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Abstract
Purpose
Summer catch crop (CC) has been introduced into the vegetable rotating system in greenhouse fields to reduce nitrogen (N) losses through crop uptake and residual N immobilization. However, the effects of planting sorghum with high N uptake and biomass, and biological nitrification inhibition (BNI) potential as a CC on soil N dynamics and subsequent crop yield remain unclear. 
Methods
In the two-year field experiment, the comprehensive effects of planting sorghum as CC on subsequent eggplant yield, soil mineral N dynamics, ammonia-oxidizing archaea (AOA) and bacteria (AOB) amoA gene abundances were determined, in comparison to the sweet corn and fallow treatments. 
Results
Compared to the fallow and sweet corn, planting sorghum as CC increased subsequent eggplant yield by 24.88% and 18.94% in the 2014-2015 and 2015-2016 over-winter growing season, respectively. CC planting reduced soil nitrate (NO3--N) accumulation during the summer fallow season. Sorghum planting could significantly maintain higher level of ammonium (NH4+-N) concentration during the summer fallow season and the first month of succeeding over-winter season. In addition, sorghum planting reduced soil net nitrifying potential, which could be partially attributed to the decreased amoA gene abundance of AOA at the 0-30 and 30-60 cm soil layers and AOB at 0-30 cm soil layer. 
Conclusion
We conclude that planting sorghum in the summer fallow season is a promising strategy to retain soil NH4+-N, reduce soil NO3--N accumulation, and enhance subsequent eggplant yield. 

Abbreviations
N: nitrogen
NO3--N: nitrate
CC: catch crop
NH4+: ammonium
SOM: soil organic matter
BNI: biological nitriﬁcation inhibition
NI: nitrification inhibitor
MHPP: methyl 3-(4-hydroxyphenyl) propionate
AOA: ammonia-oxidizing archaea
AOB: ammonia-oxidizing bacteria
EC: electrical conductivity
NO2--N: nitrite
qPCR: quantitative polymerase chain reaction
PCR: polymerase chain reaction
ANOVA: analysis of variance 
LSD: least significant difference

Introduction
Differing from cereal crop systems, intensive greenhouse vegetable production systems in northern China receive excess fertilizers and water supply (Kianpoor Kalkhajeh et al. 2021), resulting in serious nitrogen (N) losses to the environment (Hou et al. 2018; Wang et al. 2018). Although root zone N management strategies, such as N side-dressing which is based on placing available N close to the root system, can reduce N fertilizers input by 53% (Guo et al. 2008) and decrease N surplus from 800 to 101 kg N ha-1 (Ren et al. 2010), considerable nitrate (NO3-) loss in drainage water is still unavoidable (Zhang et al. 2019; Bai et al. 2020). 
Maintaining the lowest residual N in vegetable planting systems is the key to avoid NO3- leaching loss, especially in the summer fallow season with high temperature and heavy precipitation in North China. Besides the control of N application through manure and chemical fertilizers, catch crops (CC) planting in the summer fallow season has been validated as another efficient way to exhaust the soil residual N and reduce NO3- leaching in intensive greenhouse vegetable fields (Xiao et al. 2021; Kang et al. 2022). In recent years, some researchers described the successful planting of sweet corn as a summer CC to reduce N losses by plant uptake and microbial N immobilization due to the incorporation of the summer CC residues (Guo et al. 2018; Kang et al. 2018, 2022). 
In China, nearly 90% of the N fertilizers are applied to the fields in the form of ammonium (NH4+) N fertilizer or urea which can be hydrolyzed to NH4+, and a small proportion in the form of NO3--N fertilizer (such as NH4NO3, NaNO3) (Sha et al. 2021). Nevertheless, NH4+-N is rapidly oxidized to NO3--N by soil nitrifiers in dry land. Compared to labile leaching characteristics of NO3- with its negative charge, NH4+ is able to be held by clay surfaces and soil organic matter (SOM) (Amberger 1993). Thus, suppressing the transformation of NH4+-N to NO3--N may be an alternative strategy to prolong the plants’ utilization of mineral N and reduce the risk of NO3- leaching.
Certain plants have the ability to release phytochemicals in root zone, which affected soil nitrifiers activity (Zakir et al. 2008; Subbarao et al. 2009; Lu et al. 2019). This activity was defined as biological nitriﬁcation inhibition (BNI) (Subbarao et al. 2006). Sorghum was proven to have a BNI capability through releasing biological nitrification inhibitors (NIs) from its roots, such as methyl 3-(4-hydroxyphenyl) propionate (MHPP), sakuranetin and sorgoleone (Zakir et al. 2008; Subbarao et al. 2013). However, BNI capacity of plants varies drastically depending on ﻿landraces (O’Sullivan et al. 2016). Previous research found that the sorghum variety (Jinza 12) had highest biomass, root surface, root volume and N uptake compared with other varieties (Jinza 15, Kangsi, Jinzhong 405, Longza No.9, Jiliang No. 2) (Kang et al., 2015). In addition, soil NH4+-N concentration was ranked second with the sorghum variety (Jinza 12) planting, behind the sorghum variety (Jiliang No. 2).
The objective of this study was to assess the comprehensive effects of planting sorghum (Jinza 12) and sweet corn as CC on subsequent eggplant yield, soil N dynamics, soil nitrifying potential, AOA and AOB amoA gene abundances. Based on previous studies, we hypothesized that: 1) sweet corn and planting sorghum as CC would enhance subsequent eggplant yield, in comparison to the fallow treatment; 2) sorghum planting would preserve soil with greater NH4+-N and lower NO3--N concentration than the sweet corn and fallow treatments.

Materials and methods
Site description and soil properties 
[bookmark: _Hlk75770106]A two-year field experiment was set up in a traditional, unheated and commercial solar greenhouse field (80 m  8 m) at Daxing district (39.67 N, 116.57 E), Beijing, Northern China. The soil texture in 0-30, 30-60 and 60-90 cm was sandy loam, sandy loam and clay, respectively, according to the USDA's soil texture classification system. The soil properties are presented in Table 1. Soil pH and electrical conductivity (EC) were determined in a 1:2.5 (w/v) soil-distilled water ratio. SOM was measured by loss-on-ignition. Total N was determined using a CHN2000 analyser. Extractable NH4+-N and NO3--N concentrations were measured with a continuous flow analyzer (AA3, Seal, Germany) (Mulvaney 1996; Miranda et al. 2001). Olsen phosphorus (P) was estimated by colourimetric analysis .(Ohno and Zibilske 1991). Soil available potassium (K) was extracted with 1 mol L-1 ammonium acetate and then determined by a photoelectric flame photometer (Page et al., 1982).    

[bookmark: _Hlk75770294]Crop management and experimental setup
Figure 1 presents the crop management and experimental setup in this study. In 2014-2015 growing season (summer fallow and over-winter seasons), two treatments with three replicates were established in a randomized block design: 1) CK (no CC planting), 2) CC-S (planting sorghum as the CC). Each plot size was 48 m2 (6 m × 8 m). On 7/7/2014, sorghum (Sorghum bicolor (L.) Moench, Jinza 12) was transplanted as the summer CC. The planting density of the sorghum was 55,555 plants ha-1, with row spacing of 0.6 m and plant spacing of 0.3 m. Sorghum was harvested on 15/9/2014. Afterwards, fresh sorghum residues were broadcasted on the soil surface as basal fertilizer (40 t ha-1 at wet basis, the total biomass of sorghum residues), and then incorporated into the soil by plowing, supplying 113, 21.2, 155 kg ha-1 of N, P and K, respectively. However, basal fertilizer was not applied in the CK treatment. There was only one over-winter cropping season per year. Eggplant (Solanum melongena) was the sole crop alternately. At the start of the over-winter season, four-week-old eggplant seedlings were transplanted into double rows (wide: 0.9 m; narrow: 0.6 m) by hand on 22/9/2014. The planting density of the eggplant was 29,600 plants ha-1 with 0.5 m plant spacing. During the over-winter cropping season, the top dressing (water-soluble chemical fertilizer) in the CK and CK-S treatments was the same, supplying 867, 289, 578 kg ha-1 of N, P2O5 and K2O, respectively. The timing of top dressing was based on weather condition and eggplant cultivation in the investigated seasons. Recommended fertigation technique, drip irrigation, was applied in all treatments, with the total irrigation amount of 428 mm and 538 mm in 2014-2015 over-winter cropping season (see Figure S1 for details). On 11/6/2015, the eggplant was harvested. After harvest, the eggplant vines were removed from the field to lower the likelihood that disease would spread to the following crop.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK80][bookmark: OLE_LINK81]In 2015-2016 growing season, the CC-S treatment was split to compare the effects of sorghum and sweet corn, resulting in three treatments: 1) CK (no CC planting, 2) CC-S (planting sorghum as the CC), and 3) CC-SC (planting sweet corn as the CC). On 15/7/2015, sorghum and sweet corn (Zea mays) were sown as the CC, with the same planting density, row spacing and plant spacing as described above. In the CC-S and CC-SC treatments, fresh sorghum (46 t ha-1) and sweet corn (37 t ha-1) residues were incorporated into soil by plowing as the basal fertilizer, supplying 177.8, 33.4, 254 kg ha-1 of N, P, K and 158, 28.2, 237 kg ha-1 of N, P, K, respectively. Basal fertilizer was not applied in the CK treatment. On 6/10/2015, eggplant was transplanted using the same techniques as those outlined above in all treatments. During the 2015-2016 over-winter cropping season, the total irrigation amount in each treatment was 538 mm, supplying 441, 260, 741 kg ha-1 of N, P2O5 and K2O, respectively. The timing of top dressing was based on weather condition and eggplant cultivation in the investigated seasons.

Sampling and analysis
Eggplant yield
The eggplant was harvested on 11/6/2015 and 9/6/2016. Eggplants were weighed immediately after harvest and total fresh yield was calculated as t ha-1.

Soil sampling and analysis
In 2014-2015 and 2015-2016 growing seasons, each treatment repeated three times (three plot). At each sampling time, four soil cores (diameter: 3 cm) were taken from each plot. Then, soil samples were sieved through 2 mm mesh and stored at -20 °C or -80 °C to wait for the following analysis. During the 2014-2015 growing season, soil samples were collected in order to analyze soil NH4+-N and NO3--N concentrations at 0-30 cm at 24 and 70 days after CC planting and 1, 3, 8, 16, 31, 69, 262 days after eggplant transplanting. In addition, soil samples were taken at 0-30 cm for the soil nitrification potential and real-time quantitative polymerase chain reaction (qPCR) analysis on 25/9/2014. During the 2015-2016 growing season, soil samples were obtained at 0-30, 30-60, and 60-90 cm soil layers at 46, 68 days after CC planting and 247 days after eggplant transplanting for the NH4+-N and NO3--N concentrations analysis. And soil pH, EC, OM, total N, P, K, AOA and AOB gene abundances at 0-30, 30-60 and 60-90 cm were determined when CC was harvested in the summer fallow season of 2015. 
[bookmark: OLE_LINK5]Soil NH4+-N and NO3--N concentrations, total N, P and K: At each sampling time, 6 g fresh soil samples were extracted by shaking for one hour at 200 rpm with 100 mL of 1 mol L-1 KCl. Extractable NH4+-N and NO3--N concentrations, soil pH, EC, OM, total N were determined as the methods described above. Total P and K were analyzed as the methods outlined in the study of Marsden et al. (2015).
Soil nitriﬁcation potential: 5 g sieved fresh soil (preconditioning at 15 °C for two weeks with 50% of field water capacity) was added to a 200 ml ﬂask, and then 50 ml 1 mM phosphate buffer (pH=7.2) containing 1.5 mM NH4+ was added to the ﬂask. Flasks were incubated for 48 h at 180 rev min-1 at 30 °C. During the incubation, soil samples were sampled at 6, 12, 24, 36, 48 h. The NO2- -N and NO3- -N concentrations were then measured with an ultraviolet-visible spectrophotometer and a continuous flow analyzer, respectively (Norton and Stark 2011).
AOA and AOB amoA gene abundances: According to the manufacturer’s instructions, four repeated DNA extractions were prepared for each replicate using MO BIO Power Soil DNA Extraction kit from MO BIO Laboratories in Carlsbad, CA, USA. After extraction, DNA quality was evaluated by the ratio of A260/280 and A260/230 using a NanoDrop spectrophotometer, and DNA concentrations were quantiﬁed with Qubit assay (Invitrogen, CA). AOA amoA gene was ampliﬁed by using the polymerase chain reaction (PCR) primers amoA-AF (STAATGGTCTGGCTTAGACG) and amoA-AR (GCGGCCATCCATCTGTATGT) with the identical thermal proﬁle to Francis et al. (2005). Each reaction contained 12.5 μl of Platinum SYBR Green JumpStart Taq ReadyMix (Invitrogen, Carlsbad, CA, USA), 0.6 μl of each primer at a concentration of 10 μM, 1 μl of bovine albumin at a dose of 8 μg μl-1, 1 μl of ten times-diluted DNA template and 9.3 μl of sterile deionized water. PCR ampliﬁcation of AOB amoA gene was carried out using the primer pairs: amoA-1F (forward) (GGGGTTTCTACTGGTGGT) and amoA-2R (reverse) (CCCCTCKGSAAAGCCTTCTTC) (Rotthauwe et al. 1997). Each reaction was made up of 12.5 μl of Platinum SYBR Green JumpStart Taq ReadyMix (Invitrogen, Carlsbad, CA, USA), 0.8 μl of 10 μM of each forward and reverse primer, 1 μl of 8 μg μl-1 of bovine albumin, 2 μl of ten times-diluted DNA template, and 7.9 μl of sterilized deionized water. Real-time qPCR was conducted by using an ABI7500 (Applied Biosystem, Foster City, CA, USA) with the following thermal proﬁle for ampliﬁcation: 5 min at 95 °C; 40 cycles of 30 s at 95 °C, 30 s at 57 °C and 60 s at 72 °C. Melting curve analysis was performed to verify the specificity of amplification products at the end of each reaction.

Statistical analysis
To ascertain the treatment effects on eggplant yield, NH4+-N and NO3--N concentrations, soil nitrification potential, AOA and AOB amoA gene abundances, one-way analysis of variance (ANOVA) was performed following least significant difference (LSD) test at the 0.05 level.  Spearman correlation analysis was conducted to relate soil parameters, mineral N, nitrification potential, AOA and AOB amoA gene abundances. P values were adjusted via Benjamini-Hochberg method. Normality and homogeneity test were conducted prior to statistical analysis by using Shapiro-Wilk test and Levene’s test, respectively. Statistical analysis was performed using SPSS Statistics 27.0 (IBM Inc., Armonk, NY, USA).

[bookmark: OLE_LINK25]Results 
Eggplant yield
Compared to the CK treatment, planting sorghum as the CC significantly increased eggplant yield by 24.88% and 18.94% in the over-winter cropping seasons of 2014-2015 and 2015-2016, respectively (Figure 2). However, there was no significant influence of planting sweet corn as the CC on subsequent eggplant production. The average yield of eggplant during the first over-winter cropping season (89.25 t ha-1) was higher than the second over-winter cropping season (66.56 t ha-1). 

Soil NH4+-N and NO3--N concentrations
During the first month of the over-winter cropping season in 2014, soil at 0-30 cm from the CC-S treatment had a significantly greater NH4+-N concentration than the CK treatment (Figure 3a). Soil NO3--N concentration in the CC-S treatment was significantly lower than the CK treatment during the fallow season. However, there were no significant variations in the soil NO3--N concentration between the CK and CC-S treatments throughout the over-winter cropping season (Figure 3b).
In 2015-2016 growing season, planting sorghum and sweet corn as the CC significantly decreased the soil NO3--N concentration at 0-30 cm and 60-90 cm compared to the CK treatment at 46 days after CC planting (Table 2). When the CC was harvested on 21 September 2015, planting sorghum significantly increased soil NH4+-N concentrations at the 0-30, 30-60 and 60-90 cm soil layers by 95.04%, 71.91% and 31.38%, respectively, compared to the CK treatment (reaching to 2.42, 1.78, 1.88 mg N kg-1 dry soil at 0-30, 30-60, 60-90 cm, respectively). And soil NH4+-N concentrations in the CC-S treatment at the 0-30 and 30-60 cm soil layers were also significantly higher than that in the CC-SC treatment. Only at the 0-30 cm soil layer did the NH4+-N concentration in the CC-SC treatment remain 23.55% higher than that of the CK treatment (P<0.05). When the CC was harvested, the CC-S and CC-SC treatments had significantly lower soil NO3--N concentration than the CK treatment at the 0-30, 30-60, and 60-90 cm soil layers. Nevertheless, there were no significant differences in the NO3--N concentration between the CC-S and CC-SC treatments. when the eggplant was harvested on 9 June 2016, soil NO3--N concentration in the CC-SC treatment at the 0-30 cm soil layer was significantly lower than the CK treatment.

Soil nitrifying potential
In 2014, soil nitrifying potential in the CC-S treatment (0.89 mg N kg-1 dry soil h-1) was significantly lower than that in the CK treatment (1.34 mg N kg-1 dry soil h-1) (Figure 4). This effect was also observed in 2015, planting sorghum as the CC significantly decreased soil nitrifying potential. However, there were no significant differences in the soil nitrification potential between CK and CC-SC treatments.

AOA and AOB amoA gene abundances 
Compared to the CK treatment, AOA and AOB amoA gene abundances at the 0-30 cm soil layer were significantly lower in the CC-S treatment after the summer fallow season in 2014 (Figure 5). After the harvest of the CC in 2015, AOA amoA gene abundances at 0-30 and 30-60 cm and AOB amoA gene abundances at 0-30 cm were significantly decreased by sorghum, while no effect of sweet corn on AOA and AOB amoA gene abundances was observed. Additionally, planting sorghum as the CC had no influence on AOA and AOB amoA gene abundances at 60-90 cm. In 2015, AOA amoA gene abundance in all treatments increased with the increasing soil depth, but AOB amoA gene abundances had the opposite tendency.

Correlations of soil and N cycling parameters
[bookmark: OLE_LINK6]Spearman correlation analysis revealed correlations between soil parameters (pH, EC, OM, total N, P, K, moisture content) and N cycling parameters (NH4+-N, NO3--N, AOA and AOB amoA gene abundances, soil nitrification potential) at the end of the summer fallow season in 2015 (Figure 6). At the 0-30 cm soil layer, soil NH4+-N concentration was positively correlated with OM (P<0.01), P (P<0.001), and negatively correlated with soil NO3--N (P<0.05), AOA and AOB amoA gene abundances (P<0.001), nitrification potential (P<0.001). However, soil NO3--N concentration was positively associated with K (P<0.05), AOB amoA gene abundance (P<0.05), nitrification potential (P<0.05), and inversely associated with NH4+-N (P<0.05). Both soil NH4+-N and NO3--N concentrations at the 30-60 cm soil layer were significantly correlated with OM, P, moisture content, AOA and AOB amoA gene abundances. Nevertheless, soil NH4+-N at the 60-90 cm soil layer was only negatively associated with NO3--N (P<0.001) and AOA amoA gene abundance (P<0.01).

Soil N balance
Table 3 presents the soil N balance at 0-30 cm during the summer fallow seasons and over-winter cropping seasons. There was a negative N balance during the summer fallow season of 2014 and 2015. The N uptake by sorghum was higher than the sweet scorn. And, soil Nmin accumulation was lowest in the CC-S treatment both during the summer fallow season of 2014 and 2015. In addition, soil remained higher NH4+-N and lower NO3--N concentrations in the CC-S treatment compared to the CC-SC treatment when CC was harvested on 12 September 2015. However, from the start of eggplant transplanting till the harvest of eggplant, the N balance from each treatment was positive. N uptake by eggplant was higher in the CC-SC and CC-SC treatments than the CK treatment.

Discussion
Effects of CC planting on eggplant yield 
Planting CC has been recognized as an efficient technique for capturing residual N in soil, enhancing crop yield, and reducing N leaching (Guo et al. 2008; Zhang et al. 2019; Kang et al. 2022). In this study, planting sorghum as the CC significantly increased eggplant yield in the over-winter cropping seasons of 2014-2015 and 2015-2016 (24.88% and 18.94%, respectively) compared to the CK treatment (Figure 2). Nevertheless, this effect was not observed with the sweet corn planting. The impact of CC planting on the yield of main crop is dependent on the variety of CC and the main crop that followed (Zhang et al. 2019; Matsumura et al. 2020). Tian et al. (2010) found that sweet corn planting increased productivity when cucumber was the main crop. Guo et al. (2008) demonstrated that succeeding cucumber yields were unaffected by a reduction in N fertilizer input of 53% (compared to ﻿conventional N management) when a CC was planted. Vogeler et al. (2022) verified that the yield of the subsequent spring barley crop was higher when a CC was used.
The increasing eggplant yield may be partly attributed to the reduced N losses by CC planting. Soil available N was absorbed and stored in plant tissues during the fallow season, and then released through CC residues incorporation (Guo et al. 2008; Kang et al. 2022). Even though the N recycling by CC residues incorporation accounted for a small proportion (less than 12%) in this study (Table 3), high C/N residues incorporation (sorghum: >80; sweet corn: >50) may immobilize soil N temporarily (Melkonian et al. 2017). The critical value of C:N above which N immobilization occurred ranges from between 20 and 40 (Thapa et al. 2021). As the decomposition of the CC residues, mineralization occurs and then N is released to support crop growth. In addition, the N, P, K uptake capacity and a total biomass of sorghum were higher than those of sweet corn (Table 3). 

Effects of CC planting on soil mineral N
Calculated N balance indicated that there was large soil mineralization during the summer fallow seasons, especially in the CK treatment (Table 3). Our results demonstrated that CC planting was effective to reduce soil mineral N accumulation when the CC was harvested. And sorghum planting showed more reduction than the sweet corn, which is consistent with previous study (Kang et al., 2015). Sorghum planting extracted higher amounts of N from the soil than sweet corn. In addition to the amount of mineral in soil, CC planting also affected soil N forms. Soil NH4+-N in the CC-S treatment continuously increased over time and was twice as high as that in the CK treatment at the end of the summer fallow season (Figure 3a). This phenomenon was also observed in the summer fallow season of 2015, in which soil NH4+-N concentration in the CC-S treatment was significantly greater than the CK and CC-SC treatments, notably at the 0-30 and 30-60 cm soil layers (Table 2). This could be partly attributed to BNI activity of sorghum. Subbarao et al. (2013) reported that sorghum roots released hydrophilic (sakuranetin and MHPP) and hydrophobic BNIs (sorgoleone) to inhibit soil nitrification. Previous findings reported that MHPP reduced the abundances of AOA and AOB (Nardi et al. 2013; Lan et al. 2022). Sarr et al. (2020) found that a high amount of sorgoleone application mainly inhibited AOA amoA gene abundance to regulate soil nitrification. However, Li et al. (2021) observed that sorghum root exudates had a strong inhibitory impact on AOB but not AOA. These imply that sorghum root exudates may decrease AOA and AOB amoA gene abundances, which is consistent with the findings of our research. Besides, the lower soil nitrifying potential at 0-30 cm could also partly give support to the BNI of planting sorghum (Figure 4). A meta-analysis performed by Cheng et al. (2017) found that simple organic C at rates more than 500 mg C kg-1, or complex organic C with C/N ratios greater than 18 would enhance microbial NO3--N immobilization. The release of BNIs may also lead to microbial NH4+-N and/or NO3--N immobilization, resulting in lower NO3--N concentration in soils (Nardi et al. 2020; Ma et al. 2021; Egenolf et al. 2022; Teutscherová et al. 2022).
CC planting mainly affected soil mineral N during the first month of over-winter season (Figure 3). Spearman correlation analysis demonstrated that soil NH4+-N concentration was positively related to SOM and negatively related to the soil nitrification potential and AOA and AOB amoA gene abundances (Figure 6). Incorporation of CC residues increases SOM to the soil (Fageria et al. 2005; Ding et al. 2006), which may be one of the explanations for the higher NH4+-N concentration in the CC-S treatment than the CK treatment in 2014-2015 over-winter cropping season. Another possible explanation for our observed reduced soil mineral N by CC planting when the eggplant was harvested could be N immobilization. The C:N ratio of sorghum and sweet corn applied in our study was above this critical range which N immobilization occurred. 
In this study, we primarily focused on the mineral N dynamics, subsequent eggplant yield, AOA and AOB amoA gene abundances. Our results may encourage further efforts to characterize the impact of sorghum planting as the CC on plant N uptake and N leaching using 15N isotope technique, therefore tracing the N fate in soil and crops. Future research on both direct and indirect effects of sorghum root activity is necessary to better comprehend the BNI mechanism of sorghum.

Conclusions
This study demonstrated that summer CC (sorghum and sweet corn) planting was capable of reducing soil NO3--N accumulation and soil net mineralization throughout the summer fallow season. In addition, planting sorghum as the CC significantly increased eggplant yield by 24.88% and 18.94% in the over-winter cropping season of 2014-2015 and 2015-2016, respectively. Besides, planting sorghum as the CC also maintained greater soil NH4+-N concentration during the summer fallow season and the first month of the over-winter cropping season, which could be partly due to the nitrification inhibition of sorghum roots and the increasing OM of CC residues incorporation. It had been proven that sorghum planting reduced AOA amoA gene abundances at the 0-30 cm and 30-60 cm soil layers, and decrease AOB amoA gene abundances at the 0-30 cm soil layer during the summer fallow season. We conclude that planting sorghum as the CC is a promising strategy to enhance subsequent crop yield, maintain higher soil NH4+-N concentration, and reduce soil NO3--N accumulation during the summer fallow season and over-winter cropping season.
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Table 1 Initial physicochemical properties of soil used in this study.
	Soil property
	Depth (cm)

	
	0-30 
	30-60 
	60-90

	Soil texture*
	Sandy loam
	Sandy loam
	Clay

	Particle size (%)
	
	
	

	       Sand (2-0.05 mm)
	56
	61
	26

	       Loam (0.05-0.002 mm)
	29
	19
	2

	       Clay (<0.002 mm)
	15
	20
	73

	pH
	7.77
	8.01
	8.19

	Electrical conductivity (mS cm−1)
	1.22
	0.30
	0.28

	Organic matter (g kg-1 dry soil)
	18.9
	4.3
	3.1

	Total nitrogen (g kg-1 dry soil)
	1.08
	0.54
	0.35

	Nmin (mg kg-1 dry soil)
	203
	113
	83

	Olsen-P (mg kg-1 dry soil)
	159
	45
	10

	Available K (mg kg-1 dry soil)
	437
	184
	77


* According to the USDA's soil texture classification system.

Table 2 Soil NH4+-N and NO3--N concentrations at a depth of 0-90 cm in the 2015 summer fallow season and 2015-2016 over-winter cropping season. 
	Treatment
	NH4+-N (mg N kg-1 dry soil)
	NO3--N (mg N kg-1 dry soil)

	
	0-30 cm
	30-60 cm
	60-90 cm
	0-30 cm
	30-60 cm
	60-90 cm

	
	30/8/2015    46 days after CC planting

	CK
	11.98±0.66 ab
	9.67±1.37 a
	10.43±1.12 a
	251.30±27.43 a
	66.97±15.36 a
	59.87±13.76 a

	CC-S
	13.78±1.38 a
	10.37±0.61 a
	14.32±3.45 a
	153.78±30.77 b
	63.67±13.77 a
	18.21±6.52 b

	CC-SC
	10.29±0.54 b
	10.20±0.74 a
	11.86±0.77 a
	76.87±9.09 b
	43.20±17.76 a
	20.72±8.38 b

	
	21/9/2015    Harvest of CC

	CK
	2.42±0.06 c
	1.78±0.03 b
	1.88±0.12 b
	337.37±19.38 a
	145.81±9.35 a
	115.47±8.32 a

	CC-S
	4.72±0.10 a
	3.06±0.21 a
	2.47±0.07 a
	213.95±1.32 b
	74.11±1.18 b
	14.70±4.42 b

	CC-SC
	2.99±0.03 b
	2.14±0.03 b
	2.17±0.10 ab
	231.24±12.97 b
	85.80±2.83 b
	21.86±2.88 b

	
	9/6/2016    Harvest of eggplant

	CK
	1.16±0.34 a
	1.18±0.20 a
	0.81±0.12 a
	144.36±17.46 a
	48.85±0.47 ab
	35.51±10.72 a

	CC-S
	1.20±0.13 a
	0.95±0.13 a
	0.93±0.18 a
	76.91±26.32 ab
	29.21±3.18 b
	39.84±5.27 a

	CC-SC
	1.81±0.30 a
	1.18±0.24 a
	0.74±0.05 a
	65.23±14.73 b
	56.63±10.41 a
	63.59±10.36 a


Note: Different lowercase letters indicate significant differences between treatments at each soil layer at P<0.05 by LSD. Values represent means ± standard error of mean (n=3).

Table 3 Calculated N balance in the summer fallow season and over-winter cropping season (kg N ha-1).
	Season
	N source
	CK
	CC-S
	CC-SC

	Summer fallow season of 2014
	Nmin when CC was transplanted
	203
	203
	NA

	
	Nmin when CC was harvested
	1282
	597
	NA

	
	CC uptake
	0
	113
	NA

	
	Balance
	-1079
	-507
	NA

	Over-winter cropping season of 2014-2015
	CC residue incorporation
	0
	113
	NA

	
	Nmin when eggplant was transplanted
	1282
	597
	NA

	
	Top-dressing
	867
	867
	NA

	
	Nmin when eggplant was harvested
	255
	275
	NA

	
	Eggplant uptake
	364
	448
	NA

	
	Balance
	1530
	855
	NA

	Summer fallow season of 2015
	Nmin when CC was transplanted
	255
	123
	123

	
	Nmin when CC was harvested
	1346
	866
	928

	
	CC uptake
	0
	178
	158

	
	Balance
	-1091
	-921
	-963

	Over-winter cropping season of 2015-2016
	CC residue incorporation
	0
	178
	158

	
	Nmin when eggplant was transplanted
	1346
	866
	928

	
	Top-dressing
	441
	441
	441

	
	Nmin when eggplant was harvested
	576
	309
	265

	
	Eggplant uptake
	286
	302
	344

	
	Balance
	925
	873
	917


Note: NA means not available.

Figure captions
Figure 1 Crop management and experimental set up in this study.
Figure 2 Eggplant yield as effected by catch crop planting in the over-winter cropping seasons of 2014-2015 and 2015-2016. Error bars represent mean standard error (n=3). Different lowercase letters indicate significant differences between treatments at P<0.05.
Figure 3 Effects of sorghum as catch crop planting on soil NH4+-N and NO3--N concentrations at 0-30 cm during the 2014-2015 summer fallow season and over-winter cropping season. Error bars represent mean standard error (n=3). * and ** denote significant differences between treatments at P<0.05 and 0.01, respectively.
Figure 4 Soil nitrification potential as effected by catch crop planting after the summer fallow season. Error bars represent mean standard error (n=3). Different lowercase letters indicate significant differences between treatments at P<0.05. 
Figure 5 Effects of catch crop planting on AOA and AOB amoA gene abundances after the summer fallow season in 2014 (0-30 cm soil layer) and 2015 (0-30, 30-60 and 60-90 cm soil layers). Error bars represent mean standard error (n=3). Different lowercase letters indicate significant differences between treatments at P<0.05.
Figure 6 Spearman correlations between soil parameters, AOA and AOB amoA gene abundances, nitrifying potential at the end of summer fallow season in 2015 (n=3). 
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