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Urea is a commonly used nitrogen (N) fertilizer that contributes to world food
production, and there have been increasing concerns about relatively low urea-
N use efficiency. Biochar has shown the potential to mitigate N loss, but how
biochar influences urea hydrolysis and the underlying mechanisms are still
unclear. In this study, long-term biochar-amended upland, paddy and
greenhouse soils were sampled at depths of 0-20 and 20-40cm in
Haicheng City, Northeast China. Soil N contents, urea hydrolysis rates
(UHRs), and total, intracellular and extracellular urease activities were
determined, as well as the total bacterial and ureolytic microbial gene
abundance were quantified. The results showed that biochar increased
total urease activity by 32.64-66.39% in upland soil and by 2.90-2.13-fold
in paddy soil. Both intracellular and extracellular ureases contributed to the
increase in total urease activity. However, in greenhouse soil, extracellular
(+35.07-74.22%) and intracellular (-40.14-77.68%) urease activities
responded inconsistently to biochar incorporation. Increases in ureC gene
copy numbers (2.15- to 4.47-fold) in upland and greenhouse (20.93%) soil
implied that biochar stimulated microorganisms capable of producing urease,
and the biochar liming effect increased the soil pH (0.11-0.60 units), which
optimized the ureolytic reaction, together explained the increases in urease
activity. We found that the decreased soil N content was accompanied by a
higher UHR in upland and greenhouse soils, suggesting that the accelerated
UHR exerted a negative effect on the soil N content, possibly caused by
excessive NHsz volatilization. In paddy soil, where the UHR was not
increased, biochar was an effective amendment for simultaneously
improving soil urease activity and N content.
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Introduction

Nitrogen (N) fertilizer is a major contributor to global food
production, and approximately 56% of the protein consumed by
humans is produced with nitrogen fertilizer (Zhang et al., 2013).
Urea is one of the most commonly used N fertilizers in the world,
accounting for approximately 60% of N fertilizer consumption
according to reported statistics (Glibert et al., 2014). The applied
urea cannot be absorbed and utilized by plants directly in the soil;
it is hydrolyzed to NH3/NH, by urease (urea amidohydrolase, EC
3.5.1.5) in a short time and then provides available N for plants
and soil microbes (Mobley and Hausinger, 1989). The urea
hydrolysis rate (UHR) is related to the future fate of the
applied N, such as its utilization, immobilization, and loss.
The rapid hydrolysis of urea often results in excessive NH;
leaching and N,O thereby
decreasing N use efficiency. According to Singh et al. (2013),

volatilization, N emission,
more than 40% of applied N is reportedly lost as NH; under
specific environmental and edaphic conditions. In calcareous soil
under rice cropping, N losses through
nitrification-denitrification, NH; volatilization and leaching
were shown to account for 12-33, 20-56, and 0.59-22.7% of
the applied fertilizer, respectively (Lan et al., 2022).

Biochar is a carbon-rich material that is pyrolyzed from waste
biomass, and it has been proposed as an alternative soil
amendment to mitigate N losses and promote N acquisition
by plants, which benefits from its positive effect on soil
physicochemical properties and nutrient cycling within the
soil profile (Gul and Whalen, 2016; Dong et al, 2017; Sun
et al, 2021). An early field study showed that by reducing
leaching and gaseous N losses, biochar increased fertilizer N
retention in soil and promoted N utilization by plants (Giierena
and Riha, 2013; Wang et al, 2020). Via the modification of
N-related microorganisms, biochar soil incorporation was found
to affect N transformation, benefit N availability and decrease
N,O emissions (Nguyen et al., 2017; Xiao et al., 2019; Ji et al,
2020). Although many studies have been conducted to determine
the effect of biochar on soil nitrification and denitrification
processes, few studies have focused on the urea hydrolysis
process, the exiting results with regarding to urease activity
also varied with biochar material and soil type, ranging from
increases (Wu et al.,, 2012; Amoakwah et al., 2022) to decreases
(Songetal., 2019; Zhou et al., 2021) or no effect (Zhu et al., 2017).

Urease is synthesized by numerous organisms, including
plants, bacteria, algae, fungi and invertebrates, and also occur
in soils as a soil enzyme (Krajewska, 2009). According to Klose
and Tabatabai (1999), soil urease can be divided into intracellular
and extracellular pools, and the combined activity of these urease
pools determines the rate at which urea is hydrolyzed in soils
(Fisher et al., 2016). Soil ureolytic microorganisms are considered
to be the main source of urease, and among these organisms,
bacteria are considered to be the major contributors. Soil
ureolytic microorganisms and urease activity are greatly
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affected by environmental factors. According to previous
research, urease activity is usually positively correlated with
soil pH, microbial biomass and soil N fertility (Fisher et al,
2017; Wang et al., 2018; Sun et al., 2019). Therefore, the biochar-
induced influence on urease was mainly attributed to the shifts in
soil physical-chemical properties, organic matter status, etc.
(Amoakwah et al, 2022), thereby affecting the ureolytic
microbial community. However, no direct evidence obtained
to date has shown how biochar affects the abundance and
composition of ureolytic microbial communities in agronomic
soils under field conditions. Despite the effect on biological
origin, extracellular urease derived from cell lysis and its
activity can be directly affected by soil abiotic factors. Liu
et al. (2018) investigated the effects of biochar on urease
activity where soil organisms were not growing, and they
found that the polycyclic aromatic hydrocarbons (PAHs),
heavy metals, and free radicals in biochar were toxic to
urease, resulting in the inhibition of urea hydrolysis. Hence,
to evaluate the influence of biochar on urea hydrolysis, both
intracellular and extracellular activity should be taken into
consideration.

As aged biochar often influences soil properties differently
from fresh biochar (Zhang X. et al., 2019; Joseph et al., 2021), the
majority of the results obtained from short-term incubation
studies in the laboratory have limited applicability to field
production. Moreover, in addition to the influence of biochar,
the soil ureolytic microbial community and enzyme activities are
greatly affected by soil management practices, including crop
rotation, fertilization, tillage and crop residue placement (Klose
and Tabatabai, 2000; Sun et al., 2019). Therefore, it is of great
significance to study the effects of biochar on soil urea
characteristics in ecologically different areas under field
conditions.

In the present study, long-term biochar-amended farmland
soil managed under different crop cultivation practices was
collected, the soil UHRs and urease activities of various pools
were determined, and the abundance of genes with ureolytic
functions and basic soil properties were measured. The results
provide insight into the response of urea hydrolysis to long-term
biochar application in different farmland soils and will allow us
to identify the key underlying mechanisms responsive to
the UHR.

Materials and methods
Soil sample site and biochar application

Three types of farmland soil, including upland, paddy and
solar greenhouse soils, were collected in Haicheng City,
northeastern China. The soils originated from the same parent
material (Hapli-Udic Cambisol, FAO) and have been cultivated
with maize, rice and vegetables for more than 10 years. The
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biochar adopted in this experiment was pyrolyzed from maize
stover with a vertical kiln at a temperature of 500-600°C for 2 h.
The basic properties of the biochar were as follows: pH: 9.5, total
C: 64.50%, total N: 1.27%, total P: 7.78 gkg™', available N:
38.8 mgkg ', average pore size: 16.23nm and surface area:
8.87m>g".

The biochar was passed through a 2-mm sieve and mixed
into the topsoil (0-20 cm) by a rotary cultivator. In the upland
soil, biochar was applied annually at a rate of 7.5tha™ yr™’
beginning in autumn 2017; in the paddy and greenhouse soils,
one-off biochar application at a rate of 20 t ha™' was performed in
2016. Each soil site was repeated three times (3 plot) with a plot
area of approximately 200 m®. The maize and rice were cultivated
for one year as a single crop that was sown or transplanted in May
and harvested in October. Vegetable production in the solar
greenhouses was conducted between October and June, and
multiple types of vegetables, such as cucumber and tomato,
were planted depending on market demand.

In spring of 2021, biochar-amended soil (BC) and
corresponding control soil (CK) samples were collected from
two layers (0-20 and 20-40 cm), in each plot, three soil cores was
mixed evenly and then separated into three parts for future
analysis: air-dried soil was sieved through a 2 mm sieve for basic
property determination; one part of the fresh soil was stored
at —80°C for DNA extraction and analysis; and the remainder of
the fresh soil was stored in double plastic bags at 4°C to determine
the urea hydrolysis rate and urease activity. Previous work
indicated that urease activity was not affected by storing field-moist
soils for up to six months at temperatures ranging from -10-40°C
(Fisher et al., 2017).

Determination of soil microbial biomass
carbon (MBC), nitrogen (MBN) and basic
properties

The chloroform fumigation method was used to analyze soil
MBC and MBN (Wu et al,, 1990). The moist equivalent of 10 g of
oven-dried soil was held with or without fumigation for 24 h at
25°C in the dark. Thereafter, a 0.5 mol L™! K,SO, solution was
used to extract soil organic carbon (SOC) from both the
fumigated and nonfumigated treatments. After shaking and
centrifugation, the supernatant was filtered through a 0.22 mm
syringe filter and diluted 50-fold, and SOC was measured using a
TOC analyzer (Multi C/N 3100, Analytik Jena, Germany). The
MBC content was calculated using the following equation:

MBC = EC/Kpc (1)

where EC is the difference between the SOCs extracted from the
fumigated and nonfumigated soils, and Kgc is 0.45.

To determine MBN, the fumigated and nonfumigated soils
were extracted using a 2 mol L' KCl solution. After shaking and
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filtering, the NH,*-N in the leachate was determined using a
continuous flow analyzer (Seal AA3, Jean Germany). MBN was
calculated using the following equation (Klose and Tabatabai,
1999):

MBN = EN/ky (2)

where EN is the difference between the NH,*-N extracted from
the fumigated and nonfumigated soils, and Ky is 0.54.

The soil total and inorganic N (NH4*-N and NO;-'N)
contents were determined by using the elemental analyzer
Macro Cube,
continuous flow analyzer, respectively. pH was measured at a

(Elementar Langenselbold, Germany) and
soil: water ratio of 1:2.5, and the cation exchange capacity (CEC)
was measured by the leaching method with an ammonium
acetate (1 mol L', pH 8.7) solution. Other basic properties
were measured according to the guidelines of the National
Agricultural Technology Extension Service Center of China

(2006).

Determination of the urea hydrolysis rate

The rate of urea hydrolysis in each soil was determined via
multiday incubation in triplicate. For each repetition, moist soil
samples equivalent to 40 g oven-dried soil were weighed into a
100-mL flask, and 4 mL of a 3 g L ™! urea solution was applied to
the soil to achieve a concentration of 140 mg urea-N-kg™' soil,
after which the mixture was incubated at 27°C in the dark. At 4,
12, 24, 48, and 72 h, samples of 8 g of soil were collected and
extracted with a 2 mol L™ KCl solution, and the remaining urea
was analyzed via the colorimetric method (Douglas and
Bremner, 1970). The UHR (mg Nkg '24h™") was calculated
based on the remaining urea in the soil at 24 h. The NH,"-N
concentration of the extract was also determined by AA3.

Assay of urease activity of different pools

Urease activity in soils was assayed via the buffer method
(Klose and Tabatabai, 1999) with minor modifications to make
the method faster and easier. Specifically, for the evaluation of
extracellular urease activity, fresh soil (equal to 5 g air-dried soil)
was incubated with 9 mL sodium acetate buffer (50 mM, pH 7.0)
and 1 mL of a 0.2 mol L™ urea solution (1.12 gN kg™ soil) in a
50-mL flask; 1 mL of double distilled-water instead of urea was
used as a blank, with incubation at 37°C for 2 h. The generated
NH,*-N was extracted with 40 mL KCl and quantified via the
Berthelot reaction with AA3. Urease activity (mg Nkg'2h™)
was calculated from the difference in the NH,"-N content
between the urea-flask and blank flask.

For the assessment of total urease activity, fresh soil was
fumigated using chloroform, and NH,"-N was then extracted
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FIGURE 1

The soil total N (TN), NH4*-N and NOs™-N concentrations in the control and biochar-amended soils upland soil (A,D,G); paddy soil (B,E,H);
greenhouse soil (C,F,1). Bars represent the standard error of the mean. Different lowercase letters indicate significant differences between the
0-20and 20-40 cm soil layers, the * and ** indicate significant differences between the control and biochar treatments within the same soil depth

based on an independent t test at p < 0.05 and 0.01, respectively.

and measured via the methods mentioned above within 1 h after
removing the chloroform fumes. The urease activity of the
microbial biomass (intracellular urease activity) was calculated
as the difference between the total and the extracellular activities
(Klose and Tabatabai, 1999).

Determination of the abundance of total
bacteria and ureolytic microbes

Soil DNA was extracted from 0.25 g of fresh soil using the
TIANamp Soil DNA Kit (Tiangen Biotech, China) following
the manufacturer’s instructions. The genes were amplified
with the following primers: bacterial 16S rRNA: 338-F (5'-3"):
ACTCCTACGGGAGGCAGCAG, 806-R (5'-3"):
GGACTACHVGGGTWTCTAAT (Liu Y. et al, 2021), ureC:
ureC-F (5'-3"): TGGGCCTTAAAATHCAYGARGAYTGGG,
ureC-R  (5'-3'):  SGGTGGTGGCACACCATNANCATRTC
(Reed, 2001). The amplified genes were purified and recovered
using a Puc-T TA Cloning Kit (CoWin Biosciences, China)
in preparation for the quantitative PCR (qPCR) analysis of
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total gene copy numbers. The reactions were run on an
Applied Biosystems 7500 Fast Real-Time PCR System
United States); the detailed
procedure was described in our previous research (Liu Z.
et al., 2021).

(Applied Biosystems,

Statistical analysis

Statistical analyses of each independently sampled soil type
were performed wusing SPSS version 19 (SPSS,
United States), since biochar was applied inconsistently (rate

Inc.

and aging time) across different soils. The homogeneity of
variance was first tested with Levene’s test, and significant
differences between the control and biochar treatments in
the same soil layer were tested using an independent ¢ test,
as well as the differences between the 0-20 and 20-40 cm soil
samples from the same treatment. Pearson correlation
coefficients were computed using Origin 2022 (OriginLab
Corporation, United States). The figures presented in the
article were generated using Microsoft Excel.
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FIGURE 2

Effect of long-term biochar application on microbial biomass

C and N (MBC and MBN). Cpic/Nmic refers to the ratio of MBC to
MBN. Bars represent the standard error of the mean. Different
lowercase letters indicate significant differences between

0-20 and 20-40 cm soil layer, the * and ** indicate significant
differences between the control and biochar treatments within
same soil depth at p < 0.05 and 0.01, based on an independent t
test.

Results

Total N, NH4*-N and NO3z -N contents in
biochar-amended soil

Although the soils tested in this study came from the same
parent material, they showed different N contents after years of
different soil management practices. As shown in Figure 1, both
the total N and NO5;™-N contents were highest in the greenhouse
soil, where they ranged from 0.33-0.35% and 649-654 mg kg™,
respectively, while they showed intermediate levels in the paddy
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soil and the lowest levels in the upland soil. The soil N content did
not change with soil depth in the upland and greenhouse soils
(Figure 1), but in the paddy soil, the soil total N, NH,"-N and
NO; -N contents at 0-20 cm were 47.97, 43.63 and 72.21%
higher than those at 20-40 cm (Figures 1B,E,H).

The application of biochar had different effects on the soil N
content. In paddy soil amended with biochar, the NH,*-N
contents were 48.47% and 62.90% higher than those in the
control in the surface and subsurface layers, respectively, and
the corresponding values for NO;™-N were 9.46% and 64.54%.
However, the difference was statistically nonsignificant (p > 0.05)
for the total N content (Figures 1B,E,H). In upland soil, all forms
of soil N showed significant (p < 0.05) decreases under biochar
incorporation in both the 0-20 and 20-40 cm layers (Figures
1A,D,G). The biochar-amended greenhouse soil N content also
showed a tendency to decrease, with soil total N, 0-20 cm NH,"-
N and 20-40 cm NO5™-N contents all being significantly (p <
0.05) lower than their corresponding controls (Figures 1C,FI).

Soil microbial biomass content

The highest soil MBC and MBN contents were found in the
greenhouse soil (Figure 2). However, one-off biochar application
decreased MBC by 8.58% (p < 0.05) and 44.37% (p < 0.01) in the
surface and subsurface layers, respectively, and decreased MBN
by 56.09% (p < 0.05) in the subsurface layer. The only positive
effect of biochar on microbial biomass was found in the upland
soil, where MBC was increased by 34.24% (p < 0.01) in the
subsurface layer. In the biochar-amended paddy soil, both MBC
and MBN were not significantly different from their levels in CK
(p > 0.05).

Changes in the soil UHR and NH4*-N
generation rate

The complete hydrolysis times of the added urea-N (140 mg
urea-N-kg™') were approximately 48 and 72 h in the upland and
paddy soils, respectively. However, approximately 6.78-35.48 mg
urea-N-kg™' remained in the greenhouse soil after 72h of
incubation (Figure 3). The results suggested that upland soil
presented the highest, while greenhouse soil had the lowest rate
of urea hydrolysis, specifically, In the surface layers of the control,
the UHR was 120.76 mg urea-N kg '24 h™! in upland soil versus
38.78 mg urea-N kg '24 h™' in greenhouse soil.

Biochar application tended to increase the UHRs of the
greenhouse and upland soils (Figure 3). For instance, up to
95.66% of the added urea-N was hydrolyzed in the biochar-
treated upland soil within 24h, versus 86.25% in the
corresponding CK treatment. In the greenhouse soil, the
UHRs in the surface and subsurface control were 38.79 and
51.47 mg urea-N kg '24 h™', respectively, and increased to

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.950482

Zhao et al.

Upland Soil

Urea-N (mg-kg!)

9]

Urea-N (mg-kg'!)

Time (h)

FIGURE 3

10.3389/fenvs.2022.950482

Upland Soil

N (mg- kg!)

NH;,

N (mg- kg)

NH;

0 20 40 60 80

Greenhouse Soil

—0O— CK 0-20cm

NH, N (mg- kg!)
8

- -i& - BC0-20cm
—<— CK 20-40cm
- 4 - BC 20-40cm

0 20 40 60 80
Time (h)

Dynamic of Urea-N and NH4*-N concentration during 72 h of incubation after 140 mg kg™ urea-N addition. Upland soil (A,B); paddy soil (C,D);
greenhouse soil (E,F). Bars represent the standard error of the mean. Column charts in A, C and E represent urea hydrolysis rate, * indicate significant

difference between BC and CK within same soil layer at p < 0.05.

61.43 and 81.95mg urea-N kg™'24 h™" in response to biochar
addition.

NH,"-N generation through urea hydrolysis peaked at 48 h
in the upland and paddy soils, but the NH,*-N content in the
greenhouse soil continued to increase during 72 h of incubation,
since urea-N remained in the soil (Figures 3E,F). The NH,*-N
content in the biochar-amended soil was generally lower than
that in CK in the upland and greenhouse soil, while in the paddy
soil, biochar increased the NH,*-N concentration after 24 h of
urea application.

Soil urease activity of various pools

For the control soil, the urease activities of various pool as
well the specific activity showed the following general
tendency: greenhouse soil > upland soil > paddy soil
(Table 1). Extracellular urease activity accounted for
67.99-69.46, 74.07-85.86, and 36.58-42.28% of the total
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urease activity in greenhouse, upland and paddy soil,
respectively. Statistically, no major difference was detected
between the different layers of the unamended soils, while in
the soil that received biochar, both intra- and extracellular
urease activities in the surface soil were higher than those in
the deeper soil.

Overall, urease activity responded inconsistently to biochar
incorporation in different soils. As shown in Table 1, both intra-
and extracellular urease activities were increased by biochar
application in the upland and paddy soils, with a more
pronounced effect in the surface layer than in the subsurface
layer. In upland soil, biochar incorporation increased the total
urease activity by 66.39% (0-20 cm) and 32.64% (20-40 cm)
relative to the control, and intracellular enzymes contributed
49.71% and 52.67% of the total urease activity increase,
respectively. In paddy soil, a greater effect was detected after
the incorporation of biochar, and the total urease activity was
2.90- and 2.13-fold higher than that in CK in the surface and
subsurface soils, respectively. The increase in total enzyme
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TABLE 1 Effect of long-term biochar application on the urease activity of various pools in the soils.

Soil Urease activity
Total Extracellular (mg
(mg NH, NH,*-N kg™
*-N kg™! -2h™)
-2h™)
Upland soil 0-20cm CK 3091 £0.25a 21.46 + 0.68 a
BC 5143 +0.54 axx  31.78 £ 1.01 a%x
20-40 cm  CK 3169 + 033 a 2153 £ 0.54 a
BC 4197 + 0.23 b 26.36 + 0.19 b
Paddy soil 0-20cm CK 2051 +034a 1518 + 0.11 b
BC 5943 + 1.32 a#*  21.03 + 0.38 b
20-40 cm  CK 2043 +0.15a 17.54 £ 0.19 a
BC 4345 + 1.88 b 23.51 + 0.14 a*x*
Greenhouse 0-20cm  CK 57.06 + 0.60 b#* 2412 + 0.73 a
soil BC 5231+006a 3258 + 1.08 bx

20-40 cm  CK
BC 48.66 + 0.66 b

62.50 £ 0.34 ax* 2285+ 1.85a

39.81 £ 0.51 ax*

Intracellular Percentage of Specific activity (ug
(mg NH,"-N intracellular NH,-N mg™
kg2 h™") (extracellular) Cnic2h™)
activity to total
activity
9.45 £ 0.92 a 30.54 (69.46) 71.01
19.64 + 1.25 as+ 38.17 (61.83) 135.10
10.16 + 0.87 a 32.01 (67.99) 84.26
15.61 + 0.34 ass 37.20 (62.80) 95.28
532£034a 25.93 (74.07) 19.13
38.40 + 0.94 aw* 64.60 (35.40) 167.36
2.89 £0.19b 14.14 (85.86) 75.87
19.93 + 1.83 b 45.68 (54.32) 164.62
32.94 + 0.88 b 57.72 (42.28) 80.57
1973 % 111 a 37.71 (62.29) 8111
39.65 + 1.53 ak 63.42 (36.58) 73.95
8.85 £ 0.65 b 18.17 (81.83) 40.80

The presented values are the mean + standard error. Different lowercase letters following the numbers indicate significant differences between the 0-20 and 20-40 c¢m soil layer, and * and

=xindicate significant differences between the control and biochar treatments under the same conditions at p < 0.05 and 0.01 based on an independent ¢ test.

activity was mainly derived from intracellular, which contributed
84.99% (0-20 cm) and 85.11% (20-40 cm) of the total urease
activity increases. However, in biochar-treated greenhouse soil,
intracellular urease activity declined by 40.14 and 77.68% in the
0-20 and 20-40 cm depths soil, resulting in 8.32 and 22.14%
reductions in the total urease activity, respectively, relative to the
control.

Soil microbial gene abundance

The abundance of ureolytic microbes and total bacteria,
expressed as ureC and 16S rRNA gene copy numbers, ranged
from 1 to 37x10° and 4 to 106 x10° (Figure 4), respectively. Paddy
soil presented the highest abundance, while greenhouse soil
contained the lowest number of microbial genes; similarly,
0.1-1% of bacteria were ureolytic. The lowest ratio of ureC to
16S indicated that ureolytic microbes were not the dominant
microorganism in the greenhouse soil.

The microbial genes extracted from the biochar-amended
soils did not always show a consistent pattern of increasing or
decreasing. In the upland soil, biochar increased ureC copy
numbers by 4.47- and 2.15-fold and the 16S rRNA copy
numbers by 1.52- and 3.32-fold over the control in the
surface and subsurface soil samples (Figure 4), respectively.

Frontiers in Environmental Science

Significant (p < 0.01) increases in ureC gene copy numbers
were also found in the surface layer of the greenhouse soil
treated with biochar. However, in the paddy soil, the number
of ureC genes was slightly decreased by 10.54% after the soil was
amended with biochar in the surface layer, which resulted in a
higher of ureC to 16S ratio.

Discussion

Soil N contents and response to biochar
incorporation

Biochar incorporation has been reported to improve the
soil N content due to its ability to retain N and decrease N
losses via gaseous emissions and leaching (Giierefia and Riha,
2013; Fan et al., 2020; Banik et al., 2021). However, in the
present study, both soil total and available N were found to
have decreased in upland and greenhouse soils after biochar
incorporation despite its application method. Earlier research
showed that plant available N (NH,*-N and NO;™-N) may be
reduced owing to biochar’s high C content, which stimulates
microbial N immobilization (Phillips et al., 2022). However,
the unchanged or even decreased MBC and MBN contents of
the greenhouse soil demonstrated that the decline in soil N
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FIGURE 4

The soil ureC and 16S gene copy numbers and their ratio in upland soil (A,D,G), paddy soil (B,E,H) and greenhouse soil (C,F,1). Bars represent the
standard error of the mean. Different lowercase letters indicate significant differences between 0—20 and 20-40 cm soil layer, the * and **indicate
significant differences between the control and biochar treatments within same soil depth at p < 0.05 and 0.01, based on an independent t test.

could not be ascribed to the microbial N-immobilization
effect. Considering that NHj; volatilization is a major
pathway of N loss in agricultural systems that results from N
fertilization (Sun et al., 2017; Lan et al., 2022), we speculated
that biochar-stimulated NHj volatilization was the primary
reason for the decrease in soil N. As the present results
showed, biochar accelerated the soil UHR (Figure 3) and
S1), thereby
dynamics of NH,"-N
dissociation and increasing the NH; concentration, which

increased soil pH (Supplementary Table

influencing the equilibrium
may result in excessive NH; volatilization and then a
decrease in the soil NH,"-N content (Figure 3), ultimately
decreasing soil N content after long-term biochar application
(Figure 1). Our previous incubation study showed that
14.18-20.25%
treated brown and sandy soils than from corresponding

more NH; was volatilized from biochar-
controls (Liu et al., 2017). The increase in soil pH caused by
biochar application was identified as the primary factor
favoring NHj volatilization in fertilized soils (Sun et al,
2017; He et al, 2018; Sha et al., 2019), and our results
suggested that when biochar was coapplied with urea, the
accelerated UHR may also contribute to NHj volatilization.
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While in paddy soil, we observed a positive effect of biochar
application on the soil N content (albeit not significantly on total
N, Figure 1), suggesting that biochar-induced NHj volatilization
may not occur in paddy soil under consideration of the
unaccelerated UHRs. This is in line with the results reported
by He et al. (2018), who also showed that despite an increase in
the first year, biochar applied to paddy soil likely reduced the
NHj; emissions in the second year. These authors explained that
aged biochar was more capable increasing the NH; adsorption
capacity and the nitrification rate of the soil than fresh biochar
(Wu et al,, 2018). Moreover, without considering biochar’s effect,
the widespread postponement of N fertilization during rice
production is also conducive to reducing N losses (Zhang
et al.,, 2011).

Factors that affect urease activity and UHR
in biochar-amended soil

One of the main objectives of this study was to reveal the

impacts of biochar on the urease activity of various pools and the
underlying mechanisms. We found that urease activity
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Correlations of soil properties, urease activity of various pools, total bacteria and ureC gene abundances in the upland soil (A), paddy soil (B) and
greenhouse soil (C). Warm and cold color represent positive and negative correlations, respectively. Significant correlations are highlighted with

asterisks *p < 0.05; **p < 0.01.

responded sensitively to biochar, regardless of whether biochar
was applied one-off or annually, and both biotic and abiotic
factors were relevant to the increases in urease activity.

In the wupland soil, intracellular urease contributed
49.71-52.67% of the total urease activity increase induced by
biochar application. The increase in intracellular enzymes could
be primarily ascribed to the release of more ureolytic microbes
from microbial biomass (Amoakwah et al., 2022). As shown in
Figure 4A and Figure 5A, the ureolytic microbial abundance

represented by the ureC gene copy numbers was increased by
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biochar addition and showed a significant positive correlation
with intracellular urease (R* > 0.88, p < 0.01); the ureC gene copy
numbers were also well correlated with the bacterial 16S gene
copy numbers and MBC. These results demonstrated that in
upland soil, by thriving microbial biomass and ureolytic
microbial abundance, biochar increased intracellular urease
activity. The positive effect of biochar on microorganisms can
be traditionally explained by supplement of the considerable
C of
physicochemical properties by biochar, which contribute to

amount of bioavailable and modification soil
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TABLE 2 Correlations between the urea-N hydrolysis rate and urease activity of various pools.

Upland soil Total Extracellular Intracellular UHR
Total 1 0.965%: 0.965%: 0.548:
Extracellular - 1 0.864x 0.579x
Intracellular - - 1 0.478

Paddy soil Total Extracellular Intracellular UHR
Total 1 0.72733% 0.991 33 0.206
Extracellular - 1 0.630: 0.045
Intracellular - - 1 0.225

Greenhouse soil Total Extracellular Intracellular UHR
Total 1 —0.912:: 0.97 133 —0.594
Extracellular - 1 ~0.984:# 0.797:
Intracellular - - 1 —0.726%

UHR, refers to urea hydrolysis rate; Significant correlations are highlighted with asterisks #p < 0.05; *#p < 0.01.

improving the soil microbial community structure and
increasing microbial populations and activity (Zhang L. et al,
2019; Li et al., 2020; Pokharel et al., 2020; Amoakwabh et al., 2022).
Here, we detected that the soil organic matter and pH increased
with biochar incorporation, and as shown in Figures 5A,B, the
soil pH was positively correlated with intracellular urease activity
and the number of ureC genes in upland and paddy soils. This
was consistent with the findings of Fisher et al. (2017), who also
reported that an increase in the soil pH resulted in bloom the
growth of total and ureolytic bacteria, resulting in an increase in
the soil urea hydrolysis rate.

In the paddy soil, although biochar somewhat decreased the
bacterial ureolytic gene abundance, the intracellular urease
activity was greatly increased. These findings can probably
be ascribed to the ureC primer used in the present study
being of bacterial origin; sources such as crop roots, fungi
and archaea (Hasan, 2000; Krajewska, 2009) are also urease
producers that contribute to maintaining and increasing
intracellular urease activity. For instance, Amoakwah et al.
(2022) that
increased the abundance of arbuscular mycorrhizae (AMF)

reported biochar application significantly
and soil fungi by modifying the soil microbial community
composition.

An increase in extracellular urease activity as a result of
biochar addition was observed in all tested soils. The reasons
responsible for the increase, despite the biological origin, namely,
intracellular urease, could also be explained by variations in soil
abiotic properties, such as moisture, pore structure and especially
soil pH (Fisher et al., 2016). Because some authors concluded that
an alkaline pH represents the optimum condition for the urease
reaction (Frankenberger and Johanson, 1982; Acosta-Martinez

and Tabatabai, 2000; Liu Z. et al., 2021). Our results showed that
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even 4-years aged biochar in paddy and greenhouse soil could
significantly increase soil pH (Supplementary Table S1), and the
increased pH exhibited a positive correlation with extracellular
urease (Figure 5), illustrating that an increase in reaction kinetics
followed by a biochar-mediated increase in the soil matrix
pH
extracellular urease.

could be one reason underlying the increase in

Greenhouse soil is characterized by high nutrient and organic
matter contents, which benefit from precise farming and high
inputs of diverse organic materials (Hu et al., 2017). Therefore,
before conducting the present study, we hypothesized that the
greenhouse soil would show a higher urease activity and UHR
than the other two soils. However, even though the greenhouse
soil exhibited the highest fertility and total urease activity, its total
numbers of microbial genes and UHR were the lowest. This was
most likely attributed to the differences in fertilization and
greenhouse management strategies between the soils that were
tested.

First, the overuse of organic fertilizers and agrochemicals
such as pesticides and antibiotics is very common in soils under
greenhouse vegetable production (Wang et al., 2006; Bhandari
etal,, 2021). Organic fertilizer has been found to favor the growth
of fungi or nonbacterial microorganisms (Wen et al., 2020; Sabir
et al, 2021), implying that the microbial biomass and urease
activity in greenhouse soil largely originate from these
nonbacterial microorganisms; however, in the present study,
only bacterial 16S and ureC genes were quantified, so it would
have been interesting to investigate the total genes in the
greenhouse soil to reveal ureolytic microbial abundance.
Residual pesticides and antibiotics in soil are substances that
inhibit microbial growth and soil enzyme activity, which may be
related to ureolytic activity (Wang et al., 2006; Hao et al., 2008),
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and we observed relatively low ureC to 168 ratios (0.04-0.08%),
indicating that only a minimal proportion of the bacteria are
ureolytic in greenhouse soil.

Second, vegetable production is often reported to lead to
severe soil problems such as nutrient imbalances, salinization
and acidification (Hu et al., 2017; Bai et al.,, 2020; Liu et al., 2022),
and these problems cause negative effects on soil biological
processes. Partially consistent with this idea, our results
showed that the available K* and Na* concentrations in the
greenhouse soil were much higher than those in the upland and
paddy soils, while the greenhouse soil pH was the lowest among
the tested soils (Supplementary Table S1). Pearson correlation
analysis revealed that the concentrations of these ions were
negatively correlated with total and intracellular urease
activities (Figure 5C, R* > -0.69 and -0.97), indicating that the
mass of salt ions inhibited the growth of ureolytic microbes. As
biochar usually contains considerable amounts of Na*, K*, and
Mg** (Chen et al., 2019), the detected negative effects on the
microbial biomass (Figure 2) and intracellular urease (Table 1)
were unsurprising.

Moreover, from a methodological perspective, urease
activity measurements were conducted under optimum
conditions with a sufficient reaction substrate (urea) and
buffer system and a suitable temperature (Cordero et al,
2019), which may offset the negative effect on urease and
could be supposed to represent the full potential of urea
hydrolysis. However, the UHR was considered to reflect
the real soil ureolytic ability since it was determined to be
closely related to the field environment. Hence, the analytical
conditions could be one reason for the observed higher urease
activity but lower UHR in the greenhouse soil.

Correlations between urease activity and
the UHR

To our knowledge, no studies have been conducted to
investigate the relationship between the UHR and soil urease
activities of various pools, let alone in long-term biochar-
amended field soil. In the present study, a rapid urease
analysis method to quantify intracellular and extracellular
enzyme activities in a short time was developed. The method
involved the incubation of soil that has been chloroform
fumigated (or not) with sodium acetate buffer for 2 h, and the
generated NH,*-N was measured by using an AA3 to express
urease activity (we also attempted to use THAM bulffer but failed
to achieve a Berthelot reaction). The results showed that in the
control soil, the average intracellular urease activity accounted
for 20.04-60.57% of the total enzyme activity, which was
generally comparable with previous results obtained from
Klose and Tabatabai (1999), Klose and Tabatabai (2000),
confirming that the method is credible.
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Through correlation analysis, we found that the UHR was
more highly correlated with extracellular than with intracellular
ureases in upland soil; moreover, in greenhouse soils, positive
correlations were only observed between UHR and extracellular
ureases (Table 2). This indicates that extracellular ureases
adsorbed to soil clays and colloids are the primary enzymes
responsible for urea hydrolysis (Fisher et al., 2017); the results are
consistent with those of others who have shown that extracellular
urease contributes over half of the observed activity in some soils
(Klose and Tabatabai, 1999; Klose and Tabatabai, 2000;
Krajewska, 2009).

Conclusion

Long-term biochar application improved the ureolytic
ability of the three farmland soils, but the related
mechanisms were inconsistent. In general, biochar
increased soil extracellular urease activity and thereby
accelerated soil UHR (upland and greenhouse soil), as our
results indicated that the extracellular urease was the primary
pool to catalyze hydrolysis of urea. The increased extracellular
urease activity was first attributed to biochar encouraging the
growth of microorganisms capable of producing urease, which
was identified by the greater numbers of soil ureC (upland and
greenhouse soils) and intracellular urease activity (upland and
paddy soils). Second, but importantly, biochar increased the
soil pH by liming effect and directly optimized ureolytic
reaction, which also contributed to improving the
extracellular urease activity. However, even though the
increase in ureolytic ability is conductive to improving the
soil native N availability, the higher UHR also possibly causes
excessive N loss, as we observed that the accelerated UHR was
accompanied by declined soil N content in the upland and
greenhouse soils. Altogether, biochar is an effective
amendment for soil ureolytic ability improvement, but
special attention should be given when biochar is coapplied
with urea since biochar may stimulate urea-N loss by
accelerating urea hydrolysis.

In addition, our results indicated that soil UHR and the
abundance of total ureolytic genes may be more effective
indicators to reflect soil ureolytic ability than urease
activity and bacterial ureolytic genes; therefore, we suggest
that they can be used to reveal soil urea hydrolysis ability in
future studies.
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