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A B S T R A C T   

Nitrogen (N) deposition affects soil organic carbon (SOC) decomposition, therefore altering the global terrestrial 
carbon (C) cycle. However, it remains unclear how N deposition affects SOC decomposition by regulating mi
crobial community composition and function, especially C-cycling functional gene composition. We investigated 
the effects of N addition (0, 3, 6, and 9 g N m− 2 y–1) on the composition of soil microbial C-cycling functional 
gene, SOC-degrading enzyme activities, and CO2 emissions in a Pinus tabulaeformis forest. Under low N addition 
(3 or 6 g N m− 2 y–1), labile C-degradation gene abundances were significantly increased. Under high N addition 
(9 g N m− 2 y–1), C-cycling functional gene abundance and diversity were significantly decreased. These effects 
were related to the changes in soil NO3

–-N, dissolved organic C, total N, and microbial biomass C contents. 
Furthermore, low N addition stimulated the activities of SOC-degrading enzyme and CO2 emissions, whereas 
high N addition had the inhibitory effect. C-degradation gene abundances were significantly correlated with the 
SOC-degrading enzyme activities and CO2 emissions. Increase in CO2 emission rates were related to the high 
microbial functional potentials for labile C degradation under low N addition, whereas the lower CO2 emission 
rates were related to the low microbial functional potentials for labile as well as recalcitrant C degradation under 
high N addition. Our study indicated that N deposition may change SOC decomposition by altering the abun
dance of labile C and recalcitrant C degradation genes.   

1. Introduction 

Soil organic C (SOC) decomposition impacts on soil C dynamics and 
the net CO2 exchange between the atmosphere and biosphere, which 
have attracted increased attention in the context of global climate 
change (Riggs and Hobbie, 2016; Xiao et al., 2019). Elevated N depo
sition has been reported to have the potential to constrain SOC 
decomposition (Riggs et al., 2015). Microorganisms are the major 
players in the biogeochemical cycles and are essential to soil ecological 
functions, especially organic matter decomposition and nutrient cycling 
(Bardgett et al., 2008; Wang et al., 2019a). However, the response of the 
functional microbial community to N deposition and how this link to 
SOC decomposition remain unclear. Understanding the microbe-driven 

mechanisms for SOC decomposition is of great significance for predic
tion of ecosystem feedback to climate change. 

Anthropogenic N deposition affects soil microbial community by 
changing soil nutrient contents, pH, plant growth, and plant C allocation 
belowground in forest ecosystems (Treseder, 2008; Wang et al., 2016b; 
Zhou et al., 2017). Previous studies have mainly focused on microbial 
activity and taxonomic composition; the responses of microbial func
tional traits at the genetic level to N deposition have attracted little 
attention, and the reported results are inconsistent. For example, Wei 
et al. (2018) reported a significant increase in C-cycling functional gene 
abundances at 45 g N m− 2 once treatment in agricultural ecosystems, 
whereas Zhang et al. (2017a) reported that 10 g N m− 2 y–1 treatment 
had no significant effects on functional gene abundances and diversity in 
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soil of perennial grass Bothriochloa ischaemum, and Eisenlord et al. 
(2013) observed that 3 g N m− 2 y–1 led to a significant decrease in C- 
cycling functional gene abundance at sites with low ambient N deposi
tion (~0.4 g N m− 2 y–1) in hardwood forests of North America. These 
discrepant findings may be related to the initial N status of the soil, 
which differs in different ecosystems, and to varying N addition levels 
(Guo et al., 2017). By sequencing taxonomic marker genes, it was shown 
that in N-limited ecosystems, low N addition (usually no more than 10 g 
N m− 2 y–1) increased microbial biomass and diversity by alleviating the 
limitation of soil N, decreasing the soil C/N ratio, and promoting plant 
growth and C inputs from aboveground plant organs (Lv et al., 2017; 
Zhang et al., 2017a), whereas excessive N addition decreased microbial 
biomass and diversity by decreasing the allocation of photosynthetic C 
to the roots by plants or/and inducing soil acidification (Liu et al., 2014; 
Treseder, 2008). In N-rich tropical forest ecosystems, where soil has 
higher initial N levels and high soil acidity, N addition generally has only 
minor effects on plant growth and decreases microbial biomass and di
versity mainly by aggravating soil acidification (Wang et al., 2018a; 
2018b). Therefore, the effects of N addition on microbial activity and 
diversity may be related to the changes in soil C and N availability and 
pH under different amounts of added N. Soil microbial activity and di
versity are inherently related to their functional potentials. For example, 
high abundance of C-cycling genes often indicate the active SOC- 
degrading enzymes and diverse decomposers (Trivedi et al., 2016; 
Cheng et al., 2017). Functional gene potentials reflect the abilities of 
microorganisms involved in biogeochemical processes. Which estimate 
the microbe-driven mechanisms of SOC decomposition more directly. 
However, the microbial responses in terms of patterns of C-cycling 
functional gene abundance to various N addition regimens remain un
clear. Further studies concerning this response are needed to enable 
prediction of functional feedbacks to the climate system and to deepen 
our understanding of the C cycle. 

N deposition is concerned to affect SOC decomposition and soil CO2 
emission by changing microbial biomass and microbial community 
composition (Edwards et al., 2011; Riggs and Hobbie, 2016; Wang et al., 
2015). However, microbial function in biogeochemical processes de
pends on the activity or behavior associated with their functional genes. 
Understanding how such microbial functional genes operate within 
ecological and biogeochemical processes is essential to understanding 
the mechanisms underlying soil microbe-driven changes in SOC 
decomposition under N deposition. Trivedi et al. (2016) found a sig
nificant positive relationship between SOC-degrading enzyme activities 
and the abundance of corresponding C-degradation genes, and Cheng 
et al. (2017) reported that warming enhanced decomposition of old SOC 
mainly through increasing C-degradation gene abundance. However, 
various types of C-degradation genes are involved, with targets across 
the range from labile C (including starch, hemicellulose, pectin, cellu
lose, and chitin) to recalcitrant C (such as vanillin/lignin and lignin) 
(Wang et al., 2016a), and these may differentially drive SOC decom
position (Zhang et al., 2017b). For example, Zhou et al. (2011) reported 
that warming increased soil C release by stimulating genes for degrading 
labile, but not recalcitrant C. Another study revealed that warming 
promoted soil organic matter (SOM) decomposition in the surface soil by 
stimulating either labile or recalcitrant C degradation genes, while in the 
subsoil of deep samples only recalcitrant C degradation genes were 
involved (Cheng et al., 2017). It remains unclear how N deposition af
fects SOC decomposition by means of regulation of various microbial C- 
degradation functional potentials. In addition, these functional poten
tials are reported to respond differently depending on the level of added 
N. Low N addition resulted in higher recalcitrant C degradation gene 
abundance, but had no influence on levels of those acting on labile C, in 
a typical semiarid temperate grassland in northern China (Li et al., 
2017). High N addition lowered the abundance of both gene types in a 
hardwood forest ecosystem in North America (Eisenlord et al., 2013). N 
addition has the various effects on microbial functional genes, but 
whether resulting in SOC decomposition like other related studies still 

needs to be verified. 
This study aimed to determine how different levels of added N affect 

microbial C-cycling functional gene community and subsequently in
fluence SOC decomposition. To this end, we conducted a 5-year field 
experiment in a typical N-restricted, artificial Pinus tabulaeformis forest 
ecosystem on the Loess Plateau in China, in which we measured soil 
properties, microbial biomass, C-cycling functional gene abundance and 
composition, and SOC-degrading enzyme activities. In addition, we 
measured CO2 emissions to assess SOC decomposition. We hypothesized 
that (1) in a N-limited ecosystem, low N addition would increase mi
crobial C-cycling functional gene abundances and diversity by 
increasing soil nutrient contents and enhancing C input from plant litter 
(leaves and roots) to the soil, whereas high N addition may lead to N 
saturation, thus reducing the abundance and diversity of these genes; 
and (2) low N addition may promote SOC decomposition, mainly by 
increasing the abundance of recalcitrant C-degradation genes, whereas 
high N addition may inhibit SOC decomposition by decreasing the 
abundance of both labile and recalcitrant C degradation genes. 

2. Materials and methods 

2.1. Site description and soil sampling 

The study was conducted at the Yi Chuan field experimental station 
of the Chinese Academy of Sciences on the Loess Plateau, Shaanxi 
Province, China (35◦58′34′′ N, 110◦05′38.1′′ E; elevation 1000–1200 m, 
slope 20 − 25◦). The region has a classic mainland monsoon-type 
climate and receives an average of 584.4 mm of precipitation annu
ally, with an average annual temperature of 9.7 ◦C and a frost-free 
period of 180 days. The soil was classified as gray forest soil (Gray 
Luvisols, Food and Agriculture Organization’s World Soil Classification) 
with clay, silt, and sand contents of 36.8%, 24.3%, and 38.9%, respec
tively. The bulk density of the surface soil (0–20 cm) was 1.10 ± 0.03 g 
cm− 3. At the beginning of the experiment in 2014, the surface soil (0–10 
cm) contained 19.87 ± 1.14 g kg− 1 organic C, 1.46 ± 0.03 g kg− 1 total N 
(TN), and 0.55 ± 0.02 g kg− 1 total P (TP). The artificial P. tabulaeformis 
forest, with an area of 600 ha and a stand density of 1,400–1,800 
trees ha− 1, was established in 1963. The average tree canopy density 
was 70%. The mean diameter at breast height and the mean tree height 
were 10.0 cm and 11.2 m, respectively. The stock volume was 75.5 
m3 ha− 1, and the leaf area index was 6.34. The understory shrubs were 
mainly Elaeagnus pungens Thunb., Rosa xanthina Lindl., Spiraea salicifolia 
L., Lonicera japonica Thunb., and Viburnum dilatatum Thunb., and shrub 
coverage was 30%. The understory herbs were mainly Carex lanceolata 
Boott and Rubia cordifolia L., and the herb coverage was 30–50%. The 
thickness of the litter layer was 5–7 cm. The climate and soil conditions 
of the P. tabulaeformis forest have good homogeneity due to the 
anthropogenic management after planting. 

An on-going long-term N addition experiment was set up in March 
2014. Based on the average ambient N deposition rate (2.2 g N m− 2 y–1) 
in this region (Wei et al., 2010) and the amounts of added N reported in 
most studies (0–12 g N m− 2 y–1) (Zhang et al., 2017a), our experiments 
added N as an ammonium nitrate (NH4NO3) solution at four N levels, 
each with four replicates: 0 (N0), 3 (N3), 6 (N6), and 9 (N9) g N m− 2 y–1 

with the same climate and terrain conditions. Four N treatments were 
randomly established. There was 16 plots in total, each plot was 100 m2 

(10 m × 10 m), and the plots were separated by a buffer zone of more 
than 5 m. Plots were sprayed with NH4NO3 dissolved in 10 L of distilled 
water before the rain at the beginning of April, June, August, and 
October every year. Therefore, the concentrations of ammonium nitrate 
solution each time are 0.0, 21.0, 41.1, 60.4 g NH4NO3 kg water-1, and 
the corresponding total amount of N added are 0, 75, 150, 225 g N 
respectively. Plots receiving the N0 treatment were sprayed with an 
equal amount of distilled water. Spraying is an efficient way in previous 
field studies (Xiao et al., 2019; Yao et al., 2017). N addition experiment 
was applied four times a year in the growing season to evenly simulate N 
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deposition and reduce human error (Zhang et al., 2017a), Rain helped 
increase N infiltration and reduce unnecessary losses (Jing et al., 2019). 

Soil samples were taken on 22 July 2018. After removing surface 
litter, five soil cores (5 cm inner diameter) were randomly collected from 
the topsoil (0–10 cm) and pooled (~1 kg). The soil samples were placed 
in a plastic foam box, with ice bags to ensure maintenance of an internal 
temperature of about 4 ◦C, and transported to the laboratory within one 
day. The samples were sieved through a 2.0-mm mesh. Part of each 
sample (~10 g) was frozen and stored at –80 ◦C for DNA extraction. The 
remaining part was separated into two subsamples. One subsample was 
air-dried and sieved through a 0.25-mm mesh for the determination of 
soil total organic C (SOC), TN, and TP, then sieved through a 1-mm mesh 
to measure nitrate-N (NO3

–-N), exchangeable ammonium-N (NH4
+-N), 

available P (AP), and pH. The other subsample was stored as fresh soil at 
4 ◦C for measuring soil water content (SWC), dissolved organic C (DOC), 
dissolved organic N (DON), microbial biomass C (MBC), microbial 
biomass N (MBN), enzyme activities, and CO2 emissions. 

2.2. Analysis of plant and soil properties 

In each plot, litter samples were collected every three months from 
five randomly established 1 m × 1 m leaf catchers during the period July 
2017 to July 2018. Root sampling was conducted in July 2018. Five 20 
cm × 20 cm × 20 cm soil blocks were excavated in each plot under a 
randomly chosen tree and intact root segments were collected from the 
soil blocks. Litter and root biomass were determined after drying in an 
oven at 65 ◦C for 48 h. 

Soil properties were determined using standard procedures. SWC 
was determined gravimetrically from 10 g soil oven-dried at 105 ◦C to 
constant weight. Soil pH was determined using a pH meter in a soil–
water mix at a ratio of 1:5. SOC was measured using the H2SO4–K2Cr2O7 
method. TN was measured using the Kjeldahl method (Cabrera and 
Beare, 1993), and TP was determined colorimetrically after digestion 
with H2SO4 and HClO4 (Bao, 2000). NO3

–-N and exchangeable NH4
+-N 

levels were measured using a continuous-flow auto-analyzer (TRAACS 
2000, Bran and Luebbe, Norderstedt, Germany). AP was extracted with 
0.5 M sodium bicarbonate at pH 8.5 and measured by molybde
num–antimony colorimetry (Olsen and Sommers, 1982). Dissolved nu
trients were extracted with deionized water after shaking for 1 h and 
then filtered through prewashed cellulose acetate filters (0.45 μm pore 
size). DOC contents were determined using a TOC analyzer (liqui TOC II, 
Elementar, Germany). Total dissolved N (TDN), NH4

+-N, and NO3
–-N 

contents were determined using a continuous-flow auto-analyzer, and 
DON was calculated as TDN – (NH4

+-N + NO3
–-N). Soil microbial biomass 

was determined by the chloroform–fumigation extraction method 
(Vance et al., 1987). MBC was determined using a liquid TOC analyzer at 
a KEC (readily extractable part of microbial biomass C) of 0.38 (Joer
gensen, 1996). MBN was determined by ultraviolet spectrophotometry 
at a KEN (as KEC, for N) of 0.54 (Brookes et al., 1985). Soil C/N was 
calculated as the ratio of SOC to TN. 

2.3. SOC decomposition measurement 

Based on previous studies (Liu et al., 2017; Zhu et al., 2018), SOC 
decomposition was quantified by measuring the CO2 emissions from soil 
microcosms during a 42-day incubation. Dynamic measurements were 
conducted to test the changes of CO2 emission. Our lab-incubation has 
enough time to evaluate the patterns of SOC decomposition, and is 
comparable for future researches. To establish soil microcosms, 40 g 
(~32 g dry weight) of fresh soil were transferred into a 500-mL Mason 
jar (8 cm diameter, 10 cm height) and pre-incubated at 25 ◦C for 5 days 
to reduce the interference from sieving and packing, and then incubated 
at 25 ◦C in a humid environment in the dark for 42 days. Soil moisture 
was maintained at 60% of its water-holding capacity, based on the 
weighing method, by adding distilled water throughout the incubation 
period. To maintain aerobic conditions and reduce soil moisture loss, all 

jars were covered with sterile breathable sealing film except during 
measurements. Each treatment was replicated three times, giving a total 
of 48 microcosms. The incubation experiments were performed in an 
enclosed climate chamber (AGC-D001P, Qiushi Corp., China). 

CO2 emission rates were measured at 1, 3, 5, 7, 10, 14, 21, 28, 35, 
and 42 days using a Picarro G2508 N2O/CO2/NH3/CH4/H2O gas con
centration analyzer (Picarro G2508 Environmental, Picarro lnc, CA, 
USA). During each measurement, the Mason jar was closed with a cap, 
which had inlet and outlet valves connected with the analyzer, so that 
the Mason jar and the analyzer formed a closed system. The analyzer 
maintained airflow throughout the system and recorded the CO2 content 
every second. For each sample, we ran the measurement for 60 s, during 
which CO2 efflux was not considered. The first 10 s was the preparation 
time for the analyzer, during which no measurements were taken. The 
average value of every second measurement from 11 s to 60 s was used 
as the CO2 concentration in the Mason jar. Following measurement of 
the starting CO2 concentration of each Mason jar, it was sealed and 
returned to the original incubator immediately. Two hours later, a 
further measurement was taken. We assumed linear CO2 emission, and 
its rate was calculated as the change in CO2 concentration during the 2-h 
period the jars were closed. Cumulative CO2 emission was calculated by 
averaging the CO2 emission rate between adjacent measurement dates, 
multiplying the average by the interval between measurements, and 
then summing. 

2.4. Enzyme activity analyses 

Hydrolytic activities of N-acetyl-β-glucosaminidase (EC 3.1.6.1), 
β-1,4-glucosidase (EC 3.2.1.21), β-xylosidase (EC 3.2.1.37), and β-D- 
cellulosidase (EC 3.2.1.91) were measured using a modified version of 
the standard fluorometric microplate assay (Marx et al., 2001). The 
oxidative activities of phenol oxidase (EC 1.10.3.2) and peroxidase (EC 
1.11.1.7) were assayed colorimetrically using L-3,4-dihydrox
yphenylalanine (L-DOPA), on a spectrophotometer of a modified version 
of the method of German et al. (2011). Briefly, for all enzyme assays, soil 
suspensions were prepared by adding 3 g of fresh soil to 125 mL of Tris- 
HCl buffer (pH 8.0, 50 mM) and blending thoroughly for 10 min. Assays 
were carried out in clear-bottom 96-well microplates. For the hydrolytic 
enzymes, sample reaction wells contained 150 μL of soil suspension and 
50 μL of enzyme substrate; homogenate control wells contained 150 μL 
of soil suspension and 50 μL of buffer; negative control wells contained 
150 μL of buffer and 50 μL of enzyme substrate; quench control wells 
contained 150 μL of soil suspension and 50 μL of MUB standard; stan
dard wells contained 150 μL of buffer and 50 μL of MUB standard. The 
plates were incubated at 25 ◦C for 4 h (2 h for β-1,4-glucosidase) and 
then spectrophotometrically analyzed at 365 nm excitation and 450 nm 
emission. For the oxidative enzymes, phenol oxidase assay wells con
tained 200 μL of soil suspension and 50 μL of L-DOPA; peroxidase assay 
wells contained 200 μL of soil suspension, 50 μL of L-DOPA, and 0.3% 
H2O2; blanks contained 150 μL of soil suspension and 50 μL of buffer. 
The plates were incubated at 25 ◦C for 4 h, centrifuged at 3,600 rpm for 
5 min, and the absorbance at 460 nm was read. The activity of hydrolytic 
and oxidative enzymes (nmol g− 1 dry soil h− 1) were calculated as 
described by German et al. (2011) and Bach et al. (2013). 

2.5. Microbial C-cycling functional gene analyses 

Microbial DNA was extracted from 0.5 g of soil using the MoBio 
PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA) 
according to the manufacturer’s protocol. DNA quality was assessed 
based on the 260/280 nm and 260/230 nm absorbance ratios. DNA was 
quantified with the PicoGreen method (Ahn et al., 1996) and stored at −
20 ◦C until use. The soil microbial functional gene diversity and 
composition were profiled using GeoChip 5.0 according to Zhang et al. 
(2017a). We mainly focused on functional genes associated with C- 
cycling. Briefly, purified DNA (500 ng) was labeled with the fluorescent 
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dye Cy-3 by random priming. The labeled DNA was mixed with 42 μL of 
buffer and incubated at 95 ◦C for 3 min, then hybridized to the micro
array, which was scanned using a NimbleGen MS200 Microarray Scan
ner (Roche NimbleGen, Inc., Madison, WI, USA) at 633 nm. The images 
were converted, digitized, processed, and analyzed using ImaGene 6.0 
software. For quality control, based on the raw data, the signal-to-noise 
ratio (SNR) was adjusted and poor-quality spots with an SNR < 2.0 were 
removed. The signal intensity of each probe was then log-transformed 
and divided by the average signal intensity in the sample to stan
dardize the data, and probes that appeared in only one of four replicates 
of each treatment were removed as noise, to obtain normalized data. The 
normalized data were used to profile C-cycling functional gene 
composition and to calculate alpha diversity. Gene intensities normal
ized to total signal intensity were used to analyze the relative abundance 
of each gene category or family in each sample. 

2.6. Statistical analysis 

All data were reported as the mean ± standard deviation for four 
replicates. One-way analysis of variance (ANOVA) and least-significant 
difference tests at the 5% level of significance were performed to 
examine significant differences in soil properties, plant biomass, C- 
cycling functional gene abundance, enzyme activities, and CO2 emission 
among the various N treatments. All statistical analyses were conducted 
using SPSS 19.0 (SPSS, Inc., Chicago, IL, USA). Principal coordinate 
analysis (PCoA) was performed to reveal overall changes in C-cycling 
functional gene composition induced by N addition. Permutational 
multivariate analysis of variance (Adonis), analysis of similarities 
(ANOSIM), and a multi-response permutation procedure (MRPP) func
tion were used to test the significance of the changes based on a 
Bray–Curtis dissimilarity matrix of C-cycling functional genes. Redun
dancy analysis (RDA) was applied to investigate correlations between C- 
cycling functional gene changes and environmental factors (soil prop
erties and plant biomass). The Mantel test was used to examine corre
lations among Bray–Curtis distances for C-degradation genes, Euclidean 
distances for soil properties, plant biomass, enzyme activities, and cu
mulative CO2 emission based on the Spearman correlation coefficient. 
All the above statistical analyses were conducted using the Vegan 
package in R (v 3.6.0). Linear regression analysis was used to fit cu
mulative CO2 emissions or enzyme activities to C-degradation gene 
abundance. P < 0.05 was considered significant. Pearson correlation 
analysis was performed to explore relationships between variables. 
Partial least squares path modeling (PLS-PM) was performed to further 
evaluate the direct and indirect effects of soil properties, plant biomass, 
enzyme activities, and C-degradation genes on CO2 emissions (R plspm 
package). Path coefficients and explained variability (R2) reflected 
cause-and-effect relationships among observed and latent variables. A 
goodness-of-fit (GOF) test was used to evaluate the overall predictive 
power of the model. 

3. Results 

3.1. Effects of N addition on soil properties, microbial biomass, and plant 
biomass 

After 5 years of N addition, soil properties and microbial biomass 
showed significant differences across all N addition treatments 
(Table 1). NO3

–-N and DON contents were consistently elevated with 
increasing N addition levels. SOC and DOC contents and the soil C/N 
ratio initially increased and then decreased with increasing N addition 
levels, and the highest values of SOC and soil C/N were observed in the 
N6 treatment, whereas the highest DOC value was observed in the N3 
treatment. Other soil properties, including TN, TP, exchangeable NH4

+- 
N, AP, and pH, showed no significant difference among all treatments (P 
> 0.05). MBC and MBN initially increased and then decreased in all N 
addition treatments, with the maximum observed in the N6 treatment, 

but only changes in MBC were significant (P < 0.05). N addition had no 
significant effects on litter and root biomass (P > 0.05). 

3.2. Effects of N addition on overall soil microbial functional diversity 
and community in the C-cycle 

In total, 17,830 hybridized functional gene probes, representing 122 
genes associated with C fixation, C degradation, and methane emission, 
were detected (Table S1). The abundance and diversity (Shannon–Wi
ener index) of functional genes increased with added N up to the N6 
treatment, and significantly decreased under the N9 treatment (P <
0.05, Table 2), with the highest and lowest values observed in N6 and 
N9, respectively. Evenness (Pielou index) exhibited an opposite trend 
(Table 2). The MRPP, Adonis, and ANOSIM results showed that the 
overall functional gene composition varied significantly with N addition 
treatments (P < 0.05, Table S2). A PCoA ordination plot (Fig. 1A) shows 
the differences between C-cycling functional gene communities 
following different N addition treatments, with the first two principal 
coordinates explaining 66.24% and 10.94% of the total functional gene 
composition variation. The horizontal axis clearly separates C-cycling 
functional genes by N addition, and the N0, N3, and N6 treatments are 
distributed along the left side of the Y axis, whereas the N9 treatment is 
on the right side. The Bray–Curtis dissimilarity values for functional 
gene composition increased with increasing N addition levels. 
Compared to N3 and N6, N9 was less similar to N0 (Fig. 1B). Thus, the 
treatments were divided into low-N (N3 and N6) and high-N (N9) 
treatments. RDA revealed that environmental attributes explained 
51.67% of the variation in the C-cycling functional gene composition of 
microbial communities (Fig. 2). Among all factors evaluated, functional 

Table 1 
Soil properties, microbial biomass, and plant biomass in different N addition 
treatments.  

Environmental 
attributes 

N0 N3 N6 N9 

SOC (g kg− 1) 19.92 ±
0.60b 

21.34 ±
1.62ab 

22.78 ±
0.77a 

20.78 ±
1.64ab 

TN (g kg− 1) 1.46 ±
0.03a 

1.47 ±
0.02a 

1.52 ±
0.02a 

1.56 ±
0.14a 

TP (g kg− 1) 0.54 ±
0.01a 

0.55 ±
0.02a 

0.52 ±
0.01a 

0.56 ±
0.03a 

NO3
–-N (mg kg− 1) 19.27 ±

1.61c 
23.79 ±
2.2bc 

26.27 ±
3.0ab 

29.88 ±
5.0a 

exchangeable NH4
+-N 

(mg kg− 1) 
2.03 ±
0.63a 

1.77 ±
0.03a 

1.74 ±
0.23a 

1.59 ±
0.08a 

AP (mg kg− 1) 3.56 ±
0.65a 

3.19 ±
1.15a 

2.63 ±
0.65a 

3.94 ±
1.02a 

pH 7.62 ±
0.18a 

7.75 ±
0.05a 

7.76 ±
0.04a 

7.71 ±
0.14a 

DOC (mg kg− 1) 183.99 ±
14.25a 

196.99 ±
20.43a 

146.03 ±
22.60b 

138.59 ±
21.46b 

DON (mg kg− 1) 3.24 ±
0.58b 

3.29 ±
0.63b 

4.09 ±
0.50ab 

4.5372 ±
0.44a 

Soil C/N 13.62 ±
0.55b 

14.52 ±
1.24ab 

14.95 ±
0.44a 

13.35 ±
0.56b 

MBC (mg kg− 1) 567.41 ±
59.72b 

630.92 ±
78.68b 

734.42 ±
60.84a 

644.92 ±
36.31ab 

MBN (mg kg− 1) 79.99 ±
4.60a 

81.39 ±
10.04a 

86.33 ±
7.77a 

85.39 ±
9.30a 

Litter biomass (g m− 2 

y–1) 
210.41 ±
14.39a 

189.60 ±
8.15a 

186.69 ±
22.22a 

182.05 ±
20.66a 

Root biomass (g m− 2) 76.91 ±
6.63a 

75.06 ±
7.20a 

74.53 ±
7.41a 

74.52 ±
6.80a 

SOC, total soil organic C; TN, total N; TP, total P; NO3
–-N, nitrate nitrogen; NH4

+- 
N, ammonium nitrogen; AP, available P; DOC, dissolved organic C; DON, dis
solved organic N; Soil C/N, the ratio of SOC and TN; MBC, microbial biomass C; 
MBN, microbial biomass N; All data are presented as mean ± SD (n = 4). 
Different letters indicate significant (P < 0.05) differences among treatments. 
The treatments N0, N3, N6, and N9 represent the applied N rates of 0, 3, 6 and 9 
g m− 2 y–1, respectively. 
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gene composition changes were significantly correlated with NO3
–-N, 

MBC, DOC, and DON content. 

3.3. Effects of N addition on key functional genes involved in the C-cycle 

In all treatments, C-cycling functional gene communities were pre
dominantly composed of C-degradation genes, accounting for 
72.43–72.82%. At the gene subcategory level (Fig. 3), the abundances of 
functional genes involved in the degradation of various C compounds 
(from labile to recalcitrant C, including starch, hemicellulose, pectin, 

cellulose, chitin, vanillin/lignin, and lignin) increased under low N 
addition (N3 and N6) and decreased under high N addition (N9). 
However, significant differences were observed only in the abundances 
of genes involved in pectin degradation under N3, and in starch, pectin, 
and chitin degradation under N6 (P < 0.05), whereas there was no 
significant effect on those of genes involved in the recalcitrant C 
(vanillin/lignin, lignin) degradation (P > 0.05). High N addition had 
significant negative effects on the abundances of genes involved in the 
degradation of all C compounds (P < 0.05; Fig. 3). At the individual gene 
level (Fig. 4), C-degradation gene abundance under N3 treatment 
increased by 4.35% on average, and 4 out of the 27 genes (only those 
genes that accounted for > 10% of the various C compound degradation 
gene abundance are shown), including pula for starch degradation and 
pec-CDeg, pme, and rgl for pectin degradation, were present at signifi
cantly higher levels (P < 0.05, Fig. 4A). Likewise, the abundance of C- 
degradation genes increased by 4.93%, on average, under N6 treatment, 
and 16 out of the 27 genes, including most genes involved in labile C 
decomposition (e.g., amyA, glucoamylase, pula), and few recalcitrant C 
decomposition genes (vana, phenol-oxidase), were present at signifi
cantly higher levels (P < 0.05; Fig. 4B), whereas the abundance of all C- 
degradation genes decreased by 12.73%, on average, under N9 treat
ment (P < 0.05; Fig. 4C). 

3.4. Effects of N addition on SOC-degrading enzyme activities 

N addition had significant effects on oxidase and hydrolase activities 
(P < 0.05; Fig. 5). Phenol oxidase activity increased under low N addi
tion and significantly decreased under high N addition (P < 0.05; 
Fig. 5A), whereas N addition had no significant effect on peroxidase 
activity (P > 0.05; Fig. 5B). All hydrolases except N-acetyl-β-glucosa
minidase showed a similar trend (Fig. 5C-F). N6 treatment significantly 
enhanced β-D-cellulosidase activity by 38.35%, and N9 significantly 
suppressed β-xylosidase activity by 43.49%. β-1,4-glucosidase activity 
was not significantly affected by N addition. Interestingly, N-acetyl- 
β-glucosaminidase activity decreased with increasing N addition and 

Table 2 
Soil microbial C-cycling functional genes abundance, diversity and evenness in different N addition treatments.  

Treatment Genes abundance(signal intensities of probes detected) Shannon-Wiener index (H’) Pielou evenness index(EH) 

C-cycling C-fixation C-degradation Methane 

N0 15,932 ± 486a 4,046 ± 121a 11,570 ± 354b 315.43 ± 11.43a 8.87 ± 0.03b 0.99820 ± 0.00006b 
N3 16,470 ± 347a 4,159 ± 88a 11,986 ± 254ab 324.23 ± 5.14a 8.91 ± 0.02ab 0.99818 ± 0.00005b 
N6 16,639 ± 95a 4,205 ± 49a 12,108 ± 143a 325.64 ± 3.61a 8.92 ± 0.01a 0.99817 ± 0.00006b 
N9 13,908 ± 679b 3,563 ± 175b 10,088 ± 490c 257.48 ± 5.95b 8.74 ± 0.04c 0.99845 ± 0.00011a 

All data are presented as mean ± SD (n = 4). Different letters indicate significant (P < 0.05) differences among treatments. 

Fig. 1. Principal coordinate analysis (PCoA) of all detected C-cycling functional genes compositions based on normalized signal intensity from different N addition 
treatments (A). Regression analysis of N addition and functional genes distance (based on Bray-Curtis distances) (B). 

Fig. 2. Redundancy analysis (RDA) of C-cycling functional genes community 
based on normalized signal intensity from different N addition treatments. The 
arrows indicate the lengths and angles between explanatory and response 
variables and reflect their correlations. 
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was significantly suppressed by 49.77% under N9. 

3.5. Effect of N addition on CO2 emission 

During the 42-day incubation, the temporal pattern of the CO2 
emission rates was similar among the different N addition treatments, 
with the highest CO2 emission rate on the third day and a gradual 
decrease thereafter. Specifically, the emission rate was relatively high 
during the first 10 days, and then stabilized at a lower level (Fig. 6A). 
Cumulative CO2 emissions initially increased and then decreased with 
increasing N addition levels. The lowest and highest cumulative CO2 
emissions were observed under N9 and N6, respectively. The cumulative 
CO2 emissions ranged from 6.18% of the SOC to 7.28% of the SOC 
(Fig. 6B). 

3.6. Relationships of CO2 emissions with the abundances of C- 
degradation genes and SOC-degrading enzyme activities 

Mantel test results indicated a strong correlation between SOC- 
degrading enzyme activities and the C-degradation gene community 
composition, and both of them were significantly related to soil prop
erties, but not plant properties (Table 3). Importantly, cumulative CO2 
emission was significantly correlated with both SOC-degrading enzyme 
activities and the composition of the C-degradation gene community. 
Pearson analysis produced similar results in that significant correlations 
were found between cumulative CO2 emissions and C-degradation gene 
abundance and SOC-degrading enzyme activities (Table S3). We also 
observed a strong positive linear correlation between cumulative CO2 
emission and C-degradation gene abundance (Fig. S1a), a negative 
linear relationship between the first principal coordinate of C-degrada
tion gene communities and the first principal coordinate of SOC- 
decomposing enzyme activities (Fig. S1b), and a strong positive linear 
correlation between the relative abundance of acetylglucosaminidase 

encoding genes and the activity of acetylglucosaminidase, xylanase 
encoding genes and xylanase activity, and exoglucanase encoding genes 
and exoglucanase activity (Fig. S1c-e; all P < 0.05). PLS-PM analysis 
revealed that N addition significantly, if indirectly, affected C-degra
dation gene community composition and SOC-degrading enzyme ac
tivities by its direct effects on environmental variables (Fig. 7). The 
direct effects of C-degradation gene community composition on CO2 
emissions and indirectly by affecting SOC-degrading enzyme activities 
were apparently significant. Among all variables, C-degradation gene 
community composition had the strongest influence on CO2 emission. 

4. Discussion 

4.1. Effect of N addition on microbial C-cycling functional genes 

In our field study, N addition significantly altered the composition of 
the microbial C-cycling functional gene assemblage (Fig. 1A, Table S2); 
low N addition resulted in higher abundance and diversity of functional 
genes, whereas under high N addition these had significantly lower 
values (Table 2), which supported our first hypothesis. 

Relatively low levels of N addition are considered to enhance mi
crobial functional gene abundance (Freedman et al., 2013). Consistent 
with the finding, we observed an increase in C-cycling functional gene 
abundance and diversity under low N addition. Generally, in N-limited 
ecosystems, plant growth and microbial activity are limited by N supply; 
low N addition would increase soil microbial biomass and functional 
potential directly by increasing N availability or indirectly by increasing 
nutrient availability through promoting plant productivity and C inputs 
from aboveground plant components (Magnani et al., 2007; Wang et al., 
2019b). Our results generally supported this view, as we found that low 
N addition resulted in significantly higher soil NO3

− -N, SOC, DOC, MBC, 
and C/N ratio (Table 1; Fig. 2). However, although plant litter and root 
exudates are the two major C sources for microbial activities (Garcia- 

Fig. 3. The abundance of detected functional genes involved in C-cycling at the gene subcategory level in different N addition treatments. Different letters indicate 
significant (P < 0.05) differences among treatments. Error bars represent standard error (n = 4). 
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Palacios et al., 2016), in our study, litter and root biomass did not in
crease under low N addition (Table 1) and were not associated with 
changes in functional gene abundance and composition (Fig. 2; Table 3). 
This indicated a slow response of the mature artificial P. tabulaeformis 
forest to N addition and that N addition in the short 5-year experimental 
period did not change above- and belowground productivity. In addi
tion, with a stand age of 60 years, the litter layer covering the soil in the 
forest is relatively thick, with a slow turnover rate, and thus, the effect of 
the new litter layer on C input is limited. Another study in this region 
showed that short-term low N addition enhanced fine root decomposi
tion and compound release (Jing et al., 2019), which may be the main 
reason for the increase in C input. In some studies, increases in soil C 
content were also significantly correlated with fine root production and 
turnover, but not with aboveground input (Norby et al., 2004). It should 
be noted that low N caused significantly greater abundance of specific 
genes, but the effect of low N on the total abundance and diversity of C- 
cycling functional gene was not significant. This finding is consistent 
with the work of Li et al. (2019), who found that soil bacterial com
munities did not significantly differ among the fertilization treatments 
after 3-year N addition. The low dose and short period (3 or 5 years) of N 
addition may be a major explanatory factor in these unexpected non- 
significant responses of the soil microbial community. 

In addition, the increased N addition could induce a change in the N 
state in the ecosystem from limitation to saturation, and the soil mi
crobial biomass and functional potential responses may gradually 
change from increasing to decreasing (Chen et al., 2015; Li et al., 2020). 
For example, Liu et al. (2014) observed that microbial biomass began 
decreasing when the amount of added N was increased to 8 g N m− 2 y–1 

in a temperate steppe in northern China. Zhang et al. (2017a) reported 
that the addition of 2.5 g N m− 2 y–1 was the ecosystemic threshold in a 

perennial herb ecosystem on the Loess Plateau, above which N addition 
exerted an inhibitory effect on microbial biomass and activity. Other N 
addition experiments in this region showed that soil aggregate stability, 
SOC content, and easily extractable glomalin-related soil protein 
increased from the 0 to 6 g N m− 2 y–1 treatments, and were decreased 
under the 9 g N m− 2 y–1 treatment (Sun et al., 2018; Yao et al., 2017). 
Thus, we speculate that 9 g N m− 2 y–1 exceeds the critical N requirement 
for plants and microbes on the Loess Plateau and therefore has an 
adverse effect on microbial activity. We also observed a significant 
decrease in C-cycling functional gene abundance and diversity under N9 
(Table 2). Importantly, the critical value at which a change in ecosys
temic N status occurs is influenced by climate conditions, vegetation 
types, ecosystem type, and other factors. Further, N saturation contents 
that plants, soil, and microbes can endure vary, even within the same 
ecosystem and region. 

The decreases in C-cycling functional gene abundance and diversity 
under high N addition in our study may be related to the significant 
decreases in DOC and MBC (Fig. 2; Table 1), which may be caused by a 
reduction in underground resource allocation in plants under high N 
addition treatment (Treseder, 2004). Previous studies have revealed that 
underground C allocation is inversely proportional to N availability (Bae 
et al., 2015). Generally, low pH is thought to inhibit microbial activity 
and diversity under high N addition or in N-saturated ecosystems (Mao 
et al., 2017). However, this was not the case in our study as N addition 
hardly affected the pH, which ranged from 7.37 to 7.85, and RDA 
showed that pH had no significant effect on functional gene commu
nities. Probably, the N addition period was too short to have an 
observable cumulative effect on pH. Accordingly, we speculate that the 
soil may acidify and eventually inhibit microorganisms under long-term 
N addition. Overall, our results indicated that changes in soil resource 

Fig. 4. The relative changes of the abundance of detected functional genes involved in C substrate degradation in the N3 (A), N6 (B) and N9 (C) compared with N0 
treatment respectively. The complexity of C substrate is presented in order from labile to recalcitrant from left to right. The differences between N addition and N0 
treatment were tested by independent-samples T tests, and symbols ** and * indicated significant differences at P < 0.01 and P < 0.05 respectively. 
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Fig. 5. Activities of polyphenol oxidase (PPO) (A), peroxidase (POD) (B), N-acetyl-β-glucosaminidase (NAG) (C), β-1,4-glucosidase (BG) (D), β-D-cellulosidase (CBH) 
(E), β-xylosidase (XYL) (F) in different N addition treatments. Different letters indicate significant (P < 0.05) differences among treatments. Error bars represent 
standard error (n = 4). 

Fig. 6. The temporal patterns of CO2 emission rates (A) and cumulative CO2 emission during the 42-day incubation (B) in different N addition treatments. Different 
letters indicate significant (P < 0.05) differences among treatments. Error bars represent standard error (n = 4). 

Table 3 
Mantel test results that were used to discern correlations among the C-degradation genes Bray-Curtis distances, soil properties (SOC, NO3

− -N, DOC, DON, MBC and soil 
C/N; other non-significant soil properties were not analyzed), enzyme activities (PPO, NAG, CBH and XYL), plant variables (Litter biomass, Root biomass) and cu
mulative CO2 emission Euclidean distances. The values shown are correlation coefficients based on the Spearman method. * indicates P < 0.05; ** indicates P < 0.01.   

Soil properties Plant variables Cumulative CO2 emission Enzyme activities C-degradation genes 

Soil properties 1     
Plant variables 0.046 1    
Cumulative CO2 emission − 0.048 − 0.037 1   
Enzyme activities 0.213* − 0.007 0.271** 1  
C-degradation genes 0.242* 0.048 0.360** 0.504** 1 

SOC, total soil organic carbon; NO3
–-N, nitrate nitrogen; DOC, dissolved organic carbon; DON, dissolved organic nitrogen; MBC, microbial biomass C; Soil C/N, the ratio 

of SOC and TN; PPO, polyphenol oxidase; NAG, N-acetyl-β-glucosaminidase; CBH, β-D-cellulosidase; XYL, β-xylosidase. 
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availability caused by cumulative effects of low or high N addition more 
strongly affect microbial functional gene composition and diversity than 
does soil acidification, and the effect depends on the amount of added N. 
Based on the current N deposition level in the Loess hill-gully region, we 
speculate that microbial C-cycling functional gene diversity and meta
bolic potential will increase and may accelerate soil C-cycling in the 
forest ecosystem. 

Interestingly, we found that the abundances of labile and recalcitrant 
C-degradation genes were differentially affected in terms of abundance 
by N addition. N3 and N6 addition resulted in significantly higher 
abundances of 4 and 16 out of 27 C-degradation genes mainly involved 
in the degradation of relatively labile C (starch, pectin, and chitin), 
respectively. Although low N addition also caused significantly greater 
abundance of a few recalcitrant C degradation genes, such as vana for 
vanillin, and phenol-oxidase for lignin, these differences did not reach 
significance at the gene subcategory level (Fig. 3A-B). This suggests that 
the abundances of labile C degradation genes are more sensitive to low N 
addition than those of recalcitrant C degradation genes, thus contra
dicting our second hypothesis, and may be partially attributable to the 
increase in labile C under low N addition (Huang et al., 2019). In 
addition, microbial taxonomic gene sequencing studies have shown that 
N addition promoted copiotrophic rather than oligotrophic taxa (Zeng 
et al., 2016) with a shift towards labile C decomposition (Fierer et al., 
2012), which is in line with our results. Consistent with our initial hy
pothesis, high N addition caused significantly lower abundance of all the 
C-degradation genes evaluated (Fig. 3C), which is also consistent with 
findings reported by Eisenlord et al. (2013). This may be because of the 
overall decrease in C-cycling functional gene abundance under high N 
addition. 

4.2. Effect of changes in soil microbial C-degradation functional 
potentials on SOC decomposition 

Our results showed that low N addition promoted SOC decomposi
tion mainly by increasing the abundance of labile rather than recalci
trant C degradation genes, while high N addition decreased SOC 
decomposition by decreasing the abundance of both labile and recalci
trant C-degradation genes. These results are partially consistent with our 
second hypothesis. 

In the present study, SOC decomposition was not measured directly, 
but was indirectly assessed by monitoring CO2 emissions. We considered 

this to be reasonable because soil CO2 emissions are partly autotrophic 
in nature (e.g., root, mycorrhizal, and rhizosphere respiration), but 
mainly heterotrophic, as microbes consume organic C and release CO2 
into the atmosphere (Zhou et al., 2014). The incubation experiment was 
conducted in the absence of plants, to exclude any influence of roots, 
mycorrhizae, and root exudates on soil C decomposition. Therefore, the 
amount of C released from the soil represented the amount of SOC 
decomposed by microorganisms (Xu et al., 2019). Our results showed 
that low N addition resulted in higher CO2 emissions, whereas high N 
addition caused lower CO2 emissions (Fig. 6B). The responses of SOC- 
degrading enzyme activities, including phenol oxidase, peroxidase, 
β-1,4-glucosidase, β-D-cellulosidase, and β-xylosidase, to N addition 
were in line with CO2 emissions (Fig. 5). Together, these results indi
cated that low N addition may promote SOC decomposition, whereas 
high N addition may inhibit SOC decomposition, which is in agreement 
with our second hypothesis. This is also supported by previous studies; 
in N-limited ecosystems, such as the Loess Plateau, the semiarid grass
lands in Inner Mongolia, and the alpine steppe in northern Tibet, soil 
respiration is stimulated by relatively low-level N addition (no >10 g 
m− 2 y− 1), and inhibited by high-level N addition (Zhu et al., 2016). The 
differences in the ecosystemic N status caused by low and high N 
addition are probably largely responsible for these differences in SOC 
decomposition. 

Microorganisms are key drivers of the Earth’s biogeochemical cycles 
(Bani et al., 2018; Falkowski et al., 2008); they regulate litter decom
position, soil nutrient cycling, and other important biochemical func
tions. In our study, the abundance of C-degradation genes encoding 
enzymes for the decomposition of starch, (hemi-) cellulose, chitin, 
lignin, and other C compounds was higher under low N addition and 
significantly lower under high N addition, indicating differential func
tional potentials of microorganisms for C decomposition under these 
conditions. Interestingly, we found that the changes in CO2 emissions 
and SOC-degrading enzyme activities occurred in parallel and were 
significantly correlated with the changes in C-degradation gene abun
dance and composition (Table 3, Fig. S1). These results provide an in
direct evidence that changes in microbial C-degradation genes 
composition and metabolic potential paralleled functional responses of 
the soil. PLS-PM further indicated that N addition specifically induced 
changes in microbial C-degradation gene community composition, 
which directly or indirectly regulated SOC decomposition by affecting 
SOC-decomposing enzyme activities (Fig. 7). This finding was consistent 
with a previous study reporting that a decrease in microbial C-cycling 
gene abundance induced a slowdown of litter decomposition and an 
increase in soil C storage during vegetation succession (Zhong et al., 
2018). Combined with the effect of N addition on labile and recalcitrant 
C degradation gene abundances, all these changes indicated that low N 
addition increased SOC decomposition primarily via higher microbial 
functional potentials for degrading labile C, whereas high N addition 
decreased SOC decomposition primarily via lower microbial functional 
potentials for degrading both labile and recalcitrant C, which partly 
supports our second hypothesis. 

Some studies have suggested that coarse measures of microbial 
functional traits based on DNA are not always correlated with changes in 
ecological functional processes (Rocca et al., 2015; Wood et al., 2015). 
One reason for this gene-process decoupling may be that the presence of 
potential functional genes does not always represent actual functionality 
of microorganisms (Nannipieri et al., 2019). Before the final enzyme- 
catalyzed chemical reactions can occur, gene transcription and protein 
synthesis are required, and functional processes are likely controlled by 
the expression rather than the overall abundance of related genes (Levy- 
Booth et al., 2014). The other reason may be that any ecosystem process 
is a result of the combined effects of biological and non-biological fac
tors, such as climate, vegetation, soil, microorganisms, and other eco
systemic processes. It is difficult to represent an accurate measure to 
correlate such complex ecosystem processes with functional gene 
abundance. Therefore, we tested the microbial functional genens, 

Fig. 7. Path analysis diagrams based on the partial least squares path model 
(PLS-PM) for CO2 emission. Each box represents an observed variable (i.e., 
measured) or latent variable (i.e., constructs). Path coefficients are calculated 
after 1000 bootstraps and reflected in the width of the arrows; dashed arrows 
indicate that the path coefficients between latent variables are not significant. 
Environmental attributes: SOC, NO3

− -N, DOC, DON, MBC and soil C/N; other 
non-significant factors were not analyzed. C-degradation gene: the first two 
principal coordinate axes scores (PCoA1 and PCoA2) of principal coordinate 
analysis (PCoA) scores of functional gene communities, enzyme activity: phenol 
oxidase, N-acetyl-β-glucosaminidase, β-D-cellulosidase and β-xylosidase. 
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enzyme activities, and CO2 emissions in the present study to persua
sively evaluating the mechanism of SOC decomposition. Further obser
vation of each study system is required to elucidate gene abundance 
roles in the microbial biogeochemical process. 

5. Conclusions 

Forests are one of the ecosystems severely affected by N deposition. 
The present study confirmed that there is a threshold effect of N addition 
on SOC decomposition. From the perspective of microbial functional 
potential, we try to find the mechanisms for these results. Low N addi
tion had a positive effect on labile C-degradation gene abundance, but 
no significant effect on recalcitrant C-degradation gene abundance. High 
N addition significantly decreased the abundance of functional gens. 
Labile C-degradation gene is the main driving factor for SOC decom
position changes, while soil recalcitrant C pool may not be activated by 
the microbial community and N addition, and the stability of soil C 
sequestration may not be altered under long-term N deposition. Using 
GeoChip 5.0, our study provide solid evidences for the different results 
of SOC decomposition in previous studies. 
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