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Roots and the associated rhizospheric activities regulate the mineralization of native soil organic matter (SOM),
which is referred to as the rhizosphere priming effect (RPE). Although the importance of RPE for carbon cycle has
increasingly been recognized, experimental evidence for how soil structural changes modulate the RPE is still
unavailable. We addressed this issue by growing soybean plants (Cs) in a C4-derived soil in a continuous *3C-
labeling greenhouse. We hypothesized that root-induced soil structural change regulated the RPE by destabi-
lizing soil matrix-protected organic carbon. Our results showed that the RPE was tightly coupled with plant
photosynthetic activity, the disruption of coarse macro-aggregates, and the increased release of dissolved organic
carbon (DOC) from the soil matrix. These findings indicate that living roots together with rhizodeposits not only
can directly stimulate rhizospheric microbial activities, but also can make soil matrix-protected organic carbon
available to microbial attacks and further enhance the RPE. This study suggests that the RPE on SOM miner-
alization is intimately linked with the dynamics of soil structures and DOC, which should be considered in future
studies on mechanistic understanding and modeling of the RPE.

1. Introduction

Globally, the amount of soil organic carbon (SOC) stored in the upper
1 m is estimated to be 1500 Pg, which is approximately twice as large as
that in the atmosphere and three times in plant biomass (Schlesinger,
1997; Jobbagy and Jackson, 2000). Small changes in SOC can lead to a
significant impact on atmospheric CO, concentration (Smith et al.,
2008), highlighting the importance of SOC in global climate change. A
consensus is emerging that root activities can either inhibit or stimulate
the decomposition rate of native SOC, which is known as the ‘rhizo-
sphere priming effect’ (RPE, Cheng and Kuzyakov, 2005; Finzi et al.,
2015). Recent analyses suggested that the magnitude of the RPE could
range from 50% reduction to 400% increase in SOC decomposition rates
as compared to the decomposition rate in the unplanted control soil
under the same environmental conditions (Cheng et al., 2014; Huo et al.,
2017). Although the RPE can play a critical role in the C cycle, the un-
derlying mechanisms behind the RPE have not been completely under-
stood (Kuzyakov, 2010; Cheng et al., 2014).

Several hypotheses have been proposed as the mechanisms causing
the RPE. The microbial activation hypothesis states that root exudates
provide readily bioavailable substrates for rhizosphere microorganisms
(Fontaine et al., 2003; Bais et al., 2006; McCormack et al., 2017), which
may stimulate the production of extracellular enzymes, thus resulting in
an increase in co-metabolic mineralization of native soil C and a positive
RPE (Hamer and Marschner, 2005; Brzostek et al., 2013; Zhu et al.,
2014). However, the so-called negative RPE can be attributed to the
nutrient competition hypothesis, suggesting that plants inhibit microbial
growth and metabolism by competing with microorganisms for mineral
nutrients (Cheng and Kuzyakov, 2005; van der Heijden et al., 2008;
Kuzyakov and Xu, 2013). Moreover, the preferential substrate utiliza-
tion hypothesis states that soil microbes prefer root exudates to native
soil organic matter (SOM) when mineral nutrients are abundant (Cheng,
1999), causing a decrease in native SOC decomposition and thus the
negative RPE.

The above-mentioned hypothetical mechanisms underlying the RPE
mainly focus on the biotic interactions between plants and microbial
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activities. However, these mechanisms alone cannot fully explain the
RPE, because microbial and enzymatic access to substrate C is severely
limited by protective associations. For example, soil aggregation has a
strong impact on SOM turnover (Six et al., 2004; Rasse et al., 2005;
Schmidt et al.,, 2011). The inaccessibility of SOM to microbial de-
composers within soil macro- and micro-aggregates and their anoxic
conditions reduce the activity of soil micro-organisms, leading to
physical protection of native SOM (Six et al., 2002). Previous studies
propose that living roots profoundly affect the destruction and forma-
tion of soil aggregates, which may facilitate the release of
aggregate-protected C into more accessible pools (Magid et al., 1999;
Kuzyakov, 2010). Another mechanism underlying SOC stability is the
interaction of SOM with clay minerals, which protects SOC from being
immediately accessed and decomposed by microbes (Schulten and
Leinweber, 2000; Mikutta et al., 2006; Kleber et al., 2015). This clay
protection mechanism is particularly relevant to the RPE because root
exudates (e.g., organic acids) can facilitate the release of
mineral-protected C (Keiluweit et al., 2015). Despite the crucial role that
changes in soil physical structures induced by roots (including
destruction and formation) may play in the RPE, direct experimental
evidence is still absent.

Here we tested whether the RPE was modulated by root-induced
changes in soil structure. We intended to manipulate the levels of the
RPE by changing light intensity, since plant photosynthesis has been
considered as a determinant of root exudation and rhizosphere processes
(Badri and Vivanco, 2009; Shahzad et al., 2012). In a well
temperature-controlled greenhouse, soybeans (Glycine max (L.) Merr., a
Cs plant) were grown in a Cs-derived soil (which was from Kansas
grassland dominated by C4 plants), and subjected to two light intensities
(100% and 54% of full light). By combining the natural 3C abundance
and continuous 13C-depleted COg-labeling approaches, we augmented
the 13C-labeling signal strength to partition root-derived carbon from
soil-derived carbon more precisely. In this study, we quantified the RPE
by measuring the rate of SOM-derived CO release in planted treatments
minus the rate from the bare soil treatment. Changes in the aggregate
fractions and the 5'3C values of aggregate-associated C, as well as DOC
dynamics and their §'3C values, were measured to investigate the
changes in the soil protective associations. We hypothesized that the
RPE in the shading treatment would be lower than those in the full light
treatment because microbial activities increased in the presence of root
exudates from photosynthesis (Nagel et al., 2006). We also hypothesized
that the disruption of the protective associations could be intensified by
roots, thereby stimulating native SOM mineralization.

2. Materials and methods
2.1. Experimental setup

The experiment was conducted in a temperature-controlled green-
house equipped with continuous labeling with '3C-depleted CO,
(—37.5%0) at the University of California, Santa Cruz. A constant CO»
concentration (400 + 5 ppm) and §'3C value (—18 4 0.5%o) inside the
greenhouse were maintained by automatically adjusting the flow rate of
CO»-free air and pure CO; into the greenhouse throughout the experi-
ment. When the CO, concentration inside the greenhouse declined to
390 ppm, a pulse of '*C-depleted pure CO,, from a gas tank was injected
into the greenhouse. This labeling method has been conducted suc-
cessfully before (Dijkstra and Cheng, 2007a; Zhu and Cheng, 2011), and
more details can be found in Dijkstra and Cheng (2007b) and Pausch
et al. (2013).

We filled 30 bottom-capped PVC pots (diameter 15 cm, height 40 cm,
equipped with an inlet tube at the bottom for aeration and CO; trapping)
with soil taken from a C4-grass dominated area at Konza Prairie Bio-
logical Station, Kansas, USA. The soil is a clay loam Mollisol, collected
from the Ah horizon (0-30 cm). The soil contained 20.5 mg organic C
g1 soil and 2.1 mg N g ! soil, with a pH value of 7.1. Vegetation at this
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site was dominated by C4 grasses, and the 5'3C value of the SOC was
—15.4%o. A nylon bag filled with 5.5 kg washed sand was placed at the
bottom of each PVC pot. Four kilograms of air-dried, sieved (passing a 4-
mm screen) Kansas soil was packed into each pot. After adjusting the soil
moisture to 60% water-holding capacity (0.3 mL deionized water per g
dry soil), we pre-incubated these 30 pots inside the greenhouse for 1
week. Ten pre-soaked seeds of soybean were sown in each pot (10
shading pots and 10 full light pots) and 10 pots were kept unplanted as a
control. After 7 days of germination, seedlings were thinned to three
plants per pot.

The shading cloth (hard plastic cradle 170 cm long, 100 cm wide and
150 cm high, wrapped with a black porous nylon net) was placed after
the early vegetative growth stage (35 days after planting) and moved
inside the greenhouse every week. Ten pots were covered by the shading
cloth and moved randomly every two days. The light intensity in
shading treatment was approximately 54% of that in no-shading treat-
ment, which was measured by LI-250 (LI-COR, Lincoln, NE, USA). There
were two destructive sampling times, namely at the vegetative growth
stage (T4, shading for 14 days) and the flowering period (T3s, shading
for 35 days). The experiment was set up as a complete factorial ran-
domized design with five replicates for each treatment and the control.

During the experimental period, the air temperature inside the
greenhouse was kept at 25 °C during the daytime and about 15 °C during
the night by two air conditioning units and heaters. The relative air
humidity was maintained at 50% by a dehumidifier. Supplemental
lighting (1100-W lights) was used to ensure an adequate light intensity.
Soil moisture content was measured gravimetrically and maintained at
60% water holding capacity. To avoid deterioration of the soil structure,
deionized water was added through perforated tubes on the surface of
each pot. To prevent anaerobic conditions, ambient air was forced into
each pot twice per night (20:00-20:30 p.m., 4:00-4:30 a.m.) by timer-
controlled aquarium pumps. The location of the pots in the green-
house bench top was randomly changed weekly to guarantee similar
growing conditions for the soybeans.

2.2. Measurements and calculations

2.2.1. Soil COy efflux and RPE

Soil CO;, efflux from each pot was measured with a closed circulation
CO4, trapping system (Cheng et al., 2003) at 14 days (T4 treatment) and
35 days (T35 treatment) after shading. Prior to measurement, each pot
was sealed with two-components silicone rubber placed around the base
of the plant, and residual CO, within the pot was absorbed by circulating
the isolated air through a soda lime column (3 cm diameter, 50 cm
length) for 1 h. The CO, produced subsequently was trapped in 300 mL
of a 0.3 M NaOH solution for 24 h in planted pots and 48 h in
non-planted pots. Three blanks were used to correct for handling errors.
An aliquot of the NaOH solution was analyzed for total inorganic C with
a Shimadzu analyzer (TOC 5050A). Another aliquot of the trapping
solution was precipitated as SrCO3 (Harris et al., 1997), and the 513C of
the oven-dried precipitate was analyzed with a PDZ Europa ANCA-GSL
elemental analyzer interfaced with a PDZ Europa 20-20 isotope ratio
mass spectrometer (Sercon Ltd., Cheshire, UK).

A two-source mixing model was used to separate the total soil CO»
efflux (CO2-Cotap) into soil-derived CO, (SOM decomposition, CO2-Cgoil)
and root-derived CO4 (CO2-Croo):

CO-Cyoil = COrCrotal (8" Crotat = 8" Croo0(8"*Cioit = 8" Croor) ¢h)
CO2‘Croot = COZ'Ctotal - COZ‘Csoi] (2)

where 8'3Cora is the 8'3C value of the total CO, efflux in planted
treatments and 8'3Cyycr is the 8'3C value of root-derived CO,. Given the
isotopic fractionation between roots and root-respired CO», the 8'3Cro0t
was calculated according to the §!3C value of roots and the '3C depletion
of root-derived CO, compared with roots (1.71%o, Zhu and Cheng, 2011;
Pausch et al., 2013). The §'3Cq; is the mean 8'°C value of SOM-derived
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CO, which was measured in the unplanted control treatments.

The observed primed C (referred to as the RPE) was calculated by
subtracting soil-derived CO; in the planted treatments (CO2-Cs.planted)
from that in the control treatments (CO2-Cs._control):

Primed C = COZ'CS-planted — CO2-Cs_control 3

2.2.2. Harvesting and soil analyses

Before CO; trapping, soil dissolved organic C (DOC) from each pot
was measured at two growth stages (i.e., T14 and Tss). A plastic bottle
was connected with the inlet tube at the bottom of pot, and the other end
was linked to an aquarium pump. We added the deionized water to the
pot through the perforated tubes, and soil solutions (500 mL) were
collected in the plastic bottle. An aliquot of each solution was analyzed
for total organic C with a Shimadzu TOC-5050A analyzer. Another
aliquot of the water sample was measured to obtain the §'3C of DOC
with an O.I. Analytical Model 1030 TOC Analyzer (Xylem Analytics,
College Station, TX) interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, UK) and a GD-100 Gas Trap
Interface (Graden Instruments).

After CO; trapping, the pots were immediately sampled destruc-
tively. Harvested plants were separated into shoots and roots, and the
fine roots were collected by hand-picking. Each plant sample was dried
in an oven at 65 °C for 48 h and weighted, ground in a ball mill and
analyzed for total C and §'3C using a Carlo Elba 1108 elemental analyzer
interfaced to an isotope ratio mass spectrometer (PDZ Europa 20-20).
One subsample of about 1000 g of homogenized fresh soil was taken
from each pot, stored in a refrigerator at 4.0 °C and used for further
analysis. Another soil sample was dried at 85 °C for 48 h, weighed to
determine the soil moisture, and measured for total C and §'3C with a
mass spectrometer.

Soil microbial biomass C (MBC) was measured via the chloroform
fumigation-extraction method (Vance et al., 1987). Briefly, a subsample
of fresh soil (50 g) was exposed to ethanol-free chloroform for 48 h in the
dark under vacuum and then extracted with 80 mL 0.5 M K5SOj,.
Another nonfumigated control was extracted by 80 mL of a 0.5 M K2SO4
solution. Total organic C in the extracts was determined by the TOC
analyzer. The difference in extractable C between the fumigated and
non-fumigated soils was assumed to have been released by lysed soil
microbes. The released C was converted to MBC by a proportionality
coefficient (Kgc = 0.45).

The soil aggregate size fractions were separated as coarse macro-
aggregates (>2000 pm), fine macro-aggregates (250-2000 pm), micro-
aggregates (53-250 pm), and silt and clay fractions (<53 pm) through
a wet sieving method (Six et al., 2000). Briefly, one subsample (100 g of
dried soil) was placed on the top of a nest of three sieves with 2000-,
250- and 53-pm openings, and submerged in deionized water for 5 min.
The sieves were then manually moved up and down 3 cm with 50

Table 1

Soil Biology and Biochemistry 144 (2020) 107787

repetitions during 2 min. The fraction remaining on each sieve and silt &
clay fraction that passed through the 53-um sieve was collected in
beakers and dried at 85 °C for 48 h in an oven. All aggregate-size frac-
tions were ground in a ball mill and analyzed for total C and §'3C with a
mass spectrometer.

2.3. Statistical analyses

We used one-way analysis of variance (ANOVA) to test for significant
differences in all measured data among the control, shading and full
light treatments. Differences among treatments were assessed by post-
hoc tests using Fisher’s protected least significant difference (LSD) test
for all variables, and the significance level was set at 0.05. Linear
regression analysis was conducted to identify the relationships of the
RPE with root respiration, root, shoot and total biomass in shading and
full light treatments, respectively. We used SPSS Statistics 23 (SPSS. Inc.,
Chicago, IL, USA) to perform the ANOVA and R statistical software
v3.2.4 (R Development Core Team, 2016) to perform the regression
analysis.

3. Results
3.1. Plant biomass and '3C values

Soybeans grew normally in the greenhouse. At the first sampling
time (14 days after shading, Ti4), soybeans were at the vegetative
growth stage. Both shoot and root biomass were significantly higher in
the full light than that in the shading treatment (P < 0.05). This pattern
became stronger at the second sampling time (35 days after shading,
Tss) when soybeans were at the flowering period (Table 1).

The 5'3C value of shoots and roots ranged from —35.34 to —37.33%o
and —33.05 to —35.46%o, respectively (Table 1), showing that the soy-
beans were successfully labeled with '3C-depleted CO, compared to
those values in the unlabeled tissues (—24 to —27%o). On average, all
plant tissues in the shading treatments were 1.64-2.24%0 more 3C-
depleted than those in the no-shading ones, and shoots were
1.82-2.64%0 more 13C-depleted than roots (Table 1).

3.2. Soil CO; efflux and rhizosphere priming effect (RPE)

The total CO3 efflux from the soil ranged from 12.7 to 17.1 mg C
day ! kg™ soil in the unplanted soils, which is significantly lower than
that in the planted soils (36.3-55.3 mg C day ! kg~! soil) across two
sampling times (P < 0.05). The total CO; efflux in the shading treatment
was significantly lower than that in the full light systems (P < 0.05,
Table 1). Total CO; efflux was partitioned into root- and soil-derived
components according to Egs. (1) and (2). Root-derived CO5 efflux
was 48.27% and 49.89% higher in the full light treatment than that in
the shading treatment at T; and T, respectively (Fig. 1).

Shoot and root biomass and §'3C values, and total CO efflux (Cyorar) and total '3C value. Values represent mean =+ standard errors (n = 5). Significant differences (P <
0.05) between the treatments at one sampling date are indicated by different letters.

Sampling Treatment  Shoot biomass (g per Root biomass (g per Root-shoot Shoot 8'3C Root 8'3C (%0)  Cioral (mg Cday ' kg™ Ciopa1 5'C (%o0)
stage pot) pot) ratio (%o) soil)
Ty4 (14 days) Control 17.08 + 1.47a —15.57 £
0.22b
Shading 8.01 + 0.76a 4.24 £ 0.34a 0.53 + 0.02a —37.33 + —34.69 = 36.30 + 0.66b —22.90 +
0.19a 0.22a 0.30a
Full light 10.40 + 0.42b 5.79 + 0.37b 0.56 + 0.04a —35.61 + —33.05 + 44.74 + 2.43c —23.61 +
0.10b 0.18b 0.26a
Tss (35 days) Control 12.72 4+ 0.31a —15.46 +
0.25b
Shading 22.98 + 1.24a 4.48 £+ 0.29a 0.20 £+ 0.01a —-37.29 + —35.46 + 42.83 +1.57b —24.60 +
0.31a 0.25a 0.46a
Full light 30.94 +1.71b 7.42 + 0.39b 0.24 + 0.01b —35.34 + —33.22+ 55.31 + 2.41c —24.90 +

0.22b 0.18b 0.37a
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Fig. 1. CO, effluxes (root- and SOM-derived) and primed C after 14 (T4, a and c) and 35 days (T35, b and d) of shading. Different letters indicate significant
differences (P < 0.05) among treatments. Error bars indicate the standard errors (n = 5).

The primed C (referred to as the RPE) was calculated as the differ-
ence in soil-derived CO, efflux between the planted and unplanted
treatments (Eq. (3)). SOC decomposition rate in soil-plant combinaions
were increased by 39-125% compared to that in the unplanted control
treatment. The primed C in shading and full light treatments was 6.7 and
9.1 mg C kg soil ! day ! respectively at T14, and 12.3 and 15.9 mg C kg
soil ! day ! at T3s. The primed C was significantly higher in full light
treatment than in shading treatment at Tgs, but not at T14 (Fig. 1). The
primed C increased linearly with root-derived CO; efflux, total and shoot
biomass across two sampling times in both full light and shading treat-
ments, but did not change significantly with root biomass (Fig. 2).

3.3. Soil aggregate structure and '>C values in each fraction

The distribution of soil aggregate fractions as a proportion of the
whole soil mass varied little, but significantly among three treatments (i.
e., control, full light, shading; Fig. 3). At T14, the proportion of coarse
macro-aggregates (>2000 pm) in control was higher than that in
shading treatment (P < 0.05), and marginally higher than that in full
light treatment (P = 0.07). The proportion of fine macro-aggregates
(250-2000 pm) in control was smaller than that in shading treatment
(P < 0.05), but no significant difference was found between control and
full light treatment. The micro-aggregates (53-250 pm) increased in the
order: control < shading < full light, but there were no significant dif-
ferences among treatments in the silt and clay fractions (<53 pm,
Fig. 3a). These results suggested that roots slightly increased the
breakdown of coarse macro-aggregates at T14. At Tss, there was no

change in macro-aggregate fractions, the proportion of micro-
aggregates was higher in the planted than the unplanted treatments,
but the silt and clay fractions decreased in the order: control > shading
> full light (Fig. 3b). Overall, roots enhanced the abundance of micro-
aggregates at T3s.

The SOC concentration and its §!3C values of each fraction were also
measured. The sampling time and shading treatment did not signifi-
cantly affect SOC concentration in the whole soil or aggregate fractions
(Table S1). Moreover, the 8!3C values of macro-aggregates showed no
significant difference among treatments at either T4 or T3s, but the 53¢
values of micro-aggregates in the planted treatment were less negative
than those in the control. The opposite trend was observed for the 5'3C
values of silt and clay fractions (Fig. 3c and d), and no changes were
showed in SOC concentration among different treatments, displaying
that root-derived C was mainly incorporated into the silt and clay
fractions.

3.4. Microbial biomass C (MBC) and DOC

Compared with the unplanted treatment, MBC was higher in the
shading treatment (P < 0.05), but showed no difference in the full light
treatment at T;4. MBC was 28% and 44% higher in the shading and full
light treatments than in the control treatment at Tss, respectively.
Meanwhile, shading induced an 11% decrease in MBC compared with
the full light treatment (P < 0.05, Fig. 4b).

The deionized water was percolated downward through the soil
layers to obtain the leachate of each treatment. The color of the leachate



Y. He et al.

= 29 {5 ‘- Shading
2 -®- Full light
T 204
on
~
T
2 164
o
&
50 121 °
g
N
&)
T 81 9
E . .‘ £=0574 P=0.011
C‘: ¢ rr=0435 P=0.038
4_
10 16 22 28 34

Root derived CO, (mg C - day™" - kg™ soil)

:24- (c)
'S
w2
T 204
on
4
T
2 161
o
Q
en 124
g
N
Q
= 84 ®
2 [
£ £=0.683 P=10.003
& pre r=0.687 P=0.003
4..
2 4 6 8

Shoot biomass (g - kg™ soil)

Soil Biology and Biochemistry 144 (2020) 107787

241 (b)

204

r=0.662 P=10.004
L 2=0.673 P=0.004

I

Primed C (mg C - day™' - kg™ soil)

2 4 6 8 10
Total biomass (g - kg™ soil)

[\
£
L

(d)

— —_ )
[\S) N (=3
N L L

[ ]
®

\ [ J
x

o0
L
\
.\

®
r=0.300 P=0.101

® 0, R=0.042 P=0.57]

Primed C (mg C - day™" - kg™' soil)
[ J
\
AY
X

=N
f

0.9 12 1.5 1.8 21
Root biomass (g - kg™ soil)

Fig. 2. Relationships of primed C with root-derived CO, flux (a), root biomass (b), shoot biomass (c) and plant total biomass (d). Data for (a), (b), (c) and (d) include
two samplings and two treatments (green circles indicate shading; blue circles indicate the full light treatment). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

in planted systems was more intense than that in the control (Fig. 4a).
The concentration of DOC was 22% and 45% higher in the shaded and
full light treatments than in the control treatment at T4, respectively,
and 46% and 36% higher at T3s. However, DOC in the shading treatment
did not significantly differ from that in the full light treatment at either
Ty40r T35 (P > 0.05, Fig. 4c). Meanwhile, no significant difference in the
513C of DOC was observed among all the treatments (Fig. 4d), and the
more negative 3C signal (—35%o) of the plant-derived C was absent in
DOC samples from all planted treatments, showing that the increased
DOC in the planted treatments primarily came from SOM, not from root
exudates that should have a 5!°C value of approximately —35%o similar
to that of roots.

4. Discussion
4.1. Rhizosphere priming effect (RPE) driven by photosynthesis

Aboveground assimilation of CO; (i.e., plant photosynthesis)
strongly controls belowground respiratory processes (Hogberg et al.,
2001; Heimann and Reichstein, 2008). Our study showed that shading
decreased the RPE on SOC decomposition (i.e., primed C) and that the
‘primed C’ was positively correlated with root-derived CO3 and total
plant biomass (Figs. 1 and 2), suggesting a tight coupling between
photosynthesis and rhizosphere processes. A recent study also displayed
that clipping-induced decrease in photosynthesis dramatically reduced
soil respiration and the RPE within 24 h (Shahzad et al., 2012). As the
control of plant photosynthesis on the RPE were confirmed across

different soil and plant types (Kuzyakove and Cheng, 2001, 2004; Tang
et al., 2019), gross primary productivity might be a useful index to
incorporate the RPE into models at the ecosystem and global scales.

The primed C were positively correlated with root-derived CO; efflux
and shoot biomass within each treatment (Fig. 2a and c), indicating the
regulatory influence of root exudation on the RPE (Paterson and Sim,
2013; Shahzad et al., 2015). In this study, shading decreased the growth
rate and shoot biomass (Table 1), possibly inducing a lower rate of root
exudation (as indicated by root-derived CO). Although we did not
directly measure root exudation, it is reasonable to assume that the level
of exudation is proportional to the root-derived CO, (Bahn et al., 2009;
Zhu et al., 2014; Yin et al., 2018). Subsequently, the decrease of root
exudation after shading caused a smaller PRE. Meanwhile, our results
showed that the RPE increased with microbial biomass at Tgs (Figs. 1
and 4b). On the basis of the microbial activation mechanism, the exuded
organic compounds and sloughed-off root cells, which largely stem from
photosynthetically fixed C as the energy source, might stimulate the
activity of soil microorganisms and production of extracellular enzyme,
thereby accelerating the native SOC decomposition (Fig. 5a, Fontaine
et al., 2011; Phillips et al., 2012; Dijkstra et al., 2013; Yin et al., 2019).
However, in our experiment, no significant relationship between the
RPE and root biomass were observed either in shading or full light
treatments (Fig. 2d), which is largely in accordance with previous
studies (Zhu et al., 2014; Huo et al., 2017). These results might imply the
much less contribution of root litter to the RPE than root exudates
(Shahzad et al., 2015).
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Fig. 3. Proportion of soil aggregates (a and b) and §'3C of SOC (c and d) within soil aggregate fractions (coarse macro-aggregates, >2000 pm; small macro-
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significant differences (P < 0.05) among treatments. Error bars indicate the standard errors (n = 5).

4.2. RPE regulated by destabilization of aggregate-protected soil C

The RPE can be affected by changes in soil structure, because mi-
crobial access to substrate C is strongly limited by the soil physical
structures (i.e., soil aggregates and mineral-organic associations) in
most soils (Ohm et al., 2007; Rasmussen et al., 2007; Keiluweit et al.,
2015). By using a soil aggregate fractionation technique, we showed that
the proportion of coarse macro-aggregates in the planted soil was lower
than that in bare soil at Tq4, but the proportions of micro-aggregates
exhibited the opposite patterns. Meanwhile, the &§!°C value of
micro-aggregates in the control was more depleted than that in the
planted treatments (Fig. 3). Together, these changes indicated that
coarse macro-aggregates might be broken down into fine macro- and
micro-aggregates, which was probably caused by root penetration and
compression, and increased wet-dry cycling of the adjacent soil
(Materechera et al., 1994; Angers et al., 1997; Gale et al., 2000; Bronick
and Lal, 2005; Zhu and Cheng, 2013). We hypothesized that following
the fragmentation of coarse macro-aggregates, the organic compounds
originally protected by aggregates were exposed to soil microbes,
extracellular enzymes and oxygen (Six et al., 2000; von Liitzow et al.,
2007), then resulting in a positive RPE (Fig. 5b). Given that these net
changes in aggregate fractions due to roots and rhizosphere effects were
not as high as expected, further studies on this potential mechanism are
definitely needed, especially the potential effect of roots on soil aggre-
gate turnover rates which was not quantified in this current study.

The planted treatments had more negative 5'3C values in the silt and
clay fractions compared to the control (Fig. 3c and d), but no change in
SOC concentration (Table S1), indicating that new plant-derived C was
incorporated into the silt and clay fractions through adsorption pro-
cesses (Hassink and Whitmore, 1997; Six et al., 2002). Sorption of

organic compounds to mineral (i.e., clay and silt particles) surfaces
provided reactive places for physical and chemical stabilization, formed
intricate associations, and led to a long-term stabilization of SOM
(Kleber et al., 2007; Lehmann and Kleber, 2015; Newcomb et al., 2017).
However, root exudates (including the oxalic acid and citrate molecules)
act as ligands liberating C from previously protective associations with
minerals through complexation and dissolution reactions, causing SOM
destabilization (Clarholm et al., 2015; Keiluweit et al., 2015). Therefore,
new plant-derived C incorporated into the silt and clay fractions in our
study could promote the accessibility of the original protected C to
microbes and enzymes, inducing positive RPE (Fig. 5b). Our study
suggests that the destruction of coarse macro-aggregates induced by
roots and/or replacement of originally protected C in silt and clay
fractions with root exudates could significantly modulate the RPE, and
future investigations should focus on quantifying their relative contri-
butions in different soil matrix.

4.3. RPE modulated by the release of DOC

Pedogenic DOC plays an important role in soil biogeochemical pro-
cesses, as it acts as a substrate for microorganisms, enables redox-related
activities, and contributes to the C balance of terrestrial ecosystems
(Qualls and Haines, 1992; Neff and Asner, 2001; Kindler et al., 2011).
We found that soil DOC concentration was 22%-46% higher in the
planted than the unplanted treatments across two sampling times, but
there was no significant difference in the 8'3C signal of DOC between
planted and unplanted treatments (Fig. 4c and d) and the 'C-depleted
root-derived C was absent in DOC samples. These results clearly indi-
cated that the increased DOC in the planted treatments primarily orig-
inated from SOM, not from plant-derived rhizodeposits. The potential
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Fig. 5. Mechanisms of rhizosphere priming on soil

organic matter decomposition. (a) The traditional

view is that roots exudates provide a readily

bioavailable supply of energy for the decomposition

of native soil carbon through stimulating microbial
Coz growth and activity. (b) The alternative mechanism
proposed here takes into account that large quantities
of soil C are inaccessible to microbes owing to soil
physical protection. Plant roots facilitate the break-
down of coarse macro-aggregates and destabilize the
originally protected C. Meanwhile, root exudates are
incorporated into the silt and clay fractions and
destabilize old C. The disruption of coarse macro-
aggregates and the release of C from the silt and
clay fractions, promoting that the original protected
organic C converges on DOC pools and exposed to the
decomposed microbes.
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sources of DOC release in the planted system might be new root exudates
in exchange for stabilized SOC, the physical disruption of the aggregates,
and the desorption processes of original organo-mineral complexes.
Mechanical disruption of macro-aggregates likely release SOM protected
by soil physical structure, increase the extractability of the non-biomass
SOM, enhance DOC leaching and microbial activity (Miller et al., 2005;
Mueller et al., 2012). In addition, new root exudates absorb or
co-precipitate with reactive mineral phases, mobilize and replace the
originally sorbed ones (Sanderman et al., 2008; Kaiser and Kalbitz,
2012), which could partly explain the remarkable rise in DOC. Our re-
sults revealed an alternate mechanism that living roots and their exu-
dates destabilize SOM supramolecules to release DOC for local microbes,
indicating that rhizosphere processes would be a quantitatively impor-
tant driver for the release of nutrients.

Since DOC is considered as an easily decomposable substrate for soil
microorganisms (Zsolnay, 1996; Marschner and Kalbitz, 2003), the
activation of SOM-derived DOC would accelerate SOC decomposition,
thereby inducing a positive RPE (Fig. 5), which have major implications
to SOC stabilization and sequestration. DOC is a reactive intermediate
pool that stabilizes and possibly primes deep soil C. DOC and its
movement through soils would be a source of the stabilized C occurring
in subsoil horizons (Schmidt et al., 2011). Meanwhile, DOC provides
essential energy for soil microbes, and thus reactivate the decomposition
of deep SOC (Fontaine et al., 2007). Soil DOC is also a potential source of
the organic C in aquatic systems, the rhizosphere-enhanced DOC release
may contribute to widespread increases in DOC in the surface waters of
glaciated landscapes (Monteith et al., 2007; Kaiser and Kalbitz, 2012). It
is critical to further investigate root-activated soil DOC at ecosystem and
landscape levels, given its important role in the C cycle.

4.4. Implications for terrestrial carbon cycling

Results from this experiment and many previous studies (e.g., Wang
et al., 2016; Lu et al., 2018; Yin et al., 2018) distinctly suggest that SOC
decomposition significantly influenced by the RPE. Therefore, current
model parameterization based on observations from bare soil incubation
and root exclusion experiments might be unrealistic (Cheng, 2009).
Furthermore, both plant and soil variables can substantially control the
magnitude of the RPE. Global change factors such as N deposition,
warming, drought, and elevated CO,, are likely to affect the RPE
through regulating leaf photosynthesis, root exudations, and rhizo-
sphere microbes (Drigo et al., 2008; Phillips et al., 2011; Okubo et al.,
2015; Zhou et al., 2018). How the RPE may respond to global change
deserves further studies. Next-generation land surface models may need
to incorporate the RPE into biogeochemical processes for better fore-
casting the long-term changes in SOC under global climate change
scenarios.

Conventional frameworks considered soil C in aggregation and
organo-mineral associations protected from microbial decomposition
(Torn et al., 1997; Baisden et al., 2002; Six et al., 2002; Chenu and
Plante, 2006). Emerging view suggests that any natural organic com-
pound could be mineralized when the decomposer communities gain
access to such substrates (Fontaine et al., 2007; Schmidt et al., 2011).
Here we suggest an alternative mechanism controlling the RPE on SOC
decomposition, where roots could mobilize soil matrix-protected C
through fragmentation of coarse macro-aggregates and/or destabilize C
from the silt and clay fractions, thereby stimulating the release of DOC in
the soil profile. By enhancing microbial access to previously
matrix-protected C, the RPE can accelerate the loss of stabilized soil C.
These results underscore the importance to fully understand the mech-
anisms controlling the RPE so that we can improve our capability of
predicting future trends in terrestrial C-cycling under a changing
environment.
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