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Abstract: Purpose Nitrogen (N) fertilizer application in agricultural soil is a primary anthropogenic
nitrous oxide (N2O) source. Currently, the effect of the N fertilizer type on N2O emissions from upland
soil has been rarely reported. To this end, impacts of various types of N fertilizer on N2O emissions
in purple caitai (Brassica campestris L. ssp. chinensis var. purpurea) fields are investigated in this work.
The field experiment was carried out with four treatments, including inorganic N fertilization (I),
organic N fertilization (O), integrated organic-inorganic N fertilization (I+O) and no fertilization
(CK). The nitrifier/denitrifier abundance was determined using absolute real-time quantitative PCR.
Compared with I and O, I+O significantly increased dissolved organic C content, microbial biomass
C and microbial biomass N by 24–63%, 12–38% and 13–36% on average, respectively. Moreover, the
seasonal cumulative N2O-N emissions and fertilizer-induced N2O emission factor under I+O were
significantly lower than those under I and O by 17–29% and 23–39%, respectively. The results indicate
that N fertilizer type significantly affects the N2O emissions, and the integrated organic-inorganic
N fertilization can mitigate the N2O emissions primarily by inhibiting the nitrification mediated by
ammonia-oxidizing bacteria in purple caitai fields. Integrated organic-inorganic N fertilization is
an ideal N fertilization regime to enhance soil fertility and yield and reduce N2O emissions in the
upland fields.

Keywords: ammonia-oxidizing bacteria; integrated fertilization regime; N2O emission factor; N2O flux;
purple caitai fields

1. Introduction

Nitrous oxide (N2O) is a bigger contributor to global warming compared with CO2 [1].
The N2O concentration in the atmosphere has risen by 20% since 1860 [1]. In addition,
N2O is a dominant ozone-depleting substance and could remain the most threatening
throughout the twenty-first century if its emissions are not controlled [2]. Considering that
about 50–60% of N2O emissions are derived from agricultural soils [3], it is imperative to
adopt proper agricultural practices to reduce N2O emissions.

Chemical nitrogen (N) fertilizers have been excessively applied worldwide to improve
soil fertility and crop yields, consequently causing environmental losses such as soil degra-
dation, water eutrophication and GHG emissions [4]. In recent years, it has been established
that integrated inorganic-organic N fertilizer application could improve soil aggregation,
soil structure and carbon (C) sequestration [5]. It has been found that N2O emissions is
affected by the type and composition of the fertilizer [6]. Specifically, numerous studies
have revealed that organic N fertilizers can lead to less N2O emissions than inorganic N
fertilizers [7]. However, some other researchers observed greater N2O emissions under
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organic N fertilization than under mineral N fertilization [8]. In addition, Ding et al. [9]
proposed use of compost and urea to reduce N2O emissions, whereas Agegnehu et al. [10]
discovered that organic amendments incorporated with conventional N fertilizer could
significantly increase N2O emissions. These diverse and inconsistent conclusions indicate
that the dynamic responses of N2O emissions to organic and inorganic N fertilization are
still elusive and require further research.

The N2O in the soil is mainly biologically produced by nitrification and denitrifica-
tion [11]. Nitrification is the oxidation of ammonia first to nitrite and then to nitrate, which
is predominantly performed by aerobic nitrifying microorganisms including ammonia-
oxidizing bacteria (AOB) and archaea (AOA) [12]. The initial step of nitrification is catalyzed
by ammonia monooxygenase (AMO) [13]. Owing to its importance in the energy-generating
metabolism, amoA is primarily applied as a marker gene in nitrification studies [14]. Re-
versely, denitrification is a facultative anaerobic pathway during which nitrate is reduced
to nitrite and free nitrogen [15]. Nitrite reductase (NIR) is an essential enzyme that converts
nitrite to N2O, and the most widely used marker genes for NIR are nirK and nirS [16]. All
these microbial processes are highly susceptible to environmental parameters and agricul-
tural practices including fertilization. Therefore, quantifying the microbial functional genes
in the process of nitrification and denitrification can provide important information for the
mitigation of N2O emissions [17].

Purple caitai (Brassica campestris L. ssp. chinensis var. purpurea), also known as zicaitai,
is a traditional vegetable crop widely planted in the south of China and has become in-
creasingly popular due to its high nutrient content [18]. Usually, high rates of N fertilizer
are applied to promote purple caitai growth and development, inevitably leading to a
considerable amount of N2O emissions from the soil. This environmental impact varies
with different types of N fertilizers as mentioned above, which, however, has been scarcely
studied in purple caitai fields. Hence, this paper studied the impact of various types of N
fertilizers on N2O emissions in purple caitai fields. We hypothesized that the combined ap-
plication of inorganic/organic N fertilizers could reduce N2O emissions through decreasing
nitrification and denitrification.

2. Material and Methods
2.1. Experimental Site

The experimental site is located in Huazhong Agricultural University, Wuhan City,
Hubei Province, China (30◦28′21′′ N latitude, 114◦20′48′′ E longitude), with an average annual
temperature of 16.3 ◦C and an average annual precipitation of 1163 mm (rainfall mostly
occurs between May and August) from 1961 to 2010 (Figure 1). The mean daily temperature
and precipitation during the purple caitai growing seasons in 2016 and 2017 are shown in
Figure 1. The total precipitation during the experimental period was 287.9 mm in 2016 and
66.1 mm in 2017, respectively. The soil is classified as Alisols with a clay loam texture (FAO soil
clarification). The main soil properties before the experiment (measured in September 2016)
were pH 7.03, organic C 9.13 g kg−1, total N 1.15 g kg−1, total phosphorus (P) 0.39 g kg−1,
and total potassium (K) 8.67 g kg−1.

2.2. Experimental Design

An upland field experiment on purple caitai was carried out during the 2016 and 2017
growing seasons. The seedlings of purple caitai (HSCT, Brassica campestris L. ssp. chinensis
var. purpurea) were transplanted in October and harvested in March of the next year,
followed by a fallow season. Four treatments, including no fertilization (CK), inorganic N
fertilization (I), organic N fertilization (O) and integrated organic-inorganic N fertilization
(I+O) were implemented, and each treatment had three replications. Each plot was 12 m2

in area. Each treatment of the experimental field has been planted with purple caitai under
the same N fertilization since 2011.
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20-day-old seedlings of purple caitai were manually transplanted on the same day. The 
field was only irrigated once to 3 mm immediately after the transplanting of seedlings. 
No irrigation was conducted after this time. 

  

Figure 1. Changes in average daily temperature and rainfall during purple caitai growing seasons in
2016 (A) and 2017 (B).

The soil was moldboard plowed to a depth of 15 cm beforehand. Compound fertilizer
(N:P2O5:K2O = 15%:15%:15%), urea (46% N), calcium superphosphate (17% P2O5), potas-
sium chloride (60% K2O) and pelleted organic fertilizer (N:P2O5:K2O = 10%:3%:2%, living
bacteria count ≥ 2 × 107 CFUs g−1; Compound Bio-NH4

+-fertilizer, Wuhan Heyuan Green
Organism Co., Ltd., Wuhan, China) were selectively incorporated into the topsoil (0–20 cm
depth) to provide 225 kg N ha−1, 112.5 kg P2O5 ha−1 and 112.5 kg K2O ha−1 for the plots
under fertilization treatments throughout the growing seasons. The P and K fertilizers
were used as basal fertilizers. As for the N fertilizer, 50%, 100% and 75%, respectively,
were applied to the plots under I, O and I+O treatments as basal fertilizer, while the rest
was applied at the bolting stage as topdressing fertilizer. No fertilizer was applied to the
CK plots. The specific fertilization regimes are shown in Table 1. After basal fertilization,
20-day-old seedlings of purple caitai were manually transplanted on the same day. The
field was only irrigated once to 3 mm immediately after the transplanting of seedlings. No
irrigation was conducted after this time.
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Table 1. Fertilization regimes of different treatments.

Treatment Basal Fertilizer
(15 October 2016 and 17 October 2017)

Topdressing Fertilizer
(14 December 2016 and 16 December 2017)

I 750 kg compound fertilizer ha−1 245 kg urea ha−1

O 2250 kg organic fertilizer ha−1 + 112.5 kg KCl ha−1 +
264.5 kg calcium superphosphate ha−1 −

I+O
1125 kg organic fertilizer ha−1 + 375 kg compound
fertilizer ha−1 + 56 kg KCl ha−1 + 133 kg calcium

superphosphate ha−1
122.3 kg urea ha−1

CK − −
I, inorganic N fertilization; O, organic N fertilization; I+O, integrated organic-inorganic N fertilization; CK, no
fertilization.

2.3. Gas Sampling

Soil N2O fluxes throughout the growing seasons of purple caitai were measured by
the static chamber-gas chromatography method [19] (Li et al., 2013). In brief, the sampling
chamber was a 1.1 m high steel barrel with a diameter of 0.3 m. Chamber bases with a
groove of the ring were installed in each plot. The air-tightness of the chambers during the
gas sampling was ensured by filling water in the groove of the ring. After shutting down
the chamber, the air was mixed using four fans on the top of the chamber. A 30 mL syringe
was used to extract the gas from the barrel through the three-way valve and inject it into a
30 mL glass vial that had been vacuumed beforehand. The sampling interval was 10 min,
and the sampling time was 0 min, 10 min, 20 min and 30 min. At the same time, the barrel
height and air temperature inside the chamber were recorded. The sampling was carried
out after every N fertilization event or every ten days otherwise (from 15 October 2016 to
4 March 2017 and from 17 October 2017 to 6 March 2018) between 8:30 am and 11:00 am,
with four samples being successively collected per plot at the interval of 10 min (at 0 min,
10 min, 20 min and 30 min).

The N2O concentrations were measured by gas chromatography (Shimadzu, GC-14B,
Tokyo, Japan) as described by Li et al. [19]. The N2O flux was calculated according to the
method of Li et al. [19], and seasonal cumulative N2O emissions were measured according
to the following equations:

CE = ∑n
i ((Fi + Fi+1)/2× 24× Di)/105 × 2× 14

44
(1)

where CE is the cumulative N2O emissions over the whole growing season of purple caitai
(kg ha−1), Fi and Fi+1 represent the N2O fluxes measured on two adjacent sampling dates
(µg m−2 h−1), Di represents the length of the ith sampling interval (d), 14 represents the
relative atomic mass of N, 44 is the relative molecular mass of N2O, and n represents the
total number of sampling intervals.

The fertilizer-induced N2O emission factor (EFN2O) was calculated as the difference in
seasonal cumulative N2O-N emissions between N fertilizer treatments and CK divided by
the total amount of fertilized N [1].

2.4. Soil Sampling and Measurement

Five soil cores were collected from each plot on the same date as the gas sampling.
After the removal of plant debris and stones, the soil cores from the same plot were mixed
and homogenized into a composite sample. These composite samples were then divided
into subsamples for chemical and biological analysis.

Chemical analysis was carried out for the soil samples obtained throughout the grow-
ing seasons of purple caitai (at an interval of one month). The contents of total C (TC) and
N (TN) were measured using a FlashEA 1112 element analyzer (Thermo Fisher Scientific,
Waltham, MA USA). The dissolved organic C (DOC) was extracted from a soil–water
solution using the suction filtration method [20], and the microbial biomass C (MBC) and
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microbial biomass N (MBN) were extracted using the chloroform fumigation-extraction
method [21]. Soil DOC, MBC and MBN contents were measured using the Walkley–Black
method [22]. The soil NH4

+–N and NO3
––N were extracted by dissolving 20 g of fresh soil

with 100 mL of 1 mol L-1 KCl solution and filtered through Whatman #1 filter paper after
being shaken for one hour [23] (Zaman et al., 2009). The NH4

+–N and NO3
––N contents in

the soil extracts were then analyzed using a flow injection analyzer. The gross nitrification
and denitrification rates were measured using the method proposed by Yao et al. [20].
In brief, fresh soils were amended with ammonium sulfate or KNO3. The treated soil
was thoroughly homogenized in the bottle and added deionized water. The bottles were
covered by a polyethylene film with tiny holes and incubated at 30 ◦C. After 15 days of
incubation, the treated soil was extracted with 2 mol L−1 KCl, and mineral N (NH4

+ and
NO3

−) was determined. The treated soils from the other bottles were incubated under
anaerobic conditions at 30 ◦C for 5 days with NO3

−, extracted with KCl and determined
using the continuous-flowing analyzer. Soils without ammonium sulfate or KNO3 were
taken as the controls. The rates of nitrification and denitrification were calculated as the
differences in mineral N concentrations or NO3

− contents between the 0 and 7 or 5 day
samples divided by the amounts of added ammonium sulfate or KNO3.

2.5. Measurement of Yield and Calculation of Yield-Scaled N2O Emissions

When the length of the red tender stems of the vegetable was more than 40 cm, the
red tender stems from the plots were harvested and weighed.

The yield-scaled N2O emissions (t CO2-eq. t−1 yield) were calculated as the ratio of
cumulative N2O emissions (converted into CO2 equivalents) to purple caitai yields.

2.6. Absolute Real-Time Quantitative Polymerase Chain Reaction (PCR) Analysis

Genomic DNA was extracted from the composite soil samples and then analyzed
using a NanoDrop spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE,
USA). Absolute real-time quantitative PCR was carried out in 96-well PCR optical plates in
triplicate per sample. The PCR protocol is shown in Table S1.

The proper dilution factor of the template DNA was determined by running quantita-
tive PCR with different dilutions of template DNA in order to avoid PCR inhibition. Using
a threshold cycle of 31 as the detection limit, a melting curve analysis was carried out to
examine the specificity of the amplified products. Standards for all assays were prepared
and then serially diluted for the construction of standard curves.

2.7. Statistical Analysis

One-way fixed effects ANOVA or two-way repeated measures ANOVA using the
general linear model of SPSS software was conducted. Before ANOVA, the normality
and homoscedasticity of data were tested, and the datasets that did not pass the tests
were subjected to log transformation. One-way or two-way repeated measures ANOVA
was conducted. If the ANOVA result was significant, the least significant difference test
or Tukey’s HSD test was carried out. The significance of the difference was defined as
p ≤ 0.05. A similarity percentage (SIMPER) analysis was performed to analyze the relative
contribution of each functional gene to the variations in nitrifier/denitrifier abundance
among different treatments with Past (Øyvind Hammer, University of Oslo, Oslo, Norway;
Version 3.26). The partial correlation coefficient (r) was calculated using SPSS [24].

3. Results
3.1. Soil Chemical Properties

Compared with CK, N fertilization treatments significantly enhanced the TC and TN
contents at the harvest stages by 23–45% and 31–57%, respectively (Table S2). Furthermore,
the N fertilizer type imposed a significant impact on TC, with significantly higher TC under
I+O than under I and O by 7–18%. However, I+O only significantly increased TN in the
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2017 growing season by 16–17% compared with I and O, while no significant differences
were found between I, O and I+O in the 2016 growing season (Table S2).

The NH4
+–N, NO3

––N, DOC, MBC and MBN contents under N fertilization treatments
varied similarly in the 2016 and 2017 growing seasons of purple caitai, and all peaked
immediately after the application of basal and topdressing N fertilizers (15 October and
14 December 2016; 17 October and 16 December 2017) (Figure 2).
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According to two-way repeated measures ANOVA, N fertilization treatments in-
creased the contents of NH4

+–N and NO3
––N as compared with CK, (Figure 2A,B). More-

over, there were significant differences in the contents of soil NH4
+–N and NO3

––N among
N fertilization treatments (Figure 2A,B). The NH4

+–N contents from four sampling stages
(15 October 2016 to 13 January 2017 and 17 October 2017 to 15 January 2018) under I+O
were significantly lower than those under I by 21–37%. The NH4

+–N contents on 14 De-
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cember 2016, 4 March and 16 December 2017, and 14 February and 6 March 2018 under
I+O 35–54% (p < 0.05) higher than under O. Meanwhile, the NO3

––N contents from four
sampling stages (15 October 2016 to 13 January 2017 and 17 October 2017 to 15 January
2018) under I+O were also significantly lower than those under I by 31–55%. The NO3

––N
contents on 12 December 2016 and 16 December 2017 under I+O were significantly lower
than those under O by 40–44%.

As for the DOC, MBC and MBN contents, they were all significantly higher under N
fertilization treatments than under CK (Figure 2C–E). Specifically, among N fertilization
treatments, I+O caused higher DOC and MBC contents than I and O. In addition, in the
2016 growing season, the MBN contents were significantly higher under I+O than under
I by 34% on average, while no significant differences were found between I+O and O.
However, in the 2017 growing season, the MBN contents under I+O were significantly
higher than under I and O by 13–36% on average.

3.2. Soil Nitrification and Denitrification Rates, and Abundances of Nitrifier and Denitrifier Genes

The nitrification and denitrification rates throughout two growing seasons of purple
caitai showed similar variations to the N2O fluxes (Figure 3).
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Figure 3. The N2O fluxes (A), gross rates of nitrification (B) and denitrification (C) in soil under
different treatments throughout two growing seasons of purple caitai. Arrows indicate N fertilization.
I, inorganic N fertilization; O, organic N fertilization; I+O, integrated organic/inorganic N fertilization;
CK, no fertilization.

Both the nitrification and denitrification rates under N fertilization treatments peaked
immediately after the application of basal and topdressing fertilizers. The nitrification rates
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were 125.6–403.4 µg kg–1 h–1, and the denitrification rates were 141.9–392.7 µg kg–1 h–1.
N fertilization treatments increased the nitrification and denitrification rates by 24–77%
and 26–40% on average compared with CK, respectively. Moreover, N fertilizer types were
found to have a significant impact on the nitrification rate. The nitrification rate under
I+O was significantly lower than that under I and O by 6–30% on average. However, no
significant differences in denitrification rates were found among I, O and I+O.

As illustrated in Figure 4, the abundances of nitrifier and denitrifier genes peaked
immediately after the application of basal and topdressing fertilizers. N fertilization treat-
ments increased the abundance of nitrifiers and denitrifiers compared with CK (Figure 4).
Besides, the abundances of nitrifiers and denitrifiers were also significantly affected by N
fertilizer type. The abundance of the AOB-amoA gene under I+O was lower than I and O,
while there was no significant difference in AOA-amoA gene abundance among I, O and
I+O. In addition, the abundances of both nirK and nirS genes under I+O were significantly
lower than those under I and O by 16–35% and 24–44%, respectively.

Agriculture 2022, 12, 723 9 of 16 
 

 

 
Figure 4. The abundance of nitrifier genes, including AOB-amoA (A) and AOA-amoA (B), and deni-
trifier genes including nirK (C) and nirS (D) at log-scale in soil under different treatments through-
out two growing seasons of purple caitai. Different letters indicate significant differences at the level 
of 0.05. AOB, ammonia-oxidizing bacteria; AOA ammonia-oxidizing archaea; I, inorganic N fertili-
zation; O, organic N fertilization; I+O, integrated organic/inorganic N fertilization; CK, no fertiliza-
tion. 

3.3. N2O Emissions 
The N2O fluxes under N fertilization treatments showed an identical trend in the 2016 

and 2017 growing seasons of purple caitai and peaked immediately after the application 
of basal and topdressing N fertilizers (Figure 3A). The N2O fluxes were 139.2–750.0 µg m–

2 h–1 under I, 113.2–652.8 µg m–2 h–1 under O, 103.7–533.7 µg m–2 h–1 under I+O, and 72.9–
139.9 µg m–2 h–1 under CK. 

The N fertilizer type showed a significant impact on the seasonal cumulative N2O 
emissions in purple caitai fields (Table 2). N fertilization treatments increased the cumu-
lative N2O-N emissions by 176–332% compared with CK. Among N fertilization treat-
ments, I+O caused the lowest seasonal cumulative N2O-N emissions, which were signifi-
cantly lower than those under I and O. In addition, the type of N fertilizers showed sig-
nificant effects on the EFN2O in purple caitai fields as well (Table 2). The EFN2O under I+O 
was significantly lower than that under I and O in two growing seasons. 
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two growing seasons of purple caitai. AOB, ammonia-oxidizing bacteria; AOA ammonia-oxidizing
archaea; I, inorganic N fertilization; O, organic N fertilization; I+O, integrated organic/inorganic N
fertilization; CK, no fertilization.
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3.3. N2O Emissions

The N2O fluxes under N fertilization treatments showed an identical trend in the 2016 and
2017 growing seasons of purple caitai and peaked immediately after the application of basal
and topdressing N fertilizers (Figure 3A). The N2O fluxes were 139.2–750.0 µg m–2 h–1 under I,
113.2–652.8 µg m–2 h–1 under O, 103.7–533.7 µg m–2 h–1 under I+O, and 72.9–139.9 µg m–2 h–1

under CK.
The N fertilizer type showed a significant impact on the seasonal cumulative N2O

emissions in purple caitai fields (Table 2). N fertilization treatments increased the cumula-
tive N2O-N emissions by 176–332% compared with CK. Among N fertilization treatments,
I+O caused the lowest seasonal cumulative N2O-N emissions, which were significantly
lower than those under I and O. In addition, the type of N fertilizers showed significant
effects on the EFN2O in purple caitai fields as well (Table 2). The EFN2O under I+O was
significantly lower than that under I and O in two growing seasons.

Table 2. Seasonal cumulative N2O–N emissions, EFN2O, yield and yield-scaled N2O emission under
different treatments in two growing seasons of purple caitai.

Year Treatment CE (kg ha−1) EFN2O (%) Yield (t ha−1) Yield-Scaled N2O Emission
(t CO2-eq. t−1 Yield)

2016

I 8.54 ± 0.05 a 2.92 ± 0.07 a 17.09 ± 0.65 b 0.13 ± 0.00 b
O 7.63 ± 0.09 b 2.51 ± 0.10 b 13.08 ± 0.84 c 0.16 ± 0.01 a

I+O 6.33 ± 0.13 c 1.94 ± 0.12 c 18.65 ± 1.05 a 0.09 ± 0.00 c
CK 1.98 ± 0.13 d – 6.76 ± 0.59 d 0.08 ± 0.00 d

2017

I 9.24 ± 0.16 a 3.05 ± 0.08 a 15.76 ± 1.29 b 0.16 ± 0.01 b
O 7.96 ± 0.16 b 2.48 ± 0.08 b 11.69 ± 0.73 c 0.18 ± 0.01 a

I+O 6.58 ± 0.21 c 1.86 ± 0.10 c 17.74 ± 0.76 a 0.10 ± 0.00 c
CK 2.38 ± 0.02 d – 6.42 ± 0.14 d 0.10 ± 0.00 c

Different small letters between treatments in a line mean significant differences at p < 0.05. CE stands for seasonal
cumulative N2O–N emissions. EFN2O stands for fertilizer-induced N2O emission factor. Different letters in
the same column indicate significant differences at the level of 0.05. I, inorganic N fertilization; O, organic N
fertilization; I+O, integrated organic-inorganic N fertilization; CK, no fertilization.

3.4. Correlation among Soil Chemical Properties, Nitrifier/Denitrifier Abundance,
Nitrification/Denitrification Rate and N2O Flux

The results showed that the AOB-amoA gene was the major contributor to the variations
in nitrifier abundance among fertilization treatments, while nirK and nirS genes had
roughly the same contribution to the variations in denitrifier abundance among fertilization
treatments (Table 3). N2O flux was positively related to nitrification rate, while it showed
no significant correlation with denitrification rate (Table 4). A SIMPER analysis was carried
out to estimate the respective contributions of each functional gene to the variations in
nitrifier/denitrifier abundance among different fertilization treatments.

Table 3. Respective contribution of each nitrifier (AOB-amoA and AOA-amoA) and denitrifier (nirK
and nirS) gene to community abundance variations (%) among fertilization treatments during two
growing seasons of purple caitai.

Growing Season Treatments AOB-amoA AOA-amoA nirK nirS

2016
I vs. O 38.9 14.0 25.8 21.3

I vs. I+O 39.9 12.9 24.0 23.2
O vs. I+O 38.2 10.1 23.3 28.4

2017
I vs. O 36.7 15.3 23.5 24.5

I vs. I+O 37.8 10.6 26.6 25.0
O vs. I+O 35.0 13.7 23.5 27.8

AOB, ammonia-oxidizing bacteria; AOA ammonia-oxidizing archaea; I, inorganic N fertilization; O, organic N
fertilization; I+O, integrated organic-inorganic N fertilization.
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Table 4. Partial correlation coefficients among soil chemical properties, nitrifier/denitrifier abundance
and nitrification/denitrification rates in two growing seasons of purple caitai.

Growing Season Variable AOB-amoA AOA-amoA nirK nirS NR DNR N2O Flux

2016

NH4
+–N ns ns ns ns 0.42 ** ns 0.39 **

NO3
––N 0.29 * 0.47 ** 0.30 * 0.32 * 0.25 ** ns 0.47 **

DOC ns –0.21 * ns ns –0.52 ** ns –0.34 *
MBC –0.52 * ns ns ns –0.46 ** ns –0.58 **
MBN –0.65 * ns ns ns –0.40 ** ns –0.45 **
AOB-amoA 1 0.61 ** 0.77 ** 0.60 ** 0.72 ** ns 0.46 **
AOA-amoA - 1 0.52 ** 0.62 ** 0.22 * ns ns
nirK - - 1 0.62 ** 0.33 * ns 0.40 **
nirS - - - 1 0.36 ** 0.28 * 0.35 **
NR - - - - 1 ns 0.56 **
DNR - - - - - 1 ns

2017

NH4
+–N ns ns ns ns 0.46 ** ns 0.34 **

NO3
––N ns 0.38 ** 0.42 ** 0.35 ** 0.31 * ns 0.35 **

DOC ns –0.31 * ns ns –0.47 * ns –0.39 **
MBC –0.48 * ns ns ns –0.49 * ns –0.47 **
MBN –0.72 ** ns ns ns –0.54 * ns –0.34 *
AOB-amoA 1 0.68 ** 0.68 ** 0.72 ** 0.74 ** ns 0.58 *
AOA-amoA - 1 0.49 ** 0.70 ** ns ns ns
nirK - - 1 0.69 ** 0.35 * ns 0.36 **
nirS - - - 1 0.31 ** ns 0.27 *
NR - - - - 1 ns 0.49 **
DNR - - - - - 1 ns

DOC, dissolved organic C; MBC, microbial biomass C; MBN, microbial biomass N; AOB, ammonia-oxidizing
bacteria; AOA ammonia-oxidizing archaea; NR, nitrification rate; DNR, denitrification rate. ns, not significant;
* p ≤ 0.05; ** p ≤ 0.01.

Partial correlation coefficients were used to measure the correlations among soil
chemical properties, nitrifier/denitrifier abundance, nitrification/denitrification rate and
N2O flux in the 2016 and 2017 growing seasons of purple caitai (Table 4). There was a weak
positive correlation between AOB-amoA and NO3

––N in the 2016 growing season, while
there were negative correlations between AOB-amoA and MBC/MBN in both growing
seasons. AOA-amoA was in positive relation with NO3

––N but in negative relation with
DOC, though the correlations were not strong. nirK and nirS were both weakly positively
correlated with NO3

––N. Moreover, nitrification rate was in a moderate and a weak positive
relation with NH4

+–N and NO3
––N, respectively, but in a moderate negative relation with

DOC, MBC and MBN. There was a strong positive relation between nitrification rate and
AOB-amoA, while the correlations between nitrification rate and the other three functional
genes were all weakly positive. However, no significant correlations of denitrification rate
with other variables, except for the weak positive one with nirS in the 2016 growing season,
were observed.

3.5. Yield and Yield-Scaled N2O Emission

The N fertilization significantly increased the yield by 82–172% compared with CK
(Table 2). Among N fertilization treatments, I+O caused the highest yield in both 2016 and
2017, followed by I and O. Moreover, N fertilizer types significantly affected the yield-scaled
N2O emissions. Among N fertilization treatments, I+O treatment resulted in the lowest
yield-scaled N2O emission.

4. Discussion
4.1. Effect of N Fertilizer Type on Soil Properties

The N fertilizer type had a great influence on the soil properties in the purple caitai
fields. The contents of available N in topsoil (0–20 cm) under integrated organic-inorganic N
fertilization were significantly lower than that under inorganic N fertilization (Figure 2A,B),
which was directly induced by the higher and faster mineral N input from inorganic fertil-
izers. Besides, the application of integrated organic and inorganic N fertilizers significantly
increased the storage of labile soil organic C (SOC) and N (Figure 2) as compared with
the single application of organic or inorganic N fertilizer. Research has been reported on
the combined application of organic and inorganic N fertilizers, which could stimulate
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soil microbial activity compared with the single application of organic or inorganic N
fertilizer [25,26], which thereby boosts organic matter mineralization and facilitate SOC
turnover and nutrient availability in soil. Moreover, compared with organic N fertilization,
integrated organic-inorganic N fertilization could lead to an increase in labile SOC and N
pool due to a stronger priming effect of root exudates on soil organic matter owing to the
promoted plant growth under faster mineral N input [27]. So, higher DOC, MBC and MBN
were observed under I+O than I and O (Figure 1), which also suggests that the application
of integrated organic-inorganic fertilizers could help maintain soil fertility by enhancing
the labile organic C and N. Similar results were reported by Ali et al. [28], who indicated
that the combined application of inorganic-organic N fertilizers could improve soil quality
with more labile SOC fractions. Interestingly, we observed higher DOC immediately after
the N application. This may be because this study was preceded by continuous cultivation
of purple caitai under different N fertilization for 5 years, thus leading to higher initial
DOC contents under I+O at the beginning of this study.

4.2. Effect of N Fertilizer Type on the Abundance and Activity of Nitrifiers/Denitrifiers

Higher abundance and greater activity of nitrifiers/denitrifiers were observed immedi-
ately after the application of basal and topdressing fertilizers during the two growing seasons
as well as under N fertilization treatment compared with CK (Figures 3B,C and 4). More-
over, the activity and abundance of nitrifiers/denitrifiers are positively correlated with the N
fertilization intensity [29], and thus N addition significantly increased AOB abundance [30].

The abundances of AOB-amoA, nirK and nirS genes under I+O were all significantly
lower than those under I and O, whereas there was no significant difference in abundance
of AOA-amoA genes among various N fertilization treatments (Figure 4), indicating that
AOA are less sensitive to the variations in N fertilizer type than other N-cycling microbial
communities, which is consistent with the results of SIMPER analysis (Table 3). Similarly,
many studies have shown that N fertilization can induce obvious changes in the AOB
community but not in the AOA community [31]. Moreover, different N fertilizer types only
altered the activity of nitrifiers but not that of denitrifiers (Figure 3B,C), contradicting the
variations in denitrifier abundance (Figure 4). This inconsistency was probably because
of the coupled effects of the denitrification-controlling abiotic factors such as oxygen (O2)
content and organic C/N substrates [32].

The MBC and MBN contents under I+O were higher than those under I and O (Figure 2D,E),
implying that the integrated N fertilization could enhance the microbial abundance in soil. It has
been noted that heterotrophic bacteria usually have higher abundance and activity than nitrifying
bacteria [33]. Thus, with more O2 being consumed by other microorganisms, the growth of AOB
was inhibited, resulting in the lower abundance of AOB, which agrees well with the negative
correlation between AOB and MBC/MBN (Table 4). Besides, the lower NH4

+–N availability
under I+O compared with that under I may further inhibit the nitrification (Figure 2A). Moreover,
the nitrification rate was only strongly correlated with AOB (Table 4), so the decline in AOB
abundance was most responsible for the significantly lower nitrification rate under I+O compared
with that under I and O. The abundances of nirK and nirS genes under I+O were both significantly
lower than those under I and O (Figure 4C,D) probably owing to the significantly lower NO3

––N
contents (Figure 2B and Table 4), given that the availability of N oxides is key to denitrification [34].
However, the inhibiting effects of the decreased denitrifier abundance on denitrification rate under
I+O might have been offset by the stimulating effects of O2 depletion under higher microbial
activity and labile organic C amendment due to higher DOC contents (Figure 2C–E), considering
that most denitrifiers are heterotrophic anaerobes [35].

4.3. Effect of N Fertilizer Type on N2O Emissions

The N2O fluxes in the soil under N fertilization treatments peaked immediately following
N fertilization in both growing seasons (Figure 3A), which agrees well with previously reported
results [36]. This is possibly due to a drastic boost in the nitrification rates (Figure 3B and Table 4).
Moreover, the N2O emissions from CK ranged from 1.98 kg ha−1 to 2.38 kg ha−1 during the
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purple caitai growing seasons. The emissions are higher than 0.68 kg ha−1−1.28 kg ha−1 of
background N2O emissions from Chinese vegetable soils [37], which could be attributed to
the relatively higher air temperature and soil N availability in this study. Moreover, the total
seasonal precipitation ranged from 66.1 to 287.9 mm during the experimental periods. Moreover,
high rainfall and air temperature and neutral soil pH (7.03) can be beneficial to soil nitrification
and denitrification [37,38], thus inducing relatively large N2O from CK in this study.

The integrated organic-inorganic fertilization significantly decreased the EFN2O (Table 2).
The EFN2O in this study was within the range of 1.86–3.05% (Table 2), which is larger than the
default IPCC value [1] as well as other estimates in Chinese croplands [39]. Aside from the pos-
sible systemic error caused by the choice of a linear regression model for flux calculation as well
as the inaccuracies in measurements of sampling time, temperature and chamber volume [19], a
high EFN2O value might result from the regional discrepancies such as temperature and soil
type [40]. Besides, N2O emission factors actually increase with N additions [41]. Hence, the
relatively high N inputs in our study might have led to higher EFN2O.

In line with previously reported results [42], the combined application of organic
and inorganic N fertilizer significantly reduced the N2O emissions compared with the
single application (Figure 3A and Table 2). As soil N2O emissions from nitrification and
denitrification depend on soil available N, N fertilizer application is an important driver
of N2O emissions in the soil [42]. Application of inorganic N fertilizer alone can increase
soil mineral-N contents from the applied N fertilizers in excess of crop requirements [42].
Higher contents of NH4

+–N and NO3
––N (Figure 2) under I than under I+O support

this view in this study. Therefore, higher N2O emissions from I than from I+O were
found (Table 2). Although O caused lower soil NH4

+–N contents than I+O (Figure 2),
higher nitrification under O than under I+O (Figure 4) due to improved soil porosity
under O [26] (Ali et al. 2014) ultimately results in more N2O emissions under O. Studies
proposed that nitrification imposes a greater effect on N2O emissions [38]. In this study,
there was a significant positive relation between N2O flux and nitrification rate, while no
significant correlation existed between N2O flux and denitrification rate (Table 4). Besides,
the nitrification rates significantly declined under I+O, whereas N fertilizer type had no
significant impact on the denitrification rates (Figure 3B,C). The above results indicate
that the declined nitrification plays a more important role than denitrification in lowering
N2O emissions under I+O and the integrated organic-inorganic N fertilization diminishes
N2O emissions primarily through the regulation of nitrification. In conclusion, integrated
organic-inorganic N fertilization can be recommended as the optimum fertilization regime
for enhancing soil fertility and mitigating N2O emissions in purple caitai fields.

4.4. Effect of N Fertilizer Type on Yield and Yield-Scaled N2O Emission

The effects of combined inorganic/organic N fertilizers on crop yield have been
frequently studied [25,26]. Studies reported that combined inorganic/organic N fertilizers
could significantly increase crop yield compared with the single N application. Similar
results were observed in our study (Table 2). Enhanced yield in the present study may
be ascribed to improved N use efficiency through increased soil N supply and improved
soil microbial activity (Figure 2) [25]. Moreover, compared with I, O resulted in a lower
purple caitai yield. This may be because organic N fertilizer alone does not provide enough
available N for vegetable growth (Figure 2) due to low mineralization relative to chemical
N fertilizer [26].

The yield-scaled N2O emission, an index for evaluating the source or sink of soil N2O
per ton of yield [3], not only considers crop yield but also incorporates N2O emissions.
Therefore, the index can be used to investigate the relationship between agronomic pro-
ductivity and environmental sustainability (e.g., greenhouse gas emissions) in agricultural
production [37]. In this study, among N fertilization treatments, I+O showed the low-
est yield-scaled N2O emissions due to the highest yield and the lowest N2O emissions
(Table 2), suggesting that combined inorganic/organic N fertilization could reduce soil N2O
emissions and contribute to high purple caitai productivity. Moreover, the combination
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could improve the soil fertility (Figure 2), and thus it can be concluded that the combined
inorganic/organic N fertilization is a sustainable agricultural technology for reducing soil
N2O emissions while improving soil fertility and yield of purple caitai.

5. Conclusions

The response of nitrous oxide (N2O) emissions to the combined application of inor-
ganic and organic nitrogen (N) fertilizers from upland soils remains still unclear. In this
view, this study hypothesized that the combined application could mitigate N2O emissions
from purple caitai fields compared with the single application of inorganic or organic N
fertilizers by decreasing nitrification and denitrification. The results showed that compared
with the single application, the combined application significantly improved soil N avail-
ability, promoted microbial biomass, and diminished the N2O emissions. Moreover, partial
correlation and similarity percentage analyses revealed that the ammonia-oxidizing bacte-
ria (AOB) community was the major contributor to N2O production, and the integrated
fertilization mitigated the N2O emissions primarily through inhibiting the nitrification by
AOB in purple caitai fields. Therefore, we recommend the integrated organic-inorganic N
fertilization as an optimum N fertilization practice to enhance the soil fertility and yield
and mitigate the N2O emissions in the upland fields.
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