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Abstract 

Greenhouse gas (GHG) emitted from agricultural field was received considerable attention worldwide, 
depending on differed land use and cropping system. An innovative strategy to mitigate agricultural N2O by 
intercropping traditional Chinese medicinal herb Isatis indigotica in winter wheat field was assessed. By 
exogenously applying root exudates of I. indigotica in a lab incubation study, we testify and quantify whether 
N2O emission was inhibited.  

Results demonstrated great reduction of N2O emission from winter field soil intercropping I. indigotica 
(NPKWR-N+P+K+wheat+I. indigotica) compared to CK (NPKW-N+P+K+wheat but no I. Indigotica) was 
found. N2O emission in treatment of NPKWR was decreased by 32% than that in CK during the whole winter 
wheat growth season, among which the best decreasing N2O emission was obtained in the stage of grain filling 
of winter wheat, N2O emitting from NPKWR was reduced by 60% than that in CK. The N2O emission intensity 
per kg of harvested wheat grain treated with I. indigotica was declined to 0.15 g N2O/kg grain from 0.24 g 
N2O/kg grain in CK.  

qPCR (quantitative fluorescent polymerase chain reaction) analysis indicated nitrifying microbial population in 
wheat soil was severely suppressed by I. indigotica. The number of qPCR gene copy in both soil intercropping I. 
indigotica and exogenously applying root exudates of I. indigotica was lower than in CK. Such trend of 
decreased microbial population number was in agreement with that of N2O emission from winter wheat field. 
This suggested that intercropping I. indigotica was a practical and simple technique to reduce N2O emission 
from winter wheat field which was an effective strategy for mitigating and adapting global change worldwide in 
agriculture.  

Keywords: winter wheat, N2O emission, Isatis indigotica, ammonia oxidizing microbes, nitrifying bacteria, 
mitigating global change 
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1. Introduction 

Nitrous oxide (N2O) is a powerful greenhouse gas which also contributes to ozone depletion in the stratosphere 
(IPCC, 2007), and one of the most important non-CO2 greenhouse gases (GHGs) with a global warming 
potential 298 times higher than that of carbon dioxide (CO2) (IPCC 2001; Reay et al., 2012). Emissions of 
nitrous oxide (N2O) from agricultural soils contribute to global warming and stratospheric ozone depletion. 
Nitrogen fertilization is considered a primary source of N2O emissions from agricultural soils (Bouwman et al., 
2002; IPCC, 2013; Qin et al., 2014; Kimr et al., 2015), where agriculture soils are the strongest single source 
contributing approximately 58% to total N2O emissions (IPCC, 2007). Asia is the largest consumer of N fertilizer 
(FAO, 2012) as it accounts for 60% of the global N fertilizer production. 

Most soil-evolved N2O is produced by nitrification and denitrification processes (Bremner, 1997), where the soil 
microbes like nitrifying and denitrifying bacteria oxidize organic nitrogen compounds to release amino base and 
transforms into nitrous oxide (Massimiliano et al., 2014). In well aerated conditions, N2O emissions from 
nitrification of ammonium based fertilizers can be substantial and is considered as a by-product of nitrification 
and may also occur by denitrification of nitrite by denitrifying organisms under oxygen stress (Mosier, 1994). 
Hence, N2O emission flux could be seriously associated to the activity of nitrifying and denitrifying bacteria in 
soil.  

Some agricultural practices could be used to mitigate N2O emission. Management options to limit direct N2O 
emissions from N-fertilized soils should emphasize improving N-use efficiency (Angela et al., 2015). Such 
management options include managing irrigation frequency, timing and quantity; applying N only to meet crop 
demand through multiple applications during the growing season or by using controlled release fertilizers; 
applying sufficient N only to meet crop needs; or using nitrification inhibitors. Compared to conventional tillage, 
reduced tillage or no-tillage plus winter cover crop decreases N2O emission from winter wheat field (Petersen et 
al., 2011). By substituting winter grain/forage legumes for wheat, a technically feasible, low-input solution to the 
N pollution problems particularly N2O emission could be used in the intensive rice-based cropping systems in 
the Taihu Lake Plain China (Zhao et al., 2015).  

Some chemicals were developed to mitigate GHG. Dicyandiamide (Liu et al., 2015), another nitrification 
inhibitor, 3,4-dimethylepyrazole phosphate (DMPP) (Pfab et al., 2012), wheat herbicides such as acetochlor, 
tribenuron-methyl, fenoxaprop-p-ethyl and rice herbicides such as butachlor, bensulfuron-methyl (Jiang et al., 
2015; Ju et al., 2011; Yan et al., 2013), returning wheat straw into field soil (Ma et al., 2009), biochar amendment 
to soil (Woolf et al., 2010; Sean et al., 2015; Xiang et al., 2015) could effectively reduce soil surface N2O fluxes 
in the soil.  

Are there any other cheaper, easier to practice and more effective approaches or land use pattern to control soil 
N2O? Here, we investigated whether it would be possible for traditional Chinese medicinal herbs to mitigate N2O. 
I. indigotica, as one of traditional Chinese medicines, contains a lot of active physiological and biochemical 
substances inhibiting many human and animal pathogens (Wang et al., 2006; Shin et al., 2010; Tian & Wang, 
2012). Can these active chemicals be secreted from root of I. indigotica to suppress the nitrifying bacteria?  

In the current investigation, I. indigotica was intercropped with winter wheat to testify whether there is any 
inhibitory effect of N2O emission from winter wheat soil to explore a newly land use pattern based on our 
hypothesis of I. indigotica decreasing N2O formation. Hence, our aims are (1) to determine if I. indigotica 
inhibits nitrifying bacteria, (2) to detect if I. indigotica reduces N2O emission form wheat soil.  

2. Materials and Methods 

2.1 Experimental Site 

Field experiment was conducted at Agro-meteorological Experimental Station, Nanjing University of 
Information Science and Technology, Nanjing China, 18.7055°E, 32.2068°N, where the climate type is belong to 
subtropical monsoon climate, 1200 mm in precipitation, 15.6 °C for annual mean air temperature, annual 
extreme high air temperature 39.7 °C，annual extreme low air temperature -10.7 °C, average day sunshine hour 
1900 h, free frost period 237 day. Field soil is northern subtropical yellowish brown loam, clay-like soil with 
26.1% clay particle (Table 1). The former season crop was maize.  
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Table 1. Soil physico-chemical properties 

Organic matter (g•kg-1) Fast available P (mg•kg-1) Available K (mg•kg-1) Fast available N (mg•kg-1) Total N (g•kg-1) pH 

12.01 15.08 87.65 80.28 0.75 7.2 

 

Lab experiment (static-state incubation by exogenously supplying I. Indigotica root exudates in lab) was carried 
out in the agricultural environment lab, Nanjing University of Information Science and Technology, Nanjing 
China. Soil was taken from the same place, 20 cm plowing layer before growing winter wheat, wind-dried and 
passed 60 mesh sieves.  

2.2 Field Experiment 

2.2.1 Plant Materials 

Winter wheat (Triticum aestivum L.), variety-Ningmai 13 was brought from Jiangsu zhongjiang seed industry Co. 
Ltd., and the seed of traditional Chinese medicinal herb plant, Isatis indigotica, was obtained from Bozhou 
Chinese medicinal herbal plants market, Anhui, China.  

2.2.2 Static Closed Chamber 

N2O gas was sampled with static closed chamber which was made of PVC, with size of 50 cm × 50 cm × 110 cm, 
comprised of basal seat, main box body and up cover. The thickness of the PVC chamber was 5 mm.  

2.2.3 Experimental Design 

Two treatments were established, where (1) NPKW (control, N-nitrogen, P-phosphorous, K-potasium, W-wheat): 
900 kg·hm-2 of 45% compound fertilizer + winter wheat, and (2) NPKWR (R-Isatis indigotica): 900 kg·hm-2 of 
45% compound fertilizer + winter wheat + traditional Chinese medicinal herbal plant I. indigotica. The plot area 
was 16 m2 (4 m × 4 m), with width of 50 cm and height of 20 cm footpath (ridge) surrounding each independent 
plot with three replicates for each treatment. All plots were distributed randomly. The used compound fertilizer 
was obtained from Zhongdong chemical fertilizer company, with total nutrients content of 45% (15% N, 15% 
P2O5 and 15% K2O) applied as basal fertilizer into soil before growing, while additional 75 kg·hm-2 urea was 
used on April 26, 2014.  

2.2.4 Cultivating Plants 

Seeds of winter wheat (Triticum aestivum L.), and I. indigotica were sowed on October 30, 2013. Winter wheat 
was seeded at the rate of 200 kg·hm-2, with column space of 10 cm. I. indigotica was seeded at the rate of 18.75 
kg·hm-2, with column space of 20cm apart from wheat line. The wheat seedlings germinated on November 10, 
2013 and the I. indigotica germinated 4 days earlier than wheat. All field management practices were the same 
for each plot. Wheat and I. indigotica were harvested on May 30, 2014.  

2.2.5 Greenhouse Gases Sampling and Determination 

A static closed chamber was used to collect greenhouse gases and gas chromatography was used to analyze N2O 
concentration and flux. The static closed chamber was fixed into the field soil in plots while wheat and I. 
indigotica germinated and grew 5 cm high. Inside each chamber (50 cm × 50 cm) was 30 wheat seedlings. 
Wheat and I. indigotica seedlings were in the chamber for the treatment of intercropping traditional Chinese 
medicinal herbs. Sampling of N2O began while the mean wheat plant height reached 10cm. Samples were taken 
every 4-5 days. Samples were taken from 9:00 to 11:00 on a sampling day. Gas sampling frequency was 
increased after application of fertilizer or rain event. During the winter (mid-December–mid-February), samples 
were taken every two weeks. Water was added into the chamber linkage to seal the chamber body prior to 
sampling. Gas sampling was performed at five chambers simultaneously. The chamber air temperature was 
recorded before and after sampling. Sampling began after sealing of the chamber and a 10 minute wait time for 
chamber gas mixing. Gases were collected with a 50 ml-volume plastic syringe equipped a three-passage valve 
at 0, 5, 10, 15 and 20 min.  

Greenhouse gas samples were analyzed in Jiangsu Provincial Key Lab for Agricultural Greenhouse Gas 
Mitigation. Gas chromatographer Agilent 7890A was used to determine N2O concentration. Standard N2O was 
520 × 10-9 mg·L-1, obtained from Nanjing shangyuan industrial gas station. Chromatography was performed 
under the conditions of N2O detector, FID, detection temperature, 300 °C, chromatograph column, SS-2 m × 2 
mm × Porapak Q (60/80), column temperature, 50 °C, converter, nickel catalyst, temperature 375 °C, carrier gas, 
pure dinitrogen (flow rate 25 cm3·min-1), inflammable gas, hydrogen (flow rate 45 cm3·min-1), air (flow rate 400 
cm3·min-1), retention time 1.40 min.  
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everyday root exudates were collected by moving seedlings to 5000 mL beaker with distilled water. When 
seedlings had grown to 8-10 leaves, root exudates were collected for two weeks continuously. The collecting root 
exudates were condensed with a water bath at 50 °C and to concentrate 1000 times. The condensed liquid was 
filtered to discard the impurities. Filtration was conducted by syringe with inner diameter of filter pore of 0.45 
μm. The condensed lroot exudates were stored at 4 °C until use.  

2.3.3 N2O Sampling and Measurement 

N2O was sampled from 9:00 through 11:00 morning. Every 40 minute a gas sample was collected. Three 
intervals were collected. When collecting gas from bottle incubator, the syringe was pumped 5 times so as to 
homogenize the gases. The temperature was recorded to correct the calculation of N2O flux.  

N2O concentration was measured as the mentioned method. However, the calculation formula was modified as 
below (Zou et al., 2005):  

44 1.013
60

8.314 (273 )

   
  

dc
F V

dt T m
                         (2) 

Where,  

F: flux of detected gas (mg·kg-1·h-1); V: the gases volume inside the bottle incubator (ml); dc/dt: detected gas 
concentration inside the bottle in a unit time; T: mean gas temperature inside the bottle during sampling (°C), 44: 
mole gas mass of N2O; m: soil weight inside bottle (g); 8.314: universal gas constant.  

2.4 Soil Total DNA Extraction 

Soil DNA was extracted with MoBio Soil DNA extract Kit based on the manufacturer manual. The final soil 
microbial DNA was dissolved in 200 µL of TE solution for future use.  

2.5 Quantitative Fluorescent Real-Time Polymerase Chain Reaction (qPCR or qRT-PCR) Detectation 

2.5.1 Target DNA Primers and Fluorescent DNA Probes Design 

Field soil N2O emission originated from the oxidization and conversion of residual plant body and N fertilizer by 
soil ammonia oxidizing bacteria and nitrifying bacteria populations. In the present investigation, we select 
several key soil nitrifying bacteria to simultaneously detect the possible effect of traditional Chinese medicinal 
herb on these microbes and subsequently effect N2O emission based on qPCR. Soil nitrifying bacteria included 
ammonia oxidizing bacteria, ammonia oxidizing archae, Nitrospira spp., and Nitrobacter spp.. Primer pairs for 
qPCR were selected as: amoA1F/amoA2R: GGGGTTTCTACTGGTGGT/CCCCTCKGSAAAGCCTTCTTC for 
ammonia oxidizing bacteria (Rotthauwe, et al., 1997), Arch-amoAF/Arch-amoAR: STAATGGTCTGGCTTAG 
ACG/GCGGCCATCCATCTGTATGT for ammonia oxidizing archar (Hermansson & Lindgren 2001; Francis et 
al., 2005), NSR 1113F/NSR 1264R: CCTGCTTTCAGTTGCTACCG/GTTTGCAGCGCTTTGTACCG for 
Nitrospira spp. (Graham et al., 2007), Nitro 1198F/Nitro 1423R: ACCCCTAGCAAATCTCAAAAAACCG/ 
CTTCACCCCAGTCGCTGACC for Nitrobacter spp. (Dionisi et al., 2002).  

2.5.2 Standard Working Curve Preparation for qPCR 

By using the template of target DNA fragment, amplify the template with responding PCR specific primers and 
reaction condition. Cut the electrophoresis agrose gel of PCR products to recover the PCR fragments. Link the 
pMD19-T vector to target DNA fragments with ligase and transform the complex by heat shock. Select the 
successful transformants to culture and extract the plasmid to verify the positive clone by PCR. Measure the 
plasmid concentration by Ultraviolet spectroscopy (Nanodrop, USA). Sequence the known concentration of 
plasmid. Prepare 6 different known concentrations of PCR fragments to conduct qPCR to draw standard working 
curve of fluorescent intensity vs DNA concentration (microbe’s number).  

2.5.3 DNA Amplification, Enzymatic Ligation, Transformation 

PCR system was consisted Target DNA template coloned plasmid 1 μl, Premix Taq polymerase (containing 
amble dNTPs) 25 μl, forward primer 1 μl，reverse primer 1 μl, ddH2O-22 μl. DNA amplifier was used for PCR 
by Applied Biosystem (Tokyo, Japan) under protocol: initial denaturation 5 min at 94 °C, denaturation 30 s at 
94 °C, annealing 30 s at 55 °C, initial elongation 1.5 min at 72 °C, elongation for maturation 10 min, at 72 °C, 
storing 10 °C forever, with 30 cycles of such proliferation process. The PCR products were identified by 
electrophoresis and cut the agarose gel to recover the pure PCR products with AxyPrep PCR Cleanup kit 
(Kangning Life Science Co., Ltd., Suzhou, China). Link the recovered PCR products plasmid to vector with 
pMD19-T. The enzymatic ligation reaction system was comprised of pMD19-T Vector 1 μl, recovered plasmid 
of cut gel of PCR products 4 μl，Solution I 5 μl overnight at 16 °C based on the suggestions of manufacturer 
manual. Take a tube (about 200 μl) of accessible DH5α E. coli cell, add the ligated products. Mix the tube to 
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blend the system. Put the tube into ice water for an ice bath for 30 min. Then take the iced tube into the hot water 
at 42 °C for a water bath for 90 s, subsequently ice-bath for 2 min. Add 800 μl LB culture to incubate at 37 °C 
for 1 h in a shaking incubator with 100 rpm. Centrifuge the culture at 3000 rpm for 2-5 mins. Spread the culture 
bacteria on the plates to identify transformants. Pick white colony (successful transformants) from plates to 800 
μl LB culture to incubate at 37 °C for 4 h in a shaking incubator at 100 rpm again. 

2.5.4 Quantitative Fluorescent Real-Time PCR (qPCR) Performance 

Measure the weight and concentration of transformants and quantify the DNA concentrations. Prepare a series of 
concentration gradients of transformaants. qPCR was performed to quantify the transformants with 7500 Real 
Time PCR System (Applied Biosystem, Tokyo, Japan). The PCR system comprised of transformants 1 μl, 
forward primer 0.4 μl, reverse primer 0.4 μl, dNTPs+ligase, 2 × All-in-one qPCR mix 10 μl (GeneCopoeia, 
USA), fluorescent probe dye 50 × ROX Reference Dye 0.4 μl, ddH2O 7.8 μl, under reaction of initial denaturing 
at 95 °C for 10min, denaturing at 95 °C for 10 s, initial annealing at 55 °C for 20 s, elongation at 72 °C for 34 s 
with 30 cycles of such reaction. A standard working curve of amplification plot was obtained wile the qPCR was 
finished.  

2.5.6 qPCR Determination and Quantification of Different DNA from Different Soil Samples 

Prepare different standard working curve of amplification plot for different soil DNA respectively. Each soil 
DNA template was amplified by qPCR under the same condition as standard working curve to obtain soil DNA 
amplification plot to get Ct value. Replace the responding variable in the equation of standard working curve by 
the soil DNA Ct value to calculate the actual weight of soil DNA. Different DNA content represents different 
microbial number.  

2.6 Data process and Statistical Analysis 

Microsoft Excel 2003 was used to process data and draw figures and tables. Results were presented as mean ± 
SD of three replicates of treatments or sample for each treatment. One way analysis of variance (ANOVA) was 
used to statistically test the results. Data process software SPSS 19 was used to perform the statistical analysis at 
p < 0.05. Also SPSS 19 was used to perform the correlation analysis. LSD was used to compare the significance 
of differences between treatments.  

3. Results 

3.1 Effect of Intercropping Isatis indigotica on N2O Emission Flux from Winter Wheat Field Soil 

N2O emission wassignificantly decreased with winter wheat field soil intercropping I. indigotica. During 
different growth stage of wheat, N2O emission flux from soil was different. Less N2O flux was emitted from soil 
during germination and overwinter, while gradually increased when greenish tillering. The largest N2O emission 
was obtained during jointing, flowering and heading, full filling stage (Figure 2). Less N2O was released from 
winter wheat soil amended with I. indigotica (NPKWR) than that from control (NPKW) during the all of the 
wheat growth stages (Figures 2 and 3). N2O emission flux declined by 17% compared to control during 
overwinter, while by 24%, 40%, 18%, 60% compared with CK during greenish tillering, jointing, flowering and 
heading, filling stage, respectively (Figure 3). An average decrease of 32% of N2O emission flux from wheat soil 
intercropping I. indigotica was found relative to CK during the entire wheat growth season (Figure 3). N2O 
emission intensity per kg of harvested wheat grain was decreased from 0.24 g N2O/kg harvested wheat grain in 
the wheat field (CK) to 0.15 g N2O/kg harvested grain in the field treated with I. indigotica, which N2O emission 
intensity was reduced by 37.36% in comparison with CK (Figure 4).  
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Figure 2. Effect of intercropping Isatis indigotica on N2O emission flux of winter wheat grown in field 

Note. Two treatments NPKW (CK) indicated winter wheat cultivated in field soil applied with 900 kg·hm-2 of 
45% compound fertilizer (15% N, 15% P2O5 and 15% K2O), and NPKWR shown winter wheat grown in field 
soil applied with 900 kg·hm-2 of 45% compound fertilizer (15% N, 15% P2O5 and 15% K2O) and intercropping 
traditional Chinese medicinal herb plant I. indigotica. Each treatment had three replicates and results represented 
as mean + SD in the column. The bars indicated standard deviation.  

 

   

Figure 3. Effect of intercropping Isatis indigotica on N2O emission flux of winter wheat grown in field during 
different growth stages 

Note. Treatments NPKW (CK) indicated winter wheat cultivated in field soil applied with 900 kg·hm-2 of 45% 
compound fertilizer (15% N, 15% P2O5 and 15% K2O), and NPKWR shown winter wheat grown in field soil 
applied with 900 kg·hm-2 of 45% compound fertilizer (15% N, 15% P2O5 and 15% K2O) and intercropping 
traditional Chinese medicinal herb plant I. indigotica. Each treatment included three replicates and results 
represented as mean + SD in the column. The bars indicated standard deviation. The number on the grey streak 
suggested the N2O decrease percentage of treatment NPKWR compared to CK (NPKW) at differed winter wheat 
growth stages.  
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Figure 4. Effect of intercropping Isatis indigotica on N2O emission intensity per kg of wheat grain harvested 
during the whole winter wheat growing season 

Note. Treatments NPKW (CK) indicated winter wheat cultivated in field soil applied with 900 kg·hm-2 of 45% 
compound fertilizer (15% N, 15% P2O5 and 15% K2O), and NPKWR shown winter wheat grown in field soil 
applied with 900 kg·hm-2 of 45% compound fertilizer (15% N, 15% P2O5 and 15% K2O) and intercropping 
traditional Chinese medicinal herb plant I. indigotica. Each treatment included three replicates and results 
represented as mean + SD in the column. 

 

3.2 Effect of Intercropping Isatis indigotica on Rhizosphere Soil Microorganism Population (Ammonia Bacteria, 
Ammonia Archae, Nitrospiro spp. and Nitrobacter spp.) Related to N2O Formation from Winter Wheat Soil 
Based on qPCR Analysis 

Agricultural soil microorganisms such as ammonia oxidizating bacteria, ammonia oxidizing archae, Nitrospiro 
spp. and Nitrobacter spp. was associated with the formation of N2O directly from soil. In the present study, the 
number of qPCR DNA copy for such four sorts of microbes in the rhizosphere of I. indigotica (NPKWR-R) and 
in the wheat rhizosphere soil treated with I. indigotica (NPKWR-W) was less than that in wheat rhizosphre soil 
(CK, NPKW), while the number of such four sorts of microbes in the wheat rhizosphere (NPKWR-W) was also 
less than that in the wheat rhizosphere soil in CK (NPKW) (Figure 5). The change trends of qPCR DNA copy 
number of four sorts of microbes paralleled to those of N2O emission from wheat soil. Several peaks of the 
populations number of four soil microbes responded to the N2O emission peaks subsequently during the whole 
wheat growth season, where the dynamic fluctuation of ammonia oxidizing bacteria (Figure 5a), Nitrospiro spp. 
(Figure 5c) and Nitrobacteria spp. (Figure 5d) populations was in a higher agreement with N2O emission from 
wheat soil.  

 

 

a. qPCR DNA copy number for primers amoA1F/amoA1R (ammonia oxidizing bacteria) in rhizosphere soil 
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b. qPCR DNA copy number for primers Arch-amoAF/Arch-amoA1R (ammonia oxidizing archae) in 
rhizosphere soil 

 

  

c. qPCR DNA copy number for primers NSR1113F/NSR1264R (Nitrospira spp.) in rhizosphere soil 

 

 

d. qPCR DNA copy number for primers Nitro1198F/Nitro1423R (Nitrobacter spp.) in rhizosphere soil 

 

Figure 5. Effect of intercropping Isatis indigotica on qPCR DNA copy number of nitrifying and denitrifying 
microbes (ammonia oxidizing bacteria and archae, Nitrospira spp., Nitrobacter spp.) related to N2O emission 

flux in wheat or R. isatidis rhizosphere soil in different stages during wheat growth season in field. 
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Note. NPKW (CK) indicated qPCR DNA copy number in winter wheat rhizosphere cultivated in field soil 
applied with 900 kg·hm-2 of 45% compound fertilizer (15% N, 15% P2O5 and 15% K2O), NPKWR-W shown 
qPCR DNA copy number in winter wheat rhizosphere grown in field soil applied with 900 kg·hm-2 of 45% 
compound fertilizer (15% N, 15% P2O5 and 15% K2O) in treatment of NPKWR and intercropping traditional 
Chinese medicinal herb plant R. isatidis, and NPKWR-R shown qPCR DNA copy number in herb R. isatidis 
rhizosphere grown in field soil applied with 900 kg·hm-2 of 45% compound fertilizer (15% N, 15% P2O5 and 
15% K2O) in treatment of NPKWR. Each treatment included three replicates and results represented as mean + 
SD in the column. The bars indicated standard deviation. The words on the column suggested the growing stage 
of winter wheat. 

 

3.3 Effect of Exogenously Adding Root Exudates of Isatis indigotica on N2O Emission from Soil in a Lab 
Incubator 

N2O emission from soil amended with root exudates of I. indigotica in a lab incubator was significantly inhibited. 
N2O emission flux in the treatments of all kinds of concentrations of root exudates of I. indigotica (RI1-RI4) was 
obviously lower than CK and much less decreased N2O emission flux was obtained with increasing of root 
exudates of I. indigotica, which suggested a suppression of N2O emission from soil by root exudates of I. 
indigotica (Figure 6). 

 

 

Figure 6. Effect of different concentrations of root exudates of Isatis indigotica on N2O emission from soil in lab 
bottle incubator 

Note. (1) CK indicated no root exudates added into soil, 1500 g soil + 800 mL distilled water, (2) RI1: 1500 g 
soil + 800 mL distilled water + 0.2 mL condensed root exudates of I. indigotica, (3) RI2: 1500 g soil + 800 mL 
distilled water + 0.4 mL condensed root exudates of I. indigotica, (4) RI3: 1500 g soil + 800 mL distilled water + 
0.8 mL condensed root exudates of I. indigotica, (5) RI5: 1500 g soil + 800 mL distilled water + 1.6 mL 
condensed root exudates of I. indigotica Here, the abbreviated word RI means I. Indigotica The experiment was 
conducted at a lab bottle incubator, room temperature 15 oC, ambient sunshine for 16 days. Each treatment 
included three replicates and results represented as mean + SD in the column. The bars indicated standard 
deviation.  

 

3.4 Effect of Artificially Applying Root Exudates of I. indigotica on Nitrifying Microbes (Ammoinia Oxidizing 
Bacteria, Ammonia Oxidizing Archae, Nitrospiro spp. and Nitrobacter spp.) in a Lab Bottle Incubator 

Nitrifying microbes, ammoinia oxidizing bacteria, ammonia oxidizing archae, Nitrospira spp. and Nitrobacter 
spp., directly associated to N2O emission from soil, were affected significantly by root exudates of I. indigotica. 
The qPCR DNA copy number of four tested nitrifying microbes from soil treated with root exudates of I. 
indigotica was lower than CK and stronger depression of qPCR gene copy with increasing root exudates of I. 
indigotica (Figure 7). 
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a. qPCR DNA copy number for primers amoA1F/amoA1R (ammonia oxidizing bacteria) in incubator soil 

 

 

b. qPCR DNA copy number for primers Arch-amoAF/Arch-amoA1R (ammonia oxidizing archae) in  
incubator soil 

 

 

c. qPCR DNA copy number for primers NSR1113F/NSR1264R (Nitrospira spp.) in incubator soil 
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d. qPCR DNA copy number for primers Nitro1198F/Nitro1423R (Nitrobacter spp.) in incubator soil 

 

Figure 7. qPCR DNA copy number of nitrifying microbes (a. ammonia oxidizing bacteria, b. ammonia oxidizing 
archae, c. Nitrospira spp., and d. Nitrobacter spp.) related to N2O emission flux soil amended with different 

concentrations of root exudates of Isatis Indigotica in lab bottle incubator 

Note. (1) CK indicated no root exudates added into soil, 1500 g soil + 800 mL distilled water, (2) RI1: 1500 g 
soil + 800 mL distilled water + 0.2 mL condensed root exudates of I. indigotica, (3) RI2: 1500 g soil + 800 mL 
distilled water + 0.4 mL condensed root exudates of I. indigotica, (4) RI3: 1500 g soil + 800 mL distilled water + 
0.8 mL condensed root exudates of I. indigotica, (5) RI5: 1500 g soil + 800 mL distilled water + 1.6 mL 
condensed root exudates of I. indigotica. Here, the abbreviated word RI means I. Indigotica. The experiment was 
conducted at lab bottle incubator, room temperature 15 oC, ambient sunshine for 16 days. Each treatment 
included three replicates and results represented as mean + SD in the column. The bars indicated standard 
deviation. 

 

4. Discussions 

It is well known that cultivating winter wheat emitted N2O from soil, which contributes to agricultural GHG and 
global climate change. Such deleterious gas was partly and significantly controlled and mitigated by 
intercropping a traditional Chinese medicinal herb, Isatis indigotica, in the winter wheat field in the present work. 
About 1/3 as much as N2O emission was reduced from winter field soil intercropping I. indigotica compared to 
check (Figures 1 and 2). This reduction of N2O obviously was associated to I. indigotica which released some 
active compounds from root during growth and was supported by the results of decreased N2O from incubator by 
exogenously supplying purified and concentrated root exudates of I. indigotica (Figure 6). This was the first 
report of new land use pattern by co-cropping herbal plant to mitigate N2O emitted from agricultural soil. 
Compared to some other agricultural practices such as N fertilizer management (KAISER et al., 1998; Ulrike et 
al., 2003; Chu et al., 2007; Fub et al., 2011; Aguilera et al., 2013; Fisk et al., 2015; Frederico et al., 2015), 
reduced tillage (Fub et al., 2011; Fisk et al., 2015; Frederico et al., 2015), drip irrigation and fertigation (Aguilera 
et al., 2013; Kennedy et al., 2013), organic amendments (Qiu et al., 2013; Aguilera et al., 2013; Fisk et al., 2015), 
crops straw incorporation (Ma et al., 2009; Yang et al., 2015), biochar (Xiang et al., 2015), nitrification inhibitor 
(Ranucci et al., 2011; Barneze et al., 2015), this newly developed approach could be more effective and 
economical as it was simple and easily to conduct in a low-cost manner for farmer. Of course, it needs to be 
further improved and optimized.  

Soil N2O emission was originated from soil microbial activity which secrets some hydrolases and invertases to 
catalyze ammonia N nitrifying into all sorts of nitrogen oxides including N2O. Nitrifying bacteria (ammonia 
oxidizing bacteria and archae) are the key and dominant populations related to N2O formation and release from 
soil (Mei et al., 2004; Ju et al., 2011; Saggar et al., 2013). It is believed that N2O emission is positively correlated 
to soil nitrifying bacteria activity. Hence, by inhibiting the activity of soil nitrifying bacteria to mitigate N2O 
emission certainly was reasonable and practical. Linking to the current investigation, it could be implied that 
some active substances suppressed the activity of ammonia oxidizing bacteria and archae and nitrifying bacteria 
in winter wheat field soil because I. indigotica contains a lot of active physiological and biochemical substances 
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inhibiting many human and animal pathogens. This practical land use pattern could be beneficially developed to 
decrease greenhouse gas emission so order to avoid global change partly.  

5. Conclusions 

N2O emission from winter wheat soil was significantly decreased by I. indigotica ascribed to the suppression of 
nitrifying bacteria and ammonia oxidizing bacteria, potentially considered as a newly strategy for mitigating and 
adapting global change in agriculture.  
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