizosphere and
rhizosphere soil of maize (Zea mays L.). We also tested its ability to
distinguish between activities of phenol oxidases alone (in the absence of
H202) and both peroxidases and phenol oxidases (in the presence of H202).
We hypothesized that oxidoreductase activities are greater in the rhizosphere

than in non-rhizospheric soil.

2. Materials and Methods

2.1 Soil sampling and preparation

Soil used within the framework of the Priority Program 2089 “Rhizosphere
spatiotemporal organization — a key to rhizosphere function”, was collected
from an agricultural crop rotation plot in September 2018 from a 0-50 cm
layer of loamy Haplic Phaeozem planted with oilseed rape (Vetterlein et al.,
2021) near Schladebach, Saxony-Anhalt, Germany (51.3087° N, 12.1045°E).

The soil had the following physicochemical characteristics: 33% sand, 48%
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silt, and 19% clay, 8.6 g kg™ total organic C content, 0.84 g kg™ total N
content, 10.2 C:N ratio and, pH (CaClz) of 6.4. The soil and sampling
procedure are described in more detail by Vetterlein et al. (2021). After
sampling, the soil was air-dried, sieved to a particle size of <2 mm, and stored

at room temperature.
2.2 Experimental setup and plant growth conditions

Soil and seeds were prepared as described by Vetterlein et al. (2021). The
soil was fertilized with 50 mg N (NH4NO3), 50 mg K (K2SO4), 25 mg (MgCl2
6H20), and 40 mg P (CaHPOa4) per kg dry mass and passed through a <1 mm
sieve to evenly distribute the fertilizer. The sieved soil was packed in three
replicated rhizoboxes (3x8.8x17.8 cm, HxBxL; Clickbox® Germany) to a final
bulk density of 1.26 g cm=. The Maize (Zea mays L.) was selected as a model
plant, because maize roots produce considerable amount of oxidoreductases
contributing in lignin polymerization and the oxidative degradation of organic
compounds in soil (Gramss et al., 1999). Maize (Zea mays L.) seeds were
surface-sterilized for 10 min in 10% H202 solution, kept for 5 min in H20, and
soaked in saturated CaSOs4 solution for 3 h. The seeds were then sown 1 cm
below the soil surface in three rhizoboxes and covered with a layer of fine
gravel (4 — 8 mm) to reduce water losses through evaporation. The rhizobox
walls were covered with aluminum foil to prevent algal growth. Throughout the
growth period (60 days) a soil water content of 22% (v/v) was maintained in
the rhizoboxes, which were inclined at 50° during the experiment to direct root
growth along their lower (front) panels. The rhizoboxes were weighed every

day and the lost weight was compensated by distilled water. The design of the
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rhizoboxes simulated the situation of a well aerated soil and the roots were

exposed to air as the rhizoboxes were designed with an opening front panel.
2.3 Soil zymography

The TLZ approach (Guber et al., 2021) was used for the oxidative
zymography. A stock substrate solution was obtained by dissolving 25 mg of
Amplex Red® reagent (10-acetyl-10H-phenoxazine-3,7-diol (ADHP); CAS
Number: 119171-73-2; highly sensitive probe for H202 and fluorogenic
substrate for peroxidase assay with commercial names Amplex Red,
Ampliflu™ Red, and Oxi red) in 1 ml of dimethyl sulfoxide (DMSO) then
diluting in deionized water to an Amplex Red concentration of 50 mM. The
stock solution was further diluted in 50 mM Trizma buffer (pH 7.4) to obtain a
2 mM working solution of the substrate. Inert gas (N2) was bubbled through
the working solution, in a glass vial for 5 min, keeping the lid tightly closed
thereafter. The solutions were prepared in a dark room, and all glasses used
were covered by aluminum foil to prevent substrate photo-oxidation. Two 6 x
8 cm hydrophilic polyamide membrane filters, 100 ym thick with 0.45 ym pore
sizes (Tao Yuan, China), were soaked in the Amplex Red working solution for
3 minutes. Immediately before soaking the membrane, a 0.3% H20:2 solution
was added to Amplex Red working solution, at an Amplex Red - to - H202
volume ratio of 1:10. The membrane saturated by this solution was used for
measurements of gross phenol oxidase and peroxidase activities. The other
membrane was saturated in Amplex Red substrate with no H202 addition to
determine solely phenol oxidase activity. The rhizoboxes were opened from
the root side and placed in a dark chamber with 15 W blue-black ultraviolet
lamps - (erolite® Germany) as sources of UV light. The saturated membranes

10
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were placed directly on the soil-root surfaces for zymographic imaging
(focusing on the developed branched root parts containing seminal and lateral
roots). Two membranes (with and without H20:2 treatments) were placed
simultaneously in the same replicated rhizobox at the areas with similar root
density, i.e., 6 membranes in total. To measure enzymatic activity, the mean
values for the whole membrane were assessed. Mean activity of individual
membrane was considered as a true replicate of each rhizobox. The average
values were calculated by corresponding mean activities of three rhizoboxes.
A transparent glass sheet was placed over the membranes to keep them in
contact with the soil and prevent from direct contact to room air and
evaporation of the substrate from the membranes during the zymography. A
D3500 DSLR camera with AF-P DX NIKKOR 18-55 mm f/3.5-5.6G VR lens
(Nikon Inc.), was used to capture images. The focal length, aperture, and
shutter speed were set to 210 mm, /6.3, and 1/125 s, respectively. The
camera settings, the distance between the sample and the source of UV light
were fixed to obtain time-series of images of the membranes at 28 um pixel-!
resolution: 0, 5, 10, 15, 20, 30, 60 and, 90 minutes after placing them on the

soil-root surface.

Calibration standards were prepared to convert the brightness of the image
pixels to resorufin content equivalents, as follows. A 1 mM resorufin (7-
hydroxy-3H-phenoxazin-3-one sodium salt, C12HsNNaOs3) stock solution was
prepared by dissolving resorufin in 50 mM Trizma buffer (pH 7.4). The stock
solution was further diluted in the Trizma buffer to obtain 0.2, 0.4, 0.6, 0.8,
and 1-mM calibration solutions. To validate the calibration 0.1, 0.3, 0.5, 0.7

and 0.9 mM resorufin solutions were prepared in the same way as the

11
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calibration solutions. To protect the resorufin solutions from degradation by
light, the standard solutions were prepared in a dark room and all flasks were
covered by aluminum foil. A 10 pl portion of each calibration and validation
solutions was added to membranes (12x8.5 cm; to image the range of

resorufin concentrations simultaneously), which were then covered by a

transparent glass sheet to mimic the zymography settings. The membranes
with standards were photographed under UV light using the same camera
settings as for the TLZ. Due to sensitivity of Amplex Red and resorufin to
high-energy light, the rhizoboxes and calibration membranes were covered

between the TLZ imaging.
2.4 Image processing

The calibration images were used to determine the relationship between
image brightness and resorufin contents in image pixels. We first extracted
red channel signals from the images using the “Split Channels” tool of the
ImagedJ software (Schindelin et al., 2012) and converted the resulting images
to 8-bit format without rescaling. Then we adjusted the 8-bit images to
account for background brightness by subtracting average greyscale values
(GSVs) of the calibration images with zero concentration of resorufin, and
counted numbers of pixels in the GSV range (0 - 254) in the resulting images
using ImageJ’s “Analyze histogram” tool. Following Guber et al. (2019) a
calibration coefficient (a) was calculated from linear regression of applied

resorufin amount (nmol/10ul) against GSV sums in the calibration images as:

M;=aYlGF 1<j<255 (1)

12
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Where: M is the applied amount of resorufin in calibration solution i [nmol]; Gl.j

and Fl.j are the GSV and number of pixels for bin j in the greyscale histogram

at i-concentration [nmol] and [pix], respectively; and a is the conversion

coefficient from Gijto the mass of resorufin in image pixels [nmol greyscale

value™' pixel].

The calibration accuracy was assessed for both calibration and validation

datasets using the Root-Mean-Square-Error (RMSE):

RMSE = /% (M, — M;)? (2)

where M. is the amount of resorufin calculated using Eq. (1) for /-

concentration [nmol].

The time series of oxidized zymography images were processes using the
protocol described by Guber et al. (2021) to obtain the enzyme activity images
(zymograms). Analyses of time series of GSV in image pixels revealed two
clear linear phases, in the 0-15- and 30-90-min intervals (Fig. 3), so
zymograms were calculated separately for each of these intervals in the

zymography sequences.
2.5 Image analysis

Zymograms of gross oxidative activity were analyzed to assess differences
in activities between root areas, hotspots, and non-rhizospheric soil. The extent
of the rhizosphere around roots of varying thickness was also assessed. To do
that the root daylight images were combined with zymograms. The root
locations on zymograms were derived from the rhizobox images taken at day

light shortly before zymography. The rhizobox images were converted to 8-bit

13
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format, binarized using the Otsu thresholding tool, and the resulting images (of
roots) were super-imposed on the oxidative zymograms. Only the areas where
the membrane was in direct contact with the root/soil surface were included in
the analyses (Fig. 4; the rectangles on the daylight image showed the examples
of good and bad attachment). Autofluorescence of soil particles (if any) was
avoided by an attachment of the membrane, which did not show noticeable
autofluorescence. In addition, it is easy to distinguish the oxidative activity and
auto-fluorescence of soil particles by colour. In Amplex Red assay, the resorufin
signal (oxidized product of Amplex Red) is emitted at 530 — 575 nm and its
fluorescence signal under UV light is red (Zhao et al., 2012). While, the auto-
fluorescence of soil organic particles is emitted at 350 — 470 nm (Tang et al.,
2019), and its fluorescent colour under UV light is blue. There is no interference
between soil particles auto-fluorescence and resorufin signal.

Enzyme activities were analyzed using ImageJ’s Plot Profile tool in cross-
sections drawn across selected seminal (thick, larger than 1 mm) and lateral
(thin, smaller than 0.5 mm) roots (Hochholdinger, 2009) perpendicular to their
axes. The reason for choosing lateral and seminal roots was to prove that
both young and relatively aged roots have great potential of oxidative
reaction. Three roots of each type (lateral and seminal) were selected in each
zymogram with H202 membrane (18 roots in total). The membranes without
H202 were not considered due to overall low root zone activity in the absence
of H202. The mean values of each rhizobox were considered as true
replicates. The average values were calculated by corresponding mean
rhizosphere extensions of three rhizoboxes. The root zones were defined in

the Profile plots using the root daylight images. The rhizosphere extents were

14
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identified by analyzing activity histograms in root and non-rhizosphere soil on
the oxidative zymograms. The average GSVs histograms of oxidative activity
in non-rhizosphere soil area was defined as the mean soil activities.
Rhizosphere extents were then estimated by determining a distance between
a region with upper levels of activities in the soil (estimated by each of several
methods explained in Table 1; e.g., 20%, 30% or SD higher than soil activity)
and root center (Fig. 1A). The distribution of 'hotspots' was estimated
according to Bilyera et al. (2020), as explained in Table 1 and Fig. 1B. A
normal distribution was fitted to the low range of enzyme activities in the
histogram that included both root and soil areas in the zymograms (Fig. 1B).
The mean GSV + two standard deviations (2SD) of the fitted distribution was
considered as soil background activity, and was thus removed from the

activity image to identify the hotspots.

2.6 Statistical analysis

The differences between the treatments in terms of oxidative activity were
analyzed using PROC MIXED procedure in SAS (SAS Institute, 2013). The
statistical model included H20:2 treatment (present, absent and subtraction
between them), the study area (soil and root), and the time interval (0-15 and
30-90 min) as the studied fixed factors and their two- and three-way
interactions. The model also included the random effect of rhizobox replicates
and the random effect of the membrane (expressed as the interaction
between the rhizobox and H20:2 treatment) which was used as an error term
to test the effect of the H202 treatment. In addition, the random effect of the
study area within the membrane (expressed as the interaction between the
rhizobox, H202 treatment, and study area) was used as an error term to test

15
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the effect of the study area. Normal probability plots of the residuals showed
that assessment of the normality assumption was violated, so the data were
log-transformed. The three-way interaction was subjected to slicing, also
known as simple effect tests. Mean values within slices for which F-tests
indicated there were significant differences at P < 0.05 were compared using
t-tests. The significance of differences in rhizosphere extent between seminal
(thick) and lateral (thin) roots was assessed using Tukey’s test (P < 0.05). All
figures were prepared with R version 4.0.3 (R Development Core Team,

2020) in the R Studio.
3. Results

GSV sums in the calibration and validation images linearly correlated with
applied amount of resorufin within the range 2 - 10 nmol (R? = 0.997, Fig. 2).
The value of the calibration parameter a was 2.45x10-" nmol greyscale™' pix’,
and RMSE values for the calibration and validation datasets were 0.094 and

0.035 nmol, respectively, indicating that the calibration was robust.

The signal in the membranes developed linearly with time during first 15—
20 min (Fig. 3). Both with and without H202 the slopes of the GSV time series
were much steeper (and hence corresponding changes in enzyme activities
were greater) during the first 15 minutes than during the 30—90 minutes
interval (Fig. 3). The stability of fluorescent signal of resorufin on the
calibration membranes has been tested experimentally and it was relatively
stable during experiment according to the similar slopes of the calibration

lines obtained at different time intervals (Fig. S1).
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The enzyme activities were also much greater in the presence of H2021in
the substrate (Fig. 4Aa) than in its absence (Fig. 4Ba). The intensity and
distribution of fluorescent signal varied between replicated rhizoboxes (Fig.4
Aa, S2 Ca, S2 Ea). In general, however, during the first 15 minutes of TLZ the
activities were greater in the root zones than in the soil in the presence of
H20:2 (Fig. 4Aa), but greater in the soil than the root zones in its absence (Fig.
4Ba). The same patterns were observed, albeit less prominently, during the

30—90 minutes interval (Fig. 4Ab and Bb). Remarkably, some roots had no

apparent oxidative activity, even in the presence of H202, despite being alive
and clearly visible. This can be associated either with the absence of enzyme
activity or with poor contact between the membrane and soil/root surface (as

illustrated as an example by the red rectangles in Fig. 4Aa and Ac).

The gross oxidative activity was not evenly distributed between phenol
oxidases and peroxidases. During the first 15 minutes of TLZ, peroxidase
activity was 26 times greater at the root surface as compared to the non-

rhizosphere soil (Fig. 5). The observed trend markedly differed during the 30—

90 minutes TLZ interval, when activities of both enzymes were greater by the
roots than in the non-rhizosphere soil (Fig. 5). Despite the numerical
differences between activities of the two enzymes, the differences in averaged

values were only significant for peroxidase (P < 0.05) at the root surface

during the 0-15 minutes TLZ interval (Fig. 5).

The gross oxidative activity, measured with H20z2 in the substrate, gradually
decreased with distance from the center of both thick (seminal) and thin

(lateral) roots towards surrounding soil (Fig. 6A and 6B). However, root
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thickness affected the oxidative activity distribution patterns. Specifically, the
oxidative activity was approximately 20% greater on the surface of thick
(seminal) than on the surface of thin (lateral) roots, and the hotspot areas
were up to 1.8 times broader around the thick (seminal) than around the thin
(lateral) roots. The rhizosphere, defined in terms of gross oxidative activity,
was on average 42% broader around seminal (thick) roots than around lateral
(thin) roots, extending 1.26 and 0.73 mm from their centers, respectively (Fig.
6C). However, the rhizosphere extents normalized by the root thickness were
nearly 2.4 times broader for thin (lateral) than for thick (seminal) roots (Fig.
6D). The listed calculation methods (Table 1) yielded extents that declined in
the following order: soil mean value +20% > soil mean value + 30% > soll
mean value + SD > soil mean value + 2SD (hotspots). The soil mean value +
20% yielded 6% broader rhizospheres than soil mean value + SD (Table 1). In
the presence of H202, the ‘hotspot areas’ estimated according to Bilyera et al.
(2020), were on average 8% and 13% narrower than the ‘rhizosphere areas’
(defined as areas with soil mean values + 1 SD) of the thick (seminal) and thin
(lateral) roots, respectively (Fig. 6A and B). In contrast, in the absence of

H202the enzyme activity was weaker at the root surfaces than in the soil.

4. Discussion

4.1 Resorufin-based calibration and validation

The correlation between GSV sums and resorufin amount in the calibration
membranes (Fig. 2) enabled linear calibration of phenol oxidase and
peroxidase activities using commercially available resorufin. This has three
advantages over the traditional calibration approach, involving use of
membranes uniformly saturated in MUF solutions with a range of
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concentrations (Spohn et al., 2013). First, due to the radial diffusion of the
applied calibration solution within the membrane, each calibration/validation
membrane provides a range of resorufin concentrations with different GSV in
individual pixels within the application areas. Therefore, each datapoint along
the regression line defined by Eq. 1 and shown in Fig. 2 represents GSV
recorded in a substantial number of pixels (approximately 3.5x104). Second,
use of a validation dataset with different spatial distributions of the
concentrations within application areas provides confidence in the robustness
of the calibration equation and reliability of its parameter. Third, in contrast to
calibration of hydrolytic activity by MUF (Guber et al., 2019; Hummel et al.,
2021), we did not observe brightness saturation of the fluorogenic signal,
which enabled linear calibration across the whole range of applied

concentrations.

4.2 Time-lapse zymography

Despite the fluorescence signals gradually increasing until the end of the
90-minute course of zymography (Fig. 3, 4Bb, and S1), increases in GSV
(and hence oxidative activities) with time appeared to be greatest during the
0-15 minutes interval (Fig. 3). The considerably lower rate of signal increases
during the 30-90 minutes interval was likely due to losses of resorufin for
diffusion and the substrate concentration in the membrane falling below the
threshold required for maximum production (Guber et al., 2018). Diffusion of
fluorogenic substrate and products of enzymatic reactions within the
membrane and soil matrix causes blurring of zymographic images and
reduces the accuracy of hydrolytic or oxidative activity calculations. Our

results clearly demonstrate the ability of the time-lapse approach to mitigate
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the diffusion problem associated with oxidative zymography, as it accounts for
resorufin losses through diffusion and enables choice of an appropriate time
interval with a steep linear increase in fluorescent signal. The linear increase
in resorufin levels within 15 minutes of zymography observed in this study
(Fig. 3) enables more accurate calculations, with less risk of underestimating
oxidative activity, than traditional zymographic analysis of hydrolytic enzyme
activities based on acquisition of single images in the 30-60 minutes (Spohn
and Kuzyakov, 2013; Ma et al., 2018). The feasibility of the short zymography
time (15 min) was confirmed by the stability of the resorufin calibration lines
during zymography (Fig. S1) and the linear increase in the fluorescence signal
of the oxidation product of Amplex Red (Fig. 3). This is a clear advantage of
the determination of oxidative activities over determination of hydrolytic
activities, permitted by the very fast (within several minutes) oxidation of

Amplex Red.

The fast evolution of a zymographic resorufin signal resulting from Amplex
Red oxidation is consistent with findings by Lefrancois et al. (2016) that
electrochemical generation of resorufin (by applying +0.50 V vs. Ag/AgCl)
resulted in a fluorescent signal within 10 minutes. Our recommendation for
short oxidative zymography (e.g., 10-15 minutes) is in line with
recommendations to use short incubation times (e.g., 10 minutes) for
assaying activities of laccases (Wang et al., 2017) in soil. Moreover, as
Amplex Red is sensitive to visible/UV light, increasing oxidative zymography
durations (i.e., exceeding 15 min) with exposure of the substrate and product
to a high-energy light source (UV-lamp) in the presence of electron acceptor

(e.g., H202, O2) might have two opposing consequences. One is artificial
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reduction by transformation of resorufin (oxidation product) to non-fluorescent
dihydroresorufin (Lefrangois et al., 2016). The other is generation of resorufin
signals by Amplex Red photo-oxidation (Zhao et al., 2012), and hence
inaccurate estimation of oxidative activity. In the presence of oxygen and
high-energy light, resorufin was converted into dihydroresorufin (photo-
bleaching process), while the reverse oxidation reaction was no longer
occurred when the light was turned off (Zhao et al., 2011). Thus, to minimize
exposure of the Amplex Red and product (resorufin) to high-energy light we
conducted the experiment in a dark room and covered the rhizoboxes’

surfaces between TLZ intervals.

4.3 Distribution of oxidative activity

The high oxidative activity at the surface of thick (seminal) roots of maize
(Fig. 4Aa, shown by blue dashed rectangles) may be associated with
increases in production of lignin-like compounds in mature root tissues. This is
because the polymerization of lignin precursors is mediated by peroxidases.
Peroxidases superfamily in the presence of H202 can oxidize phenolic
compounds and regulate the polymerization of lignin and suberin by root
ageing (Dragisi¢ Maksimovi¢ et al., 2008). Oxidative activity observed around
the thin (lateral) roots (Fig. 4 Aa, shown by yellow dashed rectangles) was
likely associated with the protection against excessive generation of reactive
oxygen species provided by peroxidases during root cell proliferation (Csiszar
et al., 2012). However, oxidative activities were more intense and hot-spots
were more concentrated in the vicinity of thick (seminal) roots than in the
vicinity of thin (lateral) roots, where they were more homogeneously spread
around the roots (Fig. 4Aa). This is consistent with expectations that root
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growth and turnover affect the production of oxidative enzymes and many
associated processes, including lignin synthesis, degradation of phenolic
compounds, cell proliferation, root elongation, and protection (DragiSic¢
Maksimovic¢ et al., 2008; Csiszar et al., 2012). The enzymes responsible for
the greater oxidative activities in the rhizosphere than in non-rhizospheric soil
presumably originate from either the plant roots or root-associated
microorganisms. This is because the diffusion of enzymes in soil is limited by
their high molecular weight (Guber et al., 2018; Kuzyakov and Razavi, 2019)
and short half-lives (Burns, 1982; Nannipieri et al., 2002). Sources of oxidative
enzymes in or from plant roots include epidermal cells, cell walls and
exudates (Gramss et al., 1999). The presence of H202 as a reactive oxygen
species in the cells (e.g., plant root cell) can stimulate the activity of
peroxidases (Huang et al., 2020; Cheeseman, 2007) that use H202 as an
electron acceptor in oxidization of phenolic compounds (Dragi$i¢ Maksimovi¢
et al., 2008). In addition, labile organics exuded by roots and dead root
tissues containing phenolic compounds promote increases in microbial
abundance in the rhizosphere (Hinsinger et al., 2009; Dennis et al., 2010).
Thus, root-associated bacteria and mycorrhizae exploit oxidative enzymes in
the decomposition of organic substrates in the rhizosphere (Criquet et al.,
2000). For instance, oxidative decomposition mechanisms are stimulated in
the presence of carbon sources provided by host plants to ectomycorrhizal
fungi (Shah et al., 2016). Stimulation of microbial oxidative enzyme activity by
N-containing root exudates also accelerates nitrogen mineralization in the

rhizosphere (Zhu et al., 2014). As with hydrolytic exoenzymes, it is not
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possible to distinguish between the plant or microbial origin of the activity of

oxidative enzymes in the rhizosphere.

Peroxidases accounted for up to 90% of gross oxidative activity at the root
surfaces (Fig. 5), in accordance with reports that they are the main oxidative
systems in roots (Gramss et al., 1999) and their exudates (DragiSi¢
Maksimovic et al., 2008; Muratova et al., 2009). In non-rhizosphere saill,
however, the dominance of peroxidase activity was not statistically confirmed
and the essential contribution of phenol oxidases to the total activity cannot be
fully excluded (Fig. 5). Many widespread fungi and some bacteria (e.g.,
actinomycetes, a-proteobacteria, and y-proteobacteria) in soil can degrade
various recalcitrant aromatic compounds (e.g., lignin, humic substance) by
producing highly efficient oxidative enzymes such as laccases grouped as
phenol oxidases (Baldrian, 2006; Bugg et al., 2011). These decomposition
processes occur outside the cells due to high molecular weights of the
substrates (Tuomela and Hatakka, 2011). Therefore, the distribution of phenol

oxidases in soil might be associated with microbial activity.

4.4 Comparison of oxidative and hydrolytic zymography

We detected up to three times greater mean oxidative activity in the maize
rhizosphere than in non-rhizospheric soil (Fig. 4). This rhizospheric effect on
oxidative activity was 1.3-2 times greater than effects estimated
zymographically for hydrolytic enzymes including B-glucosidase (Sanaullah et
al., 2016), B-cellobiohydrolase, B-xylosidase, and leucine aminopeptidase
(Loeppmann et al., 2016; Ma et al., 2018). The spatial distribution of oxidative

activity (Fig. 6A and B) was similar to the generally observed decrease in
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activity of hydrolytic enzymes with distance from plant roots (Kuzyakov and
Razavi, 2019). The rhizosphere extent of oxidative activity of thick seminal
(1.26 mm) and thin (0.73 mm) lateral roots was on average lower or within the
lower part of the range (1—3 mm) estimated for most hydrolytic enzymes (Ma
et al., 2018; Kuzyakov and Razavi, 2019). The smaller rhizosphere extent
obtained in this study can be partly attributed to the difference in image
processing by TLZ and traditional zymography, as well as the shorter
zymography duration (15 and 30—-60 min, respectively). The former reduces
the biases related to radial diffusion of the product within the membrane from
enzymatically active zones during the oxidative zymography. In contrast,
longer duration of hydrolytic zymography, can clearly lead to overestimates of
rhizosphere extent (Guber et al., 2021). The complex dependence of oxidative
activities of plant root and associated microorganisms on the abundance of
enzymes, reactive oxygen species, and production of phenolic compounds in
the rhizosphere also presumably contributed to the differences between

rhizosphere extents determined for oxidative and hydrolytic enzymes. Despite

they are relatively narrow, the zones of oxidative activity in the rhizosphere
enhance plant roots’ responses to environmental stressors, e.g., pathogens,
drought, and xenobiotic compounds (Muratova et al., 2009; Csiszar et al.,
2012; Cheeseman, 2007). They may also be important for efficient root

elongation and maturation (Dragisi¢ Maksimovi¢ et al., 2008).

4.5 Comparison of approaches for estimating rhizosphere extent

The rhizosphere extents estimated from the zymograms depended on the

method used to calculate them. Use of mean + 20% activity in soil and soil
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mean value + 2SD (‘hotspot method’) provided the highest and lowest
extents, respectively (Table 1). The hotspots of gross enzyme activity in the
rhizosphere estimated using the approach of Bilyera et al. (2020) occupied
respectively, 80 and 91.5% of the rhizosphere extents of thin (lateral) and
thick (seminal) roots estimated from mean soil + SD activities (Table 1). This
demonstrates the inhomogeneous distribution of oxidative activities, i.e., an
existence of "hotter" and "colder" spots, and presence of gradients within the
rhizosphere. The between-method differences in rhizosphere estimates
introduce uncertainty and preclude direct comparison of results from different
studies. Thus, there is a clear need for standardized methods to evaluate

rhizosphere size based on zymography.

4.6 Effects of root traits

The rhizosphere extent of oxidoreductases changed along the roots, and
similarly to that of hydrolytic enzymes strongly depended on root maturity and
radius (Fig. 6A and B; Ma et al., 2019). This clearly implies a need for
standardization of enzymes activities in terms of root parameters, e.g., root
radius and area (Ma et al., 2018) or maturity (considering contents of phenolic
compounds in roots) for valid comparisons (DragisSi¢ Maksimovic et al., 2008).
greater oxidative activity was associated with thick (seminal) roots than with
thin (lateral) roots, and the rhizosphere was 42% wider around them (Fig. 6C).
However, the normalized rhizosphere extent showed an inverse trend (Fig.
6D), indicating that the relative extent of oxidative processes was broader
around thin (lateral) roots. Thus, thin (lateral) roots might have greater

oxidative activity, especially peroxidase activity, per unit root area, due to
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higher production of reactive oxygen species associated with root elongation
or responses to abiotic (e.g., osmotic) stress (Csiszar et al., 2012;

Cheeseman, 2007).

Moreover, cortical cells of fine roots (with < 2 mm diameter) are often
covered by dead cells or mycorrhizal mantel containing large amounts of
polyphenolic compounds (Watteau et al., 2002), which attract various
microbial decomposers. Greater microbial oxidative activities around roots
reduce the toxicity of phenolic compounds and enable their further
mineralization (Burke and Cairney, 2002). Thus, specific oxidative activity of
growing lateral (thin) roots and adjacent microbial activity resulted in greater
oxidative activity distributed around the lateral root as compared to seminal
(thick) roots. The greater apparent phenol oxidase activity in the soil than at
root surfaces hampered estimation of rhizosphere extents in the absence of
H20:2 in the substrate. Thus, in terms of oxidative activity, the rhizosphere

extents and hotspots were enzyme-specific.

Oxidative zymography was tested under well aerated conditions with roots
exposed at the front panel of the rhizoboxes. In natural soils, the activity of
oxidative enzymes might be affected by oxygen availability due to wide range
of oxidoreductases functioning under oxic and anoxic conditions in soil (Bach
et al., 2013; Burns et al., 2013). Temporal fluctuation in soil aeration
demonstrated that hydrolytic enzymes of anoxic (flooded) soils are sensitive
to a short-term O2 exposure (Wang et al., 2022). In this study, we do not
assume strong oxidative stress during zymography performance, because the

whole experiment was conducted in well aerated system. However, the
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application of oxidative zymography on paddy soils will require anaerobic

conditions for the whole enzymatic assay.

5. Conclusions

Overall, results of this study demonstrated the potential of Amplex Red-
based time-lapse zymography to quantify and map distributions of oxidative
activities. It can be simply calibrated using standard solutions of commercially
available resorufin. It has clear advantage over ABTS-based light adsorption
zymography, which lacks appropriate calibration standards (Leue et al.,
2021). In the Amplex Red-based assay, however, special requirements for the

reagent’s preparation and analysis in a dark place need to be considered.

Four main findings were obtained with the new method. First, gross
oxidative activity was up to 3 times greater on the surface of maize roots than
on the soil surface and dominated by peroxidases. Second, peroxidase
activity was 26-fold lower on the soil surface than in the rhizosphere. Third,
gross oxidative activity decreased with distance from roots into non-
rhizosphere soil. Fourth, the rhizosphere extent normalized by root radius was

55% broader around lateral (thin) roots than around seminal (thick) roots.

Rhizosphere extents were strongly influenced by the estimation
approaches, which were only applicable for the gross oxidative activity and
generated varying results. Thus, the calculation of rhizosphere and hotspots

sizes requires standardization.

Relatively fast signal development and a linear relationship between the

signal and product content using Amplex Red-based TLZ enabled much
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shorter zymographic monitoring (less than 15 minutes) than hydrolytic

zymography, thereby increasing the overall throughput of the analysis.

The Amplex Red-based zymography demonstrated applicability for
visualizing distribution of oxidative activities in maize rhizosphere and non-
rhizosphere area but further investigation on different plants and soil hotspots

is needed considering oxygen gradient in heterogeneous soil habitats.
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Table 1 Comparison of methods for estimating the rhizosphere extent and

hotspot areas applied to the same set of thick (seminal) and thin (lateral)

maize roots.

Methods Authors

Method description

Rhizosphere extent/hotspot
size, mm

Thick root Thin root
(seminal) (lateral)

The rhizosphere extent of enzyme activity
Soil mean Ma et al. The distance from the 1.40 (0.05)"  0.90 (0.09)
value + 20%  (2019) center of root to the region

where the enzyme activity

is at least 20% greater than

in the bulk soil.
Soil mean Ma et al. The distance from the 1.38 (0.02) 0.89 (0.08)
value + 30%  (2018) center of root to the region

where the enzyme activity

is at least 30% greater than

in the bulk soil.
Soil mean The distance from the 1.26 (0.15) 0.73 (0.17)
value + SD center of root to the region

where the enzyme activity

is greater than the mean

value + SD in the bulk soll
The hotspot area of enzyme activity
Hotspots Bilyera A normal distribution is 1.16 (0.13) 0.63 (0.13)
(Mean+2SD) et al. fitted to the left (low

(2020) greyscale values) part of

the whole greyscale
histogram and defined as
background enzyme
activity. Hotspot areas are
defined by applying a
mean+23D threshold to
activity images.

* Standard deviation (Std)
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925 FIGURE CAPTIONS

926 Fig. 1. Schematic illustration of rhizosphere extents (A) and hotspots (B)
927 estimated using methods listed in Table 1.

928 Fig. 2. Calibration and validation of zymography images based on resorufin
929 amount applied to the membrane. 2GxF denotes sums of greyscale values
930 (GSVs) in images of calibration and validation membranes with indicated
931  amounts of resorufin.

932 Fig. 3. lllustrative examples of grey scale value (GSV) dynamics of

933  oxidative zymograms obtained with (filled symbols) and without (empty

934 symbols) H20:2 in the substrate. Error bars indicate standard deviation of
935 GSVs recorded in two sets of zymograms in three replicates.

936 Fig. 4. An example of zymogram of gross peroxidase and phenol oxidase
937 (A); and phenol oxidase (B) activities during the 0-15 min (a) and 30-90 min
938 (b) zymography time intervals. Daylight photos of soil-root surfaces of maize
939 (Zea mays L.) are shown in the (c) panels. The green lines represent root
940 locations. The yellow and blue dashed rectangles mark areas with an

941  example of good attachment selected for thin (lateral) and thick (seminal)
942  roots, respectively. The red dashed rectangles show root areas with an

943  example of bad attachment. The root photos were taken after TLZ.

944 Fig. 5. Mean gross oxidative (Total), phenol oxidase, and peroxidase

945  activities at the maize root and soil surfaces during two zymography time
946 intervals. Different lowercase letters (a, b) indicate significant differences (P <
947  0.05) between root and soil within the two time intervals. Error bars indicate

948  one standard deviation of the rhizosphere extents.
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Fig. 6. Gross oxidative activity decreasing with distance from thick
(seminal; A) and thin (lateral; B) roots. Each line represents the selected root
mean values of three zymograms (n=3). Error bars of oxidative activities have
been omitted to improve visualization. Mean values of the rhizosphere extent
(RE) of gross oxidative activity of maize thick (seminal) and thin (lateral) roots
(C), and rhizosphere extent normalized by root radius (D). Different lowercase
letters (a, b) indicate significant differences (P < 0.05) in rhizosphere extent
between thick (seminal) and thin (lateral) roots. Error bars indicate standard

deviation of the rhizosphere extents.
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