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Abstract Factors regulating the persistence of lignin
in terrestrial ecosystems are highly debated, and
recently lignin has been proposed to have a low
residence time in soils. The catalytic efficiency and
activation energy of the oxidoreductase enzymes
regulate the residence time of lignin in soils. We
characterized the spatial and seasonal changes in the
apparent Michaelis—Menten kinetics and activation
energy of soil peroxidases in three ecosystems of
differing litter chemistries- pine forest, deciduous
forest, and agricultural ecosystem. Peroxidases rarely
follow true Michaelis—Menten kinetics, hence we
measured the apparent K,,, (*””K,,) and apparent V.,
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(*’PV,..) of soil peroxidases under potentially H,O,
non-limiting conditions using 3,3’,5,5'-tetramethylben-
zidine as the reducing substrate. The 77V, and *”’K,,
measured in this study, when used independently,
exhibited only a weak relationship with total quantity
and composition of lignins. Hence, we adopted the ratio
of these two parameters (77V,,../*"’K,,) to define the
apparent catalytic efficiency (*””CE) of peroxidases.
Across the three ecosystems and seasons, the “””CE of
peroxidase was ecosystem specific, and exhibited a
strong correlation with the monolignol composition of
the resident plant species. The “*”CE of peroxidase was
higher in agricultural soils that had lower lignin content.
Pine soils with a higher relative proportion of vanillyl
units that contribute to more recalcitrant inter-unit
linkages in lignins exhibited the highest **V,,,. and
APPK resulting in the lowest “””CE. This decoupling of
APPCE of peroxidases from chemistry of the native
lignin observed in our assay-system could indicate a
relatively longer persistence of lignin in ecosystems
receiving recalcitrant litter inputs. Even though the
apparent activation energy (“””’Ea) of peroxidases
varied by depth and seasons across ecosystems, the
APPEq did not relate to the chemistry or quantity of
lignins, probably due to the substrate-saturated assay
conditions. Our study captures the apparent kinetics of
peroxidases in soils, which was ecosystem specific, and
in part regulated by the composition of monolignols,
thus providing a preliminary linkage between lignin
chemistry and enzyme properties in natural systems.
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Introduction

Lignin, the second most abundant biopolymer on
Earth (Gleixner et al. 2001), is traditionally thought to
have a high biosequestration potential for atmospheric
CO, due to its lower susceptibility to undergo
decomposition (Berg and McClaugherty 2003). How-
ever, recent investigations have convincingly shown
that lignins turnover rapidly in soils than previously
anticipated, with a turnover rate <10 years (Rasse
et al. 2006; reviewed by Dungait et al. 2011; Schmidt
et al. 2011), indicating that the factors regulating
lignin decomposition in soils are less understood. One
of the main factors that could control the rate of
biodegradation of a polymeric substrate is the abun-
dance and activity of the depolymerizing enzyme
(Wallenstein et al. 2011; Davidson et al. 2012).
Substrate abundance also plays a major role in
determining the catalytic efficiency of enzymes. For
example, the substrate availability regulates the pro-
duction of hydrolases in soils, which in turn moderates
the rate of degradation of polysaccharides (German
et al. 2011). However, a similar relationship connect-
ing the kinetics and activation energy of oxidoreduc-
tases to soil lignin dynamics remains largely
unexplored.

The linkages connecting monolignols within the
polymeric lignin units contribute to the stability of
lignin, and is one of the primary factors that govern its
rate of degradation (Hedges and Mann 1979; Camp-
bell and Sederoof 1996; Boerjan et al. 2003; Grabber
2006; Talbot et al. 2012; Suseela et al. 2013, 2014).
Lignin is comprised of three phenylpropanoid units:
guaiacyl (G; vanillyl), syringyl (S), and p-hydrox-
yphenyl (H), which differ in the degree of methoxy
substitution on the aromatic ring (Vanholme et al.
2010). Gymnosperm lignins are predominantly com-
posed of G units, whereas angiosperm lignins are
composed of approximately equivalent mixtures of G
and S units, and lignins of grasses are composed of
mixture of G, S, and H units (reviewed by Boerjan
et al. 2003). The relative contribution of each lignin
unit affects the relative abundance of the structural
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linkages in lignin. Since the C5 of the aromatic ring is
available for coupling reactions in G unit, the gym-
nosperm lignins are abundant in -5, and 5-5 inter-unit
linkages, which are less prone to cleavage due to the
C-C bonds. Contrary to this, the inter-unit linkages
connecting S-S and S—G units are dominated by -O-4
(f-aryl ether) bonds that are more susceptible to
chemical cleavage (Bahri et al. 2006). Due to the
above differential susceptibility of the monomeric
linkages to degradation, the type and abundance of the
phenylpropanoid units that vary across ecosystems
(Hedges and Mann 1979; Otto and Simpson 2006;
Thevenot et al. 2010) could regulate the residence time
of lignin in soils (Hedges and Mann 1979; Bahri et al.
2006). Thus, as observed for hydrolases (German et al.
2011), the dynamics of lignin chemistry could also
partially regulate the production and activity of
oxidoreductases. However, it is less understood how
lignin dynamics, namely the composition and abun-
dance of lignin units in soils is related to the
abundance and activity of oxidoreductases.

A second factor that could affect the rate of lignin
decay is the catalytic efficiency of the oxidative
enzymes (Bach et al. 2013). The enzyme characteris-
tics is described by the Michaelis—Menten kinetics,
and activation energy (Davidson and Janssens 2006;
Wallenstein et al. 2011). In this study, the kinetic
constants are defined as (i) the maximum rate of
enzyme activity (V,,..), and (ii) the substrate concen-
tration at which 50 % V,,,, is achieved (Michaelis
constant —K,,). Conceptually, the K,,, which is the
ratio of the rate of dissociation of enzyme-substrate
complex to the rate of association of enzyme and
substrate, represents the substrate affinity of the
enzyme under non-saturating substrate concentrations
(Fig. Sla), whereas V,,,. defines the rate of reaction
under saturating substrate concentrations. Combined,
the enzyme that achieves a higher V,,,, at a lower K,,,
can be considered more efficient. Alternatively, when
comparing two enzymes with the same K,, but with
different V,,,, (Marx et al. 2005), the enzyme with the
higher V.. can be considered more efficient as it can
achieve a higher rate of product formation at K,,, (Fig.
S1). From an ecosystem perspective, the Michaelis—
Menten kinetics of hydrolases has been shown to vary
by soil depth, and seasons (Marx et al. 2005; Bell et al.
2010; Brzostek and Finzi 2012). Given that the
interaction of Michaelis—Menten kinetic parameters
and activation energy ultimately govern the rate of
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substrate depolymerization (Bengtson and Bengtsson
2007; Davidson et al. 2012), linking the apparent
kinetic behavior of oxidoreductases to the litter
chemistry is pivotal to our understanding of lignin
decomposition.

However, Michaelis—Menten kinetics are more
applicable to simple enzyme reactions that involve
product formation following the binding of a single
substrate to single catalytic site. As the kinetics of the
reaction catalyzed by peroxidases are influenced by
concentrations of both the reducing substrate and
hydrogen peroxide, and as the saturation kinetics are
rarely observed, these reactions seldom follow
Michaelis—Menten kinetics (Chance 1943). Also, the
free radical of the substrates resulting from the two
consecutive one-step reduction of the oxidized en-
zyme undergo random coupling reactions to form
mixtures of condensation products (Yu et al. 1994;
Oudgenoeg et al. 2002), which confounds the mea-
surement of the progression of the reaction (Wang
et al. 2012). However, formation of stable Michaelis—
Menten complex between horseradish peroxidases and
several reducing substrates has been reported under
specific assay conditions (Childs and Bardsley
1975; Rodriguez-Lopez et al. 2000; Goodwin and
Hertwig 2003; Wang et al. 2012). In this study, we
characterized the apparent Michaelis—Menten kinet-
ics, and apparent activation energy of a class of
oxidative enzymes functionally classified as per-
oxidases by varying the 3,3',5,5'-tetramethylbenzidine
(TMB) concentration under a constant, non-limiting,
supply of hydrogen peroxide (pseudo-first-order). The
low pH optima and high redox potential of peroxidases
(Wong 2009) enables these enzymes to oxidize
aromatic compounds more efficiently than phe-
noloxidases (Wong 2009; Lundell et al. 2010), and
therefore are appropriate target enzymes to understand
the dynamics of lignin degradation. We determined
the apparent efficiency and apparent activation energy
of soil peroxidases as influenced by the native lignin
content and chemistry across a pine, deciduous, and
agricultural ecosystems. We hypothesized that soils
with a lower total lignin content and a higher relative
proportion of guaiacyl units in lignin would be
characterized by peroxidases that exhibit a higher
apparent catalytic efficiency and activation energy,
potentially enabling peroxidases to overcome the
bottle-neck in degrading these relatively recalcitrant
lignins.

Materials and methods
Collection and processing of soils

Three ecosystems (a pine forest, a deciduous forest,
and a cultivated agricultural field) that received
qualitatively and quantitatively different litter inputs
were selected for this study (Table 1). The soils of
deciduous and pine forests were classified as Typic
Kanhapludult, described as a pacolet fine sandy loam
soil. The dominant species of the deciduous forest
were white oak (Quercus alba), red oak (Quercus
rubra), and mockernut hickory (Carya tomentosa).
The pine forest was dominated by viriginia pine (Pinus
virginiana) with sparse understory vegetation. The
agricultural soil is described as thermic, Typic
Udifluvent, typical of the alluvial soils, which has
been in cultivation for at least 8 years under a corn—
soybeans rotation. The selected sites were within
25 km from each other and experienced similar
climates (Fig. S2). All the sites were sampled in
2012 during the first week of May, last week of June,
and first week of September to capture soil enzyme
activities, representing spring, summer, and fall sea-
sons, respectively. At each site, three plots (6 x 6 m)
were randomly selected for soil sampling, each plot
was at least 15 m apart from neighboring plots. Within
each plot, three soil cores (10 cm diameter) were taken
at 5 cm intervals to a depth of 15 cm. Soils from the
same depth within a plot were pooled to create a total
of three samples per depth, per site. The same plots
were re-visited each season for sample collection.
Upon collection, the soil samples were kept at 4 °C
until arrival in the lab, passed through a 2 mm sieve,
and stored at —20 °C until analysis.

CuO oxidation for lignin analysis

To determine the lignin chemistry we conducted CuO
oxidation of lignins in the soil collected during the
spring as described by Otto and Simpson (2006) and
Kaiser and Benner (2012). Briefly, soil equivalent to
approximately 25 mg soil C, was combined with 1 g
CuO, 150 mg ferrous ammonium sulfate and 14 ml of
2 M NaOH that had been sparged for 20 min with
argon in a 23 ml Teflon-lined acid digestion vessel.
Further, each vessel was sparged with argon for an
additional 15 min before closing. The samples were
heated at 160 °C for 160 min and then allowed to cool
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Table 1 Soil characteristics of the study sites

Site % C* % NP pH® % moist®
Spring Summer Fall
Deciduous forest
0-5 cm 4.67 (0.90) 0.164 (0.03) 434 0.22 0.17 0.15
5-10 cm 1.95 (0.14) 0.073 (0.002) 495 0.25 0.16 0.11
10-15 cm 1.39 (0.16) 0.063 (0.003) 5.03 0.16 0.15 0.16
Pine forest
0-5 cm 3.63 (0.98) 0.142 (0.04) 4.72 0.21 0.12 0.13
5-10 cm 1.18 (0.20) 0.059 (0.01) 4.89 0.19 0.11 0.11
10-15 cm 1.06 (0.35) 0.050 (0.009) 5.22 0.17 0.11 0.10
Agricultural field
0-5 cm 1.61 (0.04) 0.119 (0.004) 5.50 0.13 0.17 0.43
5-10 cm 1.58 (0.02) 0.114 (0.004) 5.58 0.14 0.17 0.28
10-15 cm 1.57 (0.01) 0.115 (0.001) 5.49 0.13 0.16 0.27

* The values represent the mean of % C of the spring season (n = 3) with +SE in the parentheses

® The values represent the mean of % N of the spring season (n = 3) with +SE in the parentheses

¢ Due to the little variation across the seasons, only the spring season soil pH is described

4 Due to the inherent variation in soil moisture, the mean (n = 3) for each depth and season is reported

to room temperature. Upon cooling, the supernatants
were transferred to centrifuged tubes, and 100 pl of
the internal standards (cinnamic acid and ethyl-
vanillin, 200 pg ml~" in 100 % methanol) were added
to each sample, followed by 3 ml of 18 N H,SO4. The
samples were placed at 4 °C for 10 min, followed by
centrifugation to settle the humic precipitates. Ten ml
of the supernatant was extracted with 4 ml of ethyl
acetate, the ethyl acetate fraction was collected, and
stored at —20 °C for further analysis.

In preparation for high pressure liquid chromatog-
raphy (HPLC) analysis of depolymerized lignin (Sun
et al. 2015), 400 pl of the ethyl acetate fraction was
evaporated under N, and reconstituted in 25 %
methanol. The samples were analyzed using a HPLC
system (Shimadzu Corporation, Kyoto, Japan) coupled
to a photodiode array detector and compounds were
separated on a the Kinetex column (Cig,
100 x 4.6 mm; Phenomenex, Torrence, CA, USA).
Each compound was analyzed at the wavelength that
corresponded to their A, (Table S1). The mobile
phases consisted of 0.05 % formic acid, and 100 %
methanol, and the quantitation of phenolic compounds
was based on standard curve using respective authentic
standards. The concentrations of phenolic compounds
were normalized to jig g~ of soil C and the total lignin
concentration (the sum of the vanillyl (V), syringyl (S),
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and cinnamyl (C) units; SVC lignin) were calculated
(Otto and Simpson 2006; Kaiser and Benner 2012).
The variation in the total abundance lignin monomer
units was captured by computing C/V, P/V [p-
hydroxbenzoic (P)] and S/V ratios, as described by
Wang et al. (2015). In addition to these ratios, we
computed the V/SVC ratio that specifies the relative
proportion of vanillyl units in the total SVC lignin.

Michaelis—Menten kinetics

Compared to other soil enzyme assays, the determina-
tion of the apparent activity of peroxidases in soils is
susceptible to multiple interferences, a subject that has
been extensively and elegantly reviewed by Bach et al.
(2013). The r-3,4-dihydroxyphenylalanine (L-DOPA)
substrate is commonly used for the measurement of
potential activity of soil oxidoreductases. However,
unlike other o-diphenol substrates, L-DOPA rarely
exhibits Michaelis—Menten kinetics with horseradish
peroxidase (Rodriguez-Lopez et al. 2000). Thus, for
characterization of the apparent Michaelis—Menten
kinetics (*”’V,,,. and “”’K,) of soil peroxidase
3,3',5,5'-tetramethylbenzidine (TMB) was used as the
substrate (Josephy and Mason 1982; Johnsen and
Jacobsen 2008). The stock solution (2.5 mM) of the
substrate was prepared fresh by dissolving the TMB in



Biogeochemistry (2015) 124:113-129

117

20 mM citrate buffer (pH 3.0). Warming the solution to
45 °C while stirring facilitated a faster dissolution of
TMB. Lower pH aids in the dissolution of TMB in
water by protonating the molecule (pKa of 4.3 and 3.3).
Citric acid exhibits a very low radical-quenching
capacity (Scalzo 2008) compared to ascorbic acid that
quench the substrate radical to maintain a pseudo-first
order condition in peroxidase assays (Goodwin et al.
1995; Rodriguez-Lépez et al. 2000). By chelating
metals (Pizzocaro et al. 1993) that facilitates Fenton’s
reaction (Perron and Brumaghim 2009) citric acid
could reduce the rate of hydroxyl-radical formation,
and thus prevent the non-enzymatic oxidation of TMB.
Direct reaction of citric acid with peroxidase in the
absence of TMB was not detected in our assay
system (mass spectrometric studies, data not shown)
however non-optimized levels of citrate could chelate
with the metal center of peroxidases resulting in a
lower catalytic efficiency. The TMB stock was serially
diluted using citrate buffer, and was kept away from
direct light to prevent any potential photo-oxidation.
The TMB sock solutions were colorless, indicating
absence of any auto-oxidation, at the start of all
experiments. Excess amounts of both substrate radical
(Huang et al. 2005) as well as H,O, (Arnao et al. 1990)
is shown to hamper the catalytic efficiency of per-
oxidases. Based on our initial experiments that opti-
mized for H,O, concentration and incubation time, the
soil slurries were prepared by blending 200 mg of soil
with 100 ml of 50 mM acetate buffer (pH 5.0) for
1 min. To measure Michaelis—Menten kinetics, 200 pl
of the respective TMB standards were combined with
50 pl of H,O, (0.3 %) and 200 pl of the soil slurry in
2 ml micro-centrifuge tubes to obtain a final TMB
concentration of 0, 38, 62, 125, 250, 375, 500, 750,
1000 pM, under identical background matrix. Citric
acid reduced pH of the final assay to 4.8, closer to the
mean pH across the study soils (pH 5.0; Table 1). The
sample blank contained the soil slurry combined with
the H,O, and 200 pl of acetate buffer but with no
substrate, and the substrate blank contained all
reagents except for the soil slurry. The soil slurries
did not cause measurable oxidation of TMB in the
absence of H,O, during the assay period (Fig. S7). The
samples were incubated at 25 °C on a rotary shaker
(26 rpm) for 30 min. The reaction was terminated with
the addition of 1 ml of 5 % H,SO,, followed by
centrifugation and the absorbance of supernatant was
measured at 450 nm on a UV-Vis spectrophotometer.

The maximal enzyme activity was calculated using
the molar extinction coefficient of the yellow chro-
mophore (representing two-electron oxidized TMB)
59 x 10* M~ cm™" (Josephy and Mason 1982).
This was followed by nonlinear regression analysis
to the Michaelis—-Menten equation to acquire the
Ak and “PPV,,.. constants using GraphPad (La
Jolla, CA, USA):

Vmax[S]

M) W
where [S] is the substrate concentration.

Initial experiments confirmed the Michaelis—Men-
ten kinetic responses of soil peroxidase using TMB as
the substrate in all soils (Fig. 1). The agricultural soils
showed a steady V., while the V,,,, of the pine and
deciduous soils were less distinct, potentially indicat-
ing the necessity of optimizing the assay conditions for
each soil-type. Majority of the biological immunoas-
says that track physiological peroxidase activity use
TMB as reducing substrates due to its high oxidation
susceptibility (redox potential of 4250 and +400 mV
for two electron oxidation at pH 5.0, Volpe et al. 1998)
and remarkably higher sensitivity. For example, the
molar extinction coefficient of the two electron
oxidation product of TMB is 5.9 x 10* mol™' cm™'
(E450nm; Josephy and Mason 1982) compared to 4.2
for pyrogallol, 7.9 for L-DOPA, and 73 for ABTS.
Thus for the same rate of oxidation, TMB offers
approximately 14,000, 8400, and 800 fold higher
sensitivity of oxidation measurements than pyrogallol,
L-DOPA and ABTS, respectively. Also, the rate of

0.3
—+— Decid

Pine 1-/

0.24 —® Agric

0.1 /

/

0.0

Reaction Rate (1M min - g'1 soil)

1 1
(] 500 1000
Substrate Concentration (uM)

Fig. 1 The apparent Michaelis-Menten kinetics of soil per-
oxidases observed in the study systems using 3,3',5,5'-tetram-
ethylbenzidine as reducing substrate under specific assay
conditions. Each data point represents the mean enzyme activity
+SE (n = 3) at the respective substrate concentration
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oxidation is faster for TMB thus requiring a lower
incubation time (30 min as compared to 2 h for most
other peroxidase substrates). However, similar to other
regularly used peroxidase substrates Bach et al
(2013), TMB is very hydrophobic and has a very
low water solubility at 20 °C, and hence could be
forced out from the solution on to soil particles when
this compound is used as substrate in soil enzyme
assays, especially at pH >5.0. Apart from the above
physical sorption, the protonated TMB formed at
lower pH (<4.3) could chemisorb on to the anionic
sorption sites in soils and could lead to substrate
limitation. However, due to the higher sensitivity of
the TMB-based peroxidase assays, the soil slurries
could be proportionally diluted (even up to 1:2000 soil
to buffer depending on soil; w/w) so as to reduce the
amount of soil in the final reaction mixture, thus
partially avoiding any potential interferences. In this
study, excess of non-oxidized TMB in the reaction
medium at the saturation kinetics of the assay was
confirmed by mass spectrometric measurements (Fig.
S3). Because of the limited aqueous solubility of
TMB, the excess concentration of the substrate in the
reaction mixture at the steady-state kinetics should be
ensured by reducing either the volume of soil slurry or
the reaction time as required.

Catalytic efficiency of peroxidase

For in vitro assays of purified enzymes K, and V,,,,
are independent parameters within the Michaelis-
Menten model and subject to different selection
pressures, and hence are less corelated. However, in
environmental samples K,, and V,,,,, could be gener-
ally correlated for reasons related to microbial home-
ostasis, selection and assay methodology (Sinsabaugh
et al. 2015). Traditionally in soil enzyme assays, the
Michaelis—Menten constants are statistically analyzed
as separate variables. Thus it is difficult to assess the
overall enzyme efficiency when both *”V,,,. and
APPK  are positively related. Also, multiple V., and
K,, values makes the comparison across a dataset
difficult. Hence we computed the apparent catalytic
efficiency (PCE) of peroxidase as (V"""
K,,) x 1000, thereby incorporating both the catalytic
parameters into one, which has been widely used to
measure performance of enzymes (Fox and Clay
2009). Thus, though specific to the substrate
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characteristics of the assay system, this apparent
efficiency term integrates the net effect of kinetic
constants of peroxidases in soil systems (Fig. S1). This
parameter is different from the traditional parameter
K../Kyn (K.or = Via/Es E, represents the concentra-
tion of catalytic sites of the enzyme in the reaction
mixture) used to define the catalytic efficiency of
purified enzyme. The non-traditional approach was
adopted as it is difficult to quantify the absolute
concentration of soil enzymes, since only part of the
enzymes can be extracted in their active form from
soils (Baldrian 2009). The ratio of V,,,,./K,,, adopted in
this study has been frequently used across diverse
fields to assess the catalytic efficiency of enzymes
(Fersht 1977; Radika and Northrop 1984; Kamdem
et al. 2005; Motabar et al. 2012; Nobre et al. 2013;
Zheng et al. 2013; Grkovic et al. 2014; Rosini et al.
2014), especially under assay conditions where
the true concentration of enzymes/catalytic-site (E,)
is unknown.

Apparent activation energy (*”?Ea)

To determine the temperature sensitivity of the
peroxidase activity, the soil samples were tested at
10, 20, 30, and 40 °C. Briefly, the soil slurries were
prepared as 100 mg soil in 100 ml acetate buffer, and
200 pl slurry was aliquoted to 2 ml tubes, and pre-
incubated at the designated temperature in a shaker at
100 rpm for 30 min. Following this 50 pl of H,O,
(0.30 %) was added and the samples were supplied
with 200 pl of TMB (200 pg ml™") to obtain a
working concentration of 1000 uM. The reaction
was terminated by adding 1 ml of 5 % H,SO, after
30 min and the absorbance was measured at 450 nm.
The absorbance values were converted to pM of the
TMB oxidation product using the molar extinction

coefficient, normalized to rate velocities pM min~' -

g~ " soil and analyzed for the activation energies
(*PEa) according to the

Arrhenius equation:
k= AeFe/RT (2)

where k is the rate constant (UM min~! g_1 soil), A is
the pre-exponential factor, E, (J mol™') is the activa-
tion energy, R (8.134 Jk mol™") is the gas constant,
and T 'is the temperature in Kelvin. Log transformation
of the Arrhenius equation (Eq.2), expresses the
equation as:
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In k = (-%) G) A 3)

The activation energy is the slope of the In k (rate
constant) plotted by (1/T) (Parham and Deng 2000).
The Q) of peroxidase was also analyzed (see Methods
S1; Table S2).

Data analysis

Within each season, the apparent enzyme efficiency,
APPEq, APPK,. and “PPV,.... were analyzed by a
restricted maximum likelihood analysis of variance
(REML) with ecosystem and depth as the fixed effects,
and replicate core within site as the random effect.
This was followed by post hoc Tukey’s HSD test to
compare between means. To compare the seasonal
effects for each ecosystem independently, the fixed
effects of season, soil depth, and their interaction were
tested with the replicate core within site as the random
effect, followed by post hoc Tukey’s HSD test. Within
site variation was allowed to accommodate observed
heteroscedasticity. The total SVC lignin concentra-
tions were analyzed by a two-way ANOVA using the
fixed effects of ecosystem and depth, followed by post
hoc Tukey’s HSD test. The apparent catalytic effi-
ciency was linearly regressed against the V/SVC, C/V,
and P/V ratios of lignin to discern relationships. The
statistics were performed with SAS 9.2 (SAS Institute
Inc. Cary, NC) and the linear regressions were
generated with Sigma Plot 12.0.

Results
Site characteristics

The top 0-5 cm of pine and deciduous site exhibited a
higher C and N content compared to the lower depths
(Table 1). Due to tillage, the agricultural field site
exhibited similar % C and % N across all soil depths.
The soil pH remained constant across the seasons,
however across the ecosystems, the soil pH was
highest in the agricultural soil (ca. 5.5), followed by
the two forest soils (Table 1). The soil moisture at all
sites varied with depth and seasons. In the deciduous
and pine soils, the gravimetric moisture content was
greatest in the spring and declined in the summer and
fall. Meanwhile, in the agricultural soil, the soil

moisture was greatest in the fall. Overall, the total
precipitation in this region was greatest in the summer
(250 mm), followed by the spring (200 mm), and fall
(150 mm), respectively (Fig. S2).

Lignin profile

The relative lignin concentrations of the soils was
dependent upon an ecosystem x depth interaction
(Fig. 2a; F44 = 17.98; P < 0.001). The lignin con-
tent, normalized to soil C concentration, was higher in
0-5 cm soil profile across pine and deciduous soils,
whereas the lignin content of agricultural soils was
similar across the depths and was lower (Fig. 2a). The
SVC lignin of the top 0-5 cm accounted for 22.5 and
17.5 % of the soil C content in deciduous and pine
sites, respectively, and was approximately four times
higher than that of the lower soil depths. Lignin
composition was similar across the seasons.

Apparent catalytic efficiency (*””CE)

In general, the SVC ratios exhibited a stronger
correlation with *””CE than with either *?”V,,,. or
APPK alone (Figs. 2, 3). Across the seasons the *””CE
of peroxidase remained negatively associated with the
V/SVC ratio (Fig. 2b; R2=0.79; P < 0.001), and
positively associated with C/V and P/V ratios (Figs. 2,
3, S4). Across the seasons and soil depths the *””CE of
peroxidase was higher in agricultural soils than pine
and deciduous soils (Table 2). The *?”CE decreased
with depth in pine soils across the three seasons, while
it increased with depth in deciduous soils, both in
spring and summer. The agricultural soil exhibited
similar “”CE across the three depths during spring
and summer. The “””CE in fall varied with the
ecosystems (Table 2; F;5 = 87.6; P < 0.001), and
the *”PCE of the agricultural soil was 3.8-, and 4.0-fold
greater than that of the deciduous, and pine soils,
respectively (P < 0.001).

Apparent K, of soil peroxidase (*”7K,,)

Across the seasons, the agricultural soils and pine soils
exhibited the highest and lowest “7’K,, respectively
(Table 3). The deciduous and pine soils exhibited 4-
and 5-fold greater “7K,, than that of the agricultural
soils (P < 0.001). In spring season the “”’K,, de-
creased with soil depth in deciduous soils, increased

@ Springer



120 Biogeochemistry (2015) 124:113-129
250 30
(a) Ecosystem x Depth (P<0.0001) R 05 cm (b) R2-0.79
[ 510cm 25 | P<0.001
EEm 10-15¢cm
S ~
20 S ’6 201 Deciduous
w - £ —
% o %‘ €
5 o E a8 15
,__Q) = 8 @ Decid, 0-5 cm
2 ; - > Decid, 5-10cm |\
6 O S 2 101 Decid, 10-15 cm
s 2 50 C] Pinus, 0-5cm
= £ e O ;| [d Pinus 510cm
89 ZE B Pinus, 10-15cm
= @ QO Agric,0-5em 0
0 4 (P Agric,5-10 cm
@ Agric, 10-15¢cm
Deciduous Pine Agriculture 0.3 04 0.5 0.6 0.7 0.8 0.9
Ecosystem V/SVC Ratio
30
(c) * R’=0.7006 (d) ) R?=0.3003
Agricultur P<0.0001 Agriculture P=0.0018
25 A 25
o =
g 2 20 L 5 20
== ! 5 £
S o Deciduous - =
< B - & a
O T 15 S D 15
= O / O >
c ( -
o5 \ c O
5 Q0 10 4 & 5 10
o 2 Pinus O 8 © Pinus
Z o O o = C o
< 5 / <W o5 )
4 4 " |
] (]
| 2
of o 0a : - s
0.0 0.1 0.2 0.3 04 0.5 0.€ 0.0 0.2 0.4 0.6 0.8 1.0
C/V ratio P/V ratio

Fig. 2 The concentration of total lignins in soils and the
relationship of apparent catalytic efficiency of peroxidase with
the composition of monolignols in soils. The total soil lignin
concentrations (|Lg g’1 soil C; the bars represent mean, (n = 3)
+SE (a). The data was analyzed by a two-way ANOVA using
ecosystem, depth, and ecosystem x depth as the effects
followed by a post hoc Tukey’s HSD test. Similar letters across

with depth in pine soils, and remain unaffected by
depth in agricultural soils. This variation in *”?K,, in
spring season was not related to ambient substrate
concentrations in these soils measured by perman-
ganate oxidizable carbon or total lignin (SVC) content
(Fig. S5). In deciduous soils, compared to 0-5 cm, the
APk decreased by 53 and 68 % at 5-10 and
10-15 cm, respectively, whereas, compared to
0-5 cm, the YK, of 5-10 and 1015 cm soil depth
in pine soils increased by approximately 50 %. While
a similar pattern of “*?K,,, across soil depth continued
on to summer season in deciduous soils, this trend
reversed for pine soils during summer, and the #”’K,,
decreased with soil depth. The **?K,,, remained similar
across soil depths across the three ecosystems during
fall season (Table 3).
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the depths within each ecosystem (x,y,z), across the three
ecosystems at 0-5 cm depth (A,B,C), at 5-10 cm depth (a,b,c)
and at 10-15 cm depth (p,r,q) represent no significant difference
(o0 = 0.05). Linear regression of apparent catalytic efficiency
(*PPCE) of peroxidase with relative abundance of vanillyl units
in lignin (b), cinnamyl-to-vanillyl ratio (c), and hydroxyben-
zoic-to-vanillyl ratio (d)

Apparent V,,,,. of soil peroxidase (*PPV,,,..)

App 1%

The agricultural soils exhibited a lower nax

(Table 4), which was more pronounced during the
spring season, and was half as that of pine and
deciduous soils, resulting in an ecosystem x depth
interaction (Table 4; F4 ;, = 3.98; P = 0.028). In the
deciduous soils during spring, the *V,. in the
0-5 cm was 36 and 84 % higher than in the 5-10 cm
(P=0.04) and 10-15cm depths, respectively
(P = 0.002). In the deciduous soils during summer,
the #PPV,,. of the top soils was 31 and 70 % greater
than the 5-10 cm (P = 0.002) and 10-15 cm depths
(P < 0.001), respectively, and a similar trend in
ApPy, . was present in the pine soils. Across the
ecosystems at 0—5 cm, the **?V,,,,. of deciduous soils
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Fig. 3 The linear regression of peroxidase kinetic parameters
to the lignin chemistry. The regression of the apparent catalytic
efficiency of peroxidase in summer (a) and fall (b) to the relative

were 25 % (P = 0.015) and 155 % (P < 0.001)
greater than that of the pine and agricultural soils,
respectively, and this trend continued in the 5-10 cm
depths.

Apparent activation energy of soil peroxidase
(APP Ea)

In general, compared to *”’V,,. and 77K, the
magnitude of the variation of “””Ea was less pro-
nounced across the seasons and ecosystems (Table 5).
Similar to the kinetic parameters, the APPEq of
agricultural soils did not exhibit significant difference
across seasons and depths. In spring, the *””Eq in the
5-10 cm depth of the deciduous soils was 14.8 and
7.7 % higher than that of the 0-5 cm (P < 0.001) and
10-15 cm depths (P = 0.003), respectively. The pine
soils exhibited a similar trend, the “”’Ea of the
5-10 cm depth was 25 and 42 % greater than that in
the 0-5cm (P =0.008) and 10-15 cm depths

(b) =
R2=0.53
P<0.001
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abundance of vanillyl units in lignin (V/SVC ratio). The linear
regression of *”?V,,.. (¢), and *”’K,, (d) to the V/SVC ratio

(P <0.001). The *”’Ea in the summer varied by
depth across the ecosystems (Table 5; F, 1o, = 8.20;
P = 0.002). In the deciduous soil, the *”Eq in the
0-5 cm depth was 10 % greater than the “””Eqa of the
5-10 cm (P = 0.004) and 10-15 cm (P = 0.006)
depths. Meanwhile, in the pine soil the “””Ea at
5-10 cm was 15 % lower than that in the 0-5 and the
10-15 cm depths (P < 0.001).

Discusssion

Given that peroxidases facilitate the degradation of
lignin that contributes to 30 % of organic C in the
biosphere (Boerjan et al. 2003), the characterization of
soil peroxidase kinetics and activation energy could
assist in predicting the rate of carbon and nitrogen
cycling in ecosystems. The V... and *””K,,, report-
ed in this study is within the range of K,,, and V,,,, of
plant (Guida et al. 2011) and fungal (Bourbonnais
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Table 2 The apparent catalytic efficiency (*””CE) of soil peroxidases across the ecosystems, soil depths and seasons.

Spring Summer Fall
ArrCE LSD%,p ArrCE LSDg,p APPCE LSDg
Deciduous forest LSD‘]’)
0-5 cm 8.7 (0.8) y, B 8.5 (0.6) y, B 9.3 (1.6) y Q
5-10 cm 13.9 (1.5) X, b 11.6 (1.3) X, b 8.3 (0.8) P
10-15 cm 14.8 (1.5) X, I 11.9 (1.1) X, q 9.7 (1.2) P
Pine forest LSDg
0-5 cm 5.5 (1.5) x, B, R 74 (1.2) x, B, Q 10.3 (0.9) y,P
5-10 cm 3.1 (0.6) y, C 5.8 (0.4) y, C 7.3 (1.5)
10-15 cm 2.1 (0.4) v, q 6.1 (1.0) y, T 5.5(29)
Agricultural field LSDg
0-5 cm 22.3 (1.2) X, A, R 29.5 (1.8) X, A, Q 40.0 2.4) x,P
5-10 cm 22.7 (1.3) X, a 28.6 (0.7) X, a 33.4 (3.7)
10-15 cm 224 (1.3) X, P 28.5 (2.0) X, p 32.6 (1.3)

Values represent means (n = 3) of the “”’CE =+ SE in the parentheses

 For each season, a restricted maximum likelihood statistical analysis was conducted using the main effects of ecosystem (E), depth
(D) and ecosystem x depth (E x D). For each season, the significant differences among means is reported (LSD) in the column
directly to the left of its respective season. For the E x D interaction within a season, similar letters across the depths within each
ecosystem (X,y,z), across the three ecosystems at 0-5 cm depth (A,B,C), at 5-10 cm depth (a,b,c) and at 10-15 cm depth (p,r,q),
represent no significant difference (o0 = 0.05). For the main effect of ecosystem (E) in the fall season, similar letters (x,y,z) across the
ecosystems represents no significant difference (o = 0.05)

® For each individual ecosystem, a restricted maximum likelihood statistical analysis was conducted using the main effects of season
(S), depth (D) and season x depth (S x D). For the variation in the main effect of depth (D) for the deciduous ecosystem, similar
letters across the depths (P,R,Q) represent no significant difference (o = 0.05). For the variation in the main effect of season
(S) within the Pine and agricultural soil, the similar letters (P,R,Q) located in the 0-5 cm depth represent no significant difference

across the seasons (a0 = 0.05)

et al. 1988; Wang et al. 2012) peroxidases, and similar
to the K,,, and V,,,,, of horseradish peroxidase obtained
using different o-diphenols as reducing substrates
(Rodriguez-Lopez et al. 2000). We adopted an
approach that incorporates both “”?V,,.. and *”K,,
into a single parameter that calculates the catalytic
efficiency (*”CE) of peroxidase. This parameter,
though less recommended in industrial biotransfor-
mations involving high concentration of engineered
enzymes (Fox and Clay 2009), is frequently used to
monitor the efficiency of reactions catalyzed by
enzymes present at ambient concentrations across
diverse fields (Radika and Northrop 1984; Kamdem
et al. 2005; Motabar et al. 2012; Nobre et al. 2013;
Zheng et al. 2013; Grkovic et al. 2014; Rosini et al.
2014). Although the **?V,,,,. was higher in lignin-rich
pine soils, the associated increase in App K,, resulted in
a lower “P’CE in these soils; whereas the lignin-poor
agricultural soils that had the lowest “”V,,,. and
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Appk exhibited the highest “””CE. Thus, the integra-
tive parameter of V,,,, and K,, better described the
potential efficiency of the soil enzymes in our study
sites, highlighting the usefulness of *””CE in capturing
the potential enzyme activity. Overall, the “”’CE of
peroxidases across the depths and seasons was higher
in soils with low lignin content, which partly supports
our hypothesis, and is in agreement with the substrate-
dependent activity of hydrolases (German et al. 2011).
However, contrary to our hypothesis, the “””CE of
peroxidases was lower in soils with higher proportion
of relatively recalcitrant vanillyl units. The decoupling
of the catalytic efficiency of peroxidases from the
native lignin chemistry observed in our assay system
indicates that the residence time of lignins in soils
could be highly ecosystem specific (Tamura and
Tharayil 2014) and is supported by the observation
that lignin phenolics dominate in soils under gym-
nosperms that produce lingnin with higher proportion
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Table 3 “77K,, of soil peroxidase according to the soil depth and season in each ecosystem.

Spring Summer Fall
AP, (UM) LSDj AP, (WM) LSDg.p PR, (WM) LSDg
Deciduous forest LSDExD
0-5 cm 888 (103) B, P 772 (93) X, A, R 335 (7) A, Q
5-10 cm 420 (88) B,L 435 (31) y,a, M 395 (12) A, N
10-15 cm 279 (21) B, X 322 (15) y, p, X 284 (18) A, X
Pine forest LSDg
0-5 cm 1310 (272) A, P, 1 643 (143) X, A, R, m 537 (80) A, R, m
5-10 cm 1997 (506) A, P 550 (76) X, a, R 501 (22) A, R
10-15 cm 2035 (412) A, P 356 (13) vy, ps R 412 (72) A, R
Agricultural field LSDg
0-5 cm 134 (7) C P 1 87 (4) y, B, R, n 101 (1.2) B,R, m
5-10 cm 136 (12) C P 101 (3) x, b, R 99 (3) B, R
10-15 cm 137 (13) C P 110 (3) X, q, R 106 (5) B,R

The values represent mean (n = 3) £SE in the parentheses

 For each season, a restricted maximum likelihood statistical analysis was conducted using the main effects of ecosystem (E), depth
(D) and ecosystem x depth (E x D). For the (E x D) interaction within the summer season, similar letters across the depths within
each ecosystem (X,y,z), across the three ecosystems at 0—5 cm depth (A,B,C), at 5-10 cm depth (a,b,c) and at 10—15 cm depth (p,r,q),
represent no significant difference (o0 = 0.05). For the main effect of (E) in the spring and fall seasons, similar letters across each
ecosystem (A,B,C), represent no significant difference (o« = 0.05). The significant differences among means is reported (LSD) in the
column to the left of its respective season

® For each individual ecosystem, a restricted maximum likelihood statistical analysis was conducted using the main effects of season
(S), depth (D) and season x depth (S x D). For the S x D interaction within the deciduous ecosystem, similar letters across seasons
in 0-5 cm depth for each ecosystem (P,R,Q), 5-10 cm depth (L,M,N), and 10-15 cm depth (X,Y,Z) represent no significant
difference (o = 0.05).For the variation in the main effect of season (S) within the pine and agricultural soil, the similar letters (1,m,n)

located in the 0-5 cm depth represent no significant difference across the seasons (a0 = 0.05)

of recalcitrant inter-unit linkages (Otto and Simpson
2006; Talbot et al. 2012).

Response of Michaelis—Menten kinetic constants
of soil peroxidase and “””CE across ecosystems

We hypothesized that the degree of peroxidase activity
would vary with the quantity and chemical identity of
lignin monomers, and hence with the vegetation
history of a site. For example, pine litter is composed
predominantly of vanillyl units that form C-C inter-
unit linkages that are difficult to enzymatically
breakdown (Tai et al. 1983). Hence, we expected the
peroxidases in pine ecosystem to exhibit a higher
APPCE. In addition to the vanillyl units, the deciduous
trees and grasses also contain syringyl and cinnamyl
monomers that are linked through C—O-C bonds that
are more labile. Therefore, we expected a lower APPCE
in deciduous and agricultural soils. As expected, the
quantity of lignin and relative abundance of vanillyl

units were higher in pine soils, followed by deciduous
and agricultural soils (Fig. 2a). Across the three
ecosystems the “”’V,,,. was greater in pine and
deciduous sites (Table 4), indicating a higher abun-
dance of the peroxidase enzymes. However, the
observed negative relationship of the “””CE with
V/SVC and positive relationship with the C/V, and
P/V across the three ecosystems (Figs. 2, 3) suggests
that the increase in the relative abundance of vanillyls
was accompanied by a corresponding decrease in
APPCE. This lower *””CE in pine soils, despite a higher
Appy . was contributed by a higher 77K, (Table 3).
According to the Michaelis—Menten model the rate of
formation and dissociation of enzyme-substrate com-
plex, and hence the K,,, is independent of enzyme
concentration, thus the higher K,, in pine and
deciduous soils is not directly associated with the
higher V,,,, observed in these soils. A greater abun-
dance of ambient substrates including lignins (Fig. 2a)
could potentially compete with TMB during the assay,
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Table 4 77V, (uM min~' g~' soil) of soil peroxidase according to the soil depth and season in each ecosystem.

Spring Summer Fall
Y LSDip Y LSDgp Y LSD
Deciduous forest LSD‘S’,D
0-5 cm 7.62 (0.71) x, A, X, 1 6.54 (0.74) x, A, X, 1 491 (2.26) Y, 1
5-10 cm 5.59 (0.65) y, a, m 4.96 (0.29) y, a, m 3.32 (0.45) Q, m
10-15 cm 4.13 (0.55) Yy, p, 3.83 (0.38) Z,p, n 2.74 (0.36) Q,n
Pine forest Na‘®
0-5 cm 7.09 (2.39) x, AB 4.52 (0.73) x, B 6.04 (1.08)
5-10 cm 6.56 (2.54) X, ab 3.28 (0.70) y, b 3.42 (0.86)
10-15 cm 8.34 (4.05) X, p 2.21 (0.45) Z,p 2.75 (1.54)
Agricultural field Na
0-5 cm 2.98 (0.01) x, B 2.57 (0.05) x, C 3.72 (0.24)
5-10 cm 3.05 (0.12) X, b 2.91 (0.16) X, b 2.96 (0.25)
10-15 cm 3.08 (0.12) X, p 3.18 (0.28) X, p 3.15 (0.27)

The values represent mean (n = 3) £SE in the parentheses

 For each season, a restricted maximum likelihood statistical analysis was conducted using the main effects of ecosystem (E), depth
(D) and ecosystem x depth (E x D). For each season, the significant differences among means is reported (LSD) in the column
directly to the left of its respective season. For the E x D interaction within a season, similar letters across the depths within each
ecosystem (X, y, z), across the three ecosystems at 0-5 cm depth (A,B,C), at 5-10 cm depth (a, b, c) and at 10-15 cm depth (p,r,q),
represent no significant difference (o0 = 0.05)

® For each individual ecosystem, a restricted maximum likelihood statistical analysis was conducted using the main effects of season
(S) and depth (D). For the variation in the main effect of depth (D) in the Deciduous ecosystem, similar letters across the depths
(P,R,Q) represent no significant difference (o« = 0.05). For the variation in the main effect of season (S) within the Deciduous soil,
similar letters (X,Y,Z) located in the 0-5 cm depth row represent no significant difference across the seasons (a0 = 0.05). For the
variation in the main effect of depth (D) within the Deciduous soil, similar letters (1,m,n) represent no significant difference

¢ Na indicates that there is no significant main effect or interaction

and could result in the observed higher *””K,,, in pine
soils (Sinsabaugh et al. 2014). However, the content of
the measured ambient substrates (lignin and perman-
ganate oxidizable carbon) did not correlate with the
ApPg - (Fig. S5) in our study. Tannins that are
potentially abundant in pine and deciduous soils
could complex with the enzymes (Tharayil et al.
2011) and/or quench the peroxide radical (Trieb-
wasser et al. 2012), which would also result in the
observed higher 77K, in these soils.

This observed disconnect between K,, and the
ambient substrate content could be contributed by the
inability of analytical techniques to recover the
complex heteropolymers in a recognizable form from
soil-matrices, which significantly underestimates their
true concentration in soils (Hernes et al. 2013).
Though rapidly disappearing out of the analytical
window, the phenolic heteropolymers are shown to
retain their chemical and biological reactivity in soil
matrices (Tharayil et al. 2011).
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The agricultural soils which had the lowest SVC-
lignin concentrations exhibited a lower *””V,,,,, and
APPK  resulting in a higher *””CE. Thus, compared to
pine and deciduous soils, the peroxidase-pool in
agricultural soils were able to attain half their potential
maximum rate of product formation at a lower
substrate concentration, indicating a higher catalytic
efficiency. The lower *””V,,,. could indicate a lower
abundance of oxidative enzymes in agricultural soils,
which could be expected due to the lower abundance
of lignin substrates (Fig. 2a). Substrate scarcity could
instigate microbes to produce enzymes that have a
higher affinity for the substrates (lower K,,), thus
increasing the overall catalytic efficiency of the
enzymes (Stone et al. 2011), which might partly
explain a higher *”’CE of peroxidase in soils with
lower lignin concentrations. The “””CE also robustly
relates to the lignin vegetation index represented by
the ratio parameters S/V and C/V (Fig. 4). The
agricultural soil that had lower vanillyl units thus a
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Table 5 The spatiotemporal changes of the apparent activation energy of soil peroxidase (*””Ea) across the three ecosystems, soil
depths, and seasons.

Spring Summer Fall
APPEq (kJ mol™Y) LSD&.p APPEq (kJ mol™h) LSDgyp APPEq (kJ mol™h) Na®
Deciduous forest Na
0-5 cm 25.6 (0.86) z, B 27.3 (0.19) X, A 24.2 (3.98)
5-10 cm 29.4 (0.44) X, b 24.6 (1.17) y, b 26.6 (1.86)
10-15 cm 27.3 (0.49) v, p 24.8 (0.29) y, T 27.2 (1.35)
Pine forest LSDng
0-5 cm 29.4 (0.60) y, A, R 36.5 (1.85) X, B, P 30.5 (0.29) Q
5-10 cm 36.9 (2.34) X, a, L 31.1 (2.48) y, a, M 29.2 (1.39) N
10-15 cm 25.9 (1.85) v, p, Y 36.4 (2.05) X, p» X 31.7 (2.76) X
Agricultural field LSDgyp
0-5 cm 24.5 (1.72) y, B,R 31.7 (0.40) X, A, P 28.6 (0.66) Q
5-10 cm 30.7 (0.56) X, b, L 29.5 (1.45) X, a, L 29.2 (0.17) L
10-15 cm 28.1 (0.35) X, p, X 30.2 (0.34) X, q, X 29.8 (0.16) X

The values represent mean (n = 3) of the *””Ea + SE in the parentheses

? For each season, restricted maximum likelihood statistical analysis was conducted using the main effects of ecosystem (E), depth
(D), and ecosystem x depth (E x D). For each season, the significant differences among means is reported (LSD) in the column
directly to the left of its respective season. For the E x D interaction within a season, similar letters across the depths within each

ecosystem (X,y,z), across the three ecosystems at 0-5 cm depth (A,B,C), at 5-10 cm depth (a,b,c) and at 10-15 cm depth (p,r,q),
represent no significant difference (a0 = 0.05)

® For each individual ecosystem, a restricted maximum likelihood statistical analysis was conducted using the main effects of season
(S), depth (D) and season x depth (S x D). For the S x D interaction within each ecosystem, similar letters across seasons in
0-5 cm depth for each ecosystem (P,R,Q), 5-10 cm depth (L,M,N), and 10-15 cm depth (X,Y,Z) represent no significant difference
(o0 = 0.05)

¢ Na indicates that there is no significant main effect or interaction

higher S/V and C/V ratios had the highest “”’CE,
followed by the deciduous soil that had equivalent
amount of S and V units, and the 4"’CE of pine soil
that had a higher vanillyl content, thus lower S/V and
C/V ratios, was the lowest. This relationship between
the apparent enzyme activity and the chemistry of the
resident-vegetation highlights the usefulness of this
integrated parameter to meaningfully define enzyme
efficiency at ecosystem level. It should be noted that
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Fig. 4 Correlation of apparent catalytic efficiency of soil
peroxidases (0 to 15 cm depth) as a function of phenol
indices—cinnamyl-to-vanillyl (C/V) and syringyl-to-vanillyl
(S/V) that represent lignin vegetation indices

single-substrate assays, and for peroxidases the kinetic
constants derived using artificial substrates are highly
assay-specific. As peroxidases exhibit non-specificity
in substrate oxidation, the observed catalytic pa-
rameters could be prone to biasness due to the
presence of ambient substrates that are ecosystem
specific (Eichlerova et al. 2012). Moreover, along
with the influence of potential cross linkages within
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lignin monomers discussed in this study, the incorpo-
ration of polymeric lignin within the tissue matrix
through interspecific cross linkages with other homo-
and heteropolymers (Suseela et al. 2013, 2014) will
also influence the efficiency of peroxidases to under-
take lignin degradation. Given the above complexities,
this study forms an initial attempt to link lignin
chemistry of the resident plant species to the proper-
ties of native soil peroxidases. A follow-up measure-
ment of peroxidase kinetics in systems where the
quantity and quality of lignin varies independently
would be complimentary.

Apart from lignin concentration, the *””CE could
also be modulated by the nutrient availability of the
ecosystem. For example, nitrogen deposition in forest
ecosystems have shown to reduce the activity of
oxidative enzyme (Waldrop et al. 2004; Waldrop and
Zak 2006; Grandy et al. 2008), whereas nutrient
deficiency and resource heterogeneity could induce
peroxidase activity. In contrast, the addition of nitro-
gen to agricultural soils has been reported not to alter
the activity of peroxidases (Henry et al. 2005; Stursova
et al. 2006; Zeglin et al. 2007). However, in our study,
the agricultural soils, which contained twice more
nitrogen per unit of carbon (Table 1) maintained a
higher “”’CE indicating that the effect of N on the
peroxidase activity could be modulated by other
environmental parameters that are ecosystem specific.
The ecosystem specific function of peroxidases to
microbial C and N demands is further corroborated by
the lack of a relationship of “””CE with labile C,
described as the permanganate oxidizable C (Fig. S6a),
and total soil N (Fig. S6b). The ecosystem specific
responses of the *””CE could also be the consequence
of several abiotic factors. The pH and moisture have
also been reported to mediate oxidoreductase activity
in soil (Sinsabaugh et al. 2008; Sinsabaugh 2010; Fujii
et al. 2013). However, in this study, while the pH and
moisture varied across the ecosystems and depths
(Table 1), they were not associated to the kinetic
constants (data not shown), suggesting that these
abiotic factors were not the primary drivers of the
observed kinetics in our study system.

Spatiotemporal dynamics of the apparent
peroxidase temperature kinetics

The activation energy (*””Ea) and temperature
sensitivity (Q;p) are important parameters that
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determine the stability of enzyme and enzyme-
substrate complex (Farrell et al. 1994; Trasar-Cepeda
et al. 2007; Wallenstein et al. 2011). However, given
the complexity of the lignin chemistries that varies
across ecosystems, it remains unexplored if the
reaction kinetics of peroxidases is related to the soil
lignin chemistry. Due to the structural complexity of
lignin, we anticipated that the activation energy of
the lignin oxidation reactions would be similar to
those catalyzed by phenol oxidases that degrade
phenolic compounds, but greater than the reactions
catalyzed by hydrolases which hydrolyze relatively
labile molecules. Moreover, due to the refractory
nature of vanillyl units, we expected the peroxidases
from the pine soils to exhibit higher activation
energy compared to other two ecosystems that are
low in vanillyl units. In our study, the “"’Ea
(Table 5) and Q;q values (Table S2) were within
the ranges reported from other ecosystems (Trasar-
Cepeda et al. 2007; Steinweg et al. 2013). However,
contrary to our predictions, the “”’Ea (ca.
36 kJ molfl) and Qq9 (Qi0 <2) exhibited lower
temperature sensitivities than reported for soil phenol
oxidases and hydrolases (Steinweg et al. 2013; Wang
et al. 2012). The low activation energies of per-
oxidases observed could suggest that peroxidases are
less reliant upon external energy for its catalytic
activity in our study systems. In comparison to
hydrolases, this was unexpected given that the
substrates targeted by hydrolases have lower chemi-
cal complexities (Davidson and Janssens 2006),
resulting in low activation energies of the corre-
sponding catalytic reactions. Similarly, the *””Eqa did
not exhibit substantial variation across the ecosys-
tems, which could imply that *””Eaq is less-driven by
lignin monomer composition or the availability of
lignins in the soil.

The observed responses of “””Ea could be due to
the saturating substrate concentration maintained in
the lab assay, which masks the natural bottlenecks in
substrate availability (rate of substrate diffusion)
regulated by temperature-dependent sorption dynam-
ics and the diffusion kinetics experienced in the field
(Sinsabaugh and Follstad Shah 2012). Thus, substrate
saturation may partly over-ride any facilitatory influ-
ence that temperature might have on the catalytic
reaction. Although the TMB substrate can capture
potential peroxidase kinetics, the structural simplicity
of TMB could result in lower activation energy of this
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oxidation reaction, in comparison to the reactions that
oxidize structurally complex lignins. Experiments
using L-DOPA as a substrate also reflected a similar,
lower “"PEqa values (Steinweg et al. 2013). Similarity
in “”?Ea between beta-glucosidase, peroxidase and
phenoloxidase has been also reported by Wang et al.
(2012). Multiple steps involved in peroxidase catalysis
could be differentially influenced by temperature. For
example, the substrate oxidation caused by the
peroxidase could be less temperature sensitive espe-
cially under substrate saturation conditions, and the
activation energy would be more critical for the
enzyme-substrate binding. However, lignin degrada-
tion is demonstrated to increase with increase in
temperature (Feng et al. 2008; Conant et al. 2008;
Suseela et al. 2013). This signifies a need for
conducting assays with substrates that are structurally
similar to lignin to capture the dynamics of soil
peroxidases.

Conclusion

The velocity of enzyme activity and its corresponding
temperature sensitivity, defined by the Michaelis—
Menten kinetics and activation energy of soil en-
zymes, are considered to be key factors in the
decomposition process (Davidson et al. 2012). We
determined that the *””CE, described as the integrative
teem of V,,. and K, best associated the soil
peroxidase activity to the relative composition of
lignin. The “”?CE exhibited a stronger correlation with
the content and composition of lignins, with *”?CE
decreasing with an increase in total lignin content and
decreasing with an increase in the proportion of
vanillyl units that forms recalcitrant inter-unit linkages
in lignin. The observed decoupling of “””CE of
peroxidases from chemistry of the native lignin could
partly explain the longer persistence of lignins in
ecosystems receiving recalcitrant litter inputs.
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