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a b s t r a c t

Newly synthesized amino acids are the principle compounds created after inorganic nitrogen (N) is
rapidly immobilized into microbial tissues. However, little is known about the mineralization kinetics of
these newly synthesized amino acids compared to the amino acids originally present in the soil, and how
substrate availability controls their mineralization. With 15N isotope tracing, the newly synthesized (15N-
labeled) amino acids can be differentiated from the amino acids originally present (unlabeled) in soil,
making it possible to evaluate the mineralization of the newly synthesized amino acids in tandem with
the original amino acids. As amino acids can serve as both N and carbon (C) sources for microorganisms,
the mineralization dynamics of amino acids may be manipulated by the availability of extraneous C and
N. In this study, an aerobic 30-week intermittent leaching experiment was conducted, using glucose as C
source and (14NH4)2SO4 as N source, following separate additions to soil. The newly synthesized amino
acids were determined by an isotope-based high performance liquid chromatography/mass spectrom-
etry (HPLC/MS). The newly synthesized soil amino acids mineralized faster than the original ones, which
indicated more rapid cycling of N in the newly synthesized soil amino acids pool. Glucose addition
significantly decreased the mineralization of both the newly synthesized and the original amino acids.
However, when inorganic N was abundant, the newly synthesized amino acids decomposed rapidly, and
preferentially as a C source and energy, while N addition inhibited the mineralization of the original
amino acids in the soil. We conclude that the presence of readily degradable C (e.g. glucose) and inor-
ganic N controls the mineralization of newly synthesized and original amino acid pools in soil differently,
which is a crucial mechanism in adjusting the N supply and sequestration processes in soil ecosystems.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrogen (N) mineralization has been a major focal point in
ecosystem studies of soil N cycling (Schimel and Bennett, 2004).
Accurate evaluation of soil N mineralization in agricultural soils is
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critical because the process influences crop yields, soil sustain-
ability, and environmental pollution (Aber andMelillo, 2001). As an
important constituent of soil organic matter (SOM), soil N is found
in many forms differing in function with distinct consequences for
terrestrial N cycling.

Amino acids have been identified as major soil organic N com-
pounds, accounting for 20e50% of the soil N pool (O'Dowd et al.,
1999; Muruganandam et al., 2009). They are closely associated
with microbial metabolism, serving as both an important storage
pool for the immobilized N (Amelung, 2003; Lü et al., 2013) and a
main source of available N for soil microorganisms and plants
(Werdin-Pfisterer et al., 2009). Therefore, amino acid turnover in

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:hehongbo@iae.ac.cn
mailto:xdzhang@iae.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soilbio.2015.03.004&domain=pdf
www.sciencedirect.com/science/journal/00380717
http://www.elsevier.com/locate/soilbio
http://dx.doi.org/10.1016/j.soilbio.2015.03.004
http://dx.doi.org/10.1016/j.soilbio.2015.03.004
http://dx.doi.org/10.1016/j.soilbio.2015.03.004


W. Zhang et al. / Soil Biology & Biochemistry 85 (2015) 162e169 163
soil is an important part of terrestrial N cycles (Dippold and
Kuzyakov, 2013) and more accurate characterization of their
mineralization dynamics is needed to better understand carbon (C)
and N cycling in terrestrial ecosystems (Nasholm et al., 1998, 2001;
Lipson and Nasholm, 2001; Henry and Jefferies, 2003; Berthrong
and Finzi, 2006).

In soil, the hydrolyzed amino acids include both free and bound
(proteins and peptides) forms (Paul and Clark, 1996). The contents
of free amino acids are generally less than 4 mg g�1 soil (Monreal
and McGill, 1985), accounting for a very small portion of total
amino acids (500e16,000 mg g�1 soil, Amelung and Zhang, 2001).
Therefore, the mineralization dynamics of amino acids have been
mainly determined by amino acids bound in peptides and proteins.
The mineralization of free amino acids is usually rapid (Jan et al.,
2009) and the direct use of free amino acids as a N source by
both plants and soil microbes has also been well documented
(Jones and Hodge, 1999; Owen and Jones, 2001; Vinolas et al.,
2001). However, the mineralization dynamics of soil amino acids
bound in peptides and proteins remains unclear, because it is
difficult to determine the portion of amino acids bound to soil
minerals or stabilized by other mechanisms (Zhang et al., 2007;
Rejsek et al., 2010). In soil, microorganisms can take up a variety
of mineral and organic molecules to satisfy their N requirements
(Geisseler and Horwath, 2014) and amino acids bound to peptides
and proteins are the principle compounds synthesized during this
process (Paul and Clark, 1996). Moreover, this newly synthesized
amino acids (including both free and peptide-/protein-bound
amino acids, but mainly as peptide-/protein-bound forms) could
gradually be added and accumulate in soils over time during hu-
mification (Paul and Clark, 1996), which makes it difficult to assess
different amino acid transformation pathways.

The mineralization of the newly synthesized amino acids and of
those already present in soil may occur at different rates, and this
dissimilarity may play a significant role in the biogeochemical
cycling of C and N. To date, the differences between mineralization
dynamics of newly synthesized and the original amino acids pre-
sent in soil remain elusive. Studies on the mineralization dynamics
of soil amino acids can improve the understanding to the origin and
transformation of amino acids in soils.

In soil, the dynamics of amino acid mineralization are regulated
by substrate availability (Geisseler et al., 2009). Highly labile sub-
strate C, such as glucose, stimulates soil microbial growth and ac-
tivity, resulting in an enhanced N demand (Brant et al., 2006;
Mondini et al., 2006; Schneckenberger et al., 2008). Alternatively,
microorganisms may be C limited when ammonium (NH4

þ) is in
excess (McFarland et al., 2002). Therefore, the availability of both C
and N may have an effect on the mineralization of amino acids
because amino acids serve not only as a principal N source, but also
as a C and energy source for microorganisms (McFarland et al.,
2002; Adour et al., 2006). While research on the effects of sub-
strate addition on microbial activity is abundant, the effect of
extraneous C and N on themineralization of newly synthesized and
original amino acids remains unknown. The use of isotope tracing
techniques may elucidate this by allowing for the differentiation of
newly synthesized amino acids from the fractions originally pre-
sent in soil (Zhang et al., 2007; He et al., 2011). Recently, a high
performance liquid chromatography/mass spectrometry (HPLC/
MS) combined with isotope labeling incubation technique was
developed to differentiate 15N-labeled and unlabeled amino acids
in soils (He et al., 2011). This approach offers an opportunity to
investigate the mineralization dynamics of different soil amino acid
fractions.

In this paper, we investigate the mineralization dynamics of the
newly synthesized and the original amino acids in soil, as well as
the effects of extraneous C and N addition on this mineralization
process. The stability of the newly synthesized and the original
amino acids is likely to be different due to the varying extent that
the compounds are protected through physical and chemical
mechanisms (Killham et al., 1993; Six et al., 2002; Vogel et al., 2014).
We hypothesized that the mineralization characteristics of the
newly synthesized amino acids will differ from those in the older,
humified soil fractions. Additionally, we hypothesized that sub-
strate addition will alter mineralization patterns of the newly
synthesized amino acids relative to the original amino acids. To test
this, an aerobic intermittent leaching incubation (Stanford and
Smith, 1972) was conducted using soils containing newly synthe-
sized amino acids obtained by pre-incubation with (15NH4)2SO4 for
10 weeks. The mineralization and transformation of the soil newly
synthesized amino acids (15N-amino acids) and the fractions orig-
inally present in soil (unlabeled-amino acids) were investigated by
HPLC/MS. To our knowledge, this is the first study that investigates
the mineralization dynamics of newly synthesized and original
amino acids in soil simultaneously.

2. Materials and methods

2.1. Soil samples

A bulk surface soil sample (0e20 cm), classified as a Mollisol
(Typic Hapludoll; Soil Survey Staff, 2003), was collected from
Gongzhuling, Jilin Province of China (124�480E, 43�300N). The
samples were air-dried and sieved (<2 mm). The soil pH was 6.07
(soil:water ratio ¼ 1:2.5). The contents of soil organic C and total N
were 15.56 g kg�1 and 1.47 g kg�1, respectively.

2.2. Preparation of the newly synthesized soil amino acids

An incubation experiment was carried out to prepare for the
soils that contained newly synthesized amino acids (15N-amino
acids) and then was used for the mineralization study. Soils (100 g
air-dried) were weighed into plastic containers, to 2 cm depth. A
mixed solution, 4 ml of (15NH4)2SO4 (15N, 98%, 11.8 mg ml�1) and
glucose (62.5mgml�1) were addedweekly, to provide 0.1mgN and
1.0 mg C g�1 soil. The incubation time was intentionally set as 10
weeks, since with this time length, the total amino acids content
were maximized when glucose and (15NH4)2SO4 were added in the
same manner in a former test. A solution (8.77 mg ml�1 KH2PO4,
10 ml) containing 0.2 mg phosphorus (P) and 0.25 mg potassium
(K) g�1 soil was added at the beginning of the incubation to ensure
adequate supply of P and K. Soil moisture was maintained at 20% of
air-dry soil weight at 25 �C. After 10 weeks of incubation, the
prepared soils were mixed and air-dried at room temperature for 7
days for the mineralization study.

2.3. Mineralization experiment

The mineralization experiment was conducted using the pro-
cedure of Stanford and Smith (1972) with minor modifications.
Briefly, 50 g air-dried soil (prepared as described in Section 2.2) was
mixed with 50 g 100-mesh clean quartz sand. The incubation was
conducted with 100 ml leaching tubes. The soil samples were then
preincubated at 25 �C with 20% water for 1 week to adjust the same
initial conditions before mineralization incubation. After pre-
incubation, the incubation temperature for mineralization was
maintained at 30 �C and themoisture at 20% on an air-dry soil basis.
We designed the experiment so that themineral N could be leached
to decrease the re-immobilization of mineralized N and to avoid
feedback effects on the mineralization process (Bloem et al., 2006).
Leaching was conducted using 100 ml 0.01 M CaCl2 followed by a
25 ml wash with a N-free nutrient solution (0.002 M CaSO4,
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0.002 M MgSO4, 0.005 M Ca(H2PO4)2, 0.0025 M K2SO4) (Stanford
and Smith, 1972) and excess water was removed under vacuum
(60 kPa). There were three treatments: (1) non-amended control
soil (CK); (2) soil þ glucose; and (3) soil þ (14NH4)2SO4 (N). One
milliliter of substrate solution (glucose or (14NH4)2SO4) was added
to the soil microcosms after each leaching. The amount added each
time was 0.1 mg N or 1.0 mg C g�1 soil. Each treatment was in
triplicate and totally 90 samples were incubated. The soil samples
were successively leached at 0, 1, 2, 4, 6, 8, 12, 16, 22 and 30 weeks,
respectively, prior to each sampling. The leachates were collected
and prepared for the determination of inorganic N. The soil was
sampled at the same weeks as above and then air-dried and sieved
<0.25 mm prior to determination of amino acids.

2.4. Analytical methods

2.4.1. Soil amino acids analysis and 15N enrichment measurement
The hydrolysis, purification, and derivatization of soil amino

acids were done according to Amelung and Zhang (2001) and Hou
et al. (2009). Briefly, after the soil samples were hydrolyzed with
6 M HCl for 12 h, solutions were filtered, and the hydrolyte purified
before derivatization to remove interfering organic compounds and
metal ions in the soil matrix (Amelung and Zhang, 2001). The pure
amino acids were transformed into 6-aminoquinolyl-N-hydrox-
ysuccinimidyl carbamate (AQC) derivatives for better peak sepa-
ration and quantification via UV detector (He et al., 2011). L-2-
aminobutyric acid was added as an internal standard before hy-
drolyzes (Hou et al., 2009).

The 15 individual amino acid derivatives were separated on a
XTerraR MS C18 column (3.5 mm, 150 mm � 2.1 mm I.D., Waters
Corporation, USA) maintained at 35 �C, and the 15N incorporation
into individual amino acids was determined by HPLC/MS (Waters
2695 HPLC/MS systems, USA) (He et al., 2011). The instrument was
equipped with four pumps, a Waters 996 photodiode array de-
tector for ultraviolet detection (Waters Corporation, USA), and an
ion trap mass spectrometer with an electrospray ionization source
(Waters micromass ZQ4000, USA). The mobile phase consisted of
three solvents: 1.5 mM ammonium formate in water (pH 3.0,
titrated with formic acid), acetonitrile, and water. The gradient
profile was set according to Hou et al. (2009), and the mobile
phase flow rate was 0.2 ml min�1. Ultraviolet detection was set at
248 nm and a 50 min running time. The signal intensity of m/z
[MþH]þ for each amino acid on the positive ion mode was
maximized under the following conditions: capillary voltage,
3000 V; cone voltage, 25 V; extractor and RF lens voltage, 4 and
0.4 V, respectively; ion source temperature, 105 �C; desolvation
temperature, 120 �C; desolvation gas flow (N2), 2.5 L min�1; and
cone gas flow (N2), 1.7 L min�1. MassLynx 3.5 software was used
for data analysis (He et al., 2011).

Individual amino acids were quantified with an ultraviolet de-
tector, and the isotope ratio calculated by MS with selective ion
storage (SIS) mode. The intensity of the N-containing molecule ion
(M) and also the corresponding M plus 1 fragment ([Mþ1]) were
measured for those individual amino acids containing only 1 N
atom. For arginine, histidine and lysine, the intensity of [Mþ4],
[Mþ3], [Mþ2] and [Mþ1] was measured, because there are 4, 3,
and 2 N atoms in these amino acids, respectively (He et al., 2011).
Thereafter, the isotope ratio was calculated by the peak area of
[Mþ1] divided by the peak area of [M] for the amino acids con-
tained 1 N atom, and the sum of the isotope peaks from [Mþ1] to
[Mþn] (n means the N atom number in the molecular ion) divided
by the peak area of [M] for arginine, histidine and lysine, respec-
tively. Accordingly, the 15N enrichment in each amino acid is
expressed as atom percentage excess (APE) and calculated as
follows:
APE ¼ (Re � Rc)/[1 þ (Re � Rc)] � 100%

where Re is the isotope ratio of labeled samples and Rc represents
the corresponding ratio obtained from original soil (before label-
ing) analyzed on the same HPLC/MS assay (He et al., 2011).

The content of each 15N-labeled amino acid was calculated by
multiplying the concentration of the amino acid and the APE (He
et al., 2011). The total 15N-amino acid contents were the sum of
15 individual 15N-amino acids.

2.4.2. Analysis of inorganic N in the leachates
Total inorganic N (nitrate and ammonium) in the leachates was

determined by heat distilling the samples with magnesium oxide
and Devarda's alloy (Lu, 2000). Subsequently, the atom% 15N in the
acidified aqueous distillate was measured using an isotope ratio
mass spectrometer (Finnigan Mat model 251, USA). All the opera-
tion procedure was carried out from lower to higher atom% 15N to
avoid cross-contamination.

2.5. Calculation

The soil newly synthesized and original amino acid pool changes
were calculated from: [measured soil amino acid contents at time
0 minus the soil amino acid contents measured at time T (1e30
weeks)].

2.6. Statistical analysis

The effect of substrate amendment on the change of the soil
newly synthesized and original amino acids pools was analyzed
using a one-way analysis of variance (ANOVA) and the Tukey
method at a 95% confidence level (P < 0.05). Significance was
considered at P < 0.05. All statistical analyses were performed using
a SPSS 13.0 software package (SPSS Inc., Chicago, USA).

3. Results

3.1. Change of the soil newly synthesized and original amino acids
pool after the addition of N and glucose

3.1.1. The newly synthesized soil amino acids (15N-amino acids)
The total loss of soil 15N-amino acids was rapid in CK and N

treatments during the first week, and thereafter showed a slower
rate over the incubation time (Fig. 1a). There were no significant
differences in the total loss of soil 15N-amino acids between N and
CK treatments (P > 0.05) during the first 16 weeks (Fig. 1a). At 22
and 30 weeks, the N addition caused a 17.0% increase in the loss of
15N-amino acids (P < 0.05) compared to the CK treatment. With
glucose addition, the loss of 15N-amino acids increased during the
first 4 weeks, and then decreased from 5 to 20 weeks. In compar-
ison to CK treatment, the addition of glucose decreased the loss of
soil 15N-amino acids by 98.4% during the whole incubation
(P < 0.05) (Fig. 1a).

3.1.2. The original soil amino acids (14N-amino acids)
The loss of soil 14N-amino acids in CK and N treatments was

rapid in the first 2 weeks and then showed a slower rate with
increasing incubation time (Fig. 1b). Compared with the CK treat-
ment, N addition decreased the loss of 14N-amino acids by 19.9%
over the whole incubation (P < 0.05), although 14N-amino acids in
the N addition treatment were also affected by de-novo formed
amino acids from the added (14NH4)2SO4. At the end of the incu-
bation, the total loss in CK and N treatments were 513 and
463 mg kg�1, respectively. Addition of glucose decreased the loss of



Fig. 1. The total loss of soil amino acid pool in the CK, N and glucose treatments. a: 15N-
amino acids; b: 14N-amino acids. CK, non-amended control soil; Glucose,
soil þ glucose; N, soil þ (14NH4)2SO4. Different letters at each sampling date indicate
significant difference between different treatments at P < 0.05.

Fig. 2. The percentages of 15N- and 14N-amino acid loss to their initial amino acid
contents (0 weeks). a: CK treatment; b: N treatment; c: Glucose treatment (15N stands
for the newly synthesized amino acids and 14N stands for the original amino acids).
Different letters at each sampling date indicate significant difference between the
percentage of the newly synthesized and the original amino acids at P < 0.05.
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soil 14N-amino acids compared to the CK treatment during the
whole incubation (71.3%) (P < 0.05).

3.1.3. The change percentages of the newly synthesized and original
amino acids in soil

The loss percentages of either newly synthesized or originally
present amino acids compared to their concentrations at 0 week
increased with time in the CK and N treatments (Fig. 2a, b). The
relative loss percentage of 15N-amino acids was greater than 14N-
amino acids throughout the entire incubation in both the CK and N
treatments. At the end of the incubation (30 weeks), the loss per-
centage of 15N-amino acids had increased to 51.5% and 58.3%, while
the 14N-amino acids were only 28.8% and 26.0% in CK and N
treatments, respectively. With glucose addition (Fig. 2c), the loss
percentage of 15N-amino acids was smaller than 10%, and even
negative between 6 and 16weeks. Overall, for the glucose amended
treatment, the loss percentage of 14N-amino acids was higher than
the 15N-amino acids.

3.2. Cumulative contents of inorganic 15N and 14N leached from soil

3.2.1. Inorganic 15N
The content of inorganic 15N leached from soil in all the treat-

ments increased cumulatively, but was influenced by the different
treatments (P < 0.05, Fig. 3a). The content of inorganic 15N in both N
and glucose treatments was significantly smaller than CK treatment
throughout (P < 0.05). By the end of the incubation, the cumulative



Fig. 3. The cumulative content of inorganic N leached from soil in the CK, glucose and
nitrogen treatments (“N added to soil” means the inorganic N content added to soil
during the incubation). a: inorganic 15N; b: inorganic 14N. CK, non-amended control
soil; Glucose, soil þ glucose; N, soil þ (14NH4)2SO4. Different letters at each sampling
date indicate significant difference between different treatments at P < 0.05.

Fig. 4. The relationship between the total loss of amino acids and the cumulative
content of inorganic N. a: 15N; b: 14N. CK, non-amended control soil; Glucose,
soil þ glucose; N, soil þ (14NH4)2SO4.
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content of inorganic 15N in CK, N and glucose treatments were 186,
143 and 65 mg kg�1, respectively.

The loss of 15N-amino acids pool was significantly and positively
correlatedwith the cumulative content of inorganic 15N in CK and N
treatments (r ¼ 0.96 and 0.91), respectively (P < 0.05) (Fig. 4a).
There was no statistically significant correlation with glucose at
P > 0.05, despite the apparent negative trend.
3.2.2. Inorganic 14N
Similar to the dynamic of inorganic 15N, the cumulative content

of inorganic 14N gradually increased with time in all treatments and
was affected by N or glucose addition (P < 0.05, Fig. 3b). In the N
treatment, the inorganic 14N value may be attributed to the
mineralization of both the “old” and the “de-novo formed” organic
N. If the previously added inorganic 14N content was subtracted
from the cumulative content of inorganic 14N, the results were even
negative before 20 weeks, and became significantly lower than the
CK treatment after 20 weeks (Fig. 3b). Glucose addition signifi-
cantly decreased the inorganic 14N concentration (P < 0.05). By the
end of incubation, the content of inorganic 14N in CK and glucose
treatments was 226 and 144 mg kg�1, respectively.
The loss of 14N-amino acids pool was significantly and positively
correlatedwith the cumulative content of inorganic 14N in CK and N
treatments (r ¼ 0.88 and 0.94), respectively (P < 0.05) (Fig. 4b).
However, no significant correlation was found in the glucose
treatment (P > 0.05).
4. Discussions

4.1. Differentiation between the mineralization of newly
synthesized and original amino acids in soil under incubation
conditions

Mineralization of soil organic N is mediated by microorganisms,
but the mineralization rate in soil is dependent on the accessibility
of organic N (Killham et al., 1993; Six et al., 2002). Compared to
original SOM, newly immobilized N is readily accessible to micro-
organisms for growth, and thus, easier to be mineralized (Hansen
et al., 2005). The more physically or chemically protected the
SOM, the less accessible to microorganisms the nutrients become
(Olk and Cassman, 1995). In this study, we found significant in-
creases in loss percentages of 15N-labeled amino acids compared to
the original compounds in the CK treatment. Consequently, these
newly synthesized amino acids were more easily mineralized than
the original amino acids. Rasul et al. (2009) reported the mineral-
ization rate of freshly formed microbial residues was more than
twice that of older native SOM, which is consistent with our result.
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Adsorption to mineral surfaces was a major process in the
preservation of OM in soils. Usually there is no homogenous
sorption of OM to minerals, instead, it is patchy (Kaiser and
Guggenberger, 2003; Mikutta et al., 2004; M€odl et al., 2007).
Additional sorption could follow this patchiness, and a multiple
sorption layer theory showed that sorption occurs at places where
organic matter is already accumulated (Kleber et al., 2007). A new
study using NanoSIMS indicated that a preferential attachment of
new OM to organo-mineral clusters with rough surfaces con-
taining pre-existing OM (Vogel et al., 2014). A position-specific
labeling of amino acids isotope analysis technique also showed
that the newly formed microbial products can be absorbed at the
multiple sorption sites (Dippold et al., 2014). Therefore, the newly
synthesized amino acids that were in the outer organo-mineral
complexes may mineralize faster than the older amino acids
which were in the inner layer. In addition, there are other possible
mechanisms of protection for original soil amino acids compared
with newly synthesized ones, including entrapment in mesopores
which are too small for enzyme access, interaction with other
recalcitrant organic materials, and encapsulation in organic mat-
ter (Friedel and Scheller, 2002; Kleber et al., 2007). As a result, the
mineralization rate of newly synthesized and original amino acids
may differ.

In order to test the differences in stability between the newly
synthesized and original amino acids, a non-linear model, allo-
metric curve fitting was applied to calculate the turnover time of
both amino acid fractions for the CK treatment. The functions were
as follows: y ¼ 125.83571x0.22271 for the newly synthesized amino
acids (r ¼ 0.98, P < 0.001); y ¼ 135.29298x0.35959 for the originally
present amino acids (r¼ 0.89, P < 0.001). Where ymeans the loss of
amino acids pools, and x means the time.

The simulated turnover time of the newly synthesized and
originally present amino acids was about 13 years and 25 years,
respectively, which indicated that the newly synthesized amino
acids could bemineralized 2 times faster than the original ones. In a
field experiment, Lü et al. (2013) have studied the incorporation
and allocation of inorganic fertilizer N to different organic soil N
fractions, and found that amino acids could serve as a transitional
pool of available N in a soil-crop system. Our study further indi-
cated that the newly derived amino acids from N fertilizers may
serve as a fast transitional pool for N supply, while soil original
amino acids may serve as a slow one.

4.2. The effect of added substrates on the degradation of newly
synthesized and original amino acids under incubation conditions

The temporal pattern of themineralization of newly synthesized
amino acids observed during incubationwith N, comparedwith the
CK treatment, could be divided into two phases (i.e. the first 16
weeks and later 16 weeks) in the full course of incubation. During
the first phase, the addition of N did not significantly affect the
mineralization of newly synthesized amino acids. However, in the
second phase, the addition of N significantly increased the miner-
alization of newly synthesized amino acids. We interpreted that
both C and N were not limited in the first phase, while C became
limited in the second phase where amino acids were decomposed
additionally for C supply. As also suggested by McFarland et al.
(2002), when N was added to the soil, the C source and energy
would be exhausted, and some of the immobilized Nmight be used
in enzyme synthesis and then released as extracellular enzymes to
decompose more recalcitrant organic substrates for C acquisition.

Moreover, the cumulative content of inorganic 15N in our
study further verified our findings that amino acids were pri-
marily used as C and energy sources when N was abundant. Jan
et al. (2009) added uniformly 14C-labeled soluble protein to soil
and determined the rate of 14CO2 evolution over 30 days. The
addition of inorganic N to soil was found to increase the rate of
protein-C mineralization, indicating that the protein was utilized
as a C source when N was abundant (Jan et al., 2009). Corre-
spondingly, McFarland et al. (2010) showed that in low C/N soil
environments, free amino acids were used primarily as a C source
by soil microorganisms. Other studies have shown that low-
molecular-weight (LMW) organic compounds, including free
amino acids, play an important role in sustaining the short-term
energy balance of microorganisms involved in the decomposition
of SOM (De Nobili et al., 2001; Mondini et al., 2006). In inorganic
N-rich soils, the uptake of amino acids as part of LMW-dissolved
organic N by soil microorganisms may primarily provide them
with C to fuel respiration, rather than to satisfy their internal N
demand (Jones et al., 2004). Knowles et al. (2010) also showed
the similar decoupling effect of C and N metabolism in micro-
organisms on a molecular/metabolic scale. These studies have
mainly focused on the free amino acids, however, protein and/or
peptides were the largest and most reliable source of free amino
acids (Schulten and Schnitzer, 1998), so our findings indicated
that the newly synthesized protein and/or peptide amino acids
were used primarily as C and energy sources when the N was
sufficient in soil.

In addition, the different mineralization rate of 15N-amino acids
with incubation time in N and CK treatments may indicate that
newly synthesized amino acids could be divided into two parts: the
rapid decomposition phase and the relative slower decomposition
phase. Others have hypothesized that the new amino acids may
stabilize gradually with time through humification (Springob and
Kirchmann, 2003). In most instances, soil amino acids may persist
for longer periods by adsorption to mineral components of soil
(Gonod et al., 2006) or chemical inclusion into humic substances
(Kuzyakov and Galitsa, 1993). Humics can also bind to proteins,
potentially interfering with proteolysis (Rejsek et al., 2010). More-
over, studies have shown that the time that a compound remains in
a soil affects its biodegradability. Aging increased the resistance of
compound to biodegradation (Hatzinger and Alexander, 1995;
Ciglasch et al., 2008). These reasons may lead to a slower miner-
alization rate of newly synthesized amino acids during longer in-
cubations. It has been shown before that SOM degrades in two
phases, i.e., freshly added compounds likely dissipate faster (Dalal
and Mayer, 1986; Amelung et al., 2002), as observed here for the
labeled amino acids.

During the incubation, the mineralization of the newly syn-
thesized soil amino acids in the CK and N treatments occurred in
tandem with the original amino acids. However, the effect of N on
the mineralization of original amino acids was different from the
newly synthesized ones in our study. Specifically, N addition
significantly decreased themineralization of the soil original amino
acids and the percent mineralization of original amino acids was
lower than the 15N-fraction in the N treatment. However, since we
have added inorganic (14NH4)2SO4 into the soil in the N treatment,
the added 14N was obviously not just remaining as inorganic N in
the system, but that it can get immobilized and later on mineral-
ized. Thus, we cannot differentiate whether the measured amount
of mineral 14N was frommanually-added inorganic 14N or from the
inorganic 14N which was derived from original soil N. By sub-
tracting the added inorganic 14N, the inorganic 14N in N treatment
was lower than the inorganic 14N amount in the CK treatment.
Therefore, it is confident to say that the inorganic N addition
decreased the soil N mineralization. The findings indicated that the
humified protein or peptides were relatively recalcitrant to mi-
crobial attack due to chemical and physical protection (Schulten
and Schnitzer, 1998), which may lead to different responses of
the amino acid fractions.
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For C substrate addition studies, glucose serves as both a highly
available energy and C source for soil microorganisms. It can trigger
soil microbial activity and growth (De Nobili et al., 2001;
Blagodatskaya et al., 2009; Blagodatsky et al., 2010), which in-
creases the immobilization of inorganic N and has a lower N
mineralization rate (Chander and Joergensen, 2001; Dilly and
Nannipieri, 2001; Vinten et al., 2002; Hamn�er and Kirchmann,
2005; Rasul et al., 2009). In the present study, the significantly
lower mineralization speed of newly synthesized amino acids in
the glucose treatment versus CK treatment indicated that the
addition of glucose inhibited the mineralization of newly synthe-
sized amino acids, presumably due to immobilization (Vinten et al.,
2002; Hamn�er and Kirchmann, 2005; Rasul et al., 2009). The
temporal dynamics of 15N-amino acids in the glucose treatment
indicated that there was an immobilization of 15N after 6 weeks.
With high C availability, organic and inorganic N are both used by
microorganisms (Coyle et al., 2009) for subsequent uptake and re-
synthesis into microbial proteins (Miltner and Zech, 1999). Thus,
the cumulative inorganic 15N was lower in the glucose treatment
than in the CK treatment during the entire experiment, which
further verified the inhibitory effect of glucose on the mineraliza-
tion of newly synthesized fractions.

The effect of glucose on decreasing mineralization of both 14N
and 15N-amino acids was similar. However, the rate of minerali-
zation of 14N-amino acids was faster than the 15N-amino acids
with glucose, which showed the opposite trends in CK treatment,
possibly due to the re-utilization of a portion of 15N-amino acids
by microbes to synthesize the new 15N-amino acids to compen-
sate their loss. This study indicated that the addition of glucose
changed the mineralization dynamics of both soil amino acid
fractions.

4.3. Conclusions

This study has improved our understanding of the minerali-
zation of newly synthesized amino acids compared to original
amino acids in soil. When there was no C and N addition, the
newly synthesized amino acids were more readily mineralized
than the original fraction, which indicated that newly synthe-
sized amino acids are more accessible than the original portion
when there is no additional C and N supply. The newly synthe-
sized soil amino acids may serve as a potential fast transitional
pool for N supply, while original ones likely serve as a relatively
slow N pool. Interestingly, the mineralization rate of newly
synthesized amino acids and soil original fractions were regu-
lated differently by external C and N availability; thus, the
mineralization dynamics were substrate-dependent. External C
supply (glucose addition) decreased the mineralization of both
amino acid fractions. However, when N was abundant, the newly
synthesized amino acids were preferentially mineralized to
provide additional C and energy, while N addition inhibited the
mineralization of soil original amino acids. Our findings are very
significant for the N management in crop-soil systems. Available
C addition (such as crop residue return) should be the key
approach in regulating the mineralization of both N fertilizer-
derived amino acids and soil original ones. Adjusting N avail-
ability by N fertilizers may balance the process of N supply and
sequestration. Yet, further research is needed to verify this
mechanism under field conditions.
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