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A B S T R A C T

The rhizosphere is the most dynamic hotspot of microbial activity in the soil. Despite these dynamics, the
spatial pattern of many rhizosphere properties may remain stable because they are continuously reproduced in
the changing environment. Low substrate concentration can strongly reduce the rate response of an enzymatic
reaction subjected to increased temperature and is recognized as a canceling effect on enzyme temperature
sensitivity. Carbon input from rhizodeposits affects C availability in the rhizosphere, and thus the enzyme ac-
tivities responsible for organic matter decomposition, and their temperature sensitivities, upset the dynamics
and stability of biochemical processes in the rhizosphere. However, it is unclear whether a canceling effect oc-
curs in the rhizosphere. We studied temperature effects on chitinase and phosphatase during rice (Oryza sativa
L.) growth at 18 and 25 °C. The spatial distribution of enzyme activities was imaged using soil zymography
and showed that the overall activities of these enzymes increased with temperature but decreased with rice
growth. The temporal dynamics of hotspot areas were enzyme-specific. During growing days 14–30, hotspot
areas decreased from 2-2.5% to 0.3–0.5% for chitinase, but increased from 2% to 6–7% for phosphatase. The
distribution pattern of both enzymes shifted from being dispersed throughout the soil to being associated with
the roots. For the first time, we showed the extent of rhizosphere enzyme activity in paddy soil and demon-
strated that it is temporally stationary and independent of temperature. However, the temperature sensitivity
of enzyme activities declined radically (Q10∼1.3–1.4) at the root surface compared to that of bulk soil (Q10
∼1). We conclude that the spatio-temporal pattern of rhizosphere enzymatic hotspots is mainly affected by
plant growth. High temperature sensitivity (Q10 > 1) at the root-soil interface for the tested enzymes revealed
that warming will lead to faster nutrient mobilization in the rhizosphere than in root-free soil.

© 2017.

1. Introduction

The rhizosphere—the volume of soil affected by plant roots—is
one of the most dynamic spheres in the biosphere. The spatial dis-
tribution of the rhizosphere is a dynamic function of the soil matrix
and plant properties, including root development and morphology, mi-
crobial colonization, nutrient uptake, root exudation and rhizodepo-
sition (Dazzo and Gantner, 2012; Neumann and Romheld, 2002The
correction is right.). Rhizodeposits include lost root cap and border
cells, dead and lysed root cells, lost gasses, passively and actively re-
leased solutes (root exudates), and gelatinous material from the sur-
face of roots (mucigel) (Curl and Truelove, 1986; Hinsinger et al.,
2009; Jones et al., 2009).

Rhizodeposits play a crucial role for rhizosphere processes: stim-
ulates microbial activity (Hinsinger et al., 2009; Kuzyakov and
Domanski, 2000) and the production of enzymes (Asmar et al., 1994)

∗ Corresponding author.
Email address: brazavi@gwdg.de (B.S. Razavi)

and, thus, nutrient availability and soil organic matter (SOM) decom-
position (Cheng and Coleman, 1990). However, the higher enzyme
activity of the rhizosphere than of root-free soil depends not only on
microbial activity, but also on the direct release of enzymes by roots
or by lysis of root cells (Jones et al., 2009; Marinari et al., 2014). On
average, plants release 20% of photosynthesized carbon (C) through
their roots in the form of high- and low-molecular weight organic
compounds (Badri and Vivanco, 2009; Fischer et al., 2010; Hinsinger
et al., 2006). The exact amount and quality of root exudates of an in-
dividual plant strongly depend on photosynthetic activity (Siczek and
Lipiec, 2016) and root development (Aulakh et al., 2001), which are
largely controlled by plant age. The temporal dynamics of enzyme ac-
tivities in soil are affected by the quality and quantity of root exudates
during each growth stage (Ren et al., 2016; Zhang et al., 2014).

While the interactions between plants and microorganisms are rec-
ognized as the major biotic factors influencing enzyme activities, abi-
otic factors such as temperature, water potential, pH, and soil tex-
ture are also important controls (Burns et al., 2013). Among these
factors, temperature sensitivity of enzyme activity has recently re

http://dx.doi.org/10.1016/j.soilbio.2017.06.005
0038-0717/© 2017.
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ceived considerable interest because of its potential feedback to cli-
mate change (Davidson et al., 2006). Temperature sensitivity is com-
monly presented as the Q10 index, the factor by which reaction rate
is multiplied when temperature increases by 10 °C (Birgander et al.,
2013). When compared to respiration rates commonly assumed to
have Q10 values of 2–3, enzyme activities are less temperature sen-
sitive, with Q10 values < 2 (Browman and Tabatabai, 1978; Koch et
al., 2007; Tabatabai, 1994). High temperatures generally increase en-
zyme activity (Nottingham et al., 2016; Razavi et al., 2017; Stone
et al., 2012). However, the temperature sensitivity of enzymatic re-
actions also associates with variable factors, including temperature
range, substrate supply, desiccation stress, etc. (Davidson et al., 2006).
Higher temperatures commonly generate lower Q10 values (Razavi et
al., 2016a; Tjoelker et al., 2001). Besides, when substrate concentra-
tion is low, a canceling effect (the absence or strong reduction of a
response of an enzyme to temperature) decreases the expected enzy-
matic reaction rate (Berry and Raison, 1981; Davidson et al., 2006;
Razavi et al., 2015). When Q10 of catalytic reactions is ∼1, the reaction
is restricted by temperature sensitivity of a bottle-neck process that ac-
cesses available substrate, e.g., during soil organic matter decomposi-
tion, by decomposition of recalcitrant or stabilized SOM (Ågren and
Wetterstedt, 2007). When substrate diffusion varies with temperature,
the temperature sensitivity of enzyme activity will be further affected
(Davidson et al., 2006) Accordingly, the canceling effect can be an
important phenomenon controlling the ‘actual’ temperature sensitivity
of organic material decomposition in soils (Razavi et al., 2015; Von
Lützow and Kögel-Knabner, 2009) and nutrient mobilization. Thus
the strength of the canceling effect is affected by substrate availability
and this can vary during plant growth. Despite theoretical predictions
(Davidson et al., 2006), and experimental evidence (Blagodatskaya
et al., 2016; Razavi et al., 2015), there is still a lack of data on the
occurrence of canceling as dependent on temperature and substrate
amount in the rhizosphere—the sphere with a high concentration of la-
bile compounds.

In situ visualization of the spatio-temporal distribution of enzyme
activity in critical spheres, such as the rhizosphere, and how it is
affected by temperature is required to reveal complex interactions
between microorganisms, enzymes, and SOM decomposition
(Wallenstein and Weintraub, 2008). However, it is still an unsolved
question whether and how temperature affects the dynamics and local-
ization of enzymatic hotspots in the rhizosphere. The recently modi-
fied soil enzyme activity imaging technique—so called direct soil zy-
mography (Razavi et al., 2016a,b; Sanaullah et al., 2016)—offers an
opportunity to analyze the two-dimensional spatial distribution of en-
zymes in soil (Vandooren et al., 2013). Direct soil zymography en-
ables the mapping of enzyme activity at the soil surface (Sanaullah et
al., 2016), in biopores (Hoang et al., 2016a,b) the rhizosphere (Razavi
et al., 2016a,b) and the detritusphere (Liu et al., 2017; Ma et al.,
2017). Here for the first time, we quantitatively imaged the impact
of temperature on the spatio-temporal distribution of enzyme activi-
ties in the rhizosphere during rice growth—one of the most impor-
tant food crops in China. Our study aimed to illustrate: 1) how the
spatial distribution of soil enzyme activities is affected by tempera-
ture and 2) how the impact of temperature varies with plant growth
stage. We hypothesized that 1) high temperature, root development,
and plant growth will increase enzymatic activity and hotspot area; 2)
such an increase in hotspot area is enzyme dependent; and 3) there
is no canceling effect in the rhizosphere of rice (Oryza sativa L.),
which is an important agricultural crop for food production. Thus,
we studied the spatio-temporal distribution of enzymes involved in
P and N cycles and crucial for improving nutrient

availability. Phosphatase that catalyzes the degradation of phospho-
rous-containing organic compounds (Asmar et al., 1994; Eivazi and
Tabatabai, 1988; Siber, 2000) and N-acetylglucosamine (e.g., chiti-
nase), which accomplishes the decomposition of chitin to a low mole-
cular weight chitooligomer (German et al., 2011; Hoang et al., 2016a),
at two temperatures (18 and 25 °C) after 14 and 30 days.

2. Materials and methods

2.1. Sample preparation

Hydragric Anthrosol (Gong et al., 2007) developed from a granite
parent material after very long, intensive subtropical weathering was
collected from a rice field (113°19′52″E, 28°33′04″N, 80 m above the
sea level) located at the Changsha Research Station for Agricultural
and Environmental Monitoring, Hunan Province, China. Soil samples
were collected from the Ap horizon (15% water content) and sieved
(<4 mm) to remove coarse plant residues. The soil texture was 10.4%
clay, 76.5% silt, and 13.1% sand. We grew 16 rice plants (Oryza
sativa L. ‘Zhongzao 39’), each in a separate rhizobox with inner di-
mensions of 20.5 × 13.4 × 5.2 cm. The rhizoboxes were placed hori-
zontally with one side open and then soil was slowly and continuously
poured into the rhizoboxes through a 2 mm sieve to achieve uniform
soil packing and to avoid soil layering. The open side was then closed,
the samples were turned vertically, and they were gently shaken to
achieve stable soil packing. The seeds were germinated on filter paper
for 72 h. Then one seedling was planted in each rhizobox at a depth of
5 mm.

During 30 days of growth, the rhizoboxes were kept inclined at an
angle of 45° so that the roots grew along the lower wall of the rhi-
zoboxes. All samples were kept in climate-controlled chambers which
were regulated by automatic temperature control system with a de-
viation of ±1 °C, set to 18 or 25 °C and a daily light period of 16 h
with 300 μmol m−2 s−1 of photosynthetically active radiation intensity.
The water level was maintained throughout the rice growing season at
2–3 cm above the soil surface to simulate the water condition in most
paddy fields before zymography analysis.

2.2. Direct soil zymography

After cultivating rice for 14 and 30 days, direct soil zymography
was applied as an in situ technique to study the spatial distribution of
enzyme activity around the roots. We followed the protocol optimized
by Razavi et al. (2016a,b). Visualization of enzyme activities involved
using membranes saturated with 4-methylumbelliferone (MUF)-sub-
strates, which become fluorescent when enzymatically hydrolyzed
by a specific enzyme. 4-Methylumbelliferyl-N-Acetyl-α-D-glu-
cosaminide (MUF-N-Ac) was used as substrate to detect N-acetyl-glu-
cosaminidase (chitinase) activity; phosphatase activity was detected
using 4-methylumbelliferyl-phosphate (MUF-Phos). Each of these
substrates was separately dissolved to a concentration of 10 mM in
MES buffer (Sigma-Aldrich, Germany). Polyamide membrane filters
(Tao Yuan, China) with a diameter of 40 cm and a pore size of
0.45 μm and were cut into sizes adjusted for the rhizobox, and ad-
justed membranes were saturated with the substrates for each enzyme.
The rhizoboxes were opened from the lower, rooted side and the sat-
urated membranes were applied directly to the soil surface (Hoang et
al., 2016b; Razavi et al., 2016b). After incubation for 1 h, the mem-
branes were carefully lifted off the soil surface and any attached soil
particles were gently removed using tweezers.
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2.3. Image processing and analysis

Fluorescence visible on the zymograms under UV light shows the
areas where substrate has been enzymatically hydrolyzed, and the in-
tensity of fluorescence is proportional to the activity of the enzyme.
To quantify this, we processed the zymograms in Matlab, according to
Razavi et al. (2016b). Briefly, zymograms were transformed to 16-bit
grayscale images as matrices and corrected for light variation and
camera noise (Menon et al., 2007). We used the grayvalue obtained
from the blank side of the samples as the reference point. After ref-
erencing the zymograms, we calculated an average background gray-
value for the zymograms at the zero concentration point on the calibra-
tion lines and subtracted this value from all the zymograms. To quan-
tify the zymogram images, a standard calibration for coloration the ac-
tivities of various enzymes and the gray-value of zymogram fluores-
cence was prepared. The calibration function was obtained by zymog-
raphy of 4 cm2 membranes soaked in a solution of MUFwith concen-
trations of 0.01, 0.2, 0.5, 1, 2, 4, 6, and 10 mM. The amount of MUF
per area was calculated based on the solution volume taken up by the
membrane and its size. The membranes used for calibration were im-
aged under UV light and analyzed in the same way that the samples
were.

The resulting images were then used for further analysis. The roots
were segmented as a threshold method in Matlab was used to detect
the boundaries of the roots (Chaudhuri et al., 1989). The segmented
roots and their lengths were calculated using the Euclidean distance
map function in Matlab to calculate overall enzyme activity on the
root surface.

Hotspots were distinguished from the surrounding area by the in-
tensity of their color contrast in the digital images. Based on the im-
age references and calibration lines, the color intensity of all pix-
els exceeding the average value (i.e., >0.7) were designated part of
the enzyme activity hotspots (represented by a red color in the im-
ages). To confirm the boundaries, a one-way analysis of variance
(ANOVA) was applied to assess the significant differences between
independent variables (mean values of four adjacent pixels, i.e., equal
to 0.1 mm). Significant results were then considered as the boundaries
for each category (low and medium activities and hotspots) (Hoang et
al., 2016b). Thus, ANOVA, followed by a Tukey's HSD test at a prob-
ability level of p < 0.05, confirmed the categories of enzyme activity.
Homogeneity of variance and normality of the values were tested us-
ing a Levene's test and Shapiro Wilk's W test, respectively.

We used the conventional Q10 function (1) to examine variation in
temperature sensitivity, and we expressed the temperature responses
of each enzyme activity:

where R(T1) and R(T2) are the rates (R) of a process or reaction at one
of two temperatures (T1 or T2) (Karhu et al., 2010; Kirschbaum, 1994).
Reaction rate at a distance of 0.5 mm at each temperature were used
for the calculation of temperature sensitivity of both enzymes.

3. Results

3.1. Response of enzyme activity and hotspot area to temperature and
rice growth

Higher temperatures resulted in greater activities of both chiti-
nase (Fig. 1) and phosphatase (Fig. 2). At 25 °C, average activity was
greater for chitinase and phosphatase on day 14 (Figs. 3 and 4). To-
tal enzyme activities declined by 30 days for both enzymes. However,
the decrease in phosphatase was slight and was accompanied by an in-
crease in hotspot area (Fig. 4). The total hotspot area of enzyme activ-
ity was slightly higher with higher temperature but was highly affected
by rice development. Fourteen days after planting, chitinase activity
was not associated with the roots and was distributed throughout the
soil at both temperatures. The hotspots were also dispersed throughout
bulk and rhizosphere soil (Fig. 3) and accounted for 2% and 2.5% of
total soil surface area at 18 °C and 25 °C, respectively. Over time, the
hotspot area of chitinase decreased with a shift in localization pattern
from dispersed to mainly associated with roots throughout the whole
rhizobox (Fig. 3). However, the hotspots contributed to 2% of the total
phosphatase activity area after 14 days of rice growth and increased
considerably to 6% and 7% at 18 °C and 25 °C, respectively, during
this period (Fig. 4). The localization of phosphatase hotspots followed
a similar pattern as chitinase. Thus, warmer temperatures were related
to greater total enzyme activity; however, time affected the localiza-
tion of hotspots for both tested enzymes.

Enzyme activity as a function of distance from root center to the
soil revealed that the extent of the rhizosphere is temporally con-
stant (Fig. 5). However, enzyme activity increased in the rhizosphere
over time (Fig. 5), and the rhizosphere extent was enzyme specific.
For instance, the distribution of phosphatase activity was broader
from the root surface (2.5–3.5 mm) compared with that of chitinase
(1–1.5 mm).

3.2. Canceling effect

In response to warming, phosphatase and chitinase activities in-
creased in the rhizosphere (Fig. 5). However, the temperature sen-
sitivity of phosphatase and chitinase decreased with increasing dis-
tance from the root surface corresponding to Q10 values of 1.4 and
1.0, respectively (Fig. 6). Thus, the canceling effect was pronounced
at some distance away from root surface and it was enzyme-specific:
2.5–3.5 mm for phosphatase and 1.0–1.5 mm for chitinase (Fig. 6).

4. Discussion

In line with our first hypothesis (H1), the overall enzyme ac-
tivities in soil were greater at higher temperatures, and the percent
hotspot area at 25 °C was greater than it was at 18 °C (Figs. 3 and
4). Such increments were likely due to increased microbial activity
(Bradford et al., 2008; Steinweg et al., 2008), and enzymatic activi-
ties (Kirschbaum, 2006) increase root exudates at warm temperatures.
However, remarkably, hotspot localization (not activity) of both chiti-
nase and phosphatase were temperature independent (Figs. 1 and 2).
After 14 days, the hotspots of both the N and P cycle enzymes were
spread more or less evenly throughout the rhizobox, while after 30
days they were clustered near the roots. Thus, heterogeneity of en-
zyme hotspots increased with time based on the constant location of
the enzyme source—here, the roots.

(1)
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Fig. 1. Spatial distribution of chitinase activity at 18 and 25 °C after 14 and 30 days of rice growth. Side color maps indicate enzyme activities (pmol cm−2 h−1).

Such a pattern is primarily attributed to inputs of easily degrad-
able organic compounds from the roots and the resulting stimulation
of rhizosphere microorganisms (Kuzyakov and Domanski, 2000) and
direct release of enzymes by roots (Asmar et al., 1994). Furthermore,
the hotspots are relevant not only in terms of organic matter availabil-
ity and C limitation, but also in terms of other specific factors limiting
microbial activity or process rates, including soil moisture and oxy-
gen availability. Hotspot localization is not confined to labile C inputs
but is also controlled by the removal of any factors limiting microbial
processes (Kuzyakov and Blagodatskaya, 2015). In the rice rhizos-
phere, this limitation is access to oxygen (Larsen et al., 2015). Thus,
the water saturation of paddy soil likely weakens the temperature ef-
fect on formation of enzymatic hotspots.

Similar hotspot areas observed in the rhizosphere and in bulk soil
at an early stage of growth (day 14) could be due to the roots be-
ing too small to affect microbial activities in soil. With rice growth,
chitinase activity in the rhizosphere and bulk soil decreased, but much
lower activity in bulk soil at day 30 indicated a decline in exuda-
tion of N containing organic matters. In contrast, phosphatase activ-
ity increased in the rhizosphere during rice growth. Such an increase
is mainly connected to the production of this common enzyme by
both plants and microorganisms (Blagodatskaya and Kuzyakov, 2008;
Dick and Tabatabai, 1984; Nannipieri et al., 2011). Furthermore, rice
root-derived organic substrates shift from organic acids toward sug-
ars with advancing plant age (Aulakh et al., 2001) and thus provide
different energy sources for microbial metabolisms (e.g. carbon com-
pounds) during an entire growing season. Therefore, we assume that
variation in availability of C compounds controls phosphatase pro-
duction and activity. Thus, in line with our hypothesis (H2), the spa-
tio-temporal dynamics of enzyme activities are enzyme-specific and

strongly related to plant growth (Fig. 7), which regulates root exuda-
tion.

Enzyme activity as a function of distance from the root demon-
strates that the rhizosphere extent is temporally constant (Fig. 5).
Hence, while enzyme activities increased with plant growth, the ra-
dial distribution of the rhizosphere remained constant. The spatial
stability of the rhizosphere extent reflects the equilibrium between
the input—release from roots and diffusion—with the output—micro-
bial decomposition and other inactivation of the enzymes. This sta-
ble pattern is an excellent strategy for plants to acquire nutrients in a
highly efficient manner in a narrow root zone independent of root age
(Grossmann et al., 2011).

In agreement with our third hypothesis (H3), enzyme activities
stepwise decreased with distance from the root surface due to a re-
duction of substrate availability and enzyme production. Correspond-
ingly, the Q10 values for reaction rates were always >1 at the root-soil
interface (average range: 1.3–1.4). Independent of enzymes, canceling
was never observed in the vicinity of the roots (Fig. 6). Thus, the can-
celing effect is a substrate concentration-dependent phenomenon.

To our knowledge, this is the first study exploring the canceling
effect in the rhizosphere. Absence of canceling at the root-soil inter-
face for phosphatase and chitinase revealed that warming will accel-
erate P and N mobilization in the rhizosphere. Such a general reduc-
tion in temperature sensitivity (Q10) confirms theoretical predictions
(Davidson et al., 2006) and experimental observations at low substrate
concentrations (Razavi et al., 2015; Blagodatskaya et al., 2016).

The occurrence of a canceling effect for phosphatase and chitinase
a few millimeters away from the root surface suggested slower de-
composition of P and N containing organic compounds. Therefore,
canceling can be considered a natural mechanism that can reduce the
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Fig. 2. Spatial distribution of phosphatase activity at 18 and 25 °C after 14 and 30 days of rice growth. Side color maps indicate enzyme activities (pmol cm−2 h−1).

Fig. 3. Contribution of three classes of chitinase activity to total activity on the zymogram area. Data represent mean values of three independent rhizotrons (n = 3) each of them with
3 roots. Blue: low activity; yellow: medium activity, red: hotspots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4. Contribution of three classes of phosphatase activity to total zymogram area considering the effect of the number of roots. Data represent mean values of three independent
rhizotrons (n = 3). Blue: low activity; yellow: medium activity, red: hotspots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. Enzyme activity as a function of distance from root center for rice (Oryza sativa). Rhizosphere extent remained constant, independent of time and temperature, but was enzyme
specific: 1.5 mm for chitinase and 3 mm for phosphatase. Temperature and time increased chitinase and phosphatase activity.

consequences of global warming on the microbial decomposition of
soil organics at moderate temperatures. Canceling resulting from mi-
crobial and abiotic interactions may be responsible for weaker nutri-
ent mobilization in root-free soil compared to the rhizosphere. Under

high substrate concentration in the vicinity of the root, however, the
regulation of hydrolytic activity by canceling in response to warming
is of minor relevance given that canceling was never observed near the
root (Fig. 6).
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Fig. 6. Absence of canceling effect in the rhizosphere and presence of canceling in the bulk soil. Canceling effect is shown at a distance of a) 1 mm for chitinase and b) 2.5 mm for
phosphatase.

Fig. 7. General distribution pattern of enzyme activity hotspots in paddy soil. Warming
from 18 to 25 °C only marginally affected hotspot distribution, but the redistribution of
hotspots depended very strongly on time.

Overall, for the first time we showed that the extent of enzyme
activity in the rhizosphere is temporally constant. Thus, despite
well-known high dynamics of the rhizosphere, the spatial pattern of
enzyme activity around the roots remains stable. The results of this
study indicated that high temperature had a positive impact on total
enzyme activities, but contrary to our hypothesis, it did not consider-
ably affect the spatial distributions of hotspots. Instead, rice growth
and root development impacted the percent of enzymatic hotspot area
and localization patterns strongly. Additionally, occurrence of cancel-
ing in root-free soil and its absence at the root-soil interface, revealed
that warmer temperatures will accelerate nutrient mobilization in the

rhizosphere more than in the root-free soil. Finally, we conclude that
the constant extent of the rice rhizosphere under temperature control
revealed that in paddy soil warming did not affect rhizosphere size and
the area where enzymatic mobilization of nutrients occur. This should
be considered in modeling of rhizosphere dynamics and the corre-
sponding effects on soil properties and functions in a warmer world.

Acknowledgments

This study was financially supported by the National Natural
Science Foundation of China (41671292; 41522107; 41671253), the
Strategic Priority Research Program of the Chinese Academy of
Sciences (XDB15020401), Royal Society Newton Advanced
Fellowship (NA150182) and the Recruitment Program of High-end
Foreign Experts of the State Administration of Foreign Experts Affairs
awarded to YK (GDW20144300204). We thank Public Service Tech-
nology Center, Institute of Subtropical Agriculture, Chinese Academy
of Sciences for technical assistance and Youth Innovation Team Pro-
ject of ISA, CAS (2017QNCXTD_GTD).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.soilbio.2017.06.005.

Uncited references

Bodelier, 2011, Choi et al., 2009, Lu et al., 2004, Sauer et al., 2006,
Song et al., 2012, Yuan et al., 2015, Bekku et al., 1997, Zhao et al.,
2016please delete this reference..



UN
CO

RR
EC

TE
D

PR
OOF

8 Soil Biology and Biochemistry xxx (2017) xxx-xxx

References

Ågren, G.I., Wetterstedt, J.Å.M., 2007. What determines the temperature response of
soil organic matter decomposition?. Soil Biology and Biochem-
istry 39, 1794–1798.

Asmar, F., Eiland, F., Nielsen, N.E., 1994. Effect of extracellular-enzyme activities on
solubilization rate of soil organic nitrogen. Biology and Fertility of
Soils 17, 32–38.

Badri, D.V., Vivanco, J.M., 2009. Regulation and function of root exudates. Plant. Cell
and Environment 32, 666–681.

Bekku, Y., Kimura, M., Ikeda, H., Koizumi, H., 1997. Carbon input from plant to soil
through root exudation in Digitaria adscendens and Ambrosia artemisiifolia. Eco-
logical Research 12, 305–312.

Berry, J.A., Raison, J.K., 1981. Responses of macrophytes to temperature. In: Lange,
O.L., Nobel, P.S., Osmond, C.B., Ziegler, H. (Eds.), Physiological Plant Ecology I.
Responses to the Physical Environment. Springer, New York, pp. 277–338.

Birgander, J., Reischke, S., Jones, D.L., Rousk, J., 2013. Temperature adaptation of
bacterial growth and 14C-glucose mineralisation in a laboratory study. Soil Biology
and Biochemistry 65, 294–303.

Blagodatskaya, E., Kuzyakov, Y., 2008. Mechanisms of real and apparent priming ef-
fects and their dependence on soil microbial biomass and community structure:
critical review. Biology and Fertility of Soils 45, 115–131.

Blagodatskaya, E., Blagodatsky, S., Khomyakov, N., Myachina, O., Kuzyakov, Y.,
2016. Temperature sensitivity and enzymatic mechanisms of soil organic matter
decomposition along an altitudinal gradient on Mount Kilimanjaro. Scientific Re-
ports 6, 22240.

Bodelier, P.L.E., 2011. Toward understanding, managing, and protecting microbial
ecosystems. Frontiers in Microbiology 2, 80.

Bradford, M.A., Davies, C.A., Frey, S.D., Maddox, T.R., Melillo, J.M., Mohan, J.E.,
Reynolds, J.F., Treseder, K.K., Wallenstein, M.D., 2008. Thermal adaptation of
soil microbial respiration to elevated temperature. Ecology Letters 11, 1316–1327.

Browman, M.G., Tabatabai, M.A., 1978. Phosphodiesterase activity of soils. Soil Sci-
ence Society of America Journal 42, 284–290.

Burns, R.G., DeForest, J.L., Marxsen, J., Sinsabaugh, R.L., Stromberger, M.E., Wal-
lenstein, M.D., Weintraub, M.N., Zoppini, A., 2013. Soil enzymes in a changing
environment: current knowledge and future directions. Soil Biology and Biochem-
istry 58, 216–234.

Chaudhuri, R., Sinha, D., Mukherjee, D., 1989. On the extensivity of the roots of effec-
tive-hamiltonians in many-body formalisms employing incomplete model spaces.
Chemical Physics Letters 163, 165–170.

Cheng, W.X., Coleman, D.C., 1990. Effect of living roots on soil organic-matter de-
composition. Soil Biology and Biochemistry 22, 781–787.

Choi, J.H., Kang, H., Park, S.S., 2009. Comparison of enzyme activities in vegetated
and nonvegetated sediments. Journal of Environmental Engineer-
ing-Asce 135, 299–355.

Curl, E.A., Truelove, B., 1986. Root Exudates. The Rhizosphere. Springer, Berlin Hei-
delberg, 55–92.

Davidson, E.A., Janssens, I.A., Luo, Y., 2006. On the variability of respiration in ter-
restrial ecosystems: moving beyond Q10. Global Change Biology 12, 154–164.

Dazzo, F.B., Gantner, S., 2012. In Situ calling distances and high population indepen-
dent N-Acylhomoserine lactone-mediated communication on plant root surfaces.
Ecology of the Rhizosphere http://dx.doi.org/10.1002/9781118297674.ch74.

Dick, W.A., Tabatabai, M.A., 1984. Kinetic parameters of phosphatases in soils and
organic waste materials. Soil Science 137, 7–15.

Eivazi, F., Tabatabai, M.A., 1988. Glucosidases and galactosidases in soils. Soil Biol-
ogy and Biochemistry 20, 601–606.

Fischer, H., Eckhardt, K.U., Meyer, A., Neumann, G., Leinweber, P., Fischer, K.,
Kuzyakov, Y., 2010. Rhizodeposition of maize-short term carbon budget and com-
position. Journal of Plant Nutrition and Soil Science 173, 67–7921.

German, D.P., Weintraub, M.N., Grandy, A.S., Lauber, C.L., Rinkes, Z.L., Allison,
S.D., 2011. Optimization of hydrolytic and oxidative enzyme methods for ecosys-
tem studies. Soil Biology and Biochemistry 43, 1387–1397.

Gong, Z.T., Zhang, G.L., Chen, Z.C. (Eds.), 2007. Pedogenesis and Soil Taxonomy.
Science Press, Beijing, China, pp. 613–626.

Grossmann, G., Guo, W.J., Ehrhardt, D.W., Frommer, W.B., Sit, R.V., Quake, S.R.,
Meier, M., 2011. The RootChip: an integrated microfluidic chip for plant science.
Plant Cell 23, 4234–4240.

Hinsinger, P., Plassard, C., Jaillard, B., 2006. Rhizosphere: a new frontier for soil bio-
geochemistry. Journal of Geochemical Exploration 88, 210–213.

Hinsinger, P., Bengough, A., Vetterlein, D., Young, I., 2009. Rhizosphere: biophysics,
biogeochemistry and ecological relevance. Plant and Soil 321, 117–152.

Hoang, D.T.T., Pausch, J., Razavi, B.S., Kuzyakova, I., Banfield, C.C., Kuzyakov, Y.,
2016a. Hotspots of microbial activity induced by earthworm burrows, old root
channels, and their combination in subsoil. Biology and Fertility of
Soils 52, 1105–1119.

Hoang, D.T.T., Razavi, B.S., Kuzyakov, Y., Blagodatskaya, E., 2016b. Earthworm
burrows: kinetics and spatial distribution of enzymes of C-, N- and P- cycles. Soil
Biology and Biochemistry 99, 94–103.

Jones, D.L., Nguyen, C., Finlay, R.D., 2009. Carbon flow in the rhizosphere: carbon
trading at the soil-root interface. Plant and Soil 321, 5–33.

Karhu, K., Fritze, H., Tuomi, M., Vanhala, P., Spetz, P., Kitunen, V., Liski, J., 2010.
Temperature sensitivity of organic matter decomposition in two boreal forest soil
profiles. Soil Biology and Biochemistry 42, 72–82.

Kirschbaum, M.U.F., 1994. The sensitivity of C-3 photosynthesis to increasing CO2
concentration - a theoretical-analysis of its dependence on temperature and back-
ground CO2 concentration. Plant Cell and Environment 17, 747–754.

Kirschbaum, M.U.F., 2006. The temperature dependence of organic-matter decomposi-
tion - still a topic of debate. Soil Biology and Biochemistry 38, 2510–2518.

Koch, O., Tscherko, D., Kandeler, E., 2007. Temperature sensitivity of microbial res-
piration, nitrogen mineralization, and potential soil enzyme activities in organic
alpine soils. Global Biogeochemical Cycles 21, GB4017.

Kuzyakov, Y., Blagodatskaya, E., 2015. Microbial hotspots and hot moments in soil:
concept & review. Soil Biology and Biochemistry 83, 184–199.

Kuzyakov, Y., Domanski, G., 2000. Carbon input by plants into the soil. Review. Jour-
nal of Plant Nutrition and Soil Science 163, 421–431.

Larsen, M., Santner, J., Oburger, E., Wenzel, W.W., Glud, R.N., 2015. O2 dynamics in
the rhizosphere of young rice plants (Oryza sativa L.) as studied by planar optodes.
Plant Soil 390, 279–292.

Liu, S., Razavi, B.S., Su, X., Maharjan, M., Zarebanadkouki, M., Blagodatskaya, E.,
Kuzyakov, Y., 2017. Spatio-temporal patterns of enzyme activities after manure
application reflect mechanisms of niche differentiation between plants and mi-
croorganisms. Soil Biology and Biochemistry 112, 100–109.

Lu, Y.H., Watanabe, A., Kimura, M., 2004. Contribution of plant photosynthates to
dissolved organic carbon in a flooded rice soil. Biogeochemistry 71, 1–15.

Ma, X., Razavi, B.S., Holz, M., Blagodatskaya, E., Kuzyakov, Y., 2017. Warming in-
creases hotspot areas of enzyme activity and shortens the duration of hot moments
in the root-detritusphere. Soil Biology and Biochemistry 107, 226–233.

Menon, M., Robinson, B., Oswald, S.E., Kaestner, A., Abbaspour, K.C., Lehmann, E.,
Schulin, R., 2007. Visualization of root growth in heterogeneously contaminated
soil using neutron radiography. European Journal of Soil Science 58, 802–810.

Nannipieri, P., Giagnoni, L., Landi, L., Renella, G., 2011. Role of phosphatase en-
zymes in soil. In: Bünemann, E.K., Oberson, A., Frossard, E. (Eds.), Phosphorus in
Action, Series: Soil Biology, first ed., vol. 26.

Neumann, G., Romheld, V., 2002. Root-induced changes in the availability of nutrients
in the rhizosphere. In: Waisel, Y., Eshel, A., Kafkafi, U. (Eds.), Plant Roots: the
Hidden Half. Marcel Dekker, Inc., New York, Basel, pp. 617–649.

Nottingham, A.T., Turner, B.L., Whitaker, J., Ostle, N., Bardgett, R.D., McNamara,
N.P., Salinas, N., Meir, P., 2016. Temperature sensitivity of soil enzymes along an
elevation gradient in the Peruvian Andes. Biogeochemistry 127, 217–230.

Razavi, B.S., Blagodatskaya, E., Kuzyakov, Y., 2015. Nonlinear temperature sensitiv-
ity of enzyme kinetics explains canceling effect-a case study on loamy haplic Lu-
visol. Frontiers in Microbiology 6, 1126.

Razavi, B.S., Blagodatskaya, E., Kuzyakov, Y., 2016a. Temperature selects for static
soil enzyme systems to maintain high catalytic efficiency. Soil Biology and Bio-
chemistry 97, 15–22.

Razavi, B.S., Zarebanadkouki, M., Blagodatskaya, E., Kuzyakov, Y., 2016b. Rhizos-
phere shape of lentil and maize: spatial distribution of enzyme activities. Soil Biol-
ogy and Biochemistry 96, 229–237.

Razavi, B.S., Liu, S.B., Kuzyakov, Y., 2017. Hot experience for cold-adapted microor-
ganisms: temperature sensitivity of soil enzymes. Soil Biology and Biochem-
istry 105, 236–243.

Ren, L.X., Huo, H.W., Zhang, F., Hao, W.Y., Xiao, L., Dong, C.X., Xu, G.H., 2016.
The components of rice and watermelon root exudates and their effects on patho-
genic fungus and watermelon defense. Plant Signaling and Behavior 11, 1187357.

Sanaullah, M., Razavi, B.S., Blagodatskaya, E., Kuzyakov, Y., 2016. Spatial distribu-
tion and catalytic mechanisms of β-glucosidase activity at the root-soil interface.
Biology and Fertility of Soils 52, 505–514.

Sauer, D., Kuzyakov, Y., Stahr, K., 2006. Spatial distribution of root exudates of five
plant species as assessed by 14C labeling. Journal of Plant Nutrition and Soil Sci-
ence-zeitschrift Fur Pflanzenernahrung Und Bodenkunde 169, 360–362.

Siczek, A., Lipiec, J., 2016. Impact of faba bean-seed rhizobial inoculation on micro-
bial activity in the rhizosphere soil during growing season. International Journal of
Molecular Sciences 2016 (17), 784.

Song, F.B., Han, X.Y., Zhu, X.C., Herbert, S.J., 2012. Response to water stress of soil
enzymes and root exudates from drought and non-drought tolerant corn hybrids at
different growth stages. Canadian Journal of Soil Science 92, 501–507.

Steinweg, J.M., Plante, A.F., Conant, R.T., Paul, E.A., Tanaka, D.L., 2008. Patterns of
substrate utilization during long-term incubations at different temperatures. Soil
Biology and Biochemistry 40, 2722–2728.

Stone, M.M., Weiss, M.S., Goodale, C.L., Adams, M.B., Fernandez, I.J., German,
D.P., Allison, S.D., 2012. Temperature sensitivity of soil enzyme kinetics under N
fertilization in two temperate forests. Global Change Biology 18, 1173–1184.

Tabatabai, M., 1994. Effects of diazepam on the discharge activity of phrenic and hy-
poglossal nerves in rats. Anesthesiology 81. A1410–A1410.

Tjoelker, M.G., Oleksyn, J., Reich, P.B., 2001. Modelling respiration of vegetation:
evidence for a general temperature-dependent Q10. Global Change Biol-
ogy 7, 223–230.



UN
CO

RR
EC

TE
D

PR
OOF

Soil Biology and Biochemistry xxx (2017) xxx-xxx 9

Vandooren, J., Geurts, N., Martens, E., Van den Steen, P.E., Opdenakker, G., 2013.
Zymography methods for visualizing hydrolytic enzymes. Nature Meth-
ods 10, 211–220.

Von Lützow, M., Kögel-Knabner, I., 2009. Temperature sensitivity of soil organic
matter decomposition-what do we know?. Biology and Fertility of Soils 46, 1–15.

Wallenstein, M.D., Weintraub, M.N., 2008. Emerging tools for measuring and model-
ing the in situ activity of soil extracellular enzymes. Soil Biology and Biochem-
istry 40, 2098–2106.

Yuan, H.Z., Zhu, Z.K., Liu, S.L., Ge, T.D., Jing, H.Z., Li, B.Z., Liu, Q., Lynn, T.M.,
Wu, J.S., Kuzyakov, Y., 2015. Microbial utilization of rice root exudates: 13C la-
beling and PLFA composition. Biology and Fertility of Soils 52, 615–627.

Zhang, L.H., Song, L.P., Xu, G., Chen, P., Sun, J.N., Shao, H.B., 2014. Seasonal dy-
namics of rhizosphere soil microbial abundances and enzyme activities under dif-
ferent vegetation types in the coastal zone, shandong, China. Clean-Soil Air Wa-
ter 42, 1115–1220.

Zhao, S.C., Li, K.J., Zhou, W., Qiu, S.J., Huang, S.W., He, P., 2016. Changes in soil
microbial community, enzyme activities and organic matter fractions under
long-term straw return in north-central China. Agriculture Ecosystems and Envi-
ronment 216, 82–88.


	
	
	


