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Calibration of 2-D soil zymography for correct analysis of enzyme distribution
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Summary

Soil zymography is a new technique developed to visualize two-dimensional distributions of
enzyme activities. The method consists of incubating a membrane saturated with an enzyme-
specific fluorogenic substrate on a surface of the soil sample, followed by recording the
membrane image generated by a fluorescent product (e.g. MUF: methylumbelliferone) in ultra-
violet light. Despite its relative ease of use, performing zymography involves multiple user-made
decisions that might affect the accuracy of enzyme activity estimates. Therefore, unification of
the zymography methodology is required for correct estimations and comparisons of various
studies. We evaluated the following methodological aspects of the implementation of
zymography: (i) camera settings and image processing, (ii) effects of evaporation and (iii)
calibration procedures. Camera settings (shutter speeds or exposure time) affected the intensity of
background fluorescence and signal-to-noise ratios (SNR). However, since their combined effects

varied depending on MUF concentrations, light and camera setting need to be optimized for the
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expected range of MUF contents prior to zymography. Evaporation of MUF solution from the
membrane had no effect on fluorescence. Relations between MUF concentration and intensity of
fluorescence during calibrations demonstrated a saturated pattern and was strongly affected by
image noise outside the optimal range, i.e. 8-14 pmol MUF pixel™*. We developed a new
calibration approach that is based on a piece-wise linear regression. The new approach accounted
for specific ranges of MUF concentration, and uses non-uniformly saturated membranes,
reflecting the real distribution of enzyme activities in soil. The new calibration algorithm
eliminated biases of the standard calibration and resulted in greater accuracy in predicting MUF

contents.

Highlights

e We developed a new approach to calibration for 2-D soil zymography.

e The approach accounted for spatial non-uniformity of soil zymograms.

e Standard calibration resulted in systematic underestimation of enzyme activity.

e Soil zymography requires pixel-based calibration with non-uniformly saturated
membranes.

1. Introduction

Soil zymography is an exciting innovative technique developed to visualize and analyse the
two-dimensional distribution of enzyme activities in soil. The method is simple, time and labour
inexpensive, nondestructive and enables repeated measurements, which makes it attractive for
studying spatial and temporal variation of enzyme activities in soil (Spohn & Kuzyakov, 2013),
rhizosphere (Sanaullah et al., 2016; Razavi et al., 2016), detritusphere (Spohn & Kuzyakov,
2014; Liu et al., 2017), biopores (Hoang et al., 2016; Razavi et al. 2017) and other “hotspots’ of
microbial activity. The method consists of placing a membrane saturated with a fluorogenically

labelled enzyme-specific substrate on the surface of a soil sample. On contact of the substrate
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with enzymes, a fluorescent product (e.g. MUF: methylumbelliferone, or AMC: 7-amino-4-
methylcoumarin) is released and detected in the ultra-violet (UV) light. The fluorescing pattern
on the membrane reflects the spatial distribution of active enzymes on the soil surface. We refer
to the images of the membranes with fluorescing product patterns as soil zymograms. The
method can be applied for mapping the activity of multiple enzymes (mainly hydrolytic) because
a broad range of enzyme-specific fluorescent dye-conjugated substrates, e.g. 4-
methylumbelliferone (MUF) and 4-amino-methylcoumarin (AMC), are currently commercially
available. Among others, commonly determined enzymes include f-glucosidase,
cellobiohydrolase, xylanase, N-acetyl-5-glucosaminidase, phosphomonoesterase, sulphatase,
leucine-aminopeptidase, tyrosine-aminopeptidase, and so on (Marx et al., 2001; Saiya-Cork et
al., 2002).

Converting zymograms into a map of enzyme activities is achieved by zymography
calibration. A calibration curve is typically obtained from a set of replicated membranes where
each membrane is saturated uniformly with the MUF solution of known concentration. A range
of MUF concentrations for the calibration is selected to represent the concentrations expected in a
course of zymography measurements (Spohn et al., 2013; Razavi et al., 2016). The calibration
technique assumes that: (i) distribution of MUF solution within the membranes used in the
calibration is uniform, (ii) spatial variation of image brightness within the calibration membranes
is small, thus an average value of the brightness from all membrane pixels provides an accurate
measure of fluorescence corresponding to the particular MUF concentration and (iii) the relation
between image brightness and MUF contents in individual calibration membranes can be
described adequately by a linear function (Spohn & Kuzyakov, 2014).

Results of calibration, and thus accuracy of soil zymography, depend upon many factors

involved in the measurement set-up, including the source of UV light, the distance from the light
3
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source to the object, the type and settings of the digital camera used to take images, the exposure
time and image processing techniques. A comprehensive review of these factors for quantitative
fluorescence microscopy can be found in Waters (2009) and Webb & Brown (2013).
Unfortunately, the information about set-up factors for 2D zymography in the literature is very
limited. Published information pertains mostly to the type of camera (Razavi et al., 2016, 2017,
Liu et al., 2017; Ma et al., 2017) and to the combination of camera type and source of the UV
light (Spohn et al., 2013). We found only one detailed analysis of exposure times for 2-D
zymography of phosphatase activity in a recent publication by Giles et al. (2018). Lack of
understanding of the effects exerted by camera and light choices limits the accuracy in calibrating
fluorescence patterns observed on zymograms and, thus, in estimating enzyme activities.
Furthermore, it affects comparisons of the results obtained by different studies.

Image processing is an important part of soil zymography. A review of recent
publications showed that there is no general agreement on the precision of image calculations. An
8-bit format was used by Spohn & Kuzyakov (2013, 2014) and Giles et al. (2018), 16-bit was
used by Razavi et al. (2016), Sanaullah et al. (2016) and Liu et al. (2017), whereas 32-bit images
were used by Ma et al. (2017). Original colour images taken by camera are 32-bit, and their
conversion to a smaller bit format may considerably reduce the accuracy of image calculations.
There is also no general agreement on how to deal with the background fluorescence intensity of
zymography membranes. Some studies subtracted from zymograms the grey values
corresponding to zero MUF concentration obtained during the calibration (Razavi et al., 2016,
Sanaullah et al., 2016; Ma et al., 2017), whereas others set the intercept in the calibration curve
to zero (Spohn & Kuzyakov 2013, 2014). Some studies mentioned the importance of background

correction, however, they did not describe whether or how this was done (Giles et al., 2018).
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Consistency in the image processing is needed for comparison of results of various studies and
further developments.

An additional aspect that can affect quantification of enzyme activity during
zymography is membrane saturation for image calibration. It is assumed that calibration
regressions obtained on the membranes uniformly saturated with the standard solutions of MUF
can be transferred without validation to the zymograms. It is not clear, however, to what extent
calibration based on uniform distribution of the MUF solution within the membranes corresponds
to real soil zymograms representing a wide spectrum of the MUF concentration gradients and
fluorescence intensities within the same membrane. Despite uniform saturation of membranes,
each membrane produces noise, which is specific for MUF concentration in the membrane. As in
soil zymograms with their spatially variable MUF contents and associated intensities, different
noise characteristics overlap spatially, the MUF content calculated by calibration based on
uniformly saturated membranes may deviate from the real MUF contents. To the best of our
knowledge, the effect of such non-uniformity has never been tested.

The objectives of the study were, first, to examine the methodological aspects of 2D
zymography, specifically, (i) to test the role of camera settings and (ii) to validate traditional
calibration on spatially variable MUF distributions in the membrane; and, second, to develop a
detailed calibration algorithm (requirements) to ensure greater accuracy in the quantification of

enzyme activities and correct comparisons of different studies.

2. Materials and Methods
2.1. Camera settings for zymography images
For soil zymography we used a Nikon D90 camera (Nikon Inc., Melville, NY, U.S.A.) with a

Sigma 18-250 mm f3.5-6.3 DC Macro OS HSM lens (Sigma Corp. of America, Ronkonkoma,
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NY, U.S.A.), mounted on a Rocwing Pro Copy Stand (Rocwing Co., London, UK). A 22W Blue
Fluorescent Circline Lamp - FC8T9/BLB/RS (Damar Worldwide 4 LLC, Aurora, MO, U.S.A.)
was used as a source of UV light. The circular source of the light was chosen for uniform
illumination of the membranes. The membranes used for soil zymography had diameter of 5 cm.
The camera focal length was set to 250 mm to take 106 mm x 71 mm images at a resolution of
0.63 um? pixel™. The aperture was set to 6.3 in all measurements. The optical axis of the camera
was aligned with the centre of the light source, thus flat field non-uniformity, assessed as a
coefficient of greyscale variation measured across 50 mm (diameter) of dry polyamide filter, was
< 0.1. Note that the image brightness and uniformity might deviate considerably depending on
the light and camera settings.

Hydrophilic polyamide membrane filters (100-um thick, Tao Yuan, China) were used in all
zymography measurements (Sanaullah ef al., 2016; Razavi et al., 2016). Very small protein
binding capacity and large pore size (0.45 um) of these filters are assumed not to restrict
diffusion of enzymes through the filter, because the average size of an enzyme is 3-7 nm
(Erickson 2009).

To define an optimal camera exposure time, we photographed five membranes (1 cm x 1
cm size) saturated in standard MUF solutions of 0, 100, 200, 350 and 500 uM at shutter speeds of
1/60, 1/80, 1/100, 1/125, 1/160 and 1/200 s. These speeds corresponded to exposure times of
16.7,12.5, 10, 8, 6.25 and 5 ms, respectively. Fluorescent colour 32-bit images were converted to
32-bit greyscale format for precise pixel-based mathematical operations, and the converted
greyscale values (G-values), were used in further calculations. In 32-bit greyscale format the
colour images are represented by 22 combinations of white and black colours, reflecting levels of
luminance per pixel. The images were subject to background correction to increase the signal-to-

noise ratio (Waters, 2009), and analysed to define sensitivity and linearity of the relation between
6
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G-values and MUF contents in the membranes for different camera exposure time. For the
background correction of images, we calculated the mean G-values in the membranes without
MUF solutions at each exposure time, then subtracted these values from images of all MUF
saturated membranes using the same camera settings. The sensitivity was quantified as a slope of
the MUF — G-values relation. A steeper slope corresponded to better camera sensitivity. The
signal-to-noise ratio (SNR) was assessed in original images as:

SNR =G /o2, (1)
where G and o?are the average and variance of G-values in the image. Large average G-values
with smaller variance of G provided larger SNR ratios and more accurate MUF estimates. The
camera settings were optimal when the sensitivity and SNR were largest. ImageJ/Fiji software

(Schindelin ez al., 2012) was used for image processing.

2.2. The effect of membrane drying on MUF measurements
Accurate traditional calibration requires the membrane to be weighed in both dry and saturated
states. However, on saturation the membrane dries out relatively quickly, which can be of
potential concern not only for determining its weight and, thus, the total amount of MUF in it, but
also for potential effect of drying on fluorescence readings. To check whether drying can affect
the intensity of fluorescence, we estimated the rate of evaporation and changes in fluorescence
intensity associated with the membrane drying. For that five types of MUF applications (at a
concentration of 10 uM) were tested on 1 cm x 1 cm air-dry membranes: MUF additions to the
membranes in amounts of 5, 10, 15 and 20 ul, and complete membrane saturation by submerging
them into the same MUF solution. The membranes were subject to drying in the air for 10

minutes, and their weight losses were recorded every minutes at 0.01-mg accuracy.
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For determining fluorescence intensity, an additional set of membranes was saturated in the
MUF solutions with concentrations of 1.5, 2.5, 5.0 and 10.0 uM. The membranes were air-dried
and photographed in UV light every minute during the 10-minute evaporation. Mass of MUF and
area-averaged G-values were plotted against time to evaluate the effect of evaporation on the

results of MUF measurements.

2.3. Calibration and validation of soil zymograms
The calibration parameters were obtained using a set of standard MUF solutions. For calibration
we used 1 cm x 1 cm membrane strips. Two datasets were created for the same ranges of MUF
contents: one with uniformly- and another with non-uniformly saturated membranes. The first
dataset (Uniform) was created for traditional calibration, whereas the second dataset (non-
uniform) mimicked non-uniform distributions of MUF typically observed on soil zymograms,
and was used to develop a modified calibration approach and for validation of both calibration
approaches. Examples of the uniformly and non-uniformly saturated calibration membranes with
approximately the same total MUF contents are shown in Figure 1.

The uniform membranes were saturated for 1 hour by submerging into the standard MUF
solutions. The MUF was diluted in a 0.1-mM solution of 2-(N-morpholino)ethanesulfonic acid
(MES) to achieve 14 MUF concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, 5, 10, 25, 50, 100, 200, 300,
400 and 500 uM. Two sets of fourteen concentrations generated a total of 28 calibration points.
The MES buffer was selected because of its known chemical and enzymatic stability, and
minimal absorption in UV light. The membranes were weighed before and after the saturation to
determine the added MUF mass. Excess liquid was removed from the surface of the saturated
membranes prior to their weighing. The membranes were placed in a transparent polyethylene

envelope to prevent evaporation of MUF solution, and photographed in UV light with the camera
8
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setting described above. The images were corrected for background fluorescence intensity using
average G-values for the membranes with zero MUF contents. Then, the relation between the
average G-value for each membrane and its MUF content was examined. Visual examination
indicated that simple linear regression was not appropriate to fit the relation between G-values
and MUF across the entire range of the MUF values studied (Figure 2a). The relation apparently

comprised two sections that we proposed to describe by piecewise linear regression:

EMUFZblxa; B 0<5<Gi
Mwmur =a, +b, xG; G*<G , (2)
b,=b—-a,lG*

where M wur is an average MUF content in the membrane (pmol pixel™), az, b1 and b2 are

parameters of the linear regression (pmol pixel™), G* is the grey value at the breakpoint and Gis
the grey value averaged across the membrane.

The non-uniform membranes were prepared to ensure spatial gradients in the MUF distributions.
For that, the membranes were first saturated in 0.1 mmM MES buffer solution, and any excess
solution was removed from their surfaces. We then left the membranes to air-dry for 2 minutes,
and added the MUF calibration solution to the membrane surface. To create a spatially variable
distribution of MUF in the membrane, 5 ul of MUF solutions at the 14 concentrations listed
above were applied on the membranes by a micro-pipette, and the membranes were
photographed. To double and triple MUF contents in the membranes, another 5 ul of MUF
solutions of the same concentrations were added to the membranes before imaging the MUF
distributions. Two sets of membrane images were prepared, one for calibration (non-uniform-cal)
and another for validation (non-uniform-val) of the non-uniform calibration.

For the non-uniform calibration, we modified Equation (2) to account for spatial patterns

in the MUF distribution. Specifically, the modified equation did not use the average G-values ((_?
9
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) calculated for the entire calibration membrane, but did account for individual pixel G-values and
frequencies of their presence within the spatially variable MUF-saturated membranes. For that,
pixels of the non-uniform membranes were grouped into 512 G-value classes, Gi, and the number
of pixels in each class, fi, within the membrane image was obtained. Equation (2) was then
rewritten so that it corresponded not to small and large average G-values from the individual
membranes, but to groups of pixels with small and large G-values within the same membrane:
> M = My + M,
M= fi(bxG); 0<G,<G*

M;UFZZﬁ(aZ-i_bZXGi) G*<Gi,
b,=b—-a,|G*

(3)

where My g, and Mg,g correspond to masses of MUF in the low and high sections of the G-

value—-MUF curve, respectively. The two masses add to the total mass of MUF applied to the
membrane ZMMUF, (pmol); Gi is the grey value for the ith grey class, fi is the number of pixels

in each grey class. The other parameters are as defined in Equation (2). A MATLAB code was
developed that implemented the Levenberg—Marquardt method (Marquardt, 1963) to fit
parameters a2, b1 and G* of Equations (2) and (3) to the measured values of MUF mass.

The parameters of Equation (2) were estimated from the calibration dataset (uniform), then,
Equation (2) was applied to calculate MUF contents for pixel-based G-values in membranes of
non-uniform-cal and non-uniform-val datasets. The parameters of Equation (3) were estimated
from the non-uniform-cal dataset, then Equation (3) was applied to generate predictions of MUF
content for pixel-based G-values in membranes of the non-uniform-val dataset. Root-mean-
square errors (RMSE), calculated from applied and predicted amounts of MUF, were used as

criteria of accuracy for the performances of equations.
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2.4. Assessment of enzyme activity based on the two calibration approaches

Soil for 2-D membrane zymography was taken from the top 0-10-cm layer at the Kellogg
Biological Station (KBS) Long-Term Ecological Research (LTER) (Hickory Corners, Ml,
U.S.A)). The soil belongs to a well-drained Alfisol of the Kalamazoo series, mesic Typic
Hapludalf (Robertson & Hamilton, 2015). Soil texture was sandy loam (65% sand, 27% silt and
8% clay), bulk density was 1.56 g cm™ and volumetric water content at the time of measurement
was ~0.18 cm® cm. The undisturbed soil cores (45-mm diameter, 25-mm height) were taken
within acrylic sampling rings, and for zymography the soil above the ring was cut with a
microtome blade to flatten the soil surface without smearing, and to provide the best possible
contact between the membrane and the soil surface.

To assess the fp-glucosidase activity a membrane, saturated in 6 mm solution of 4-
methylumbelliferone-f-D-glucopyranoside (referred further to as the substrate) solution, was
placed and kept on the soil surface for 2 hours. The membrane and the soil surface were covered
by transparent polyethylene and photographed in UV light every 5 minutes during the first hour
of incubation, and at 10-minute intervals during the second hour. The experiment was replicated
twice. The MUF contents in the membranes were calculated using the parameters of the standard
and the pixel-based calibration (Table 1). The total enzyme activity was calculated as changes of
MUF mass in the membranes divided by time intervals between two consequent measurements
(i.e. 5 minutes for the first hour, or 10 minutes for the second hour).

3. Results

3.1. Camera settings for zymography images
The G-MUF relation, corrected for the background G-values, has a piecewise linear shape with a
breakpoint at approximately 0.008 pmol pixel™* for all camera settings (Figure 2a). The slope of

G-MUF relation decreased after the breakpoint from 9.86+0.75 (average + standard deviation) to
11
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0.64+0.09 pixel fmol* indicating a considerable loss of sensitivity of G-values to the increase in
MUF contents in the membranes above the breakpoint value. As expected, the camera exposure
time also affected the G-values on images. The background G-values increased, whereas the
slope of the initial linear part in G-MUF relation decreased with the increasing exposure time
(Figure 3).

A general increase in the SNR was observed with the increase in MUF to 0.014 pmol pixel
! (Figure 2b). For the same MUF contents in this range, the SNR values were up to 30% larger at
8 ms exposure time than for the other camera settings. After the background correction, the
slopes of G - MUF relation were of the same order of magnitude for different exposure times,
which did not affect the accuracy of MUF calculations. The exposure time of 8 ms was chosen

for calibration solely based on the largest SNR ratio.

3.2.  The effect of membrane drying on MUF measurements

The evaporation study showed that the saturated membranes lost from 70% to 98% of their initial
weight after 10 minutes of drying at room temperature (20° C) (Figure 4a). The absolute mass
losses increased, whereas the percentage of losses decreased with the increase in initial mass of
the solution in the membranes. The mass decline was not linear in time (Figure 4a). From 50 to
73% of the mass was lost within first 5 minutes of drying.

Drying, however, only slightly affected the G-values. Despite 82% mass losses in the
MUF-saturated membrane, the decrease in the G-values ranged from only 2.2 to 5.0% in the four
concentrations tested after 10 minutes of drying (Figure 4b). Consequently, even though the
evaporation of water decreased the weight of the membrane, the MUF contents and the respective

G-values remained constant and so had no effect on the image quality. Accordingly, the G-values
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depended on the MUF mass per area and not on the MUF concentration in the membrane

solution.

3.3. Calibration and validation
The initial fast linear increase in G-values with increasing MUF content changed to a slow
increase (Figure 5a), which was similar to the results of Section 3.1. At the breakpoints for
Equations (2) and (3) the G-values adjusted for the background were 71.6 and 84.3, and
corresponding MUF contents were 0.0084 and 0.0175 pmol pixel™, respectively (Table 1).

The calibration Equation (2) adequately reproduced average MUF contents for the
‘uniform- dataset’. However, the root-mean-square error (RMSE) increased almost threefold
when the calibration coefficients for the uniform dataset were applied to the non-uniformly
saturated membranes (Table 1). The absolute deviation of the values calculated by Equation (2)
from the measured ones increased with increasing MUF content (Figure 5b).

The results achieved using Equation (3) were much better (i.e. smaller RMSE) for
predicting total MUF contents in non-uniformly saturated membranes than those using
Equation(2) (Figure 5b). The RMSE of validation, Equation (3), using non-uniform-val data were
slightly larger than those obtained for the calibration subset non-uniform-cal (Table 1). The
absolute deviation of the calculated values from the measured ones was somewhat larger within
the MUF content range from 0.003 to 0.005 pmol pixel™* than for MUF contents beyond this
range. Consequently, a piecewise linear regression should be recommended to standardize a

broad range of MUF concentrations in zymograms.

3.4. Assessment of enzyme activity based on the two calibration approaches
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Differences in the calibration parameters resulted in different estimates of total amounts of MUF
in the zymograms. The increase in MUF content with time was almost linear for the non-uniform
calibration (Figure 6a). However, the MUF content increased non-linearly with time when the
uniform calibration was used. The increase in MUF content was relatively slow during the first
40 minutes of zymography, then it became much faster between 40 and 70 minutes, and then
became slow again (Figure 6a). It also appeared that MUF contents obtained using the uniform
calibration were consistently smaller than those from the non-uniform calibration.

The observed trends in the dynamics of MUF contents resulted in differences in calculated
activity of p-glucosidase. The activities oscillated considerably with time for both calibrations,
with average values over time of 0.676+0.324 and 0.576+0.468 pmol cm s for the uniform
calibration and of 0.748+0.277 and 0.680+0.261 pmol cm™ s for the non-uniform calibration in
the two replicates, respectively. These oscillations were random for the non-uniform calibration,
which had a clear trend in time with the maximum values of enzyme activity between 40 and 75

minutes from the beginning of the zymography experiment for the uniform calibration.

4. Discussion

4.1. Camera settings for zymography images
A circular UV source aligned with the camera’s optical axis used in this study provided light with
< 0.1 non-uniformity, assessed as a coefficient of greyscale variation measured across 50-mm
diameter of a dry polyamide filter. This is probably the highest light uniformity that could be
achieved in non-commercial setups for 2D soil zymography used in previous studies (e.g. Spohn
et al., 2013, Spohn & Kuzyakov, 2014; Sanaullah et al., 2016; Razavi et al., 2016, 2017). The
exposure time affected both the absolute G-values on the images and sensitivity of G-values to

MUF content (Figure 3), therefore, the proper light and camera settings are essential for the
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accuracy of fluorescence-based methods (Waters, 2009). Differences in the absolute values of G
depending on exposure time decreased considerably after the background correction. However,
both the slope and range of G-values in the G-MUF relation was slightly greater for shorter
camera exposure time (Figure 2a), indicating better camera sensitivity to changes in MUF
contents. Overall, the exposure time mainly affected absolute background G-values, and had only
a minor effect on the sensitivity to changes in MUF content.

Contrary to expectations, the increase in absolute G-values with the shorter exposure time
did not translate into larger signal-to-noise ratios (SNR). The SNR values oscillated considerably
with MUF contents and were poorly correlated with the exposure time. This can be attributed to
the complicated nature of image noise, which is a joint outcome of multiple sources including
source (i.e. membrane non-homogeneity), read (type of camera light detector and signal
amplifier) and thermal noise (stochastic generation of thermal electrons within the detector), and
discrepancy between the specimen size and camera resolution (Waters, 2009; Giles ef al., 2018).
In many instances, the noise cannot be removed, however it can be reduced by optimizing lens
types and exposure settings of the camera. The differences in SNR associated with different
exposure times suggested that exposure time should be selected based on the MUF range
expected in zymography analysis. For example, the largest SNR values for the MUF contents <
0.001 pmol pixel were obtained for an exposure time of 10 ms. For the same camera settings,
however, SNR values were smaller than those for an exposure of 8 ms in the MUF content range
0.008-0.015 pmol pixel* (Figure 2b). Because, large MUF contents are expected in enzyme
active spots of soil zymograms, the exposure time of 8 ms (shutter speeds 1/125 s) was used
further for the membrane calibration.

The G-MUF relation has a piece-wise linear shape. The SNR gradually increased with

MUF content until saturation of the zymography membranes, but it decreased under
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oversaturation indicating that application of the Bouguer—Lambert—-Beer law (the signal is
proportional to the concentration) is restricted at large values of G. The deviation from linearity
with increasing MUF content was also reported by Giles et al. (2018). These authors calibrated
zymography membranes for phosphatase activity using standard MUF solutions at varying
exposure times. Nonlinearity was observed at G ~ 240 for a long exposure time (32 s) and was
attributed to the limit of the light detection capacity of the camera. We did not observe the effect
of light limiting capacity because G-values increased progressively with exposure time for the
whole range of MUF contents. Moreover, changes in the slope of G-MUF relation occurred at
the same MUF content for all camera exposure settings (Figure 2a); therefore they were affected
by large MUF contents rather than by large G-values. A similar effect was observed in studies of
water-soluble CdSe quantum dots (Zhang et al., 2008; Noh et al., 2010), and was explained by
electronic coupling and exciton energy transfer (Kagan et al., 1996; Crooker et al., 2002). In our
study, the deviation from linearity was probably caused by saturation of the zymography
membranes and by the overlapping of MUF molecules within a 100-um thick membrane. This
possibly, increased the contribution of noise to the total fluorescent signal. Zymography registers
a fluorescent signal from the membrane exposed to UV light, and increasing concentration of
MUF molecules probably results in the shedding effect of MUF molecules further from the
source of light and the detector (camera) by the molecules located closer to the membrane
surface. This explains a linear increase (though slower) in G-values with MUF content above the

breakpoint (Figure 2a).

4.2 The effect of membrane drying on MUF measurements
A rapid decrease of the liquid mass in the membrane was not accompanied by any significant

losses of fluorescence intensity. This occurred because of the low volatility and high stability of
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MUF, and small concentrations of the MUF solutions (water > 99.99%). Most losses of MUF
solution from the membrane during evaporation were associated with losses of water and
methanol, which were used in the preparation of the MUF stock solution. The MUF detection
method reflected sensitively the total mass of 4-methylumbelliferone in the membrane, therefore,
the evaporation of water, even in large amounts, did not greatly change the fluorescence intensity
of the membranes. Because loss of ~90% of water did not affect the fluorescence intensity, it can
be assumed that drying of the membrane during relatively short zymography experiments (30-60

minutes) does not present a problem for zymography analysis.

4.3. Calibration and validation of zymographic membranes

The non-linear shape of calibration curves (Figure 5a) was in accord with results obtained by
other authors. For example, similar deviations can be seen in studies by Spohn & Kuzyakov
(2014) and Liu et al. (2017). However, in those studies a single linear regression was deemed to
be a sufficiently accurate approximation of the relation between MUF concentrations and G-
values.

Calibration of the piecewise line for membranes uniformly saturated with the standard
MUF solutions generated a small RMSE, 1.31 x 1073, indicating an overall good fit to
experimental data and, presumably, the MUF calculations should have good accuracy (Table 1).
It should be noted that variation in the G-values of the uniform calibration was rather large. The
standard deviations of G-values varied from 0.14 to 5.59 with a mean of 2.17, and did not
correlate with the MUF content in the membranes. Therefore, accuracy of the uniform calibration
could be rather illusive. Moreover, application of the calibration parameters of Equation (2) to G-
values in individual pixels of the same membranes showed that the error of the pixel-based MUF

contents increased six times to 7.28 x 107 (Table 1). The increase in the error was probably
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caused by the noise discussed earlier in Section 4.1. The image correction for background
intensity improved SNR, but did not fully eliminate the noise (Waters, 2009). Note, that the
uniform calibration with Equation (2) systematically underestimated MUF contents for the non-
uniform dataset (Figure 5b). More accurate calibration and validation for non-uniform dataset
was achieved when Equation (3) was applied to individual pixels to calculate total MUF content
in these membranes. For example, RMSE decreased by 63% from 3.77 x 10°3to 2.37 x 107 for
the non-uniform-val data set using Equations (2) and Equation(3), respectively. Better
performance of Equation (3) for non-uniformly saturated membranes stemmed from calibration
of this equation with the subset non-uniform-cal. During such calibration, each membrane of the
non-uniform-cal subset combined the noise from both large and small MUF contents at ratios
proportional to the ratio between MUF contents. Thus, using the dataset with variable MUF
contents for calibration and variable-associated noise evidently reduced the effect of noise on the
results of calibration. It should be noted that the validation approach presented here focused on
accuracy in predicting the total amount of MUF within the membrane. Even in the membranes
with artificially prepared non-uniform MUF distributions it was not possible to know the exact
amount of MUF within individual pixels.

One more advantage of the modified calibration was its relative ease of implementation.
Exact amounts of MUF added by pipette produced spatially variable patterns with known values
of the total mass of MUF, whereas, to estimate the amount of MUF added to a uniformly
saturated membrane it was necessary to obtain the membrane's dry and saturated weights.
Weighing the saturated membranes can be problematic because they lose water continuously,
resulting in mass losses of 14 to 28% within the first minutes of their exposure to air (Section

4.2).
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The images taken for different MUF contents and distributions can be uploaded as a
sequence to MATLAB software, which generates greyscale histograms and fits these histograms
to the MUF mass applied with Equation (3). The procedure can be automated easily and does not
require subsequent user input. The outcomes are the calibration parameters a2, b1 and b2 and G *
together with statistics indicating the goodness of calibration. The MATLAB code is available
from the corresponding author on request.

Conversion of colour images in 8-, 16- or 32-bit format did not affect the accuracy of MUF
calculations. The pixel-based RMSEs calculated for individual uniformly-saturated calibration
membranes fluctuated, i.e. increased and decreased with the decrease in number of bits of G-
values. However, the changes in RMSE were <1% of those of 32-bit images.

The correction of images for background G-values pursued two goals: increasing SNR and
eliminating a systematic error in MUF calculations. The systematic error of MUF calculations

without background correction can be estimated from Equation (2) as follows. Because of
linearity of the MUF calibration, the absolute error of MUF content AM e is:
AM wur = b (_;bg,, 4)

where G,

»gr IS the average background G-value of the image.

Equation (4) shows that the larger was the slope b of the calibration, the larger was the
absolute error AM wur . Because of piecewise calibration and a much steeper slope for G-values

in the 84.3-95.0 range (Table 1), AM wur is over one order of magnitude larger for MUF contents
above the calibration breakpoint, than for those below. It is also worth noting that although
saturation of the membrane seemed homogeneous and uniform, it was very difficult to achieve a

uniform background fluorescence intensity, particularly for large membranes (~ 12 cm x 12 cm)
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used in rhizosphere studies. For these reason it is good practice to take background images of the
membranes before zymography.
4.4. Assessment of enzyme activity based on the two calibration approaches
The non-uniform calibration provided more robust estimates of enzyme activity than the uniform
calibration. Standard deviations of enzyme activity calculated for 18 time intervals during 2 hours
of zymography were consistently smaller for the non-uniform calibration. Absence of a trend in
time of enzyme activity and less variation indicated greater reliability of the non-uniform
calibration across the whole range of MUF contents in the membranes than for the uniform
calibration. Smaller values of MUF contents for the uniform calibration than those for the non-
uniform calibration (Figure 6a) can be attributed to underestimation of MUF contents on the non-
uniformly saturated membranes, as discussed earlier in the Section 4.3.
5. Conclusions
Methodological aspects of the imaging and membrane calibration included: (i) camera settings
and image processing, (ii) the effects of evaporation on MUF concentration in the membrane and
fluorescence intensity, and (iii) the calibration procedure. The results clearly showed:
1. Camera settings (shutter speeds or exposure time) mostly affected the background
fluorescence intensity and signal-to-noise ratios (SNR). The background was easier to correct
than the SNR. Thus, the settings with largest SNR are recommended for 2-D zymography.
Overall, light and camera setting should be tested prior to soil zymography and the optimum
setting must be defined specifically for the range of MUF contents expected in zymograms.
2. Evaporation of water and methanol from MUF solutions in the membrane affected the
solution volume, but the MUF mass remained constant. Thus, fluorescence measurements were

very stable and independent of water and methanol losses.
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3. Because of membrane saturation by MUF molecules, the MUF calibration curve had a
piecewise linear shape with less sensitivity of G-values to changes in MUF contents above the
breakpoint.

4. Noise and its spatial variation resulted in the poor performance of calibration for the
uniformly-saturated membranes when the same calibration was applied to the non-uniformly
saturated membranes. Better accuracy was achieved for calculations of MUF contents with
pixel-based calibration for the non-uniform MUF distribution on the membrane.

5. For image processing only background correction was critical for the improvement of
calculations of MUF content. The number of bits used for the conversion of colour zymography
images to G-values had no effect on the error. The noise in images was the main source of
pixel-based MUF calculations.

6. Tests of the two calibrations on sequences of zymography images showed that the non-
uniform calibration provided more robust estimates of enzyme activity than the uniform

calibration.
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Table 1 Parameters a and b of the calibration Equations (1) and (2) together with root-mean-
square errors (RMSEs) of MUF mass calculations from calibrations and validations. The RMSE
values are followed by the name of the data set that was either used for the equation fitting

(Calibration) or for equation testing (Validation). All units in the Table 1 are pmol pixel™.

Grey values RMSE

corrected for the a b

Calibration Validation
background

Average-based fit: Parameters of Equation (2) obtained from the uniform dataset-1 were

applied to the non-uniform dataset

s 3.59 x 10
0-71.6 0 1.17 x 10* 1.31x10° _
- (Non-uniform-cal)
(7.28 x 107™) 377 % 107
-2 3 _ 77 %
71.6-95.0 -9.54 x 10 1.45x 10 (Uniform dataset) _
(Non-uniform-val)

Pixel-based fit: Parameters of Equation (3) obtained from the calibration subset of the non-

uniform dataset were applied to the validation subset the same dataset

0-84.3" 0.0 2.08 x 10 1.93 x 10°° 2.37x10°
84.3-95.0 -2.88x 101  3.62x10° | (Non-uniform-cal) (Non-uniform-val)

* denotes G* values obtained in fits

" RMSE of MUF contents computed for the same dataset using G-values in individual pixels
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FIGURE CAPTIONS

Figure 1 Examples of membranes uniformly (Uniform) and not uniformly (Non-uniform)
saturated by MUF solutions used for calibration and validation. Numbers on the images denote:
Average MUF content (pmol pixel™) / Average grey value across each filter. The pixel size is 0.8

pm.

Figure 2 (a) Greyscale values corrected for background and (b) the signal-to-noise ratios for five
MUF contents and six camera exposure time settings. Bars denote one standard deviation of

SNR.

Figure 3 The background G-values and slopes of the G-MUF content relations depending on
camera exposure time.

Figure 4 (a) Dynamics of water losses from the membranes depending on initial MUF contents
and (b) changes in grey values in the membranes saturated in four MUF solutions during 10
minutes of drying in the open air. Despite the fast water losses (a) the grey values remain
constant over time independent on concentration (b). Consequently, despite water losses, the
MUF content remains constant and the fluorescence is independent of evaporation during the 10
minutes at least. Initial volume of MUF solution in the saturated membrane was approximately
13 ul.

Figure 5 Standardization of zymogram intensity based on the added MUF amounts and grey
values corrected for the background. (a) Equation (2) (black) fitted to the calibration (Uniform)
and Equation (3) (red) fitted to the validation (Non-uniform) data. Average grey G-values are
shown from the Uniform dataset used to fit Equation (2). Note that Equation (3) was fitted to
individual pixel G-values of the Non-uniform dataset, not shown on the graph for clarity. (b)

Measured and calculated MUF contents in the membranes using Equations (2) and (3) for the
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parameters shown in Table 1. Green circles represent the Uniform dataset fitted with Equation
(2). Red rectangles represent the Non-uniform dataset fitted with Equations (3). Black and red
triangles represent validation of Equation (2) and (3) on data of the Non-uniform dataset.

Figure 6. An example of processing zymography images using the uniform (black symbols) and

non-uniform calibrations (red symbols). The numbers in the legend denote replicates.
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Uniformly-saturated membranes Non-uniformly-saturated membranes

4.810%/33.8 9.110%37.2 3.510%/23.6 1.0 10%/39.5

1.310%/46.2 1.910%/47.6 2.310%57.2 1.410%44.9 1.6 10°%/50.7 2.310°/60.6

4.110°%76.6 8.7 10°/92.9 2.1 10%/106.8 3.210%39.3 9.0 10%49.2 2.0 10%/81.8

4.110%122.4 8.2 10%/123.9 1.6 10%/125.0 4.7 10%/100.6 8.2 10%/119.8

Figure 1. Examples of membranes uniformly (Uniform) and not uniformly (Non-uniform) saturated by
MUF solutions used for calibration and validation. Numbers on the images denote: Average MUF

content [pmol pixel'] / Average gray value across each filter. The pixel size is 0.8 pm.
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Figure 2. Gray-scale values corrected for background (a) and the signal-to-noise ratios (b) for five

MUF contents and 6 camera exposure time settings.
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Figure 4. Dynamics of water losses from the membranes depending on initial MUF contents (a), and

changes in gray values in the membranes saturated in four MUF solutions during 10-minute drying in

the open air (b). Despite the fast water losses (a) the gray values remain constant over time independent

on concentration (b). Consequently, despite water losses, the MUF content remains constant and the

fluorescence is independent of the evaporation at least during 10 minutes. Initial volume of MUF

solution in the saturated membrane was approximately 13 pl.
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Figure 5. Standardization of zymogram intensity based on the added MUF amounts and gray values

corrected for the background. (a) Eq. (2) (black) fitted to the calibration (Uniform) and Eq. (3) (red)

fitted to the validation (Non-uniform) data. Shown are average gray (G)-values from the Uniform

dataset used to fit Eq. (2). Note that Eq. (3) was fitted to individual pixel G-values of the Non-uniform

dataset, not shown on the graph for clarity. (b) Measured and calculated MUF contents in the

membranes using Egs. (2) and (3) for the parameters shown in Table 1. Green circles represent the

Uniform dataset fitted with Eq. (2). Red rectangles represent the Non-uniform dataset fitted with Egs.

(3). Black and red triangles represent validation of Egs. (2) and (3) on data of the Non-uniform dataset.
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Figure 6. An example of processing zymography images using the uniform (black symbols) and non-

uniform calibrations (red symbols). The numbers in legend denote replications.
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Table 1. Parameters a and b of the calibration equations (1) and (2) along with root-mean-square errors
(RMSE) of MUF mass calculations from calibrations and validations. RMSE values are followed by
the name of the data set that was either used for the equation fitting (Calibration) or for equation testing

(Validation).

All units in the Table 1 are pmol pixel ™.

Gray values RMSE

corrected for the a b
Calibration Validation
background

Average-based fit: Parameters of Eq.(2) obtained from the Uniform dataset-1 were applied

to the Non-uniform dataset

0-71.6" 0.0 1.17-10* 3.59-10" (Non-uniform-Cal
1.31-103(7.28-10%%) _
71.6 —95.0 3.77-107 (Non-uniform-
(Uniform dataset)
-9.54-102 1.45-107 Val)

Pixel-based fit: Parameters of Eq.(3) obtained from the calibration subset of the Non-uniform dataset

were applied to the validation subset the same dataset

0-84.3" 0.0 2.08-10* 1.93-107 2.37-10°3
84.3-95.0 -2.88-10°! 3.62:107 (Non-uniform-Cal) (Non-uniform-Val)

T™denotes G* values obtained in fits

£RMSE of MUF contents computed for the same dataset using G-values in individual pixels
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