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A B S T R A C T 

Soil zymography is commonly used to quantify spatial distribution of hydrolytic enzyme 

activities on soil and plant root surfaces. It is recommended to adjust pH in zymography 

substrates and calibration solutions with respect to soil/root pH. However, pH values may vary 

greatly within a few mm of plant rhizosphere, potentially altering the distribution of pH in 

zymography membranes. Despite the fact that the effect of pH on the calibration of zymography 

membranes is generally known, its potential impact on zymography results is unaccounted for in 

processing zymography images and calculations of enzyme activity. In this study we assessed the 

effect of pH variations on the persistency of the methylumbelliferone (MUF) calibration. The 

studied pH values ranged from 4.5 to 7.5. The MUF calibration curves greatly deviated from that 

at a reference pH of 6.5, with a marked nonlinear increase of deviation with greater membrane 

brightness. We suggest that the problem can be partially alleviated by reducing the membrane 

incubation time. However, such deviations suggest the need for a more comprehensive resolution 

via mapping pH and using pH-specific calibrations to process zymography images. We 

developed a MATLAB code to implement a pixel-based correction of enzyme activity for pH in 

processing time-lapse zymography images.  
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Soil 2-D membrane zymography is commonly used to map and quantify spatial distributions of 

hydrolytic enzyme activities on soil and plant root surfaces. The method consists of incubating a 

membrane saturated with an enzyme-specific fluorogenic substrate on the surface of soil/root 

samples. To produce a map of enzyme activity either the incubation is accompanied by recording 

a sequence of membrane images (e.g., from 30 to 45 photographs at one minute interval) 



generated by a fluorescent product: methylumbelliferone (MUF) (i.e. time-lapse zymography 

(TLZ) developed by Guber et al., 2021) or a single image of the membrane is taken at the end of 

the incubation (i.e. traditional zymography developed by Spohn & Kuzyakov, 2014; Sanaullah et 

al., 2016) in ultraviolet light. Then zymography images are converted to MUF contents using a 

single calibration curve obtained using standard MUF solutions. Since enzyme activity changes 

with pH (Tabatabai, 1994; Turner, 2010), it is recommended to select a buffer for the substrate 

and MUF calibration solutions with pH similar to that in the studied soil (Niemi and 

Vepsäläinen, 2005; German. et al., 2011; Turner, 2010; Burns et al., 2013; Razavi et al., 2017; 

Razavi, et al. 2019; Bilyera and Kuzyakov, 2024). Note, that chitinase (4-MUF-N-acetyl-b-D-

glucosaminide) and phosphatase (4-MUF phosphate) are exceptions, in which the substrates 

spontaneously dissociate from MUF at pH < 5.0 and pH > 6.5.  Unfortunately, using pH similar 

to that in the studied soil is not always achievable in the studies of soil rhizosphere, where pH 

values between root and soil surfaces may differ by several units (Rudolph et al., 2013; Ma et al., 

2019). Direct measurements showed that the volume of substrate solution within a zymography 

membrane, which is just 0.1 mm thick, is relatively small (i.e. 7.4 ± 1.3 µl cm-2) as compared 

with the water content of soil/roots in the ~ 0.2 mm thick soil layer under the membrane that is 

being surveyed during zymography (i.e., 80-160 µl cm-2). The result of enzyme transport 

experiments in undisturbed sand, sandy loam and loam soil columns demonstrated that pH in soil 

remained mostly unchanged after 2-3 pore volumes of solution have been replaced by an applied 

solutions with higher pH values (Guber et al., 2022). Therefore, a relatively small volume and a 

slow diffusion of the substrate moving from the membrane to the soil/root surface during 

zymography is unlikely sufficient to considerably alter the pH values in the underlying soil layer, 

and its effect on enzyme reactions can be regarded as negligible. At the same time, since 

zymography membranes do not change chemical composition of the solution, it is reasonable to 

suggest that the volume of the solution in soil pores and MUF diffusing from the underlying soil 

layer back to the membrane and replacing the substrate in it can be considerable. Therefore, the 

pH in diffusion influx may markedly change the pH in the small volume of the membrane 

solution in contact with soil/root surfaces. It has been shown (Niemi and Vepsäläinen, 2005), 

that even a minor alteration of pH in the membrane can result in substantial changes of MUF 

brightness detected by the camera in the enzyme active zones. The authors observed an eight-

time increase in MUF brightness with increasing pH levels from 4.5 to 7.5 units, and a five-time 



increase for pH changes from 6 to 7.5 units, respectively. Their observations suggest that using a 

calibration curve built at a single pH-level can result in potentially erroneous estimates of 

enzyme activities in the portions of the studied soil/root surfaces where pH deviates from that in 

the substrate solution. The effect of pH on MUF brightness in soil studies has been reported by 

Disk (2011) and Giles et al, (2018) and attributed to changes of MUF protonation state and its 

brightness with pH changes from acid to alkaline conditions (Zhi et al., 2013). Giles et al, (2018) 

assumed that peak of MUF fluorescence is affected by methanol used to prepare the calibration 

solutions and suggested to use either calibration filters with excess of MUF incubated with 

solutions of known enzyme activity, or calibration filters soaked in a range of MUF 

concentrations and incubated in excesses of enzyme activity. While both approaches are 

meaningful, to our best knowledge, they have not been experimentally validated yet.  

As an alternative, we suggest accounting for changes of MUF calibration curve with pH 

when processing zymography images. Our goals were: (1) to quantify the effect of the pH on 

MUF calibration in zymography membranes; and (2) to suggest an approach to account for the 

variation of pH values in zymography calculations. 

Calibration testing experiment setup: The MUF standard solutions of 0.0625, 0.125, 

0.25, 0.5, 1.0, 2.5, 5.0 and 10.0 mM were prepared using 0.1 M MES buffer (M3671, Sigma-

Aldrich, Inc., St. Louis, MO, USA) with pH=3.5 and adjusted to pH values of 4.5, 5.0, 5.5, 6.0, 

6.5, 7.0, and 7.5 using NaOH (1 M). The standards were kept for 30 min to stabilize their 

fluorescence (Razavi et al., 2019; Burns et al., 2013). A 10 µl drop of each standard solution was 

applied on the surface of a 1 x 1 cm hydrophilic polyamide membrane (100-μm thick, Tao Yuan, 

China). A total of 168 MUF calibration membranes were used (8 MUF concentrations x 7 pH 

levels x 3 replicates). The membranes were grouped according to the pH levels and replications 

(8 membranes in each group). Then the images were taken under UV light immediately after 

MUF application using a Canon EOS Rebel T6 camera with a Canon EF 75–300 mm f/4–5.6 III 

Telephoto Zoom Lens (Canon U.S.A., Inc.) connected to a computer and controlled by Helicon 

remote software (Helicon Soft Ltd., Ukraine). The size of the pixels on the calibration images 

was 17 µm. We used a 20W circline blacklight blue fluorescent bulb (FC8T9/BLB, Bulborama, 

Las Vegas, NV USA) with diameter of 20 cm as a source of UV.  



The calibration images (Fig. 1) revealed that brightness increased with as pH in the 

calibration solutions increased from 4.5 to 7.5. Visually, the increase was more pronounced in 

membranes with higher MUF contents.  

Image processing: The “blue (B)” channel was extracted from the RGB images and used 

for the calibration. This approach differs from the standard 8-bit transformation of the RGB 

images commonly used in 2D zymography. In fact, it is more consistent with the bench scale and 

microplate enzyme assays with emission wavelength 415 - 460 nm (Deng et al., 2013) and 

generates lower random noise, broader histogram, and higher peak greyscale values (G-values) 

as compared with the “red (R)”, “green (G)” channels and RGB images converted to 8-bit 

format. We built on the MUF calibration approach developed by Guber et al. (2019) with a 

minor modification. Specifically, for each MUF calibration membrane we subtracted the 

background, which was estimated as an average G-value within MUF-free area of the membrane. 

Then, the calibration equation was applied to each pixel i of every membrane j in a form: 

𝑀𝑈𝐹!
" = 𝑏 ∙ 𝑒𝑥𝑝*𝑐 ∙ 𝐺!

"- − 𝑎     (1) 

where 𝑀𝑈𝐹!
" is MUF content in i-pixel of the calibration membrane j, [nmol mm-2]; 𝐺!

" is the G-

value in the same pixel after background subtraction, [-]; a, b, and c are empirical parameters 

with units: [nmol mm-2], [nmol mm-2], and [-], respectively. A MATLAB code was developed 

that implemented the Levenberg–Marquardt method (Marquardt, 1963) to fit the calibration 

parameters a, b, and c in Eq.(1) to the MUF mass in each calibration membrane. The weight 

factors were introduced to the objective function Z as reciprocal values of MUF mass to 

eliminate the effect of large MUF values on the fitting parameters: 

 𝑍 = min∑ *1 − ∑ ("! 𝑀𝑈𝐹!
")/𝑀𝑈𝐹#$$%

" -
&

" , 1 ≤ 𝑗 ≤ 168   (2) 

where 𝑀𝑈𝐹#$$%
" 	are applied mass of MUF in each calibration membrane j [nmol]. 

Calibration parameters: The goodness of fit metrics for Eq.(1) were R2 = 0.94 ± 0.08 

(mean ± one standard deviation) and MRE = 7.9 ± 3.1% (mean relative error of 𝑀𝑈𝐹#$$%
" ), 

indicating acceptable accuracy of the fitted calibration function. The parameters a and b did not 

demonstrate a clear trend with pH. The parameter a  was numerically large for pH=4.5 and 

pH=5.5 as compared with the other pH levels (Fig. 2a). The parameter b was of the same order 

of magnitude in the pH range 4.5 to 6.5, then decreased abruptly at pH=7.0 and 7.5 (Fig. 2b). A 



clear decrease with increasing pH was observed for parameter c (Fig. 2c). At constant values of 

parameter b, parameter c controls the slope of the MUF calibration curve (Eq.(1)), which is:  

  '()*!
"

'+!
" = 𝑏 ∙ 𝑐 ∙ 𝑒𝑥𝑝*𝑐 ∙ 𝐺!

"-     (3) 

The larger c values, the faster MUF content increases with 𝐺!
". The trend in Fig. 2c was 

consistent with visual analysis of the calibration images. For the same MUF contents, the 

brightness of the images increased with the pH level.  

Calibration curves: A vast majority of zymography studies lacks information on pH 

values in substrates and calibration solutions. Therefore, in this study we used MUF calibration 

measured at pH=6.5 as a reference curve since this pH value has been used in original 

publication of this method (Sanaullah et al., 2016).  The shape of the pH=6.5 calibration curve 

was strongly non-linear (Fig. 2d dashed line). Also reported on Fig. 2d are deviations of the 

MUF calibration curves from that measured at pH=6.5, i.e., DMUFpH = MUFpH - MUF6.5. The 

decreasing trend in parameter c with increasing pH translated into progressive changes in such 

deviations. The DMUFpH values increased non-linearly with the image brightness, indicated by 

G-values, and were most pronounced starting from G-values = 35-50 (Fig. 2d, solid lines). The 

non-linear trend in DMUFpH was associated with non-linearity of the MUF calibration curves in 

G-values >35. Notably, larger DMUFpH corresponded to larger deviation of pH in the standard 

solutions from 6.5 and were positive for pH < 6.5. The observed trends implied that using a 

single calibration curve for pH=6.5 to calculate enzyme activity may considerably underestimate 

MUF contents, and thus enzyme activity, in the locations with pH lower then 6.5 (e.g., root tips), 

while overestimating it in the locations with pH > 6.5.  

Experiments and modeling (Guber et al., 2018, 2021) have shown that longer incubation 

time, in general, results in large MUF production, its greater diffusion to the membrane, and thus 

brighter images (i.e. higher G-values). Therefore, one way to moderate the effect of pH on 

calculations of enzyme activity could be via reducing brightness of zymography images by 

shortening incubation time. However, this is not always possible, particularly for traditional 

single snapshot zymography in the rhizosphere, where brightness between soil matrix and roots 

may differ substantially (as follows from Fig. 1- Fig-3, Ma et al., 2019) in G-values, so 1-2 hour 

and longer incubation times are frequently used to detect low activity in soil (Spohn et al., 2013; 

Sanaullah et al., 2016; Razavi et al., 2016). The effect of pH became pronounced for our settings 



starting from relatively low G-values (i.e. 30-50), which were derived from blue channel of the 

RGB image. This range roughly corresponds to G-values of 20-25 for 8-bit images, obtained by 

direct conversion of RGB images without splitting channels, and is typically observed in 

zymograms of b-glucosidase and phosphatase in enzyme active areas on soil/root surfaces. 

Therefore, shortening zymography time may not be always achievable for the traditional 

zymography. Contrary to the traditional zymography, TLZ does not require shorter time, because 

zymography images are taken at one minute interval during 30-45 minute incubation. Therefore, 

an optimal range of G-values can be defined in each individual pixel of zymogram from time 

series of G-values obtained from zymography sequences in these pixels.   

As an alternative, TLZ can be combined with pH mapping (Ma et al., 2019) that enables 

correcting MUF values using pH specific calibrations. The correction has been implemented 

within the MATLAB procedure currently used for TLZ image processing. The code first 

transforms the calibration curves measured at different pH values into lookup tables with integer 

G-values varied from 1 to 255 and pH varied from 4.5 to 7.5 at increment 0.1. The size of the 

lookup table is 255 x 31 (G-values x pH), that enabled fast calculations of MUF based on pH and 

G-values at any time moment in individual pixels of zymograms. Then the code calculates the 

activity in each individual pixel of membrane, based on time series of MUF content in these 

pixels with correction for MUF losses due to its omnidirectional diffusion in soil.  

Conclusions and implementation: This study demonstrated potential effects of pH on results of 

2D membrane zymography originated from changing MUF brightness with pH values. The 

problem can be remediated by shortening the duration of membrane incubation to reduce the 

brightness of zymography images below the values at which the pH effect becomes pronounced 

or by combining membrane zymography with pH mapping and MUF calibration for multiple pH 

levels. The G-scale range can be specific for light and camera settings and includes G-values 

corrected for the background autofluorescence and quenching. Here we used pH=6.5 as a 

reference point to demonstrate the effect of pH on MUF calibration potential impact on results of 

activity calculation. But for the traditional (single snapshot) zymography, the reference point can 

be adjusted to pH level in soil or roots with respect to the research objectives, when calibration is 

performed for expectable range of the pH values. For the TLZ, the pH image is processed jointly 

with zymograms, and MUF values are corrected for pH in individual pixels of zymograms using 

the look-up table generated from the calibration curves at different pH levels. Combining 



zymography with pH mapping is potentially beneficial for interpretation of the spatial variability 

of enzyme activity caused by the spatial variability of pH and by deviations in the pH values 

from those optimal for enzyme reactions. 
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Fig. 1.  Original images of the calibration membranes taken at different pH levels before correction for 
the background brightness.  
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Fig. 2. Calibration parameters for Eq.(1):  𝑀𝑈𝐹!
" = 𝑏 ∙ 𝑒𝑥𝑝*𝑐 ∙ 𝐺!

"- − 𝑎  at seven pH levels (a-c). Error 
bars represent standard errors (n=3). MUF6.5 calibration curve measured for pH=6.5 ((d) blue dashed line, 
right Y axis), and deviation of the calibration curves measured at six pH levels from that for MUF6.5 (d) 
solid lines, left Y axis pH). Each line represents an average among three replicated calibrations obtained 
for the same pH level. Line for pH=7.0 overlaps with that for pH=7.5. 
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