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Abstract  19 
 20 
 21 
Within just a few years, soil zymography has become accepted as an attractive and unique 22 

approach for 2D mapping of enzyme activities in intact soil samples. With zymography, 23 

enzymatic conversion of the substrate into a hydrolysis reaction product can literally be 24 

visualized. Soil zymography is, however, fraught with methodical difficulties due to: (i) 25 

membrane or gel attachment to the soil surface; (ii) diffusion of substrates through the 26 

membrane or gel and of reaction products back to the membrane; (iii) strong effect of imaging 27 

(photography) and image analysis on the results. In this review, we describe important 28 

procedural details of soil zymography and define the steps necessary to properly visualize 29 

enzyme activities in environmental samples. We make the following recommendations to 30 

improve zymography results 1) run soil background imaging prior to any soil zymography; 2) 31 

confirm that roots are in the soil and not on top of the soil surface; 3) perform soil zymography 32 

under the initial environmental conditions of the samples (temperature, water content, light 33 

intensity, etc); 4) examine whether membrane/gel attachment during the incubation is 34 

appropriate to properly measure enzyme activity; 5) find the right balance between saturating 35 
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substrate concentration of soil and selected substrate concentration for zymography; 6)  run 36 

proper standards to ensure that enzyme activity values can be accurately calculated; 7) fix 37 

camera settings and photography conditions; 8) ensure that images are properly analyzed. These 38 

steps should help to develop a unified visualization of enzyme activities in soil and ecosystem 39 

ecology. Finally, coupling of soil zymography with other imaging techniques and advanced 40 

analytical approaches will give insight into the net effect of multiple processes, such as root 41 

respiration, rhizodeposition, nutrient and metal(loid) dynamics, plant-mediated oxygen release, 42 

microbial respiration and reoxidation of reduced compounds in relation to the activities of 43 

enzymes released by plants or microbes. 44 

 45 

Keywords: spatial pattern, enzyme distribution, imaging, microbial activity, hotspots 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
1. Introduction:  54 

1.1. Current knowledge and relevance: 55 

The term ‘zymography’ denotes the visualization of enzymatic activity by substrate conversion 56 

(essentially enzyme photography). The general biochemical reaction can be detected for either 57 

the appearance of the reaction product or the disappearance of the substrate (Vandooren et al., 58 

2013; Spohn et al., 2013; Spohn and Kuzyakov 2013). Zymography was first introduced in 59 

1962, for detecting collagen degradation in tadpole tissue and described a matrix 60 

metalloproteinase (MMP) (Gross and Lapière 1962; Vandooren et al., 2013). Development of 61 

zymography over five decades was mostly focused on the analysis of proteases and their 62 

inhibitors in various matrices and media besides soil (Hughes and Herr, 2010; Pan et al., 2011; 63 

Choi et al., 2009), for example, to gain insights into tumor formation (Kleiner and 64 

Stetlerstevenson, 1994; Nemori and Tachikawa, 1999; Wilkesman and Kurz, 2009).  65 

Kurzbaum et al., (2010), proposed a novel approach to visualize dehydrogenase activity of plant 66 

roots by use of tetrazolium violet dye without destructive steps, allowing repeated observations 67 

of growing plants and the impact of inhibitors such as sodium azide and cycloheximide. 68 
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However, this approach was not tested in soil specimens. Visualization of enzyme activities 69 

developed rapidly once fluorescently labeled substrates became widely applied in 70 

environmental samples. During the first attempt at visualization of enzyme activity in the soil 71 

matrix, the fluorescently labeled substrate was dissolved in agarose solution that was then 72 

directly poured onto the sample (Baldrian and Vĕtrovský, 2012). The approach was successful 73 

in visualizing the spatial distribution of enzyme activity in soils and in biological specimens 74 

such as fungal cell colonies. However, due to the diffusion of the substrate in agar gel, the 75 

resolution of this enzyme mapping method was low. The same limitation was visible following 76 

the standard zymography assays for the detection of protease and amylase activity in 77 

electrophoresis gels (Spohn et al., 2013). The revolutionary optimization of the method started 78 

by integrating dissolved fluorescently labeled substrates in membrane filters instead of gels 79 

(Spohn and Kuzyakov 2013; Sanaullah et al., 2016; Razavi et al., 2016).  80 

Soil zymography techniques can be utilized for hydrolases or oxidases acting on any biological 81 

substrate such as proteins and peptides, oligosaccharides and polysaccharides, lipids and sugars 82 

(Kurzbaum et al., 2010; ; Spohn et al., 2013; Voothuluru et al., 2018).  83 

To date soil zymography has been adapted for various applications such as studying the impact 84 

of plant species (Razavi et al., 2016), root morphology (Ma et al., 2018), pathogens (Razavi et 85 

al., 2017a), abiotic controls like temperature (Ge et al., 2017), drought (Guhr et al., 2015; 86 

Ahmadi et al., 2018), nutrient availability (Wei et al., 2018; Giles et al., 2018; Heitkötter and 87 

Marschner 2018) and heavy metal pollution (Duan et al., 2018) on the activity of different 88 

enzymes in various spheres such as the rhizosphere (Spohn and Kuzyakov 2013; Sanaullah et 89 

al., 2016), detritusphere (Spohn and Kuzyakov 2014; Liu et al., 2017; Ma et al. 2017; Wei et 90 

al., 2019), and biopores (Hoang et al., 2016; Razavi et al., 2017b), in both lab and field studies 91 

(Razavi et al., 2017b). Benefiting from all of these developments, we can now test a larger array 92 

of hypotheses related to enzyme-based processes and their roles in biogeochemical cycling. 93 

Besides its potential application, the simple sample preparation procedure and relatively 94 

worldwide accessibility of all necessary chemicals and equipment have made soil zymography 95 

one of the most influential imaging techniques in soil.  96 

Despite the widespread adoption of soil zymography, a comprehensive discussion of the details 97 

and pitfalls of the method is not available in the literature. In fact, a major motivation for 98 

writing this contribution is that the authors (and our colleagues) receive dozens of inquiries 99 
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each year on the execution and interpretation of soil zymography. The prevalent use of high-100 

throughput soil zymography methods has created the need for a comprehensive review of the 101 

current state of the art in ecosystem studies. The potential knowledge gap affects the quality and 102 

utility of contemporary soil zymography data; distort results or often resulting in relative 103 

activity levels that are incomparable among different studies, even though the same enzymes 104 

are studied. Methodological optimization will enable the soil and ecological community to 105 

perform larger scale meta-analyses, aiming to improve understanding of how plant and 106 

microbial enzymes drive ecosystem processes. For specific methodological studies regarding 107 

the preparation of calibration lines for soil zymography, and the sensitivity of enzyme activity 108 

measurements to exposure time during photography we refer readers to the recent works by 109 

Guber et al. (2018a) and Giles et al. (2018).  110 

 111 

2. Soil zymography and its expected outcomes 112 

Briefly, soil zymography involves visualizing fluorescent compounds produced when a 113 

substrate reacts with a substrate-specific enzyme. A membrane filter is soaked in a solution 114 

containing a known concentration of fluorescently labeled substrate. The uniformly saturated 115 

membrane will be placed in contact with the soil surface either directly (Razavi et al., 2016) or 116 

protected by a thin layer of gel (Spohn and Kuzyakov 2013). The membrane will be incubated 117 

on the soil surface for a given period of time (see 2.3) and then will be removed and the imprint 118 

of the enzyme on the membrane will be imaged under UV light in dark (Fig.1).  119 

 120 
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  121 

Fig.1. Schematic illustration of soil zymography setup and its main steps: a. shows root position 122 
and membrane attachment. The inset shows laser scanning for soil surface topography; b. 123 
performance of soil zymography under the initial environmental conditions of the samples; c. 124 
balance between saturating substrate concentration of soil and selected substrate concentration; 125 
d. proper calibration standards; e. fixed camera settings and photography conditions. Art work: 126 
Tahoora Emam. 127 

The result of zymography is a 2-D image obtained by a normal camera and is called a 128 

zymogram. The captured zymogram can be further quantified and related to the probability that 129 

a given enzyme reacts with the substrate and activates its fluorescent agent per unit of area and 130 

time. The fluorescent substrate is initially on the membrane and gets activated when it meets a 131 

specific enzyme located on the soil surface.  132 

Theoretically, this activation process may occur by two contrasting diffusion-driven processes: 133 

i) once a membrane saturated by substrate is placed at the soil surface the substrate may diffuse 134 

(by Brownian motion) towards the soil surface. As the substrate meets a specific enzyme at the 135 
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soil surface it gets activated. By the nature of diffusion, the now-fluorescent substrate may 136 

move back to the membrane, where its imprint will be visualized, ii) another alternative would 137 

be that the enzyme at the soil surface diffuses towards the membrane and activates the 138 

fluorescent agent of the substrate. Similarly, this process is also Brownian motion driven and 139 

may occur in both directions (i.e. the enzyme may return to the soil). After enough time, both 140 

processes will reach a steady state and the detected enzyme activity on the membrane will be 141 

constant. Although both processes are theoretically possible, the diffusion rates for substrate 142 

towards the soil and fluorescent product return is higher. The diffusion rate of a substance is 143 

inversely proportional to the square root of its molecular mass. Typically, enzymes have 144 

average molecular weights ranging from 10 kD to 2000 kD (Ogston 1962; Wright 1962), while 145 

the substrate used in zymography has a molecular weight of 176 D. This simple consideration 146 

would suggest that the probability that substrate diffuses towards the soil is surly more than 7.5 147 

times higher than the enzyme towards the membrane (𝐷𝐷 ∝ �1/𝑀𝑀, where D is the diffusion rate 148 

and M is the molecular weight). Thus, in soil zymography, while the membrane is placed on the 149 

soil surface it is very probable that the substrate diffuses from the membrane to the soil. This 150 

diffusion depends strongly on soil water content at the soil-membrane interface and the contact 151 

between soil and the membrane. A partially dried soil surface may adversely affect the results 152 

of enzyme activity (consider the case that only the first soil pore at the interface between 153 

membrane and soil are dry while the rest of the soil is wetter). In such cases, if the goal is to 154 

estimate potential enzyme activity -besides qualitative visualization- soil zymography could be 155 

coupled with classical enzyme assays (Hoang et al., 2016; Ma et al., 2017; Zhang et al., 2019).  156 

One of the most important points to consider when performing soil zymography is that it is not 157 

a replacement for classical enzyme assays. Classical enzyme assays measure “maximum 158 

potential” enzymatic activity (Burns, 1978; Tabatabai and Dick, 2002; Wallenstein and 159 

Weintraub, 2008) in soil or litter. By its nature, soil zymography reflects enzyme activity 160 

associated with surfaces of a given sample rather than its entire volume (Baldrian and 161 

Vĕtrovský 2012). Based on experimental data and simulation it was shown that detected 162 

enzyme activity is only a small proportion, around 20-30%, of the actual reactions that take 163 

place within the total soil volume (Ma et al., 2017; Guber et al., 2018b).  164 

To ensure that estimations are accurate, several factors must be considered and procedures 165 

carried out before starting soil zymography in environmental samples: chemicals and materials, 166 
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incubation conditions and duration, imaging conditions, sample preparation and image analysis. 167 

We will address each of these in turn with some examples of adaptations for specific 168 

conditions; however, for detail methodological descriptions of each hotsphere, in the lab and 169 

field, we refer the reader to original experimental studies (Hoang et al., 2016; Razavi et al., 170 

2017b, Liu et al., 2017; Ge et al., 2017).  171 

 172 

3. Chemicals and materials 173 

 174 

3.1 Substrate  175 

Current soil zymography has benefitted greatly from fluorescent dye-conjugated substrates 176 

[e.g., 4-methylumbelliferone (MUF), 7-amino-4-methylcoumarin (AMC); Marx et al., 2001; 177 

Saiya-Cork et al., 2002] for the detection of many hydrolytic enzymes. These fluorescence 178 

agents allow rapid and specific determination of the spatial distribution of enzyme activities 179 

involved in C, N, P and S cycling and, thus, provide the opportunity to answer questions related 180 

to the enzymatic hotspots on broader scales. Besides MUF- or AMC- conjugated substrates, 1-181 

(3,7-dihydroxyphenoxazin-10-yl) ethanone, (OxiRed) and tetrazolium-dye substrates are also 182 

suitable for visualization of enzyme activities. OxiRed (C14H11NO4), is a fluorogenic substrate 183 

that can be used to detect peroxidase activity (Table 1). The method is based on determination 184 

of a fluorescent signal developed from enzymatic oxidation of the substrate in the presence of 185 

peroxidase in the soil. In the presence of horseradish peroxidase (HRP), the OxiRed probe 186 

reacts in 1:1 stoichiometry with H2O2 to produce highly fluorescent resorufin. The substrates 187 

can be dissolved in 300µl dimethyl sulfoxide (DMSO) and later diluted with universal buffer to 188 

the desired concentration. OxiRed is sensitive to light and oxygen, which makes its application 189 

more limited than the other substrates. Tetrazolium violet-based dyes are qualitative redox 190 

indicators that enable visualization of dehydrogenase activity (Steponkus and Lanphear 1967; 191 

Kurzbaum et al., 2010).  192 

The substrate concentration normally suggested are 10 mM (Spohn et al., 2014) or 10µM 193 

(Razavi et al., 2017b). However, these concentrations are not necessarily an optimum 194 

concentration for all soil types and, for many soils, concentrations much less than 10 mM or 195 

10µM would be sufficient to reach saturating conditions for each hydrolytic enzyme. The 196 
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saturated concentration can be inferred from Michaelis-Menten kinetics (Michaelis and Menten, 197 

1913). 198 

Table 1. Enzymes commonly imaged in environmental samples, and their organic matter 199 
constituents and substrates  200 

 201 

Therefore, pre-testing is necessary to determine the appropriate substrate concentration for the 202 

soil prior to zymography. Application of inappropriate concentrations will complicate the 203 

interpretation of images, because obtained signals become insensitive to increments of 204 

concentration. This results in gray values that are out of the linear part of the calibration curve 205 

(over-saturating signals), (Razavi et al., 2016; Guber et al., 2018a), (Fig. 2), (for more detail see 206 

section 6.1).  207 

 208 

  

β-glucosidase                4-MUF- β-D-glucopyranoside           Cellulose degradation products 

β-cellobiosidase                          4-MUF-β-D-cellobioside       Cellulose degradation products 
α-glucosidase                            4- MUF- β-D-glucopyranoside          Starch degradation products 
Xylanase                           4-MUF-b-D-xylopyranoside Hemicellulose degradation products 
Phosphatase                4-MUF-Phosphate Phytate & Phosphodiester bond degrading             

Leucine-aminopeptidase            L-Leucine-7-amino-4-methylcoumarin leucine and amino acids           

Tyrosine-aminopeptidase           L-Tyrosine-7-amido-4methylcoumarin  Tyrosine and amino acids 

Chitinase                            4-MUF- N-Acetyl-β-D-glucosaminide Chitin degradation products                                

Chitotriosidase                           4-Nitrophenyl beta-D-N,Nprime, triacetylchitotriose Chitin degradation products    

Peroxidase                                  1-(3,7-Dihydroxyphenoxazin-10-yl)ethanone Lignin polymerizing products 
 
 
(Modified after German et al., 2011) 

 

  

Enzyme                         Synthetic substrate                                                                  Organic matter constituent 



9 

 

209 
 Fig.2. Examples of calibration line: a) when the correlation of gray values and concentrations 210 

are linear; b) when the correlation is not linear. When the calibration line shows non-linear 211 

behavior, the safe zone of the curve according to the concentration and gray values should be 212 

identified and only the linear range of the calibration should be used. 213 

 214 

3.2 pH  215 

Enzymes are sensitive to pH and display specific pH optima (Tabatabai, 1994; Turner, 2010). 216 

However, enzymes in soil may not be at their pH optimum (Burns, 1978). Unlike animal 217 

digestive tracts, for example, most microbes cannot control the environmental pH for their 218 

enzyme activity. Thus, in order to visualize enzyme activities in environmental samples, soil 219 

zymography should be run at the same pH as sample. Based on studies of soil enzymology it is 220 

known that some of the buffers may interfere with enzyme activity (Burns, 1978; Tabatabai, 221 

1994; German et al., 2011; Sinsabaugh, 2010). For instance, phosphate buffer may interfere 222 

with the measurement of phosphatase activities, and is an inhibitor of glucosidase (Dahlqvist, 223 

1968), while citrate can chelate iron (Essington et al., 2005), thereby inhibiting enzymes with 224 

iron-heme prosthetic groups (Sinsabaugh, 2010). Besides, MUF- or AMC-conjugated substrates 225 

fluoresce best at alkaline pH values (>9; Mead et al., 1955). Since assays are typically 226 

conducted at a pH lower than 9, NaOH is often added to raise the pH immediately before 227 

reading the samples in a fluorometer (German et al. 2011). Extreme alkalization compromised 228 

assay sensitivity because of variation (increase and decrease) in the fluorescence of the 229 

product/standard (German et al., 2011). Another issue regarding alkalization is that the 230 
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fluorescence of MUF and AMC vary with time following the addition of NaOH (Fig. 3). MUF 231 

fluorescence increases until ∼20 min after NaOH addition, whereas AMC shows a decrease in 232 

fluorescence with time following the alkalization (German et al., 2011). In soil zymography, 233 

this would lead to exaggerated/elimination signals, which would be incorrectly, interpreted as 234 

high/low enzyme activities on the soil surface or a high/low percentage of hotspots (Fig. 3). It 235 

has even been suggested to omit any buffer for enzyme assays (German et al., 2011) or dissolve 236 

substrate in sterile water for soil zymography performance (Spohn and Kuzyakov 2014). 237 

However, pH fluctuation has been observed in assays performed in the absence of buffer (Fig. 238 

3), (Burns, 1978), while, AMC fluorescence with TRIZMA buffer [C4H11NO3•HCl, C4H11NO3 ; 239 

pH:7.2] without NaOH addition showed temporal stationary pattern. Therefore, the substrates 240 

can be dissolved in any universal buffer that shows a static trend over time and no inhibitory 241 

effect on enzymes (Fig. 3). 242 

 243 

Fig.3. Intensity of MUF and AMC standard curves with and without NaOH, as well as trend of 244 
leucine aminopeptidase activity with and without buffer. 245 

 246 

3.3 Membranes 247 
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Ideally, the thickness of the membrane filter should be reduced as much as possible to provide 248 

uniform vertical distribution of substrate in the membrane. However, thin membranes do not 249 

eliminate horizontal diffusion within the membrane, which creates an illusion of a growing area 250 

of enzyme activity over time. More specifically, by placing small drops of MUF/AMC with 251 

different concentrations in the middle of a membrane saturated with a buffer, followed by 252 

monitoring the area of the signal development under UV-light provides sufficient information 253 

for estimating the diffusion coefficients. The calculated diffusion coefficient of MUF on a dry 254 

membrane filter (Tao Yuan, China) was 5×10−5 mm min−1. Estimated diffusion coefficients can 255 

be used in calculations of expansion of enzyme activity (for example in the rhizosphere). 256 

 257 

4. Sample preparation  258 

4.1. Root position and membrane attachment  259 

Proper contact between the soil surface and the membrane is crucial for achieving interpretable 260 

results. The interpretation of the fluorescent pattern on zymograms is based on the assumption 261 

that locations with high fluorescence reflect locations with high enzyme activities on the soil 262 

surface, while locations with no fluorescence correspond to locations on the soil surface without 263 

activity. However, the contact between the soil surface and membrane depends on the 264 

roughness and topology of the soil surface, which varies depending on soil particle size 265 

distribution and the positions of roots.  266 

A lack of proper contact between soil surface and membrane may result in the absence of 267 

fluorescence signals on the zymograms, and thus, are interpreted as regions with no activity. To 268 

reduce the risk of misinterpretation, an initial evaluation of soil heterogeneity by taking and 269 

analyzing a photograph of the soil surface and, when possible, performing laser scanning to 270 

assess the roughness of the soil surface, is recommended. Laser scanning of the soil surface 271 

(e.g. using NextEngine, Inc., Santa Monica, California) prior to zymography could be 272 

reasonable for soil surface characterization and micro-topography (e.g. the areas of large and 273 

medium-sized soil pores at the surface as well as root distribution), (Guber et al., 2018b). The 274 

scanner uses a set of laser beams to hit the soil surface from different angles. Each point from 275 

the soil surface is automatically positioned by a laser-light sensor in a 3D coordinate system at a 276 

nominal resolution of 1.7 µm (Uteau et al., 2013). While laser scanning provides a detailed soil 277 

surface map, it will not yield direct information on which portions of the surface will be in 278 
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contact with the membrane after its placement on the surface. The general considerations are 279 

that the contact will take place at the areas which have the greatest height (peaks) in comparison 280 

with another regions of the soil surface, (Guber et al., 2018b). 281 

The positions of roots on the soil surface is another critical factor that should be considered in 282 

performing soil zymography. Generally, there are 4 possible positions for root growth in a 283 

rhizobox or in field rhizotrons (root windows) (Fig.4): Roots may be positioned: i) completely 284 

on top of the soil surface, ii) partly buried in soil and partly outside of the soil surface, iii) partly 285 

buried in soil and positioned at the same level as the soil surface, iv) completely buried in the 286 

soil.  287 

 288 

Fig.4. Four possible positions of root in soil: i) completely out of the soil surface, ii) partly 289 

buried in soil and positioned partly outside of the soil surface, iii) partly buried in soil and 290 

positioned at the same level as the soil surface, iv) completely buried in the soil. The eliminated 291 

zones around the lupine root (a) corresponding to the similar root position as position (i). (b), 292 

shows eliminated zones around the maize root covered by 1 mm gel plate when the root is at a 293 

similar position as (i). A clear imprint of enzyme activity on the root and surrounding soil (c) 294 

corresponding to the similar root position as (iii). All images are in true color without image 295 

processing. 296 

 297 

In the case that a root is in position (i), its footprint will be detected on the zymograms, but it 298 

should be kept in mind that the contact between the membrane and the surrounding soil will 299 

deteriorate depending on the thickness of the root: i.e. a thick root will prevent membrane 300 
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contact across a larger region in its surroundings. For the case (ii), the imprint of the root will 301 

be detected on the zymograms, but the trail in the surrounding soil will be affected by the 302 

thickness of the root standing above the soil surface. Case (iii) is ideal for zymography (Fig.4). 303 

The imprint of both roots and the surrounding soil will be detected safely on the zymograms. 304 

For the case that the root is in position (iii), its thickness will not have any effect on the contact 305 

between membrane and soil surface and its footprint on the zymogram will reflect its enzymatic 306 

activity. If roots are completely buried in the soil, (iv), the imprints may not be detected on the 307 

zymograms. In this case, the intensity of the detected signal mostly depends on the thickness of 308 

the soil layer between the root and membrane (Fig.4). It should be noted that, if the root is 309 

located in position (i) or (ii), or the soil surface is not uniform, application of any intervening 310 

material e.g. filter paper, gel plate, would not improve the attachment and there will be a "blind 311 

spot" around the roots (Fig.4, b). The same is valid for direct application of membrane, as we 312 

cannot fold the membrane (Fig.4. a). Thus, confirmation of an appropriate root position is a 313 

critical step prior to any soil zymography analysis.  314 

 315 

 316 

4.2. Incubation conditions and duration  317 

In general, the incubation time depends on the temperature, soil texture, the activity of the 318 

tested enzyme in the soil and the soil water content. Soil water content (gravimetric or 319 

volumetric water content) and soil texture has a great impact on diffusion of enzyme (Burns et 320 

al., 2013). The drier is the soil the longer is the distance that any substrate should diffuse 321 

to/from the membrane (the overall chance of enzyme and substrate to diffuse decreases).  322 

However, theoretically, diffusion rate will increase at high water content and the probability 323 

that substrate would bind to enzyme (form enzyme-substrate complex) will be enhanced 324 

(Allison et al., 2011; Manzoni et al., 2012). Hence, the water content of samples should be 325 

constant. As the VW refers to the percentage of pores that are filled with water, it would 326 

represents the higher portion of enzymes if we assume that enzymes and microorganisms are 327 

active in the liquid phase (water-film or biofilms ̶  biosynthesized polymeric substances exude 328 

by soil microbiome), (Ekschmitt et al., 2005; Or et al., 2007) or if we assume soil pores serve as 329 

conduits for water flow and chemical transport, as well as habitats for microorganisms, and thus 330 

play a key role in determining rates and magnitudes of most of soil chemical and biological 331 
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processes (Kravchenko et al., 2015). Thus, soil water content has strong effect on results 332 

interpretation and accordingly, the incubation time should be long enough for diffusion to take 333 

place across the soil surface and the membrane. During this time, it is important to prevent 334 

evaporation from the membrane and ensure contact between the membrane and soil surface. To 335 

ensure such attachment one may put additional weight onto the membrane. However, different 336 

weights will greatly change the obtained signal on the zymograms (Fig. 5). If the load is 337 

necessary (for example in case of mapping enzymes around soil columns), then equal weight 338 

should be applied to all the samples.  339 

 340 

Fig.5. Top: a, b and c presenting three different load levels around a soil column. The subfigure 341 

of (a) shows real soil column. All images are in true color without image processing. Bottom: 342 

four incubation durations. The radial diffusion on the membrane after 26 hours is clearly 343 

detectable.  344 

 345 

The incubation time should not be too long, as this will cause oversaturation of the membrane. 346 

For a coarser soil with lower water content, a longer incubation time would be required than for 347 

a wet soil. One hour of incubation is normally selected based on preliminary experiments and 348 

previous studies (Dong et al., 2007). The criterion for appropriate incubation time is based on 349 

color intensity and diffusion rate: i) reaching the maximum intensity, ii) no detectable 350 

horizontal diffusion on the membrane (Fig.5). After incubation, the membranes should be 351 
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carefully lifted off the soil surface and any attached soil particles should be gently removed 352 

using tweezers. Another option is taking multiple images during the incubation on the soil 353 

surface at regular time intervals (2 to 5 minutes) and use the whole image sequence in 354 

calculations of enzyme activity.  355 

 356 

5. Imaging procedure 357 

5.1. Camera setting  358 

The motivation behind this section is to highlight how strongly the imaging step, camera, and 359 

the lens models affect the quality of images as well as interpretation of results.  360 

Analyses of over 95 different full-frame models on the Canon EOS 6D – a randomly selected 361 

camera – showed the focal length ranged between 12mm to 600mm. These tests revealed that, 362 

on average, about 45% of the resolution is lost due to lens defects. The data from DxOMark 363 

Image Labs shows that the EOS 6D camera is able to exceed maximum sharpness when paired 364 

with the right lens. It should be also taken into account that most digital cameras have internal 365 

settings to adjust their capturing properties depending on the intensity of the light received 366 

through the lens. In such cases, these settings should be disabled prior to any imaging.  367 

Due to signal variation under different exposure times, the same camera settings should be used 368 

for zymograms and calibration standards. For more detailed methodological studies involving 369 

the sensitivity of measured enzyme activity to exposure time during photography we refer 370 

readers to (Waters, 2009; Guber et al., 2018a; Giles et al., 2018).  371 

 372 

5.2. Photography 373 

To obtain reliable results it is very important to perform zymography under the same 374 

conditions, such as temperature and selected incubation time. After/during incubation, the 375 

membranes will be placed under ultraviolet (UV) illumination with an excitation wavelength of 376 

355 nm and an emission wavelength of 460 nm, in a light-proof room or chamber. The UV light 377 

can be a single circular lamp, a rectangle or a square consisting of 3 or 4 similar lamps, with a 378 

wattage range of 18 to 22 W. Important is that the sample will receive equal light intensity from 379 

all sides (Fig.1). 380 

https://www.dxomark.com/Cameras/Canon/EOS-6D
https://www.dxomark.com/Cameras/Canon/EOS-6D
https://www.dxomark.com/glossary/sharpness/
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The distance between the UV light sources, the camera and the samples (zymograms) should be 381 

fixed. This includes not only a fixed distance between zymogram, camera and UV light but also 382 

camera position, orientation, angle, image capture time and all camera settings. Any light or 383 

reflection will have a direct effect on the images and cause overestimation of color intensity. 384 

Zymograms should be corrected for the empty membrane (Iem, zymograms taken without any 385 

substrate) and the dark current (Idc, the signal recorded by the camera when there is no 386 

zymogram) according to (Eq.1):   387 

 388 

   𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝐼𝐼−𝐼𝐼𝑑𝑑𝑑𝑑
𝐼𝐼𝑒𝑒𝑒𝑒−𝐼𝐼𝑑𝑑𝑑𝑑

     (1) 389 

 390 

where Inorm is the corrected image and I is the original image. Thus, to correct for variations of 391 

the light intensity over the image area, background images from the uncoated membrane as well 392 

as background images without any membrane are needed (Eq.1), (Menon et al., 2007). The 393 

scaled black flat field (a reference object embedded in all the zymograms) similar in all images 394 

should be considered as a reference object during whole image processing (Fig. S1). In 395 

addition, we strongly recommend a background test for each individual soil. This includes 396 

incubation of a water- or buffer-saturated membrane on the soil and imaging under UV light. 397 

This step is indispensable as many soil organic compounds can diffuse into the membrane, as 398 

can elements that can be detected as fluorescence under UV light: humic and a reduced 399 

quinone-like compounds (quinone compounds can be reduced by cellular reductases), 400 

(Watanabe et al., 2004) as well as some heavy metals can produce interfering signals (Fig. 6).  401 
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 402 

Fig.6. Detected false signals on membrane saturated by sterile water under UV light. Not a 403 
single pixel refers to spot with enzyme activity. (a) Shows the original zymogram in true color 404 
and (b) shows the same zymogram after image processing.  405 

6. Image processing, quantification and analysis 406 

 407 

6.1. Calibration line 408 

The amount of MUF, AMC or any other fluorogenic conjugate on an area basis can be 409 

calculated from the concentration and volume of the solution taken up by the membrane and its 410 

size. The membranes used for calibration should be imaged under UV light and analyzed in the 411 

same way as the samples (e.g. imaging and light conditions, the same incubation time and same 412 

camera settings).  413 

There are two general approaches for calibration of soil zymograms. The simplest 414 

consists of saturating the membrane filters with standard MUF/AMC solutions and taking 415 

photographs of these filters using the same settings as for the zymography (Spohn and 416 

Kuzyakov 2013; 2014). The image obtained with zero concentration of the fluorophore is 417 

subtracted from the images with known concentrations (background correction). The 418 

concentration of MUF/AMC per unit of area can be calculated for each membrane based on the 419 

applied concentration and volume of adsorbed solution. A linear regression with zero intercept 420 

is fitted to the obtained values of MUF/AMC (Fig. 2.b). Normally, the correlation of 421 

fluorophore concentration and gray values results in an equation as (Eq.2) and is used to 422 

calculate enzyme activity per unit of area on zymograms: 423 
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 424 

y=ax+b                           (2) 425 

 426 

where y is enzyme activity, x is the grey value of the zymogram, and a is the slope of the fitted 427 

curve (For MATLAB script of calibration line please see supplementary materials). The 428 

disadvantage of this approach lies in the deviation of the calibration curves from linearity due to 429 

membrane oversaturation at MUF/AMC content of approximately 12mM. Using the calibration 430 

beyond this concentration is therefore not reliable (Fig. 2, a).  431 

The second approach applies a known volume of the standard MUF/AMC solution to the 432 

membrane surface with continuous imaging. The disadvantage of this approach is the need for 433 

many different concentrations and volumes of the standard solutions and a relatively 434 

complicated algorithm of pixel-based calibration (Eq.3). The algorithm comprises two sections 435 

of linear regression: 436 
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 438 
where MMUF/AMC is an average MUF/AMC concentration in the membrane, a2, b1 and b2 are 439 

parameters of the linear regression, G* is the grey value at the breakpoint (Fig. 2. yellow line), 440 

and G  is the grey value averaged across the membrane. The advantage of the second approach 441 

is the possibility to extend the calibration curve to larger concentrations of MUF/AMC and 442 

overall more accurate calibration due to accounting for non-uniformity in MUF/AMC contents 443 

across the membrane (Guber et al., 2018a).  444 
 445 
 446 

6.2. Image processing 447 

Processing zymography images includes 5 steps: 1) transformation of signal (fluorescence) 448 

from the images to grayscale values, 2) background correction, 3) root segmentation, 4) root 449 

skeletonization, and 5) conversion of grayscale values to enzyme activity. 450 

The intensity of fluorescence is proportional to the activity of the enzyme. To obtain 451 

quantitative information, it is possible to process the zymograms using the image processing 452 
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toolbox in Matlab (MATLAB, The MathWorks). Zymograms first should be transformed to 453 

grayscale images (8, 16 or 32-bit) as matrices and corrected for light variations and camera 454 

noise (Eq.1) (Soille 2003; Menon et al., 2007; Zarebanadkouki et al., 2012). Then, the 455 

zymograms will be referenced based on the grayscale value received from a reference object 456 

embedded in all the zymograms (or scaled black flat field). After referencing the gray values 457 

obtained from the zymograms of calibration lines at the concentration of zero can be calculated 458 

and then this value will be subtracted from all the zymograms. Note that the same membrane 459 

filters should be applied to all of the images, including both zymograms of the samples and the 460 

calibration line.  461 

For further analysis, the roots can be easily segmented [cut off from the image by one or more 462 

points or lines], due to the strong contrast between the soil and roots. To detect the boundaries 463 

of the roots, threshold methods provided by Matlab can be used (Chaudhuri et al., 1989; Hoover 464 

et al., 2000). It should be noted that image segmentation is a crucial step in image processing, 465 

as it affects all subsequent image analyses (Schlüter et al., 2014). Locally adaptive 466 

segmentation methods (e.g. watershed algorithm; Beucher and Lantuejoul, 1979) calculate 467 

neighborhood statistics for a class assignment in order to smooth object boundaries, avoid noise 468 

objects, or compensate for local intensity changes. Due to the added flexibility, local 469 

segmentation methods often result in improved segmentation results (Iassonov et 470 

al., 2009; Wang et al., 2011). In addition, roots can be segmented and masked by multiplying 471 

the zymogram to the mask obtained from root segmentation using the Root-tracker 2D program 472 

(Fig. 7, an example Root-tracker image). As the program segments the whole root system, the 473 

regions with high enzyme activity can be identified and the noise can be excluded from the 474 

analysis (Fig. 7).  475 

 476 

https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2014WR015256#wrcr20869-bib-0006
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2014WR015256#wrcr20869-bib-0027
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2014WR015256#wrcr20869-bib-0079
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  477 

Fig.7. (a) Example of zymogram (true color), and (b) shows segmented root in green, while 478 
blue is root and noise which should be excluded from the analysis (when the whole root is not 479 
visible or the contrast between root and background is not sufficient).  480 

 481 

To calculate enzyme activity as a function of distance along the root, the roots that are not 482 

overlapping and are entirely visible at the soil surface should be selected (Fig. 7). The images 483 

are then skeletonized with a thinning algorithm (Lam et al., 1992). The segmented roots, their 484 

lengths, and radii can be calculated using the Euclidean distance map function in Matlab 485 

(Menon et al., 2007; Moradi et al., 2011). For the processing of images using ImageJ, we refer 486 

readers to (Schlüter et al., 2014). 487 

 488 

7. Identification, quantification and localization of hotspots 489 
 490 
Main relevant biogeochemical processes are take place in the micro-sites, so called hotspots, 491 

(Kuzyakov and Blagodatskaya 2015). Hotspots were defined as the small soil volumes with 492 

high process rates and very intensive interactions between pools and organisms (Kuzyakov and 493 

Blagodatskaya 2015). Hotspots are often defined as a qualitative indicator. Precise definitions 494 

vary, with typically the highest 10 to 30% of gray values across the entire image considered as 495 

hotspots (Hoang et al., 2016; Liu et al., 2017; Ma et al., 2017; Zhang et al., 2019). Thus, hotspot 496 

percentage is an arbitrary value. However, it is valid for the comparison of treatments within 497 
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one study, provided that the same threshold is applied to all analyses. In order to unify the 498 

calculation of hotspot percentage we recommend the following approach (Kuzyakov and 499 

Razavi 2019): First, the mean gray value in the bulk soil and the standard deviation (SD) is 500 

calculated. This mean value in the bulk soil is taken as a reference = 1.0 ± SD (Helliwell et al., 501 

2017). Then, moving from the bulk soil to the hotspot, the enzyme activity will increase. The 502 

hotspot boundary is accepted as the point at which enzyme activity exceeds + 3 SD. The 503 

boundary of + 3 SD is accepted because 99.7% of all bulk soil values are located within ± 3 SD. 504 

This approach may provide the most accurate estimation of hotspots according to its original 505 

definition (Kuzyakov and Blagodatskaya 2015). 506 

In addition to hotspot identification, it is possible to classify different levels of activity (e.g. 507 

very low activity, low activity, moderate activity, and hotspots), (Fig.8). The boundaries of each 508 

category can be confirmed by one way analysis of variance (ANOVA). ANOVA can assess the 509 

significant differences between independent variables (e.g. mean values of a specific number of 510 

adjacent pixels, for example equal to 0.1 mm), (Fig. 8a).  511 

 512 
Fig. 8. a) Example of detecting the boundaries of different categories of enzyme activities in the 513 
specific gradient (biopores). Percentage of the area of MUF/AMC concentration in the total 514 
image is considered as a function of color intensity. Asterisks indicate significant differences 515 
between the mean values (modified from Hoang et al., 2016). b) Example of spatial distribution 516 
of hotspots in soil treated with and without fertilizer. Long-term N fertilization leads to 517 
formation of aggregate hotspots while no fertilization caused dispersed distribution of hotspots. 518 
The dotted quadrates represent symbolic applied quadrat counts method on images.  519 

 520 
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Besides, spatial pattern analysis quadrat methods (Diggle, 1983; Arnold et al., 1997) and 521 

calculation of dispersion index can illustrate whether the distribution of hotspots in space are 522 

aggregated or dispersed (Fig.8b), (Hoang et al., 2016). Spatial point pattern analysis is a 523 

statistical method applied to obtain information about the spatial structure of the individual 524 

points (hotspots) within a study area (zymogram). There are a number of indices that could be 525 

used with the quadrat count method to detect a significant deviation from a Poisson distribution 526 

(Fisher et al. 1922). The most common one is dispersion index (I) and is defined as: 527 

 528 

I = 
V
X�

           (4) 529 

 530 

where V and X  are the sample variance and the sample mean of the quadrat counts 531 

respectively. The method is based on fact that for randomly dispersed points, the variance of the 532 

number of points (hotspots) per quadrat is approximately the same as the average number of 533 

points per quadrat. Thus, the expected value of the index is I >1 for clustered distribution 534 

patterns and I < 1 for dispersed spatial distributions (Fig.8b).  535 

Application of spatial point pattern analysis quadrat methods can draw critical conclusions on 536 

spatial distribution of hotspots through whole soil profiles with different origins in response to 537 

various factors (temperature, time, light intensity, etc.) and promoters (C input, earthworm 538 

activities, etc.).  539 

 540 
 541 
8. Coupling zymography with other approaches: 542 
 543 
Soil zymography provides information on the spatial distribution of enzyme activities, an 544 

important parameter that cannot be obtained with the classical enzyme assay. Soil zymography 545 

can be used to answer broader questions by coupling with classical enzyme assays (Hoang et 546 

al., 2016; Ma et al., 2017; Zhang et al., 2019) as well as other imaging approaches such as 547 

radioisotope imaging (e.g. 14C, 33P, 35S), (Fig. 9), (Spohn and Kuzyakov 2013; Hoang et al., 548 

2017), planar optodes (e.g. O2, CO2, pH), (Fig. 9), FISH (Spohn et al., 2015), neutron 549 

radiography, gel-based approaches (e.g. diffusive gradients in thin films (DGT), diffusive 550 

equilibration in thin films (DET)), and also with µCT to illuminate spatial distributions of 551 

enzyme activities in three dimensions (Kravchenko et al., 2019). The relevance of soil 552 
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zymography for soil and ecological sciences is highlighted by the observation that 553 

microorganisms use secreted or cell-membrane-bound digestive enzymes to degrade polymeric 554 

substances (e.g., cellulose, chitin) and rely on diffusion to access the degradation products 555 

(Burns, 1982; Sinsabaugh et al., 1991; Sinsabaugh, 1994). The products of enzymatic 556 

degradation (e.g., glucose, amino acids, phosphate) are then used by microorganisms for 557 

metabolism and growth. Soil zymography coupled with other imaging techniques as well as 558 

molecular approaches (e.g., qPCR) enables in situ mapping of all these processes in microsites 559 

(hotspots) and hotspheres.  560 

 561 

Fig.9. a: an example of overlapped 14C image and zymography. The red color corresponds to β-562 

glucosidase activity and white represents 14C release (root exudate). b: An illustrative example 563 

of phosphatase activity (blue) and changes of pH (red) along the maize root. In (a) and (b) 564 

background (soil) is converted to black to improve the visibility. c: an example of three 565 

overlapped images: real root, zymogram, and CO2 changes. The green color represents the area 566 

where leucine-aminopeptidase activity and CO2 release overlapped. Sub-figures shows: i. roots, 567 

ii. leucine-aminopeptidase imprint, and iii. CO2 release. There are areas where microbial 568 

respiration is visible while imprint of enzyme activity is not detectable (or the activity is low). 569 

 570 
 571 

9. Summary and moving forward:  572 
 573 
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Clearly, there are many challenges associated with the visualization of enzyme activities in soil 574 

and litter. Therefore, we summarized potential abiotic and biotic factors which may distort 575 

results (Table 2).  576 

 577 

Table 2. Summary of abiotic and biotic factors which may distort results. 578 

 579 
*Note that the effect of factors is called misinterpretation when they would differ between the 580 
initial and incubation conditions or vary between replicates or calibration membranes and 581 
zymograms. 582 
 583 

In addition, we would like to conclude with a set of recommendations to improve soil 584 

zymography quality and facilitate the sharing of optimization procedures across laboratories: 1) 585 

By incubation of water/buffer-saturated membrane on the soil and its photography under UV 586 

light (a background test of the soil) prior to any soil zymography, ensure that you are detecting 587 

enzyme activity not any other fluorescent compounds. 588 

  

 Factor Potential effect on result interpretation 

A
bi

ot
ic

 

High/Low water content High/Low enzyme activity 

Extra load on membrane High enzyme activity 

Photography exposure time  High/low enzyme activity 

Not uniform topography Disperse hotspot distribution 

Root position at soil surface Localized hotspots around the root 

Inappropriate attachment Aggregate hotspots distribution 

 Incubation time Expansion of rhizosphere or hotspots 

 High/low temperature  High/low overall enzyme activity  

 

High substrate concentration Outlier enzyme activity 

Alkalization  High  overall activity for MUF substrates; Low overall 
activity AMC substrates 

B
io

tic
 

Pathogen infection Expansion of rhizosphere;  High total hotspots% 

Fungus contamination High total hotspots% 

Algae contamination High overall enzyme activity; High total hotspots% 
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2) Identify the four possible positions for root growth in the rhizobox or in field rhizotrons and 589 

confirm that the roots are in the soil and not on top of the soil, prior to soil zymography.  590 

3) Perform soil zymography under the initial environmental conditions of samples (e.g. keep 591 

exactly the same growth temperature, light intensity, water content, etc., while incubating the 592 

membrane).  593 

4) Find the balance between saturating substrate concentrations of your soil and substrate 594 

concentration for soil zymography.  595 

5) Examine whether attachment during the incubation is appropriate to properly map enzyme 596 

activity, and run laser scanning for soil surface topography in advance. 597 

6) Run proper calibration standards to ensure that enzyme activity values are properly 598 

calculated. 599 

7) Ensure that camera settings and photography conditions are the same for all samples as well 600 

as the measurement of calibration line.  601 

8) Ensure that images are properly analyzed. 602 

If all of these steps are followed, then researchers can be more certain that their images are 603 

indeed reflective of the spatial distribution of enzymatic activity in their samples.  604 

Although great efforts have been made toward developing, quantifying and adapting soil 605 

zymography, we still have a long way to go. Standardized, user-friendly and correctly 606 

interpretable soil zymography tools for non-experts need to be developed and commercialized. 607 

The combination of mass spectrometry techniques and soil zymography will ultimately allow 608 

the exact trimming pattern of individual substrates by the enzyme (especially proteases) to be 609 

determined in situ and in vivo. Considering how the abiotic environment of the rhizosphere is 610 

controlled through a system of feedback loops between roots, microbes, and soil chemistry, in 611 

which the dynamics of the microbial community, root exudates, nutrient and elements, 612 

enzymes, O2, pH, and CO2 play an essential role, it is clear that coupling soil zymography with 613 

other novel approaches will be beneficial. Soil zymography can be used as a mapping tool for 614 

localization of microbial hotspots and be coupled further with molecular and microbial analysis 615 

to identify the microbial community, or microbial growth and efficiency (Zhang et al., in 616 

preparation).  617 
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Scaling down the soil zymography on a micro-resolution scale or combining soil zymography 618 

and other approaches with different scales (for instance nanoSIM) is another untouched side of 619 

science that remains as the dark side of the moon to be discovered.  620 

All of these steps will encourage better collaboration among researchers investigating the links 621 

between enzyme activities and decomposition. Furthermore, properly estimated enzyme 622 

activities may have even more meaning when used in conjunction with functional gene 623 

analysis, or emerging proteomic and genomic tools that are expanding our ability to understand 624 

microbial decomposers and the significant roles they play in ecosystems (Nannipieri, 2006; 625 

Wallenstein and Weintraub, 2008). 626 
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