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Abstract

Colorimetric assays of enzyme activities using para-nitrophenol (pNP) and para-nitroanilide
(PNA) substrates are commonly employed in soil science, but these substrates are susceptible
to non-enzymatic (i.e., abiotic) hydrolysis. We evaluated abiotic hydrolysis of 10 pNP- and pNA-
linked substrates stored over seven days in two matrices of water and modified universal buffer,
and with two alkalization methods of 0.5 M NaOH and 0.1 M Tris. We then compared the
magnitude of abiotic versus enzymatic hydrolysis of substrates for two soils with high and low
enzyme activity. Finally, we quantified substrate abiotic hydrolysis during the incubation (1-2 h
at 37 °C). Abiotic hydrolysis of stored substrate solutions remained relatively constant across 7
days, and the base type used in alkalization had a much stronger effect on abiotic hydrolysis
than storage time or matrix. Abiotic hydrolysis was generally least for substrates dissolved in
water with Tris alkalization and greatest when dissolved in modified universal buffer with NaOH
alkalization. The extent of abiotic hydrolysis varied by substrate, and in general was least for
ester substrates and greatest for amide substrates. Abiotic hydrolysis was as low as <0.7% for
the glycosidic substrate used to assay p-N-acetyl-glucosaminidase, and as high as 52-57% for
amide substrates used to assay aminopeptidases. The magnitude of abiotic hydrolysis was
more appreciable, and in some cases greater, than total substrate hydrolysis for the soil with
overall low enzyme activities. Finally, appreciable abiotic hydrolysis occurred during the
incubation, indicating that commonly employed control for non-enzymatic pNP or pNA products
in which substrate solution is added to a soil after the assay incubation is not appropriate. In

order to minimize abiotic hydrolysis, we recommend these colorimetric assays of enzyme
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activities be terminated with 0.1 M Tris, not 0.5 M NaOH; a secondary but important decrease in
abiotic hydrolysis can also be achieved for water-only assays. To accurately control for abiotic

hydrolysis in soil enzyme assays, incubated soil-free substrate-only controls should be used.

1. Introduction

Soil hydrolytic enzymes catalyze the mineralization of organic carbon (C), nitrogen (N),
phosphorus (P), and sulfur (S) (Allison and Vitousek, 2005; Falkowski et al., 2008). The
activities of soil enzymes are often used as indicators of soil nutrient cycling in unmanaged
ecosystems and agroecosystems (1994), and serve to link soil microbial communities with
nutrient pools (Sinsabaugh et al., 2005). Soil enzyme activities are generally assayed using two
major types of artificial substrates: chromogenic and fluorometric (Deng et al., 2017).
Chromogenic substrates, namely para-nitrophenol (pNP) and para-nitroanilide (pNA) substrates,
yield spectrophotometrically quantifiable products that enable high throughput assays of soil
enzyme activities (Deng et al., 2017). Despite recent evaluations of soil enzyme methodology,
several methodological questions on these artificial substrates persist (Nannipieri et al., 2018).
In particular, abiotic hydrolysis — non-enzymatic degradation — of substrates is an understudied
but known artifact in chromogenic assays (Margenot et al., 2018). Chromogenic substrates can
be categorized by the major type of bond hydrolyzed by the target enzyme: ester, glycosidic and
amide bonds (Fig. 1). Given strong differences in the thermodynamic stability of these bonds
and thus susceptibility to non-enzymatic hydrolysis (e.g., nucleophilic attack), the type of bond
may influence abiotic hydrolysis of chromogenic substrates by alkalization thought to ‘terminate’
assays. If unaccounted for, abiotic hydrolysis can result in overestimation of enzyme activity

because the product generated from the substrate will be falsely attributed to enzymatic activity
(Fig. 2).

One source of abiotic hydrolysis of substrates is time in storage of substrate solutions. There
are gaps in knowledge regarding shelf-life of solutions of pNP- and pNA-linked substrates
(German et al., 2011). For fluorometric assays that also employ artificial substrates based on an
aromatic scaffold, however, significant effects of storage have been identified. For example, 4-
methylumbelliferyl (MUF)-linked substrate solution reportedly degraded after 3 days in cold (4
°C) storage (DeForest, 2009). As a result, for MUF-linked substrates, it is recommended that
solutions be made within 24 hours of assays, and that substrate solutions not be stored for more
than three days (DeForest, 2009). For chromogenic enzyme assays employing pNP- and pNA-
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linked substrates, however, it is not known how long substrate solutions can be stored, nor how

this may vary by substrate.

Abiotic hydrolysis of chromogenic substrates may also be induced by the method of alkalization
used to terminate the assay. Early evaluations of base types used in alkalization suggested that
NaOH could induce abiotic hydrolysis of pNP-linked substrates used to assay B-glucosidase
(Tabatabai, 1994), phosphodiesterase (Browman and Tabatabai, 1978), and lipase (Margesin et
al., 2002) relative to tris(hydroxymethyl)aminomethane (Tris). Relative to 0.1 M Tris, 0.5 M
NaOH increased abiotic hydrolysis of pNP-linked substrates used to assay sulfatase (Klose et
al., 2011), leading to recommendations that the weak base be used instead of NaOH for these
enzymes. This suggests that the wide diversity of pNP- and pNA-linked chromogenic substrates
may be differentially susceptible to such hydrolysis.

The potential effects of matrix type on substrate abiotic hydrolysis remain unclear, though
compared to water the high ionic strength of buffers is likely to influence substrate stability in
solution (Bisswanger, 2014). Buffers, commonly modified universal buffer (MUB) in
chromogenic enzyme assays but sometimes acetate or Tris buffers (Sinsabaugh and Linkins,
1990; Acosta-Martinez and Tabatabai, 2000), are proposed to control solution pH during the 1-2
h incubation period of the assay. However, the enzyme-specific and thus substrate-specific pH
of buffer is based on an (assumed) optimal pH for enzyme activity (Tabatabai, 1994) that may
not be universally applicable to all soils (Wade et al., in review). Given evidence that the pH
optimum is specific to each soil (Margesin et al., 2002; Turner, 2010) and using buffers to
enforce an assumed universal pH optimum can lead to measuring inaccurate activities (Wade et
al., in review), the use of water has been proposed as an alternative to buffer (Yavitt et al.,
2004; Chaer et al., 2009; Lessard et al., 2013). Water-based assays of soil enzymes are also
thought to better reflect in situ soil pH (Burns et al., 2013) and avoid buffer-induced artifacts
such as inhibition or stimulation of enzyme activity (Kiss et al., 1975; Holford, 1979). Since the
assay matrix (e.g., buffer or water) can influence the effect of base type used for alkalization
with soil and/or substrates, it is likely that abiotic hydrolysis under NaOH and Tris are also

influenced by the assay matrix.

A final factor that could potentially influence abiotic hydrolysis of chromogenic substrates is the
incubation of the assay. Chromogenic soil enzymes assays typically entail incubation of the sail
and substrate solution for 1-2 h at 37 °C (Tabatabai and Bremner, 1969; Margenot et al., 2018).
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However, despite early demonstrations of the need to conduct incubated soil-free controls of
substrate abiotic hydrolysis (Jackson, 2013), widely used protocols (e.g., Tabatabai, 1994) do
not account for abiotic hydrolysis during incubation, because substrate is added at the end of
the incubation to a soil-only incubated control. Though this approach accounts for abiotic
hydrolysis of substrate prior to the incubation and post-incubation (i.e., alkalization), it does not
account for abiotic hydrolysis that could occur during the incubation period of the assay. Limited
protocols have described this for the chromogenic B-glucosidase substrate at a relatively low
assay temperature of 20 °C (Sinsabaugh and Linkins, 1987), though the amount of abiotic
hydrolysis was not reported. The relatively high temperature of 37 °C used for many soil
enzyme assays (Tabatabai, 1994) could risk abiotic hydrolysis of chromogenic substrates, as
many substrates are temperature sensitive and require storage at lower temperatures ranging
from -20 to 4 °C.

This study quantified potential sources of abiotic hydrolysis of chromogenic substrates used to
assay soil enzymes. A selection of substrates was used to quantify abiotic hydrolysis under
common practices for storage, matrix, assay incubation and base type used in alkalization. First,
we monitored abiotic hydrolysis of 10 pNP- and pNA-linked substrates over seven days using
two matrices and two bases used in alkalization. We expected that the substrates would differ in
the magnitude of abiotic hydrolysis during storage, and that the extent of abiotic hydrolysis
would increase with storage time. Second, we determined the magnitude of abiotic hydrolysis in
pNP- and pNA-linked substrates. We hypothesized that alkalization using NaOH would increase
abiotic hydrolysis relative to Tris, and that the proportion of substrate abiotically hydrolyzed
would be substrate-specific and largely predicated on major bond types (glycosidic, ester, and
amide). We further hypothesized the magnitude of abiotic hydrolysis to be more appreciable
relative to enzyme activity for soils with lower activities compared to soils with higher enzyme
activities. Lastly, to evaluate potential degradation of substrates during the assay, we compared
abiotic hydrolysis of substrates in solution that were incubated (37°C for 1-2 h) before
alkalization versus immediate alkalization. We expected that incubating pNP- and pNA-linked

substrates would increase abiotic hydrolysis, and that this would also be substrate-specific.

2. Methods
2.1. Sites and soil sampling
Two soils with relatively low and high organic matter content were used to furnish low and high

enzyme activities, which generally scale with soil organic carbon (Sinsabaugh et al., 2008). The
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two soils were the Flanagan series (soilnigh; fine, smectitic, mesic Aquic Argiudolls; 40° 4' 57.30"
N, 88° 13' 29.22" W) and Cisne series (soil_o; fine, smectitic, mesic Mollic Albaqualfs; 38° 5'
45.22" N, 88° 50' 40.98" W), both under maize (Zea mays) agriculture in lllinois, USA (Table 1).
Previous assessments of activities of hydrolytic enzymes in these soils identified large
differences in activities, enabling their use to furnish examples of how the relative magnitude of
abiotic hydrolysis of substrates may be of varying significance depending on enzyme activity.
The surface depth of plowed A horizons were sampled at both sites. Soils were sampled as a
composite at each site, at 0-5 cm depth using a soil knife in a 0.2 ha plot (n=3) for soilyg, and at
0-10 cm depth using an auger in a 1.0 ha plot (n=16) for soil,,,. Historical mean annual
precipitation at the location of soiluign is 1045 mm and mean annual temperature is 10.9 °C.
Historical mean annual precipitation at the location of soil ,, is 1100 mm and mean annual
temperature is 13.3 °C. Soils were air-dried (25 °C) and sieved to < 2 mm. Though air-drying of
soil can change the absolute value of measured enzyme activities (Bandick and Dick, 1999),
relative differences in enzyme activities among soils are still preserved (Wallenius et al., 2010)

and thus provide contextualization of abiotic hydrolysis for the purpose of this study.

2.2. Enzyme substrates

A total of eight pNP- and two pNA-linked substrates were evaluated (Table 2), corresponding to
enzymes that are generally interpreted as C-cycling (n=4), C-/N-cycling (n=1), N-cycling (n=2),
P-cycling (n=2) and S-cycling (n=1). The pNP moiety is linked via a glycosidic bond in the C-
cycling and C-/N-cycling enzyme substrates, via a phosphoester bond in the P-cycling enzyme
substrates, and via a sulfate ester bond in the S-cycling enzyme substrates. The pNA moiety is
linked via an amide bond in the N-cycling enzyme substrates. Abbreviations, defined in Table 2,

refer to the substrate evaluated.

2.3. Shelf study methods

Substrate solutions were prepared in either MUB or deionized water and stored at 4°C for seven
days. Substrate concentrations were determined based on recommended or commonly reported
practices (Table 2). A stock solution of MUB was created as described by (Turner, 2010) and
stored for no more than 2 weeks at 4°C. Substrate solutions were subjected to alkaline
‘termination’ (i.e., alkalization) on days 0, 1, 4, and 7. For each substrate, at each timepoint
mean abiotic hydrolysis was calculated using replicated stored solutions (n=4; Table Sl1a). To
homogenize the solution and redissolve potential substrate and/or hydrolyzed product

precipitates, substrate solutions were stirred vigorously and pipetted from the resulting
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suspension. Similar to the abiotic hydrolysis blanks, 4 mL of MUB or water (18.2 mQ cm™) were
added to 50 mL centrifuge tubes, followed by 1 mL of substrate solution. Samples were
immediately alkalized without incubation using either 4 mL of 0.5 M NaOH or 0.1 M Tris (pH 12),
as well as 1 mL of 0.5 M CaCl,. Samples were then centrifuged for 105 sec at 17,968 g and 0.2
mL of supernatant was used for colorimetric determination of pNP or pNA (410 nm) in 96-well
plates (0.360 mL well volume) by spectrophotometry (Biotek Instruments Inc.). We used pNA
calibrations with absorbance at 410 nm, which is on the shoulder of the maximum absorbance
at 380 nm but avoids interference from unhydrolyzed substrate <360 nm (Kato et al., 1978;
Lottenberg and Jackson, 1983; Perez de Castro et al., 1988).

2.4. Soil enzyme assay methods

Substrate solutions were prepared on the same day of the assay (< 6 hours) using either MUB
or water (18.2 mQ cm™). The general procedure to assay enzyme activities was based on
Tabatabai and Bremner (1969) with modifications by Tabatabai (1994) and Margenot et al.
(2018). Approximately 1.00 + 0.02 g of air-dried soil in a 50 mL centrifuge tube was combined
with either 4 mL of MUB or deionized water, followed by 1 mL of substrate solution using the
same matrix in quadruplicates. Mixtures were swirled for 10 sec and incubated at 37°C for 1 or
2 h, depending on prescribed assay durations (Table 2). Alkalization was then administered by
adding either 4 mL of 0.5 M NaOH (Tabatabai, 1994) or 0.1 M Tris (pH 12) (Klose et al., 2003;
Klose et al., 2011), as well as 1 mL of 0.5 M CaCl,. Centrifugation and colorimetry were
performed as described above. Abiotic hydrolysis was estimated using soil-free controls, in
which the same total volume and substrate concentration as soil assays were incubated for the

same duration at 37°C.

For evaluating abiotic hydrolysis during the soil enzyme assays, average abiotic hydrolysis for
treatments (2x2 factorial of matrix x alkalization base) was calculated using n=8 replicates for
BG, GAL, PDE, NAG and SUL, and n=4 replicates for PME, LAP, GAP, MAN, and CBH (Table
S1b). Differences in replicates were due to performing evaluations twice for one set of five
substrates. Total hydrolysis of each substrate, which includes enzymatic and abiotic hydrolysis,
was corrected for (1) potential soil-specific artifacts of absorbance from dissolved organic matter
using a soil-only control subjected to the same incubation conditions and alkalization treatments
(Margenot et al., 2018) and (2) incomplete recovery of product from the soil, performed using
single point sorption of 1 mM g™ of pNP or pNA ((Cervelli et al., 1973; Margenot et al., 2018).

After converting the absorbance value to concentration (mM), each sample was corrected for
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dilution, dissolved organic matter (DOM), then soil sorption. Each sample was then converted to
umol pNP/pNA g™ h* (Formula S1a).

2.5 Statistical Analysis

To evaluate the effects of matrix and alkalization base type on the magnitude of abiotic
hydrolysis, we performed Kruskal-Wallis rank sum test followed by Dunn's test of multiple
comparisons using the dunnTest() function in FSA package (Ogle et al., 2020) and the cldList()
function in rcompanion package (Mangiafico, 2020) in R software version 4.0.0 in Rstudio
version 1.1.463 (RStudio Team, 2016; R Core Team, 2020). To additionally test potential
interactions between the effects of matrix and alkalization base type, we performed
nonparametric factorial analysis with the aligned rank transform technique using the ARTool
package in R (Wobbrock et al., 2011; Martin et al., 2020; Kay et al., 2021). Nonparametric tests
were conducted due to the severe non-normality and heteroscedasticity of the data even after
various transformations. The tests were performed separately for each substrate to compare
four treatment combinations (2 matrix type x 2 alkalization base type) for abiotic hydrolysis
during the soil enzyme assays. For the substrate solution storage study, the tests were similarly

conducted for each substrate at each timepoint.

To test the hypothesis that abiotic hydrolysis can occur during incubation, we calculated the
difference in abiotic hydrolysis between soil-free controls during soil assays and day 0 results
from the shelf study. Values were grouped and averaged based on matrix and alkalization base
types. To evaluate these differences, pairwise comparisons were conducted using a Wilcoxon-
Mann-Whitney test (exact p-value) with NPARIWAY using SAS v9.4, because assumptions of
normality and equality of variances were not met for the majority of observations (SAS Institute
Inc., 2013).

3. Results

3.1. Storage of substrate solutions and interactions with matrix and base choice

Substrate degradation over the 7-day storage period depended on the matrix and the type of
base used to alkalize substrate solutions, and this effect was greater than storage duration
(Table 3; see Table S2 for absolute values). Glycosidic bond substrates expressed lowest
abiotic hydrolysis over time under Tris alkalization and ranged 0.01-0.70%. Abiotic hydrolysis
was over 5-fold higher with NaOH for GAL, GB, and MAN. For NAG and CBH, abiotic hydrolysis

was 1.5- and 2.5-fold higher, respectively, under NaOH alkalization. Changes in abiotic
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hydrolysis across time were not consistent among the glycosidic substrates. Abiotic hydrolysis
of CBH and MAN decreased across 7 days under Tris alkalization. Abiotic hydrolysis of CBH in
water over 7 days was greater by 22% when alkalization used NaOH, and by nearly 50% in
buffer. In contrast, abiotic hydrolysis increased by 12-14% for NAG across 7 days with Tris
alkalization, and decreased by 50% in buffer with NaOH alkalization. Degradation of GAL
decreased over 7 days using all methods except in water with Tris alkalization, which increased
by 1.5%. Hydrolysis of NAG was unaffected by storage time.

Ester bond substrates exhibited greater degradation in buffer matrix with NaOH alkalization.
Overall, each substrate expressed < 0.9% abiotic hydrolysis throughout 7 days. For PME in
buffer, abiotic hydrolysis over the 7 days increased nearly 5-fold when alkalized with NaOH
compared to Tris. However, abiotic hydrolysis of PME in water was 28% lower with alkalization
by NaOH than Tris. PDE followed a similar trend, as abiotic hydrolysis increased nearly 1.6-fold
in buffer under NaOH alkalization, but was an order of magnitude lower in water with NaOH
alkalization. Although abiotic hydrolysis of SUL in buffer using NaOH alkalization was highest, it
decreased by 7% over the 7 days of storage. When stored in water, SUL degradation under

NaOH alkalization was 37% higher than with Tris.

Amide bond substrates presented the largest magnitudes of abiotic hydrolysis. GAP and LAP
expressed maximum abiotic hydrolysis of 35% and 43%, respectively. Similar to the trend of the
glycosidic substrates, alkalization with NaOH resulted in higher abiotic hydrolysis. Changes in
abiotic hydrolysis across the 7 days were similar for GAP and LAP in water under Tris
alkalization, with 14% and 12% increases, respectively. In buffer under Tris alkalization, abiotic
hydrolysis increased by 6% from timepoints 0-7 for both GAP and LAP. Degradation of GAP
and LAP in buffer with NaOH decreased by 7% and 8%, respectively. However, trends across
the 7 days differed between GAP and LAP in water under NaOH alkalization; abiotic hydrolysis
increased by 41% for GAP but decreased by 13% for LAP.

3.2. Abiotic hydrolysis (% degradation) during soil assays

Glycosidic substrates expressed greatest abiotic hydrolysis when dissolved in buffer and
alkalized with NaOH, followed by water with NaOH, buffer with Tris, and water with Tris in
descending order across all five substrates (Fig. 3a-b; Table S3). However, the magnitude of
abiotic hydrolysis relative to the total hydrolysis in the two soils varied by substrate. For NAG in

buffer with NaOH alkalization, abiotic hydrolysis was 22% and 55% of the total hydrolysis in
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soiluigh and soil ow, respectively. Abiotic hydrolysis was also relatively low for BG in buffer,
amounting to 33% in soilyigh and 73% in soil e, with NaOH alkalization. For these same
methods, abiotic hydrolysis of CBH and GAL was greater than CBH total hydrolysis (+11%) and
GAL total hydrolysis (+13%) in soil .. Total hydrolysis of MAN was lower than abiotic hydrolysis
in both soilygn (-4%) and soil, oy, (-32%).

Ester substrates also exhibited the highest substrate degradation in buffer with NaOH
alkalization (Fig. 3c). However, the relative magnitude of abiotic hydrolysis compared with total
hydrolysis similarly varied by substrate. For PDE in buffer with NaOH alkalization, the
proportions of total and abiotic hydrolysis in both soils were nearly equivalent. However, abiotic
hydrolysis was at most 44% of total hydrolysis of PDE under all other methods. For PME, only
6% or less of total hydrolysis was attributable to abiotic hydrolysis across all methods in soilyigh.
In soil, o, abiotic hydrolysis was at most 11% of total hydrolysis. Using water as the matrix, SUL
abiotic hydrolysis was 23% or less of total hydrolysis in both soils. However, abiotic hydrolysis
surpassed total hydrolysis assayed with buffer in soil ., with alkalization using Tris by 2% and
NaOH by 19%.

Amide substrates were greatly abiotically hydrolyzed by NaOH alkalization compared to
glycosidic or ester substrates, and their associated aminopeptidases most often displayed lower
total hydrolysis in comparison to abiotic hydrolysis alone (Fig. 3d). As a result, the magnitude of
abiotic hydrolysis of aminopeptidase substrates was comparable or greater than total hydrolysis.
Abiotic hydrolysis in both GAP and LAP was up to 99% higher with NaOH relative to Tris
alkalization, and all total hydrolysis was over 90% higher with NaOH alkalization. Abiotic
hydrolysis of LAP was 58-178% greater than total hydrolysis when assayed with NaOH
alkalization. For GAP, abiotic hydrolysis was 22% higher than the total hydrolysis in soil gy in
water with NaOH alkalization, and 32% higher than total hydrolysis in soilyig, using buffer. With
Tris alkalization, GAP and LAP abiotic hydrolysis was nearly always lower than 77% of the total
hydrolysis in both soils. However, in soil ., LAP hydrolysis was 81% higher than total hydrolysis

assayed in water with Tris alkalization.

3.3. Abiotic hydrolysis during incubation
Incubation at 37°C generally entailed degradation of the 10 substrates, with greater abiotic
hydrolysis of ester bond substrates than glycosidic or amide bond substrates (Table S4). The

effect of base type in this comparison represents the abiotic hydrolysis from incubation
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combined with the influence of alkalization. Glycosidic bond substrates expressed lower abiotic
hydrolysis when incubated in water and subjected to Tris alkalization. However, BG and GAL
exhibited lower abiotic hydrolysis when incubated in buffer under Tris alkalization. The largest
relative difference with higher abiotic hydrolysis from incubation occurred for MAN incubated in
buffer and alkalized with NaOH, with up to 230% more abiotic hydrolysis compared to
incubation in water with Tris alkalization. NAG and CBH incubated in buffer with Tris alkalization
were the second-most sensitive to the incubation, exhibiting a maximum increase in abiotic
hydrolysis of 95% and 99% during incubation, respectively. Under NaOH alkalization, BG and
GAL in buffer exhibited up to 59% and 56% more abiotic hydrolysis during incubation than in

water.

Ester bond substrates generally exhibited more abiotic hydrolysis when incubated. Incubation
induced abiotic hydrolysis by up to +1,119% for PME and +525% for PDE. In contrast, SUL had
the least incubation effect, where relative differences were no more than 49%. Differences
between incubated and unincubated substrates for PME and PDE were largest in buffer under
NaOH alkalization. For SUL, differences in abiotic hydrolysis due to incubation were largest in

buffer under Tris alkalization.

Differences in degradation between incubated and unincubated samples varied across amide
bond substrates. For both LAP and GAP, the magnitudes of differences in hydrolysis (umol pNA
g™ h™) between incubated and unincubated samples were consistently larger when alkalized
with NaOH relative to Tris. Although incubation increased GAP abiotic hydrolysis by no more
than 12% of the total substrate, this corresponded to a relative increase in abiotic hydrolysis of
1% to 96%. For LAP, absolute differences in abiotic hydrolysis during the assay incubation
ranged from -7% to 9% depending on matrix and alkalization base, whereas relative differences

were between -25% to 22%.

4. Discussion

4.1. Effect of storage duration on substrate solutions

Abiotic hydrolysis of substrates stored as solutions in water or buffer varied across 7 days, but
the choice of base for alkalization had a much larger effect on abiotic hydrolysis than storage
duration. Despite the dissimilarities in how much substrate degraded during the 7-day storage
period between amide bond substrates compared to the glycosidic and ester bond substrates,

nearly all substrates expressed significantly higher abiotic hydrolysis when alkalized with NaOH
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(see Section 4.2). Abiotic hydrolysis of substrates with NaOH alkalization was also generally
greatest across 7 days when glycosidic and ester substrates were dissolved in buffer compared
to water, except MAN and SUL. Our findings suggest that NaOH not only increases abiotic
hydrolysis in pNP- and pNA-linked substrates, but may also increase abiotic hydrolysis of

substrates stored for longer time periods and especially when dissolved in buffer.

Unexpectedly, there were several instances for each substrate bond type in which degradation
of the substrate appeared to decrease over time. A true decrease in substrate hydrolyzed over
time is not possible since the cleaved bond (Fig. 1) cannot re-form spontaneously. Cases of
decreasing abiotic hydrolysis were most common and of higher magnitudes between timepoints
0 and 1, and with NaOH alkalization. This was observed in spite of efforts to minimize substrate
changes in solution due to settling out or precipitation, by re-suspending the substrate solution
prior to measurements taken at each timepoint. Additionally, it is unlikely that this resulted from
substrate precipitation because the trends are inconsistent across both base types at a given
timepoint. For example, abiotic hydrolysis of GAL in buffer decreased by nearly 0.2% across 7
days under NaOH alkalization, but remained consistent under Tris alkalization. If precipitation
were substrate-induced, similar trends in abiotic hydrolysis would be expected across both base
types. Thus, differences in base type and matrix interactions are likely driving apparent variation
in abiotic hydrolysis over storage time. Since estimates of abiotic hydrolysis during storage
measured with Tris alkalization in either matrix type were lower than with NaOH alkalization,

these rates represent the maximum levels of abiotic hydrolysis during storage time.

4.2. Effect of alkalization base and matrix choice on abiotic hydrolysis

Aggravation of abiotic hydrolysis by NaOH alkalization overshadowed the effect of storage time,
and in soil assays the greater magnitude of abiotic hydrolysis with this strong base led — for
some substrates — to large overestimates of soil enzyme activity. For all 10 substrates in this
study, alkalization using NaOH yielded higher proportions of abiotic hydrolysis relative to Tris.
This may be explained by the strong nucleophilic nature of the hydroxide ion, which via
nucleophilic substitution facilitates B-elimination reaction of pNP or pNA as the leaving group
(Goddard and Reymond, 2004; Reymond, 2004). Abiotic hydrolysis was generally highest when
the substrate was dissolved in buffer. Thus, observed abiotic hydrolysis does not appear to

solely be a result of alkaline pH.
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Notably, the magnitude of overestimation due to abiotic hydrolysis was strongly substrate-
specific. Amide bond substrates expressed the highest proportions of abiotic hydrolysis, which
was always greater than total hydrolysis when NaOH was used for alkalization. This implies that
accurate enzyme assays using pNA-linked substrates may not be feasible with NaOH
alkalizations, which could explain why base was not used to terminate aminopeptidase assays
in the first applications of this substrate type, which used alanine para-nitroanilide (Brown, 1985;
Lépez Tomas et al., 2006). The first application of pNA-linked substrates in food and medical
sciences did not alkalize assays before colorimetry, as this does not appear to be necessary for
pNA color development (Alvarado et al., 1992; Lépez Tomas et al., 2006). Thus, avoiding
alkalization altogether is feasible based on previous studies, and preferable for these amide

bond substrates based on the present study.

Secondary to base effect, matrix choice had an effect on abiotic hydrolysis for several
substrates, and this generally differed by substrate bond type. For the (phospho)ester bond
substrates (PME, PDE) in the soil assays, a water matrix resulted in higher abiotic hydrolysis
compared to buffer + Tris alkalization. However, buffer with Tris alkalization yielded higher
abiotic hydrolysis than water with Tris in sulfate ester bond substrate (SUL). All glycosidic bond
substrates except GAL underwent greater abiotic hydrolysis when dissolved in buffer for either
choice of base for alkalization. Relative to base choice, matrix type does not appear to be a
major driver of abiotic hydrolysis to the extent that it compromises measurement of enzymatic
hydrolysis.

4.3. Interactions of abiotic hydrolysis and soll

For most substrates, we found that the magnitude of abiotic hydrolysis was more appreciable
relative to total hydrolysis for soil.o. For glycosidic and ester bond substrates, the magnitude of
abiotic hydrolysis was proportionally more significant relative to total hydrolysis in soil, ., than in
Soilyigh, and especially so for total hydrolysis measured using PDE, CBH, MAN, and GAL
substrates and in buffer with NaOH alkalization. The use of NaOH for alkalization can therefore
compromise accuracy of enzyme activity measurements if abiotic hydrolysis corrections are not
implemented. To ensure the subtraction of abiotic hydrolysis, soil-free blanks using only
substrate should be used in the assay, including incubation. However, because the activity
equivalents of abiotic hydrolysis are subtracted directly from enzyme activities, these corrections
can produce negative enzymatic activities when abiotic hydrolysis exceeds enzymatic

hydrolysis. For both CBH and MAN in a water matrix, it is notable that abiotic hydrolysis alone is
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negative when alkalized with Tris. These negative values may be explained by insignificant
noise in the absorbance readings, and ultimately represent zero abiotic hydrolysis. Due to the
large proportional magnitude of abiotic hydrolysis using NaOH in many cases, Tris alkalization
appears to mitigate this risk for most substrates, consistent with previous reports (Browman and
Tabatabai, 1978; Margesin et al., 2002) and its more recent proposed use (Klose et al., 2003;
Klose et al., 2011).

Abiotic hydrolysis of both amide substrates was substantially higher than total hydrolysis under
NaOH alkalization, though was less appreciable for soil .. Under Tris alkalization, however, the
magnitude of abiotic hydrolysis was more appreciable for total hydrolysis in soil ., and it was
higher than LAP total hydrolysis in buffer. These instances of abiotic hydrolysis outstripping
enzyme activity indicate that it may be not be possible to fully correct for abiotic hydrolysis in low
activity soils. This overestimation of abiotic hydrolysis could also be occurring in high activity
soils, but is not detectable when the corrected activity estimations do not yield negative enzyme

activities.

Since abiotic hydrolysis measured for substrate solutions without soil present were greater than
hydrolysis uncorrected for abiotic sources in soils (i.e., enzymatic + abiotic), our results suggest
that abiotic hydrolysis is higher without soil than with soil. In theory, abiotic hydrolysis should be
at most equivalent to total hydrolysis (i.e., no enzyme activity in the soil). However, greater
abiotic hydrolysis than total hydrolysis in soil assays measured for several substrates indicates
that interactions with the soil matrix can protect pNP- and pNA-linked substrates from abiotic
hydrolysis (Stemmer, 2004). In addition, components of the soil matrix, in particular acidic
functional groups and exchangeable H*, could consume the base such as the hydroxide driving
abiotic hydrolysis. It does not appear possible to correct for this disparity because measuring
soil-based abiotic hydrolysis of artificial substrates without the contribution of enzymatic

hydrolysis is challenging given the persistent activity of extracellular enzymes.

4.4. Effect of incubation on abiotic hydrolysis

Our comparison of incubated and unincubated substrates indicates that incubation facilitates
more abiotic hydrolysis in some substrates. Therefore, the current widespread practice of
adding the substrate solution to a soil-only assay after incubation (Tabatabai, 1994) does not
fully account for all sources of non-enzymatic hydrolysis. Notably, fluorogenic substrates are

incubated to account for abiotic hydrolysis during the assay itself (Dick et al., 2018). The 10
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chromogenic substrates evaluated here generally exhibited higher abiotic hydrolysis than
unincubated substrates, with some exceptions depending on matrix and base choice. Though
the differences in abiotic hydrolysis were minor (<2%) for all substrates except the amide bond
substrate, compared to alkalization effects this is an overlooked source of abiotic hydrolysis that
requires accounting for. Our results are consistent with a previous finding that the glycosidic
bond substrate of BG did not undergo detectable abiotic hydrolysis during incubation when
alkalized with Tris (Eivazi and Tabatabai, 1988). However, this appears to have been assumed
to be true for other pNP-linked enzymes, and even for BG an earlier study demonstrated minor
but detectable abiotic hydrolysis (Hayano, 1973). Though less commonly used to assay
aminopeptidases compared to fluorometric assays (e.g., Jian et al., 2016), GAP and LAP
expressed considerable abiotic hydrolysis during incubation when alkalized with NaOH,
signifying that the elevated temperature of the assay further aggravates the high abiotic
hydrolysis observed for this amide bond substrates with NaOH alkalization. Colorimetric assays
incubated at temperatures lower than 37°C (Sinsabaugh and Linkins, 1987; Selmants and Hart,
2010) would likely result in lower abiotic hydrolysis of the amide bond substrates. For any
temperature, substrate solution incubated without soil should be used to account for abiotic

hydrolysis that occurs during this period of the assay.

4.5. Methodological recommendations to minimize abiotic hydrolysis of pNP/pNA-linked
substrates

This study demonstrates that several components in the methodology of soil enzyme assays
can have substantial effects on abiotic hydrolysis of chromogenic substrates. Though this
depends on the enzyme type, and the magnitude of this artifact of enzyme activity
overestimation is relatively small compared to enzymatic hydrolysis, general best practices are
possible to mitigate abiotic hydrolysis:

1. Abiotic hydrolysis corrections: Current control methods for abiotic hydrolysis combine
correction for dissolved organic matter and abiotic hydrolysis prior to incubation, but
overlook abiotic hydrolysis during the incubation. We recommend accounting for abiotic
hydrolysis in enzyme activity measurements using incubated, soil-free blanks. This
accounts for all sources of non-enzymatic substrate hydrolysis prior to alkalization
(Formula S1b).

2. Substrate solution storage: PME, PDE, SUL, MAN, CBH, BG, GAL, and NAG substrate

solutions can be stored at least 7 days prior to the soil enzyme assay in either water or
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modified universal buffer. GAP and LAP substrate solutions can be stored at least 7
days only if alkalized with 0.1 M Tris.

3. Matrix and alkalization: We recommend alkalization with 0.1 M Tris (pH 12). Though
generally matrix type does not appear to be as major a driver of abiotic hydrolysis, using
water also decreases abiotic hydrolysis. Thus, given complex considerations of whether
to use water or buffer (Burns et al. 2013) and the assumption of pH optima needed to
use buffers (Turner, 2010), the choice to use water as a matrix offers ancillary benefits to
mitigating abiotic hydrolysis. However, SUL and GAL may also be used in water and
alkalized with 0.5 M NaOH with minimal abiotic hydrolysis. For PDE, CBH, and BG,
assays have least abiotic hydrolysis risk when dissolved in water with either alkalization
method, or in modified universal buffer with Tris alkalization. Finally, PME and NAG
assays may be administered under any of the four combinations of matrix type and
alkalization base, including NaOH alkalization in modified universal buffer.

5. Conclusion

Abiotic hydrolysis of enzyme substrates based on pNP and pNA chromophores can significantly
decrease the accuracy of soil enzyme activity estimations. The matrix and base used for
alkalization have a large effect on abiotic hydrolysis, which can be appreciable or even exceed
enzymatic hydrolysis. In order to minimize the magnitude of abiotic hydrolysis, we evaluate
hypothesized major sources of abiotic hydrolysis in chromogenic substrate assays. Amide bond
substrates are highly sensitive to abiotic hydrolysis, whereas ester and glycosidic bond
substrates are least sensitive. In general, abiotic hydrolysis was least when substrates were
dissolved in water, instead of MUB, and with alkalization using 0.1 M Tris instead of 0.5 M
NaOH. Solutions of the ten substrates evaluated can be stored for up to 7 days, as abiotic
hydrolysis during storage appears to be relatively low compared to the method of alkalization.
To ensure the accuracy of soil enzyme activity measurements by fully accounting for abiotic
hydrolysis, a soil-free, substrate-only control should be subjected to incubation. The
recommendations from this study stand to improve comparability of enzyme activities

determined across enzyme types and soils.
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Tables and Figures

Table 1. Characteristics of the two soils used to furnish high and low enzyme activities.

Sail ID Soil Series pH (1:2) SOC (%) C:N CEC (cmol. kg™)
SOilyign Flanagan 6.3 3.13 12.7 29.7
S0il| ow Cisne 7.2 1.43 8.8 11.7




646  Table 2. Description of soil enzymes included and assay methods specific to each corresponding substrate. Abbreviations are used
647 to define the substrate. Footnotes for buffer pH and substrate concentration ([M]) reflect the original publication of these assay

648  parameters used in the present study.

) ) Bond Type
Nutrient Buffer [S] Incubation
Element Enzyme pNP/pNA-linked Substrate pH (mM) Time (h)
c B-glucosidase para-nitrophenyl B-glucopyranoside (BG) 6' 10% 1 Glycosidic
C B-cellobiohydrolase para-nitrophenyl B-D-cellobioside (CBH) 69 20N 2 Glycosidic
C B-mannanase para-nitrophenyl a-D-mannopyranoside (MAN) 62k 5¢ 2 Glycosidic
C B-galactosidase para-nitrophenyl-B-D-galactopyranoside (GAL) 6' 10* 1 Glycosidic
B-N-acetyl Glycosidic
CandN glucosaminidase para-nitrophenyl N-acetyl-B-D-glucosaminide (NAG) 5.5° 10° 1
N glycine aminopeptidase glycine para-nitroanilide (GAP) 5° 2° 2 Amide
N leucine aminopeptidase leucine para-nitroanilide (LAP) 59 2¢ 1 Amide
P phosphomonoesterase para-nitrophenyl phosphate (PME) 6.5 10'™ 1 Ester
P phosphodiesterase bis-para-nitrophenyl phosphate sodium salt (PDE) 8" 10" 1 Ester
S sulfatase potassium para-nitrophenyl sulfate (SUL) 5.8" 10" 1 Ester

649
650  a. (Acosta-Martinez and Tabatabai, 2000)
651 b. (Allison and Jastrow, 2006)

652  c. (Baileyetal., 2011)

653  d. (Parham and Deng, 2000)

654  e. (DeForest, 2009)

655  f. (Eivazi and Tabatabai, 1988)

656 g (Hagmann etal., 2015)

657 h. (Margenot et al., 2017)

658 i. (Margenot et al., 2018)

659  j.) (Saiya-Cork et al., 2002)

660 k. (Seesom etal., 2017)

661 . (Tabatabai and Bremner, 1969)

662 m. (Tabatabai, 1994)
663 n. (Allison, 2008)

664
665
666



667 Table 3. Abiotic hydrolysis of total pNP or pNA added (%) across four timepoints and under four
668 combinations of matrix type and alkalization base type. Abbreviations are used to define the

669  substrate. Values are mean (n=4).

670
Substrate Methods Time (d)
0 1 4 7

BG Water + Tris 0.0280 0.0308 0.0313 0.0319

Water + NaOH 0.1675 0.1531 0.1862 0.1741

Buffer + Tris 0.0279 0.0267 0.0290 0.0314

Buffer + NaOH 0.4096 0.1347 0.1913 0.2002

CBH Water + Tris 0.0497 0.0415 0.0850 0.0415

Water + NaOH 0.3405 0.3568 0.2915 0.4140

Buffer + Tris 0.0983 0.0779 0.1538 0.0837

Buffer + NaOH 0.1395 0.4388 0.1210 0.2057

MAN Water + Tris 0.0258 0.0230 0.0176 0.0203

Water + NaOH 0.2171 0.1579 0.1466 0.1789

Buffer + Tris 0.0404 0.0421 0.0362 0.0379

Buffer + NaOH 0.3839 0.2249 0.2489 0.3839

GAL Water + Tris 0.0346 0.0335 0.0521 0.0351

Water + NaOH 0.2177 0.2194 0.2139 0.2045

Buffer + Tris 0.0355 0.0355 0.0461 0.0343

Buffer + NaOH 0.6103 0.6009 0.3629 0.3878

NAG Water + Tris 0.0330 0.0271 0.0319 0.0443

Water + NaOH 0.0698 0.0681 0.0880 0.1134

Buffer + Tris 0.0180 0.0157 0.0310 0.0321

Buffer + NaOH 0.0690 0.0398 0.0726 0.0619

GAP Water + Tris 0.2803 0.3758 0.3087 0.3190
Water + NaOH 14.1418 17.1705 16.5669 19.8894

Buffer + Tris 0.0998 0.1803 0.1136 0.1053
Buffer + NaOH 34.8977 33.7821 34.5156 32.3528

LAP Water + Tris 0.7103 0.8083 0.7154 0.7980
Water + NaOH 28.1089 27.5105 20.7119 24.5613

Buffer + Tris 0.1884 0.4494 0.2051 0.1995

Buffer + NaOH 42.7598 41.7494 42.9701 39.3746
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PME

PDE

SUL

Water + Tris
Water + NaOH
Buffer + Tris
Buffer + NaOH

Water + Tris
Water + NaOH
Buffer + Tris
Buffer + NaOH

Water + Tris
Water + NaOH
Buffer + Tris
Buffer + NaOH

0.0424
0.1370
0.0309
0.0149

0.1765
0.7197
0.0718
0.3061

0.0630
0.0870
0.0611
0.1364

0.0565
0.0881
0.0245
0.0351

0.1836
0.7394
0.1151
0.4127

0.0543
0.0831
0.0592
0.0669

0.0467
0.1655
0.0688
0.0727

0.1915
0.6214
0.1172
0.5708

0.0710
0.1335
0.0934
0.1071

0.0377
0.0981
0.0764
0.0882

0.1971
0.6459
0.1301
0.8495

0.0665
0.1191
0.1175
0.1265




694
695
696
697
698
699

700
701

702
703
704
705
706
707
708
709
710
711
712
713
714

Figure 1. Three major types of chromogenic substrates used in colorimetric soil enzyme
assays, defined by the type of bond hydrolyzed: (a) glycosidic (para-nitrophenyl B-D-
glucopyranoside), (b) ester (para-nitrophenyl sulfate), and (c) amide (L-glycine para-
nitroanilide). Hydrolysis of glycosidic and ester substrates yields para-nitrophenol (pNP) and
hydrolysis of amide bond substrates yields para-nitroanilide (pNA).
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Figure 2. A conceptual diagram illustrating the components of total hydrolysis of the enzyme

substrate, and the recommended controls.
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728  Figure 3. Abiotic and total hydrolysis (%) of pNP- and pNA-linked substrates, for (A) C-cycling enzymes with glycosidic bond
729  substrates, (B) C-/N-cycling enzyme with a glycosidic bond substrate, (C) P- and S-cycling enzymes with ester bond substrates, and

730 (D) N-cycling enzymes with amide bond substrates. Values are mean * standard error.
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Title

Sources of abiotic hydrolysis of chromogenic substrates in soil enzyme assays: storage,

termination, and incubation

Highlights

Non-enzymatic (abiotic) hydrolysis of 10 chromogenic substrates evaluated

Base type in alkalization had a greater effect than matrix and storage duration
Substrate solutions can be stored for at least 7 days at 4 °C

Abiotic hydrolysis quantification requires incubation of substrate-only blanks

Tris, not NaOH, recommended for alkaline termination of pNP/pNA-based enzyme

assays
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