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Tillage Effects on Intracellular and Extracellular Soil Urease
Activities Determined by an Improved Chloroform
Fumigation Method

Shuping Qin, L2 Chunsheng Hu,! Yuying Wang,] Xiaoxin Li,! and Xinhua He’

Abstract: The intracellular urease activity in soils determined by the
chloroform fumigation method is underestimated because of urease deg-
radation by soil protease and denaturation by chloroform. The objectives
of this study were to correct this underestimation and to investigate the
responses of intracellular, extracellular, and total urease activities to no-
tillage, reduced tillage, and moldboard plowing treatments. Surface layer
soils (0-20 cm) after 8-year different tillage treatments were collected.
First, the soil samples were fumigated with ethanol-free chloroform in the
presence of a protease inhibitor. Subsequently, a urease addition experi-
ment was conducted to determine what percentage of soil urease was
denatured during the fumigation procedure. Our results showed that the
corrected intracellular urease activities in soils under no-tillage, reduced
tillage, and moldboard plowing accounted for 58.2%, 62.3%, and 51.7%
of the total urease activity, respectively. Both no-tillage and reduced till-
age significantly increased the intracellular, extracellular, and total urcase
activities compared with moldboard plowing. The ratio between intra-
cellular and extracellular urease activities was not significantly different
between no-tillage and reduced tillage probably because the soil ammo-
nia content was similar under these treatments. The three urease activity
pools were significantly correlated with soil organic C, microbial biomass
C and N, and available P. These results indicate that both the intracellular
and extracellular urease activities were sensitive indicators for monitoring
soil quality under different tillage practices.

Key words: Chloroform fumigation, intracellular ureas? activity,
moldboard plowing.
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he overall enzyme activity in soils is composed of the

intracellular activity from the living microorganisms and
extracellular activity from accumulated enzymes (Burns, 1990;
Nannipieri et al., 1996; Klose and Tabatabai, 2002a; Li and
Sarah, 2003). The intracellular enzymes refer to those within
the living microbial cells (Burns, 1982; Renella et al., 2002). In
contrast, the extracellular enzymes refer to those absorbed onto
soil organic or inorganic colloids, free in soil solution, and asso-
ciated with cell debris (Burns, 1982; Klose and Tabatabai, 2002b).
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Urease is one of the most thoroughly studied soil enzymes
because it greatly influences the fate and performance of a
widely used fertilizer (urea) (Bremner and Mulvaney, 1978;
Ma et al., 1999; Tate, 2002). Urea was reported to be taken up
by microorganisms, such as Corynebacterium glutamicum and
Paxillus involutus (Jahns and Kaltwasser, 1989; Beckers et al.,
2004), or by natural bacterial assemblages (Jorgensen, 2006)
and used as their nitrogen source. Urea can be hydrolyzed by
both intracellular and extracellular ureases. The intracellular
and soluble ureases are considered to be more labile than the
stabilized extracellular urease (Gianfreda et al., 1994; Qin et al.,
2010). Therefore, differentiating the intracellular from the ex-
tracellular urease activity could provide a better understanding
of the mechanisms of microbial urea hydrolysis.

The chloroform fumigation method (soil samples are fumi-
gated with chloroform at 25°C for 24 h in the dark) is widely used
to lyse microbial cells in soils for microbial biomass determina-
tion (Brookes et al., 1985). Klose and Tabatabai (1999) success-
fully used this method to separate the intracellular urease activity
from the extracellular urease activity. They assumed that the
urease activity in fumigated soil represents the sum of intracellular
and extracellular urease activities, whereas that in nonfamigated
soil represents only the extracellular urease activity (Klose and
Tabatabai, 1999, 2000). The intracellular urease activity was ob-
tained by subtracting the extracellular activity from the total ac-
tivity values (Klose and Tabatabai, 1999, 2000). It was observed
that the intracellular urease activity ranged from 37.1% to 73.1%
(averaged 54%) of the total urease activity in 10 soil types in
Iowa (Klose and Tabatabai, 1999). However, the intracellular
and total urease activities determined by the chloroform fumi-
gation method could be underestimated because of urease dena-
turation by chloroform (Dilly and Nannipieri, 1998) and urease
degradation by soil proteases (Renella et al., 2002).

The objectives of this study were to (i) improve the chloro-
form fumigation method for intracellular and extracellular urease
activity determination; and (ii) study the responses of the intra-
cellular and extracellular urease activities to 8-year no-tillage, re-
duced tillage, and moldboard plowing in the North China Plain.

MATERIALS AND METHODS

Description of Field Site

This study was conducted at a tillage experimental field
(37.90°N, 114.67°E, elevation 50 m) in the Luancheng Agro-
ecosystem Station, The Chinese Academy of Sciences. The field
is located at the piedmont of the Taihang Mountains in the North
China Plain. This region has a warm temperate semiarid mon-
soon climate with an annual mean solar radiation of 547 KJ em ™2,
annual mean temperature of 12°C, annual mean precipitation of
539 mm, and annual mean frost-free period of 200 days. The
soil is classified as a silt loam Haplic Cambisol (IUSS Working
Group WRB, 2006). The major cropping system is winter wheat
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Tillage Affects the Composition of Urease Activity

TABLE 1. Soil Chemical and Microbial Properties in Surface Layer (0-20 cm) of Soils Under 8-Year Different

Tillage Treatments

Tillage Treatments

Indicators No-Tillage Reduced Tillage Moldboard Plowing
Organic C, mg g~ ! dry soil 11.62 +0.72a 11.55 4 0.58a 9.14 £ 0.87b
Total N, mg g™ dry soil 1.32 + 0.08a 1.33 £ 0.09 1.15 £ 0.06b
NH,™-N, pg g~ dry soil 1.07 £ 0.03b 1.17 £ 0.05ab 1.21 £0.02a
NO;™N, g g~ ! dry soil 19.32 £ 0.84a 21.03 £ 1.24a 20.34 £ 1.56a
Olsen P, g g~ ! dry soil 4241 = 1.06b 43.60 £ 2.01a 36.32 £ 0.98¢
Microbial biomass C, pg g™ " dry soil 266.05 + 9.82a 26224 £ 8.67a 205.57£9.97b
Microbial biomass N, pg g~ ' dry soil 60.64 £ 3.25a 57.38 +4.58b 38.59 + 1.28¢

Data (means + SE) followed by different letters in the same rows are significantly different at P < 0.05.

(middle October—early June) with summer corn (early June—late
September). The basic chemical and microbial properties of the
surface layer soil (0~20 cm) were listed in Table 1.

Experiment Design and Soil Sampling

Three tillage treatments have been established since 2001:
(i) no-tillage (chopping and spreading maize stalk [12 Mg
ha™! year '] after harvest, followed by wheat sceding with
no-till seeders); (ii) reduced tillage (chopping and spreading
maize stalk 12 Mg ha ! year ™ after harvest, followed by shallow
tillage [10 cm] and wheat seeding with traditional seeders);
(iii) moldboard plowing (chopping and spreading maize stalk
12 Mg ha™! year ™! after harvest, followed by 20-cm moldboard
plowing and wheat seeding with traditional seeders). Each tillage
treatment had a plot size of 30.0 m x 45.0 m with three replica-
tions. Irrigation and fertilizer were identical for all tillage treat-
ments. Plots were irrigated at sowing; three or four irrigations for
wheat and two or three irrigations (40-50 mm each) for corn
during the crop season were applied using a sprinkler system,
when soil moisture of root zone (0-1 m) was 60%—-65% of field
capacity. Before winter wheat sowing, fertilizers were applied at
the rate of 130 kg ha ™! N'and 121 kg ha ' P.

Five soil cores (4.8 cm x 20 cm depth) were randomly
collected from each plot after the removal of surface litter in
October 2009. The five soil cores were mixed into one sample,
stored in an ice box, and then in a cold room. The soil were
ground through a 2-mm sieve and divided into two subsamples.

One subsample was stored at field moisture (75% of field water-
holding capacity) at 4°C for chemical and biochemical analyses,
and another was dried at 105°C for determination of gravimetric
water content.

Soil Chemical Assays

Soil organic C (mg g~ ! dry soil) was determined by the wet
chemical digestion procedure of Walkley and Black (1934), total
N (mg g~ ! dry soil) by the semimicro-Kjedahi method (Nelson
and Sommers, 1980), soil microbiomass C and N (ug g~ ! dry
soil) by Klose and Tabatabai (1999), Olsen P (ug P g~ ! dry soil)
by the method of Olsen et al. (1954), ammonium-N (NH, " —N)
by the silicate-hypochlorite method (Bower and Holm-Hansen,
1980), and nitrate-N by the dual-wavelength ultraviolet spectro-
photometric method (Norman et al., 1985).

Total, Intracellular, and Extracellular Urease
Activity Assays

The chloroform fumigation method was improved as fol-
lows: a protease inhibitor cocktail was added to the soil sam-
ples before chloroform fumigation to prevent urease degradation
from protease hydrolysis. Cocktail was a mixture of protease
inhibitors with a broad specificity for inhibition of serine, cys-
teine, aspartic, and metalloproteases. Three milliliters of the
cocktail (Sigma, St. Louis, MO) was added drop wise to 25 g of
soil (dry weight equivalent). Subsequently, the soil samples were

TABLE 2. Urease Activity of Various Pools Obtained by the TCF and the ICF in Surface Layer (0-20 cm) of Soils Under

Different Tillage Treatments

Soil Urease Activity, pug NH," h ! g™ Dry Soil

Tillage Extracellular Total

Intracellular to
Intracellular Total Activity, %

Treatments TCF ICF TCF ICF

TCF ICF TCF ICF

No-tillage  77.5+3.5a,x 77.5+3.5a,x 1546 +59a,y 1856+83a,x 77.1 £49a,y 108.1 £22ax 49.9+2.0ay 582 £3.1ax
Reduced 673 +34b,x 67.3+3.4b,x 148.6+94a,x 1783 £54a,x 81.3+6.1a,x 111.0£3.6ax 547 £4.6ay 62.3+22a,x

tillage

Moldboard 52.1 £ 1.6¢,x 52.1+£1.6c,x 914+69b,y 107.8+69b,x 393+£2.6b,y 557+4.6bx 43.0+3.8by 51.7+3.0b,x

plowing

Data (means + SE) followed by different letters in the same column or in the same row are significantly different at P < 0.05 among tillage
treatments (a, b, ¢) or between chloroform fumigation method (TCF) and improved chloroform fumigation method (ICF) (x, y), respectively.

© 2010 Lippincott Williams & Wilkins
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TABLE 3. The Effects of Protease Inhibitor, Cocktail, on
Protease Activities in Soils Under No-Tillage, Reduced Tillage,
and Moldboard Plowing

Protease Activity,
g Tyrosine h ! g ! Dry Soil

Tillage Treatments Without Cocktail With Cocktail
No-tillage 271031 a ND
Reduced tillage 2.57+0.18a ND
Moldboard plowing 1.98+0.20b ND

Data (means = SE) followed by different letters in the same column
indicate significant difference (P < 0.05).

ND, not determined.

fumigated with ethanol-free chloroform at 25°C for 24 h in the
dark. The total and extracellular urease activities (wg NH, h ™' g™’
dry soil) were analyzed from the nonfumigated and the fumi-
gated soils (Klose and Tabatabai, 1999). The intracellular urease
activity was the difference between the total and the extracellular
urease activity (Klose and Tabatabai, 1999). Control samples
(in the absence of cocktail) were treated identically.

Autoclaved soil samples (121°C, 1 h) were mixed with ex-
ternal purified urease and fumigated with chloroform to determine
what percentage of soil urease was denatured during the fumiga-
tion procedure. The experimental details were described as fol-
lows: 10.0 mL 50.0 mmol/L borax HCI buffer (pH 7.6) containing
30.0 wL 50.0 mU jack bean urease (Sigma) was mixed with 5.0 g
of autoclaved soil (water content, 25% wt wt™ '), The mixture
was shaken at 180 r.p.m. for 30 sec and equilibrated for 15 min
at 25°C before frozen dried. Urease activity (ug NH,"h™' g™!
dry soil) in the frozen-dried samples was assayed before or after
chloroform fumigation by the method of Klose and Tabatabai
(1999). Protease activity (g tyrosine h™* g ™! dry soil) was de-
termined by the method of Ladd and Butler (1972).

Statistical Analysis

Data (means + SE) were analyzed by analysis of variance
(ANOVA) procedures, and differences in means were compared
by the least significant difference test at P < 0.05. Relationships
between intracellular, extracellular, and total urease activities
and soil chemical properties were evaluated by the Pearson cor-
relation coefficients. All statistical analyses were conducted with
SPSS 10.0 for Windows (SPSS, 2000).

RESULTS AND DISCUSSION

Responses of Soil Urease Activity to Chioroform
Fumigation

Chloroform fumigation resulted in a significant increase in
urease activity both in the presence and absence of the protease
inhibitor (Table 2). The increase was significantly larger in the
presence of protease inhibitor than it was in the absence of the
protease inhibitor (Table 2). The protease inhibitor cocktail sig-
nificantly decreased the protease activity (Table 3). In preliminary
experiments, the addition of the cocktail had no effect on urease
activity in the nonfumigated soils (data not shown). The inhibi-
tory effects of the cocktail on soil protease were similar to those
observed by Renella et al. (2002) and Geisseler et al. (2009).
These results indicated that the cocktail was effective in pre-
venting urease degradation via proteolysis during the chloroform
fumigation procedure. Therefore, the total urease activity was
determined in the presence of cocktail.

The increase of urease activity after chloroform fumiga-
tion resulted from the intracellular urease released after the ly-
sis of microbial cell membranes by the chloroform fumigation
(Klose and Tabatabai, 1999, 2002a, 2002b). However, the re-
leased intracellular urease together with the extracellular urease
in soil could be denatured by chloroform, which was shown by
the fact that the purified urease activity was decreased 29% by
the chloroform fumigation (Klose and Tabatabai, 1999). The pu-
rified urease could have been affected differently by the chloro-
form fumigation than the native urease in soils and could have
been caused by its protection by soil components (Burns, 1982).
The mixture of purified urease and autoclaved soils may respond
to chloroform more similarly to the native soil urease compared
with the purified urease in native soils.

In this study, autoclaving on average decreased the native
soil urease activity from 62.8 to 0.8 ug NH;" h™! ¢! dry soil
(Table 4). This result agreed with Carter et al. (2007) who re-
ported that autoclaving decreased the native urease activity by
about 100%. Preliminary experiments showed that plant- and
microbe-derived ureases similarly responded to fumigation (data
not shown). Chloroform famigation decreased the activity of
external urease in autoclaved soils from no-tillage, to reduced
tillage, and to moldboard plow treatments by 87.2%, 83.4%, and
88.0% of the unfumigated controls, respectively (Table 4). The
total urease activities were divided by these percentages, re-
spectively, to correct for the denaturing effects of chloroform
on soil urease. It is worth emphasizing that autoclaving can
significantly decrease soil surface area (Lotrario et al., 1995) and
release soluble P (Anderson and Magdoff, 2005), although the

TABLE 4. Effects of Chloroform Fumigation on the Activity of External Urease Mixed Into Autoclaved Soils Under 8-Year

Different Tillage Treatments

Urease Activity, pg NH," h™* g7 Dry Soil

Without External Urease

With External Urease

Tillage Loss of Activity Because Loss of Activity Because

Treatments Fumigated Unfumigated of Fumigation, % Fumigated Unfumigated of Fumigation, %

No-tillage 0.79 £ 0.06a, x 0.86 = 0.02a, x 89+ 14a 46.7+0.8a,y 53.5%1.5ax 128 £2.9a

Reduced tillage 0.81 £ 0.05a, x 0.82 = 0.03a, x 1.2£0.1b 494+ 1.6a,y 59.3+2.8a x 16.6 £ 6.0a

Moldboard 0.82+0.03a,x 0.87 £ 0.05a, x 5.6+ 0.6a 450+ 08a,y S5I.1x1.5ax 12.0 £ 1.6a
plowing

Data (means + SE) followed by different letters in the same column or in the same row indicate significant difference (P < 0.05) among tillage
treatments (a, b, ¢) or between fumigated and unfumigated samples (x, y), respectively.

© 2010 Lippincott Williams & Wilkins
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Tillage Affects the Composition of Urease Activity

TABLE 5. Correlation Coefficients Between Different Pools (Total, Intracellular, and Extracellular) of Urease Activity and Soil

Microbial and Chemical Properties

SOC SAP STN MBN MBC NH, —N NO; —N
Total 0.88%* 0.69% 0.53 0.87%* 0.84%* -0.34 0.15
Intracellular 0.927%* 0.87%* 0.75% 0.93%= 0.94%* —0.35 0.47
0.80** 0.79%* -0.29 —0.38

Extracellular 0.86%* 0.71% 0.33

MBC, microbial biomass C; MBN, microbial biomass N; SAP, soil available P; SOC, soil organic C; STN, soil total N.

*P < 0.05; **P < 0.01.

soil organic matter content, cation exchange capacity, and pH are
not significantly affected by autoclaving (Lotrario et al., 1995).
These modifications may induce differences in response of soil
urease to chloroform fumigation. Therefore, the improved method
in this study only minimized rather than removed the effects of
urease denaturation by chloroform.

Tillage Effects on Soil Urease Pools

Compared with the moldboard plowing treatment, the no-
tillage and reduced tillage treatments significantly promoted the
total, intracellular, and extracellular urease activities (Table 2).
A significant difference in extracellular urease activity was also
observed between the no-tillage and reduced tillage treatments
(Table 2). The increase of extracellular urease activity was con-
sistent with Roldan et al. (2005) who reported that a 3-year pe-
riod of reduced tillage significantly increased the urease activity
(in nonfumigation soils, which equates to the extracellular activity
in this study) in a sorghum field, particularly with the no-tillage
treatment. The variation in soil urease pools under different till-
age practices may have resulted from the difference in soil organic
matter contents. Soils under the no-tillage treatment did have
the highest content of soil organic C, less under the reduced till-
age treatment, and lowest under the moldboard plowing treat-
ment in the present study (Table 1). Some components of soil
organic matter, such as humic acids, can stabilize soil urease
(Allison, 2006), accounting for the increase in extracellular urease
activity under no-tillage or reduced tillage treatment. On the other
hand, the accumulated soil organic matter provides potential sub-
strates for soil microorganisms near the soil surface (Kandeler
et al., 1999), which could promote soil microbial activity, in-
cluding intracellular urease activity in soils under the no-tillage
or reduced tillage treatment (Table 2).

High NH;" content has been reported to inhibit urea up-
take by bacteria (Siewe et al., 1998). Thus, bacteria in a high
NH,* environment need not produce as much intracellular ure-
ase. Therefore, NH, " availability appears to be an important factor
regulating the ratio between intracellular and extracellular urease
activities. In the present study, the soil NH, —N contents were
not significantly different between no-tillage and reduced tillage
treatments (Table 1). This may be the reason why the ratio be-
tween intracellular and extracellular urease activities was not sig-
nificantly different between these two treatments (Table 2). Nitrogen
fertilizers, such as urea and ammonia, are likely to induce a higher
difference in the ratio between intracellular and extracellular ure-
ase activities.

Relationship Between Soil Urease Activity Pools
and Microbial Biomass and Chemical Properties
The total, intracellular, and extracellular urease activity
pools were significantly and positively correlated with soil mi-
crobial biomass C, microbial biomass N, organic C, and available
P (Table 5). In contrast, these pools were not significantly corre-

© 2010 Lippincott Williams & Wilkins

lated with either the content of NH,™—N or NO; —N (Table 5). The
high correlation coefficients between the urease activity pools
and soil microbial biomass indicated that urease activity directly
reflected soil microbial biomass contents. The negative correla-
tion coefficients between the urease activity pools and NH,-N
contents may affect the inhibitory effect of NH;" —N on the soil
urease activity because NH,* —N is one of the reaction products
of urease hydrolysis. Urea taken up by soil microorganisms is
hydrolyzed into ammonia by intracellular urease and subsequently
transformed into glutamine (Morel et al., 2008) for microbial
growth. So the ammonia cannot be immediately assimilated as a
plant nutrient, but it does serve as a nutrient reserve for the plants.
In contrast, the urea hydrolyzed into ammonia by extracellular
urease may be an immediate nutrient for plants. As a result, both
intracellular and extracellular urease activities are potential indi-
cators for nitrogen cycle monitoring.

CONCLUSIONS

This study provides information on differentiation of intra-
cellular from extracellular urease activity in soil. The under-
estimation of intracellular urease activity in soil obtained by the
chioroform fumigation method was corrected at least partially
by the improvement suggested in this study. Both the corrected
intracellular and extracellular urease activities were significantly
higher under the no-tillage or reduced tillage treatment than those
under the moldboard plowing treatment, indicating the improve-
ment of soil nutrient cycling under the no-tillage or reduced till-
age treatment. The improved chloroform fumigation method could
be helpful for differentiating the intracellular and extracellular
urease activities and consequently for better understanding the
effects of agricultural practices on soil nutrient cycling. It is worthy
of noting that the present study is just a rough estimate of the
composition of soil urease activity. Some fractions of soil urease,
for example, urease bound with cell membrane, are difficult to be
estimated as extracellular urease. New technology is required to
accurately estimate the composition of soil urease activity.
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