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Abstract

Polyphenol oxidases (PPO) and peroxidases (PO) are soil extracellular enzymes that can be
found in free forms and can also be bound in organo-mineral-enzyme complexes. PPO are involved
in the catalysis of the humic substances synthesis, while PO are involved in the catalysis of their
decomposition. The accumulation of soil humus is associated with the activity of PPO and PO. In this
work, the influence of PPO and PO activity on the accumulation of organic carbon in a sandy Spodosol
and its clay fraction was studied for the first time. The purpose of the work was to evaluate the seasonal
dynamics of the enzymatic activity of PPO and PO as well as its effect on the stabilization of organic
carbon in a sandy Spodosol. Field study was carried out during the growing seasons of 2020-2021 at
the experimental station of the Agrophysical Research Institute (Menkovo village, Gatchina District,
Leningrad Province) on a plot of sandy Spodosol soil without application of mineral fertilizers. A plot
of 2X2 m in 2020-2021 was a fallow land while in 2019 a vetch-oat mixture (Vicia sativa L., Avena
sativa L.) was grown there. Soil samples were collected with an Endelman soil drill from 0-10-cm layer
using the envelope method, every month (from May to August). The content of total organic carbon
(Corg) and carbon associated with the soil clay fraction (Cclay) was determined by the Tyurin method.
Soil moisture was measured gravimetrically, temperature by electronic sensors iButton DS 1921 (Dallas
Semiconductor, USA), installed at a depth of 10 cm. The soil carbon accumulation was calculated
using the carbon enrichment coefficient of clay soil fractions (Esoc). The activity of PO and PPO was
assessed using the Galstyan photocolorimetric method at A = 440 and A = 590 nm. The activity of
oxidases in 2021 was, on average, 5 times higher for PPO and 3 times higher for PO compared to
2020. The activity of the PPO was, on average, 1.7 times higher in 2020 and 2.6 times higher in 2021
than the activity of the PO, which was reflected in the value of the humification coefficient (Kgum),
which is calculated by the ratio of the PPO to the PO. In 2021, when the hydrothermal conditions in
the soil were favorable for processes of humus synthesis (average soil temperature —20 °C, 16.4 %
humidity), Kgum. was 47 % higher than in 2020. With a decrease in soil temperature, the statistically
significant (p < 0.05) increase in PPO activity occcured throughout the entire observation period. In
2021, with an increase in soil moisture, PO activity significantly increased (p < 0.05). The conducted
studies indicate that the maximum content of total organic carbon in the soil corresponded to the
maximum activity of polyphenol oxidases. In 2021, the total organic carbon content decreased on
average by 2 % compared to 2020 (p < 0.63). However, the average values of Cclay content over the
same period increased by 4.78 % (p < 0.43). As a result, in 2021 the enrichment coefficient of the clay
fraction of the soil increased. The relationship between the activity of oxidases and the content of
organic carbon associated with the clay fraction was complex, since the organic matter fixed in the
clay fraction is weakly susceptible to the influence of microorganisms and their metabolic products.
Temperature and soil moisture had the greatest influence on the accumulation of carbon in the clay
fraction of the soil compared to the deposition of total organic carbon in it. At the same time, the
relationship between the soil moisture and the accumulation of Corg and Cclay was stronger (r = 0.66
and r = 0.90, respectively, p < 0,05) than the relationship between the soil temperature and the
accumulation of Corg and Cclay (¥ = —0.43 and r = -0.73? p < 0,05).
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Soils enzymatic activity is due to the activity of soil biota and its ability to
undergo various biochemical transformations [1-3]. Soil extracellular hydrolytic
and redox enzymes play an important role in the processes of humus formation.
Hydrolytic enzymes are, in particular, proteases, cellulases, amylases, lipases, and
redox enzymes are polyphenol oxidases, peroxidases, and dehydrogenases. Poly-
phenol oxidases (PPO) and peroxidases (PO) belong to the class of oxidoreduc-
tases. Soil oxidoreductases may act as free enzymes or as those bound into organo-
mineral-enzyme complexes [4, 5]. They enter the soil with intravital secretions of
plant roots and microorganisms (bacteria, actinomycetes, fungi) [6, 7]. PPOs are
involved in the biosynthesis of humic acids by catalyzing oxidative polymerization
reactions of aromatic compounds in the presence of oxygen [8]. Peroxidases are
enzymes that catalyze the oxidation of polyphenols and some aromatic amines
with the participation of oxygen and hydrogen peroxide [9, 10]. The activity of
PPO and PO can serve as indicators of the intensity of humus formation [11] and
mainly correlates with abiotic factors. To a lesser extent, it is influenced by the
species composition and biomass of soil fungi [12].

The rate of accumulation of soil humus depends on the activity of PPO
and PO [13], since the formation and destruction of humic substances occur sim-
ultaneously. On the one hand, soil organic matter can influence the activity of
extracellular enzymes secreted by microorganisms and plant roots, providing en-
ergy and substrate for the secretion of enzymes [14]; on the other hand, increased
oxidase activity enhances the decomposition of organic matter, which negatively
affects its accumulation [11].

A close connection has been established between the dynamics of the con-
tent of organic matter in the soil and the activity of these enzymes [15, 16]. The
state in which soil organic matter is found determines the amount of CO2 released
into the atmosphere, in turn, this affects climate change. Soil organic matter is
fixed, forming organomineral complexes with clay minerals [17, 18]. In addition,
soil carbon content positively correlates with silt content in mineral soil [19].

Humidity and temperature influence seasonal changes in the content of
organic matter in the soil and its silt fraction. A number of works [20-23] have
established a close correlation between the average annual precipitation, vegetation
and the content of organic carbon in the soil. Since net primary production and
the input of crop residues to the soil increase as the amount and frequency of
precipitation increases, this leads to greater accumulation of organic carbon in the
soil. However, the relationship between these parameters is influenced by topog-
raphy and the quality of plant litter [24].

The soil water regime has a significant impact on soil processes; a direct
relationship has been established between precipitation, soil moisture and its en-
zymatic activity [25]. With an increase in moisture reserves and a decrease in soil
temperature, an increase in the activity of the hydrolytic enzymes invertase, ure-
ase, phosphatase, ATPase, as well as oxidoreductases, in particular dehydrogenase,
occurs. The activity of polyphenol oxidases and peroxidases is associated with soil
pH and affected by heavy metals, average annual precipitation and average annual
temperature and, thereof, by soil temperature and moisture, and soil and vegeta-
tion types [26-28]. S. Liu et al. [29] showed a positive correlation between soil
water content and PPO activity. In addition, oxygen availability has been found
to limit polyphenol oxidase activity in the substrate [30].

In this work, the influence of PPO and PO activity on the accumulation
of organic carbon in agrosoddy-podzolic soil and its silt fraction was established
for the first time.

The purpose of the work is to study the seasonal dynamics of the enzymatic
activity of polyphenol oxidases and peroxidases and its effect on the stabilization



of organic carbon in agrosoddy-podzolic soil.

Materials and methods. Field research was carried out during the growing
seasons of 2020-2021 on the territory of the AFI experimental station (Menkovo
village, Leningrad Province, Gatchina District) on a plot.

In 2019, on a 2%X2 m plot with agro-soddy-podzolic soil, a vetch-oat mix-
ture (Vicia sativa L., Avena sativa 1L.) was grown, in 2020-2021, there was not
fertilized fallow. The soil was 19% physical clay, and the silt fraction was 4.8%.
Agrochemical parameters at the beginning of the experiment were as follows:
Corg. = 2.92%, Ntot. = 0.28%, N-NO3 = 22.3 mg/kg soil, N-NH4 = 6.7 mg/kg
soil; mobile P205 = 994 mg/kg soil, mobile K2O = 542 mg/kg soil (by Kirsanov
method), pHKc1 6.4. Soil samples were collected with an Endelman soil drill from
a 0-10 cm layer of humus horizon using the envelope method every month from
May to August.

The content of total organic carbon (Corg.) and carbon associated with the
clay fraction (Csiit) was determined by the Tyurin method [31]. To isolate the silt
fraction of the soil (<1 pm), distilled water was added to a 200 g soil sample passed
through a sieve with a mesh diameter of 1 mm. The resulting mixture was dispersed
for 30 min using a BRANSON 450 ultrasonic unit (Branson Ultrasonics Corpo-
ration, USA) at 315 W (70% of maximum). The sample was then transferred to a
vessel and subjected to sedimentation. To sediment the silt fraction, a JANETZKI
S70 centrifuge (Heinz Janetzki, Poland) (6000 rpm, 15 min) was used. The re-
sulting silt was dried in air at room temperature [32].

Soil moisture was determined by thermostat-weight method, temperature
with iButton DS 1921 electronic sensors (Dallas Semiconductor, USA) installed
at a 10 cm depth. Carbon accumulation in the soil was assessed using the coeffi-
cient of enrichment of carbon in the silt fraction of the soil (Esoc) [33]:

Esoc= Cf./Corg.,
where Cr. is carbon content of the fraction, % of the fraction mass, Corg. is content
of total organic carbon, % of the mass of the soil.

The activity of peroxidases and polyphenol oxidases was studied photocol-
orimetrically according to Galstyan’s method at A = 440 and A = 590 nm [34]. To
measutr the activity of oxidases, 0.5 ml of toluene and 100 ml of H2O were added
to a 1 g soil sample, shaken for 20 min and filtered. Two rows of flasks were
arranged. To determine the activity of PPO, 5 ml of a 1% pyrogallol solution was
added to 10 ml of the filtrate; to assess the activity of PO, 5 ml of a 1% pyrogallol
solution and 1 ml of 0.5% H202 were added to 10 ml of the filtrate. All flasks
were allowed for 2 h at 37 °C in a thermostat (Smolensk SKTB SPU OIJSC,
Russia), then at room temperature for 14 h. In the morning, colorimetry was
carried out (a PE-3000UF spectrophotometer, PromEcoLab LLC, Russia) with
blue light filter. In the control sample, 10 ml of water and 5 ml of pyrogallol were
mixed. Enzyme activity was expressed in mg of purpul gallin. For calibration
curve, serial dilutions of KoCr207 was used. The color of 0.75 g of the reagent
dissolved in 1 1 of 0.5 N HCI corresponded to the 0.1 mg of purple gallin in 1 ml
of solution. Analytical repetition was 3-fold.

To quantify humification, the humification coefficient is used, which is
equal to the proportion of carbon in organic residues (%) transformed into humic
substances [35]. To assess the intensity of humus formation, A.I. Chunderova [36]
proposed the humification coefficient (Chum.) which is the ratio of the polyphenol
oxidases (PPO) to peroxidases (PO) activities Chum. = PFO/PO. This coefficient
may characterize the direction of humification. If Chum. > 1, then humus synthesis
predominates in the soil, if Chum. < 1, then the decomposition of humic substances
prevail.

Statistical processing was carried out using the Microsoft Excel software



package. Means (M), standard deviations (£SD), and Pearson correlation coeffi-
cients were calculated. The significance of the differences was assessed by one-
way analysis of variance at a significance level of p < 0.05.

Results. According to the Menkovo weather station (Leningrad Province,
Gatchina District), the average air temperature during the growing seasons from
May to September 2020 and 2021 was +14.5 and +15.7 °C, respectively, with 517
and 536 mm precipitations (Table 1).

1. Weather conditions of the growing seasons 2020-2021 according to the
data of Menkovo weather station (Leningrad Province, Gatchina District)

Year, month
Parameter 2020 2021
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Average daily temperature, °C +8.8 +18.1 +16.5 +164 +12.8 +10.8 +19.7 +21.1 +154 +124
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Fig. 1. Seasonal polyphenol oxidase (1) and peroxidase (2) activity of agrosoddy-podzolic soil for two
years (experimental station of the Agrophysical Research Institute, n = 3, M*SD; Menkovo village,
Leningrad Province, Gatchina District).

Over the two year observations, the PPO abd PO activity reached its high-
est levels in 2021 (Fig. 1). The average PPO activity in 2020 was 1.09 mg of purpur
gallin-g1-h1 in 2021 5.58 mg purple gallin - g'! - h'l. The average activity of PO
in 2020 was 0.63 mg purple gallin- g1 -h1, in 2021 2.14 mg purple gallin- g1 - hL.
The highest PPO activity over the two seasons was observed in early June, PO in
early June and mid-July (see Fig. 1). During this period, the most favorable con-
ditions for the microbial community developed, namely the ratio of temperature
and soil moisture.

Microbial activity together with abiotic factors (soil temperature, soil
moisture, pH) ensure humus formation. According to R.I. Sinsabaugh [15], oxides
and hydroxides of Mn, Fe and Al in soil create electron acceptors that catalyze
production of reactive species from phenols. These intermediates condense with
other phenols or amino acids into humic compounds. Silt and clay fractions of
the soil catalyze decarboxylation and deamination, which promote both mineral-
ization of organic matter, and condensation reactions that lead to the formation
of humic acids.

The Chum. value for 2 years did not fall below 1, which indicated the
predominance of humic substance synthesis over organic substance mineralization
(Fig. 2). The average seasonal Chum. amounted to 1.76 in 2020 nad 2.63 in 2021,
which indicates an increased formation of humic substances during the growing
season of 2021. This was probably due, on the one hand, to favorable soil and
wether conditions promoting increased PPO and PO activity. On the other hand,
in 2019, a vetch-oat mixture grown on the plot produced large biomass of ckiu3
and root residues, which served as an additional source of organic matter for soil



microorganisms and contributed to increased oxidase activity in the second year
of the experiment. Small fragments of organic matter probably formed complexes
more easily with soil minerals.
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Fig. 2. Humification coefficient (Chum.) of agrosoddy-podzolic spaces [37]. In general, the

soil for two years (experimental station of the Agrophysical Re- binding of humates and ful-
search Institute, n» = 3, MxSD; Menkovo village, Leningrad . ..
vates is facilitated by the com-

Province, Gatchina District).

position of the surface layers
of colloids, in particular the amount of iron and aluminum, the dispersion of
minerals, and the presence of non-silicate sesquioxides in the colloids. The ad-
sorption of organic molecules by clay minerals is a complex process in which
various interactions, the H-bonding, ion-dipole and van der Waals interactions
can occur [38].

The organic compound may also form complexes with clay mineral coun-
terions or undergo ion exchange. The studied soil and its silt fraction contained
clay minerals kaolinite, chlorite, hydromicas (mica with a deficiency of interlayer
cations, dioctahedral mica, trioctahedral mica) [39].

In our tests, the content of PPO in the soil increased more significantly
than PO, which led to an increase in Chum. in 2021 compared to 2020. According
to E.Ya. Rijia et al. [40], in the soil of plots where white lupine (Lupinus albus 1..)
was grown in 2020, the activity of PPO was 1.463 mg purple gallin- g - hl, PO
2.074 mg purple gallin-g!-h’l. In the soil used as pure fallow, the activity of
oxidases in 2020 was significantly lower, 1.3-fold for PPO and 3.3-forl for PO.
That is, the plants and their species influence the biological activity of soils, which
is consistent with the data of other researchers [41, 42].

The large amount of root and above-ground residues that white lupine
formed during the growing season increases soil enzymatic activity. According to
E.l. Zolkina [43], in soddy-podzolic sandy loam soil, above-ground (stubble and
litter) and underground (roots) plant residues of lupine amount to 37-46.7 c¢/ha of
dry matter. Apparently, a small number of groups of microorganisms utilizing or-
ganic and mineral nitrogen, e.g., cellulose-degrading micromycetes, micromy-
cetes, actinomycetes, is characteristic of clean fallow due to the lack of fresh or-
ganic matter [44, 45]. In turn, green manure fallow (in our case, vetch-oat mixture
is the predecessor of pure fallow) enhances the abndance of these groups, espe-
cially bacteria. Thus, the number of ammonifying bacteria when using green ma-
nure fallow increases 3.3 times compared to pure fallow [46]. This fact can explain
the decrease in oxidase activity in soil under pure fallow compared to green ma-
nure fallow.

Correlation analysis revealed a significant strong inverse relationship be-
tween PPO activity and soil temperature over 2 years of observations (r = -0.73
and r = -0.80, p < 0.05) and a significant strong positive relationship in 2021
between PO activity and soil moisture (r = 0.99, p < 0.05). In other cases, the
relationship between the activity of the studied oxidases, soil temperature and soil

hum.
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moisture was weak and unreliable. In 2020, the relationship of Corg. and GCsiit with
PPO was positive (significant for Corg., ¥ = 0.48, p < 0.05 and unreliable for Cisit,
r = 0.38). In 2021, significant positive correlations were recorded between PPO
and Corg. (r = 0.84, p < 0.05), and between PO and Gisiit (r = 0.90, p < 0.05).
I.N. Kurganova et al. [47] noted close positive correlation of PPO activity with Corg,.
(r=10.99, p < 0.05) in soddy-podzolic soil. However, enzyme activity cannot be a
simple reflection of the amount of soil organic matter, since in arable soils where
carbon input is low, enzyme decomposition of organic matter may be inhibited by
energy and substrate shortages [14].

35- In 2020, the amount

an of total organic carbon in the
arable horizon was the largest

o in early June (29.54 ¢ C/kg of
. soil) and minimum at the end
s i of August (25.16 C/kg of soil)

(p < 0.70) (Fig. 3). In mid-
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Fig. 3. Seasonal dynamics of total organic carbon content (Corg.) to an increase in mineraliza-
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kovo village, Leningrad Province, Gatchina District). Dunng this penod, the soil
temperature was 21.5 °C, and
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the weight humidity was 8.2%.

It is known that the most complete decomposition of organic matter is
observed at a soil temperature of 20-25 °C and a humidity of 60-80% of the total
moisture capacity (48). However, soil temperature has a greater effect on miner-
alization losses than moisture. According to A.S. Tulina et al. [49], the potential
mineralization of organic matter for gray forest soil, chernozem and dark chestnut
soil during a 150-day experiment depended on temperature by 63% and on hu-
midity by only 8%. Perhaps, in our case, in addition to optimal temperature for
mineralization, there was also a sharp decrease in the microbial carbon content
due to absence of fresh organic matter and low humidity, which affected the Corg.
content. E.O. Chimitdorzhieva et al. [50] also noted a decrease in the microbial
carbon accumulation in chernozem from 0.62 to 0.52, in chestnut soil from 0.39
to 0.31 mg C/g of soil under moisture deficiency in combination with high air and
soil temperatures.

In 2021, slightly lower values of the parameters were recorded, probably
due to the lack of supply of fresh organic residues and the consumption of the
labile part of soil carbon (light fraction, water-soluble organic matter) by soil mi-
croorganisms. In soil under pure fallow, the source of carbon for microorganisms
is mainly difficult to decompose plant and microbial residues which are subjected
to decomposition by natural factors and by the use of tillage tools [51]. In general,
in 2021, almost the same trend in the dynamics of Corg. remained, as in 2020.
Statistically significant (p < 0.05) differences were observed between the values of
Corg. throughout the growing season.

In 2020, the total organic carbon reached its maximum content at a hu-
midity of 16.6-22.3% and soil temperature of 10.6-18.0 °C, and amounted to
26.86-29.51 g C/kg soil. In 2021, the maximum Corg., the 27.81 g C/kg of soil,
was revealed at 22.3% humidity and 19.5 °C.

In 2020, the largest amount of organic carbon associated with the silt
fraction was found in May (p < 0.04), 98.31 g C/kg fraction (Fig. 4). Soil samples



collected at the end of August were characterized by the lowest average value of
Giilt, 78.2 g C/kg fraction (p < 0.04).

1204 During the obser-
. vation period, GCsiit gradu-
1001 "l\./.\.\- 'ﬂ\*,i ally decreased. In 2021, al-
80 . most the same trend was
noted, however, the differ-
ence between the Cisilt val-
ues during the season was
not significant (p < 0.35).
However, the Csiit values in

Fig. 4. Seasonal dynamics of silt associated carbon content (Csit) mid-July and at the end of

in agrosoddy-podzolic soil for two years (experimental station of Aueust sliehtly exceeded the
the Agrophysical Research Institute, » = 3, M*SD; Menkovo g . gty
values in 2020 for the same

village, Leningrad Province, Gatchina District). : ;
period. Probably, in 2021,

the formation of complexes of organic matter with minerals in the silt fraction of
the soil occurred to a greater extent than in 2020.

The enrichment factor (Esoc) of the silt fraction with organic carbon varied
from 3.66 at the beginning of the 2020 period to 3.11 at its end. In 2021, the Esoc
value ranged from 3.84 to 3.22.

The highest content of silt-associated carbon was found at maximum soil
moisture and minimum soil temperature. In 2020, the maximum accumulation of
carbon in the silt fraction was recorded at 16.6-22.3% humidity and 10.6-18 °C,
from 92 to 98 g C/kg of silt fraction. In 2021, the highest content of Csiit was
found in soil samples with a moisture content of 16.2-22.3% at 17.3-23.7 °C, the
Giilt values were comparable to thise in 2020. In 2020, the relationship between
the deposited Corg. and Csiit with soil temperature was significant and negative
(r=-043 and r = -0.73, p < 0.05, respectively), in 2021 this relationship re-
mained but was unreliable for Corg. (r = 0.38) and significant for GCsiit (r = 0.76,
p < 0.05). Correlation analysis of the relationship between soil moisture and Corg.
and Gisilt contents revealed significant moderate and strong positive relationships
in 2020 (r = 0.66 and r = 0.89, p < 0.05) and a strong positive significant rela-
tionship for Csilt in 2021 (» = 0.90, p < 0.05), which is consistent with other reports
[52].
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Thus, the content of organic matter in agrosoddy-podzolic sandy loam soil
and its silt fraction is affected by activity of polyphenol oxidases (PPOs) and pe-
roxidases (POs), and by soil humidity and temperature. The activity of oxidases in
2021 was higher than in 2020, on average 5 times higher for polyphenol oxidases,
and 3 times higher for peroxidases. The maximum content of total organic carbon
during the entire observation period was recorded at the maximum activity of
polyphenol oxidases, in 2020 with PPO activity of 1.27 mg purpur gallin-g!-hl,
in 2021 with 5.9 mg purpur gallin-g'-h! (» = 0.48 and r = .84, p < 0.05). In
2021, total organic carbon decreased by an average of 2% compared to 2020
(p < 0.63). However, the average values of the Cisilt content over the same period
increased by 4.78% (p < 0.43). As a result, in 2021 the enrichment coefficient of
the silt fraction of the soil increased. The relationship between the activity of
oxidases and the content of organic carbon associated with the silt fraction was
complex, since the organic matter of the silt fraction is weakly susceptible to the
influence of microorganisms and their metabolic products. Temperature and hu-
midity had the greatest influence on the accumulation of carbon in the silt fraction
compared to the deposition of total organic carbon. The relationship between soil
moisture and the Corg. and Csilc accumulation was stronger than the relationship
between soil temperature and Corg. and Csilt accumulation.
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