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Abstract: Reclaimed water (RW) is an alternative water resource that has been utilized all over
the world, but its environmental effects are not fully understood. Soil biodiversity is an important
indicator of soil tolerance and resilience. In the present study, the impact of RW irrigation on the
microbial community diversity and chemical properties of topsoil was investigated by monitoring
nitrogen (N) rates. Tomato plants were grown on plots which had been irrigated with reclaimed
water for 5 years with varying levels of N fertilization (N270, 270 kg ha−1; N216, 216 kg ha−1; N189,
189 kg ha−1; and N135, 135 kg ha−1). Soil bacterial community composition was analyzed by PCR
amplification of the 16S rDNA gene and Illumina MiSeq high-throughput sequencing technology
of a total of 770,066 quality sequences. The results showed that long-term RW irrigation altered the
bacterial composition of soil in an N-dependent manner. RW irrigation increased the abundances
of Gemmatimonadetes, Actinobacteria, Firmicutes, and Nitrospirae in soils. The Chao, ACE, and H
indices revealed no significant difference under RW irrigation with varying levels of N fertilization.
The tomato yield and partial factor productivity from applied N for RN216 increased significantly
under RW irrigation with reducing N fertilization. RW irrigation increased the yield of tomato and
the abundance of functional microorganisms, which eventually improved the practice of irrigating
with reclaimed municipal wastewater. Meanwhile, the potential environmental and health risks of
long-term RW irrigation warrant further investigation.

Keywords: reclaimed water; nitrogen fertilization; microbial community; bacterial diversity; high
throughput sequencing

1. Introduction

The diversity and composition of soil microbial communities directly affects soil ecosystems
and nutrient cycling [1]. Appropriate community structure, with diversity and high variability of
microorganisms, is an important factor for sustaining ecosystems and ensuring soil productivity [2,3].
Reclaimed water (RW) contains considerable amounts of inorganic substances, such as heavy metals
and salts that may have negative effects on agro-ecosystems [4]; however, it is also enriched in
organic matter, nitrogen (N), phosphorus and other nutrients [5]. The well-planned utilization of
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RW can reduce the need for fertilizer application and improve soil fertility [6–8]. Microbial diversity
may be significantly altered by RW irrigation, which in turn can affect soil fertility and ecosystem
balance [9,10]. The effects of elevated N input on biota and biogeochemical cycles have been the
focus of many studies [11]. Increasing the N input to soils can have various adverse effects on soil
quality in agriculture [12], including a decrease in microbial functional diversity [13]. Long-term
fertilizer experiments have shown that soil microbial biomass and community composition respond
differently to N fertilization [14], although Daquiado et al. [1] indicated that long-term fertilization
had no significant effect on soil microbial community structure in paddy soil.

Characterizing the shifts in soil microbial community structure and diversity under different
agricultural measures can lead to development of better management practices for agro-ecosystems [15].
The analysis of bacterial communities in soil can provide insight into the characteristics of soil
under RW irrigation. The recent development of high-throughput sequencing (HTS) technology
has enabled the evaluation of the soil microbial communities to take a leap forward (i.e., 16S rRNA
gene amplification coupled with HTS read length allowing maximal detection of microorganisms).
HTS has been used to investigate microbial ecology under fertilization and RW irrigation, including
the effects of secondary soil salinization and acidification due to high N application rates on bacterial
community composition [16]. Bacterial community structure and biochemical cycling capacity of
contaminants in wetlands were shown to be altered under RW irrigation [17]. Research has further
shown negative effects on microbial activity as a result of N amendment [18].

At present, a critical gap in our knowledge is how the overall bacterial community structure
responds to anthropogenic N topdressing under RW irrigation. The effects of RW irrigation on the
diversity and composition of soil bacterial community is not known with reducing N fertilization.
Moreover, the effects of RW irrigation with reducing N fertilization on the phylogenetic and taxonomic
responses of microbial communities based on HTS technology have not been focused upon. The main
objectives of this study were (1) to investigate the factors influencing bacterial community composition
and diversity under RW irrigation with reducing N fertilization; (2) to evaluate how the bacterial
community variation is influenced by environmental factors; and (3) to select the reasonable N
fertilization pattern under RW irrigation with reducing N fertilization.

2. Materials and Methods

2.1. Experimental Design

The experiment was carried out in greenhouses at the Agriculture Water and Soil Environment
Field Science Research Station, China (35◦19′ N, 113◦53′ E, elevation 73.2 m), in the continental
monsoon climate area of the temperate zone. The site has an annual mean air temperature of 14.1 ◦C,
with a precipitation of 588.8 mm, an annual sunshine duration of 2398.8 h, and 210 d frost-free period.
The soil chemical properties of total nitrogen (TN), total phosphorus (TP) and organic matter (OM)
were 0.85, 1.16 and 19.90 g kg−1, respectively. The soil pH was 8.00, density was 1.40 g cm−3, and soil
texture was silty clay loam. GBS-fushi 1 tomato (Solanum lycopersicum) was used as the plant material.
Tomato plots were subjected to continuous RW irrigation and N fertilization for 5 years, and arranged
in a randomized complete block design with two factors. The first factor was nitrogen fertilizer
treatment with four levels: N 270 (local fertilization rate: 270 kg ha−1), N216 (20% reduction in N
fertilizer application: 216 kg ha−1), N189 (30% reduction in N fertilizer application: 189 kg ha−1),
and N135 (50% reduction in N fertilizer application: 135 kg ha−1). Urea (46% N) was applied as the
N fertilizer in the experiment. The second factor was the type of irrigation water, with two levels,
either clean water (C) or reclaimed water (R). Thus, there were 8 treatments (CN270, CN216, CN189,
CN135, RN270, RN216, RN189, and RN135), each with a total of three replications consisting of 15 m2

plots, in total 24 plots. The reclaimed test water was taken from the Camel Bay sewage treatment
plant after secondary treatment, a source of municipal sewage. The basic properties of RW we have
applied were in full compliance with the requirements of the standards for irrigation water quality of
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China (GB 5084-2005). The quality of RW we have applied was similar to other municipal RW used
in China. The water quality results are shown in Table 1. GBS-fushi 1 tomatoes were planted in the
plots at a density of 4.5 × 104 plants ha−1 in early March, with a planting distance of 0.3 m, and a row
spacing of 0.75 m. The irrigation method was surface drip irrigation, each treatment was irrigated
6 times and the volume of water irrigated was equivalent to 3736 m3 ha−1 during the whole growing
period, the same in all treatments.

Table 1. Physical and Chemical characteristics of irrigation water in the study 1).

Index
NO3

−-N NH4
+-N TN TP Cu Cd Cr

(mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (µg L−1) (µg L−1)

CW 1.7 0.86 3.9 2.88 0.005 0.68 6.38
RW 20.62 11.11 45.14 2.94 0.02 3.33 20.08
RMI - - - - 1.0 10.0 100

Index
CODMn pH EC K Na Ca Mg

(mg L−1) (ds m−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1)

CW 7.86 7.52 0.63 0.88 53.8 10.21 11.0
RW 13.37 7.4 1.7 5.81 178.6 41.73 35.7
RMI 60 5.5–8.5 1–2 - - - -

1) CW, clean water; RW, reclaimed water; RMI, Recommended maximum concentrations from standards for
irrigation water quality of China (GB 5084-2005). NO3

−-N, nitrate nitrogen; NH4
+-N, ammonium nitrogen; TN,

total nitrogen; TP, total phosphorus; Cu, copper; Cd, cadmium; Cr, chromium; CODMn, chemical oxygen demand
(permanganate index); pH, water pH value; EC, electrical conductivity.

2.2. Water and Soil Analyses

Water quality indices included nitrate nitrogen (NO3
−-N), ammonium nitrogen (NH4

+-N),
total nitrogen (TN), and total phosphorus (TP), which were determined with a flow analyzer (Bran
Luebbe AA3, Bran Luebbe Gmbh, Norderstedt, Germany); permanganate index (chemical oxygen
demand, CODMn), which was determined with a COD analyzer; pH, which was measured with a pH
acidity meter (PHS-1, Shanghai, China); and electrical conductivity (EC), which was measured using
a conductivity meter.

Soil samples were collected during the tomato harvest period on 24 June 2015. Each sample
consisted of 9 cores (diameter 2.7 cm) from the top 20 cm of soil that were immediately mixed to one
composite sample representing one plot. After removing residual roots from soil samples, the samples
were placed in a sterilized fluoroethylene plastic bag, which was sealed and placed in a refrigerator at
4 ◦C, and then taken to the laboratory. A fraction of each sample for microbial community analysis was
stored at −20 ◦C until DNA extraction (<14 d), and other fraction was used to determine soil physical
and chemical indices after air-drying. Samples were air-dried at room temperature, and ground with
a porcelain mortar and pestle to pass through a 2-mm sieve. Soil pH was measured with a pH acidity
meter (PHS-1, Shanghai, China) in deionized water at a soil-to-solution mass ratio of 1:2.5. Soil organic
matter (SOM) content was determined according to Bao [19] by the oxidation volumetric method for
the determination of potassium dichromate. Soil TN and TP were determined with a flow analyzer.
EC of soil was measured using a conductivity meter (DDB-303A, Shanghai, China) in extracts of soil
pastes (1:5 soil-to-water ratios).

2.3. DNA Extraction and PCR Amplification

Total soil DNA was extracted with the Power Soil DNA Isolation kit (MO BIO, Carlsbad, CA,
USA), according to the instruction manual. Amplifications were conducted in triplicate using the
primers F338 (TACGGRAGGCAGCAG) and R806 (AGGGTATCTAATCCT) that target the V3-V4
region of the 16S rRNA gene that yields accurate phylogenetic information [20] and should have few
biases against any bacterial taxa [21]. The reaction system was as follows: 12.5 µL 2 × KAPA HiFi
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HotStart ReadyMix (Takara Bio Inc., Kusatsu, Japan), 0.5 µL Index i7 Primer (10 µM), 0.5 µL Index
i5 Primer (10 µM), and 10.0 ng DNA template. The following standard thermal profile was used for
all PCRs: pre-denaturation at 95 ◦C for 3 min; denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for
30 s, and prolongation at 72 ◦C for 30 s, 27 cycles; final prolongation at 72 ◦C for 10 min; and cooling at
10 ◦C.

We used a 10 ng sequencing library, and two-way sequencing was conducted by MiSeq Reagent
Kit v3 of Illumina MiSeq; 2 × 300 bp data were obtained. Sequences were analyzed using the
Mothur [22] and QIIME [23] software packages. Sequences shorter than 200 bp, or those which
contained ambiguities and homo-polymer stretches of more than 8 bases, were removed. After quality
filtering, 770,066 reads were obtained from all samples, with a mean of 32,086 reads per sample.
The representative sequences of the operational taxonomic units (OTUs) were acquired by the OTU
analysis method of the Mothur default with a similarity level of 97% [24].

UniFrac is a phylogenetic metric that calculates the phylogenetic distance between pairs of
communities based on branch length overlap, which is well-suited for quantifying shifts in highly
diverse microbial communities [25]. Shannon (H) index was calculated to identify the changes of
bacterial diversity; the ACE and Chao indices were calculated to identify the changes of bacterial
richness. Phylotypes were selected at the 97% sequence similarity level and taxonomic identity was
determined using the ribosome database project (RDP) scheme [26].

2.4. The Plant Biomass and Yield of Tomato

The plant biomass and yield of tomato were measured during harvest stage. Harvested plants
were washed with deionized water, oven-dried at 70 ◦C, and weighed for plant biomass. Forty tomato
plants in the middle of each plot were selected for yield test. The yield (total weight) of tomatoes
was assessed separately for each plot. Partial factor productivity from applied N (PFPN) was used to
evaluate the soil N fertilization rates in the experiment. PFPN (kg kg−1) = Tomato yield/nitrogen rate.

2.5. Statistical Analysis

A taxonomic tree was generated using MEGAN5 v.5.7.1 [27]. Chao, Shannon, Simpson, and
Coverage indices were calculated using the QIIME software 1.7.0 (https://qiime.org). One-way
analyses of variance (ANOVA) and two-way ANOVA comparisons were performed using SPSS
Statistics 17.0 (IBM Company, Armonk, NY, USA). The level of significance used for all statistical
tests was p ≤ 0.05. Redundancy analyses (RDA) were conducted with CANOCO (Version 4.5,
Microcomputer Power Company, Ithaca, NY, USA). Other statistical analyses were performed using R
version 2.8.1 (https://www.r-project.org).

3. Results

3.1. Changes in Soil Chemical Properties under RW Irrigation

Physical and chemical indices of soils under RW irrigation with different rates of N fertilization
are shown in Table 2. Irrigation with RW significantly decreased soil TN content (p < 0.05) at N270
and N189, and soil TP content (p < 0.05) at N270 and N135. Soil TP did not differ between CW and
RW irrigated soil for other treatments (p > 0.05), meanwhile there was no significant difference in
soil TN and TP contents between different N levels under CW or RW irrigation (p > 0.05). Irrigation
with RW significantly decreased SOM (p < 0.05) at N270, while SOM contents of other treatments
showed no difference between CW and RW irrigation at the same N level (p > 0.05). The contents of
soil EC and NO3

−-N at higher N-level was significantly higher than that of low-N level under RW
irrigation (p < 0.05). The NO3

−-N content had no significant difference between RW irrigation and CW
irrigation at the same N level (except N270). As compared to CW irrigation, RW irrigation significantly
decreased (p < 0.05) the soil pH at the same N level. Reducing N fertilization significantly increased
(p < 0.05) the soil pH under RW or CW irrigation. Based on two-way ANOVA, the results showed that

https://qiime.org
https://www.r-project.org
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N fertilization and the interaction of irrigation water type and N fertilization had significant effects on
soil NO3

−-N, EC and pH (p < 0.01).

Table 2. Soil chemical properties under clean (C) or reclaimed (R) water irrigation with different
nitrogen fertilization rates.

Treatments 1) TNg kg−1 TPg kg−1 OM 2) g kg−1 NO3
−-N mg kg−1 EC µs cm−1 pH 3) C/N 4)

CN270 1.48 ± 0.21a 1.88 ± 0.08a 33.32 ± 1.97a 55.04 ± 3.94c 812.00 ± 22.91cd 8.63 ± 0.03b 13.06
RN270 0.97 ± 0.06c 1.65 ± 0.06b 24.45 ± 0.83b 109.77 ± 10.08a 978.33 ± 67.88b 8.41 ± 0.02d 14.62
CN216 1.30 ± 0.03ab 1.80 ± 0.03a 33.04 ± 2.67a 73.62 ± 12.28b 970.00 ± 38.12b 8.55 ± 0.03c 14.74
RN216 1.15 ± 0.05bc 1.92 ± 0.13a 32.52 ± 3.10a 78.63 ± 1.96b 1061.00 ± 26.21a 8.33 ± 0.02e 16.40
CN189 1.45 ± 0.26a 1.87 ± 0.02a 33.23 ± 1.35a 83.46 ± 6.78b 711.67 ± 57.73de 8.66 ± 0.01c 13.29
RN189 0.95 ± 0.01c 1.64 ± 0.12a 29.94 ± 3.35a 97.13 ± 0.85b 805.00 ± 32.19cd 8.54 ± 0.02b 18.28
CN135 1.21 ± 0.01bc 1.93 ± 0.10a 32.65 ± 0.62a 52.05 ± 0.14c 706.00 ± 34.39de 8.74 ± 0.05a 15.65
RN135 1.08 ± 0.12bc 1.63 ± 0.01b 28.86 ± 3.00a 60.73 ± 0.06c 746.00 ± 34.39de 8.57 ± 0.01c 15.50

Significance based on two-way analysis of variance (ANOVA) (F value)

W (water) 36.44 ** 22.47 ** 18.58 ** 3.76 12.23 ** 4.29
N (nitrogen) 0.542 1.91 2.94 43.14 ** 71.67 ** 25.98 **

W × N 4.02 * 8.07 ** 3.33 * 73.22 ** 88.99 ** 34.20 **

1) C, clean water irrigation; R, reclaimed water irrigation; N270, 270 kg ha−1 nitrogen addition; N216, 216 kg ha−1

nitrogen; N189, 189 kg ha−1 nitrogen; N135, 135 kg ha−1 nitrogen. 2) OM, soil organic matter. 3) pH, soil pH value.
4) C/N, soil carbon and nitrogen ratio. The different lowercase letters in the same column indicate statistically
significant (p < 0.05) differences among different treatments (Duncan’s test), and the values are mean ± standard
error (n = 3). **, * Significance at the p < 0.01, p < 0.05, respectively.

3.2. Soil Bacterial Community Richness and Diversity under RW Irrigation

The Shannon-Wiener index reflects microbial diversity in samples. A curve can be generated
based on this index at different sequencing depths for each sample to reflect the microbial diversity of
each sample for different sequencing quantities. A flat curve indicates that the amount of sequencing
data is sufficiently large to reflect the vast majority of microbial species in the sample [28]. The curve for
soil samples with different nitrogen levels under RW irrigation flattened at a cutoff of 0.03, indicating
that most microbial species in the samples were represented (Figure S1).

Based on operational taxonomic units (OTUs), changes in soil bacterial diversity under RW
irrigation with different N levels were analyzed (Table 3). OTUs of soil bacteria from group CN135
were higher than those of CN270 (p < 0.05), but did not differ from those of other treatments (p > 0.05).
Chao and ACE, H, and Simpson indices reflect species richness, diversity and dominance, respectively.
The OTU richness estimated by the Chao and ACE indices was elevated compared with the OTUs
observed [29]. Chao, ACE and H indices were higher for CN135 than for CN270 (p < 0.05), but did
not differ among other treatments. Chao, ACE and H indices had no significant difference between
RW and CW irrigation at the same N level. Reducing N fertilization revealed no significant effects
on bacterial diversity and richness under RW or CW irrigation. The Simpson index of CN135 was
significantly lower than that of CN189, but did not differ among other treatments. The Coverage
index was >96%. The type of irrigation water, N fertilization, or their interaction had no significant
effect on the ACE, Chao, H and Simpson indices, but the Coverage index was significantly affected by
N fertilization.

OTU was highly significantly positively correlated (p < 0.01) with ACE, Chao, and H indices
(Table 4), while ACE was positively correlated (p < 0.01) with the Chao and H indices. Chao was
positively correlated (p < 0.01) with the H index. On the other hand, H was negatively correlated with
the Simpson (p < 0.01) and Coverage (p < 0.05) indices. The pH was significant negatively correlated
with EC (p < 0.01), while NO3

−-N was positive correlated with EC (p < 0.05). NO3
−-N was negative

correlated with soil pH (p < 0.01). TP was positively correlated with EC (p < 0.05) and OM (p < 0.01).
TN was positively correlated with SOM and TP (p < 0.01).
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Table 3. Changes in soil bacterial diversity based on OTU under reclaimed water irrigation with different N fertilization rates 1).

Treatments OTUs ACE Chao Shannon(H) Simpson Coverage

CN270 2544b 3157.07b 3402.55b 6.84b 0.002414ab 0.9820a
RN270 2894ab 3724.00ab 3995.85ab 6.99ab 0.001985ab 0.9744ab
CN216 2971ab 3820.15ab 4099.65ab 6.99ab 0.002006ab 0.9665b
RN216 2726ab 3561.71ab 3754.39ab 6.94ab 0.002036ab 0.9681b
CN189 3067ab 3886.37ab 4162.58ab 6.97ab 0.002641a 0.9688b
RN189 2881ab 3816.72ab 4085.08ab 6.98ab 0.001888ab 0.9682b
CN135 3387a 4294.39a 4605.83a 7.10a 0.001777b 0.9724ab
RN135 3057ab 3995.39ab 4295.40ab 6.99ab 0.002077ab 0.9748ab

Significance based on two-way analysis of variance (ANOVA) (F value)

W (water) 0.005 0.023 0.000 1.679 0.183
N (nitrogen) 1.859 1.891 2.274 0.901 4.164 *

W × N 0.856 0.884 2.574 2.038 0.851
1) OTUs, operational taxonomic units; ACE, abundance-based coverage estimator; Chao, richness estimate for an OTU definition; Shannon, Non-parametric Shannon diversity index;
Simpson, the Simpson index; Coverage, the Coverage index. * Significance at the p < 0.05.

Table 4. Correlations between soil microbial diversity and chemical properties under reclaimed water irrigation.

OTU ACE Chao Shannon Simpson Coverage EC (ds/m) pH NO3
—-N (mg/kg) OM (g/kg) TP (g/kg) TN (g/kg)

OTU 1.00
ACE 0.985 ** 1.00
Chao 0.980 ** 0.991 ** 1.00

Shannon 0.803 ** 0.833 ** 0.834 ** 1.00
Simpson −0.144 −0.225 −0.214 −0.585 ** 1.00
Coverage −0.224 −0.300 −0.316 −0.406 * 0.215 1.00

EC (ds/m) −0.024 −0.055 −0.081 0.031 0.245 −0.266 1.00
pH 0.120 0.115 0.146 0.033 −0.011 0.232 −0.814 ** 1.00

NO3
−-N (mg/kg) −0.017 −0.054 −0.062 0.009 0.125 −0.071 0.820 * −0.719 ** 1.00

OM (g/kg) 0.112 0.095 0.098 0.013 0.173 −0.350 0.115 0.064 −0.235 1.00
TP (g/kg) −0.005 −0.089 −0.08 −0.076 0.207 −0.098 0.443 * −0.323 0.151 0.552 ** 1.00
TN (g/kg) −0.097 −0.204 −0.171 −0.275 0.323 0.177 0.193 0.087 0.111 0.554 ** 0.572 ** 1.00

**, * Significance at the p < 0.01, p < 0.05, respectively.
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3.3. Taxonomic Evaluation of Bacteria under RW Irrigation by HTS

To obtain a higher-resolution view of community composition, the relative abundances of species
in the 24 samples were graphically depicted in a heat map. Based on genus and abundance information
at the phylum level, we calculated the relative abundance of each bacterial community in total
samples, where those with low abundance (<1%) were combined as ‘Other’. Samples between RW and
CW irrigation with different N fertilization rates showed variable community abundance, although
some similarities were also observed (Figure 1). At the phylum level, the unweighted pair group
method with arithmetic means (UPGMA) clusters of soil bacterial communities revealed an obvious
difference between RW and CW irrigation, and no significant differences among different N fertilization
treatments. Soils from the 24 samples were dominated (>5%) by Proteobacteria (49.4%), Bacteroidetes
(16.7%), Gemmatimonadetes (12.1%), and Actinobacteria (11.4%).

Figure 1. Relative abundance of bacterial phyla in soils under reclaimed water and clean water
irrigation with reducing nitrogen fertilization based on 16S rRNA gene amplicons. Columns and lines
were clustered based on Bray-Curtis diversity measures. The transverse and longitudinal represent
sample information and species annotation information, respectively. The clustering trees on the top
of the diagram represent samples. The heat map represents Z values for relative abundance of the
bacterial community in each row when dealing with standardization.

At the genus level, there were 48 and 53 genera under CW or RW irrigation with different
N fertilization rates, respectively, while 41 genera were common to both types of irrigation
(Figure 2). In the RDP sequence data, the 36th, 37th, 40th, 43rd, 45th, 47th, 48th, 49th, 50th,
51st, 52nd and 53rd genera (i.e., Agromyces, Rhodospirillales_unclassified, NB1−I_unclassified,
Plesiocystis, Flavobacterium, Arenimonas, Devosia, Marinobacter, 0319-7L14_unclassified, unclassified
Alteromonadaceae_unclassified, TM7-1_unclassified, and Zhouia) were abundant in RW treatments
(Figure 2a). On the other hand, the 37th, 40th, 41st, 42nd, 45th, 47th and 48th
genera (i.e., Sphingomonas, Sphingomonadaceae_unclassified, Luteimonas, Ellin6067_unclassified,
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Sphingobacteriaceae_unclassified, Chromatiaceae_unclassified, and Chromobacterium) were abundant
in CW treatments (Figure 2b). Sphingobacterium, Pseudomonas, Vibrio, Corynebacterium and others
have been isolated from low nutrition environments. Sphingopyxis alaskensis is a representative
oligotrophic bacterium that functions in the biodegradation of aromatic compounds [30]; Flavobacterium
and Arenimonas are pathogenic bacteria.

Figure 2. Cont.
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Figure 2. Relative abundance of bacterial genera in soils under reclaimed water (a) and clean water
(b) irrigation with reducing nitrogen fertilization based on 16S rRNA gene amplicons. We calculated
the relative abundance of each genus in total samples, where those with low abundance (<1%) were
combined as Other.

3.4. Phylogenetic Analysis of Soil Bacterial Community Composition and Structure under RW Irrigation

Results of the weighted and unweighted UniFrac principal coordinates analysis (PCoA) based
on genetic distance revealed that samples irrigated with RW or CW clustered more closely than N
fertilization, although a few samples irrigated with CW clustered with RW irrigated samples (Figure 3).
On the first principal component axis (PC1), samples irrigated with RW and CW over a long period
of time were mainly distributed in the positive and negative directions, respectively, based on the
unweighted PCoA (Figure 1). On the second principal component axis (PC2), samples irrigated with
RW and CW over a long period of time were mainly distributed in the negative and positive directions,
respectively (Figure 3).

Soil microbial community distribution differed between the two types of water irrigation,
suggesting that metabolic functions also vary depending on the conditions. The first axis significantly
explained 35.5% of the variation (p < 0.01), which was correlated with EC, TP, NO3

−-N, pH and
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OM (Figure 4a). The second axis significantly explained 28.3% of the variation (p < 0.01), which was
correlated with TN. It was indicated that the second axis to some extent may characterize the TN
(Figure 4a). The community structure of Nitrospirae, Gemmatimonadetes, Firmicutes, Proteobacteria,
and Actinobacteria were significantly influenced by reclaimed water irrigation, and the community
structure of Bacteroidetes was significantly influenced by clean water irrigation; the Acidobacteria,
Bacteroidetes, and Proteobacteria were significantly influenced by soil pH (Figure 4b).

Figure 3. The differences of bacterial community structure in soils under reclaimed water and clean
water irrigation were analyzed by the principal coordinates analysis (PCoA) of weighted UniFrac (a)
and unweighted UniFrac (b) based on distance matrix. The solid circles (R) and hollow circles (C)
represent samples in soils under reclaimed water and clean water irrigation, respectively.

Figure 4. Redundancy analysis (RDA) diagram illustrating (a) the relationship between bacterial
community (relative abundance of phyla) with environmental factors and (b) the relationship
between bacterial community with samples in soils under reclaimed water and clean water irrigation.
The environmental factors and bacterial community are indicated by red arrows and blue arrows,
respectively. The samples are indicated by different shapes. RDA analysis was conducted by CANOCO
software (Version 4.5, Microcomputer Power Company, Ithaca, NY, USA).
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3.5. Changes in Tomato Yield and Partial Factor Productivities from the Applied N (PFPN) under
RW Irrigation

Significant differences (p < 0.05) were found in tomato yield and biomass under reclaimed water
irrigation with different N fertilization rates (Figure 5). Comparing with clean water irrigation,
biomass and yield of tomato under RW irrigation with suitable N fertilization increased significantly.
The tomato plant biomass of RN270 was significantly higher than that of RN216, RN189 and RN135,
and the yield of RN270 and RN216 was significantly higher than that of RN189 and RN135. However,
the tomato yield revealed no significant differences between RN270 and RN216. Compared with
RN270, the PFPN of RN216 increased significantly under RW irrigation (Figure 6), with the yield of
RN216 being highest. Compared with the conventional N fertilization, the yield and PFPN of RN216
were significantly improved under RW irrigation, suggesting that RN216 can be an optimal planting
pattern for agricultural reclamation with reducing N fertilization under RW irrigation.

Figure 5. Tomato yield and biomass under reclaimed water irrigation with different N fertilization
rates. The solid square (R) and hollow square (C) represent samples in soils irrigated with reclaimed
water and clean water, respectively. N270, 270 kg ha−1 nitrogen addition; N216, 216 kg ha−1 nitrogen;
N189, 189 kg ha−1 nitrogen; N135, 135 kg ha−1 nitrogen.

Figure 6. The partial factor productivity from applied nitrogen (PFPN) under reclaimed water
irrigation with different N fertilization rates. PFPN represents Tomato yield/nitrogen rate. The solid
square (R) and hollow square (C) represent samples in soils irrigated with reclaimed water and clean
water, respectively.
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4. Discussion

4.1. Changes in Soil Chemical Properties under RW Irrigation

The TN contents of N270 and N189 were significantly higher under CW irrigation than under RW
irrigation (p < 0.05). Whereas SOM did not differ between two types of irrigation with the same N
fertilization rate (except N270). Total organic carbon content in soil is affected by water quality but
not water quantity [10]. The NO3

−-N content had no significant difference between RW irrigation
and CW irrigation at the same N level (except N270). Long-term RW irrigation effectively improved
soil organic carbon and the N pool, which would reduce the amount of fertilizer required; however,
the effects of short-term irrigation are not obvious [7,31]. RW irrigation significantly increased soil
pH, which is in accordance with other authors [8,9], and can be attributed to the additional input of
exchangeable cations, especially sodium contained in irrigation water [32]. The soil pH was affected
not only by the N fertilization, but also by the interaction of N level and irrigation water type [8,16].

4.2. Effects of RW Irrigation on Soil Bacterial Diversity

Soil microbial diversity is mainly influenced by soil type [33], fertilization regimen [34], and
irrigation method [10]. In turn, differences in taxonomic and functional diversity between microbial
communities can feed back into changes in soil and ecosystem processes [35,36]. In the present study,
reducing N fertilization revealed no significant effects on bacterial diversity and richness under CW
or RW irrigation, which is in agreement with Fierer et al. [26]. Conversely, N accumulation caused
a decline in biodiversity by stimulating the expansion of nitrophilous species and competitive exclusion
of other species [37]. As previously reported [38], these results suggest that reasonable long-term
fertilization can increase soil microbial community structure and diversity.

High N fertilization was found to result in secondary salinization and acidification of soil and
caused environmental stress, thereby limiting bacterial growth [16]. Proteobacteria were the main
pathogenic bacteria group under long-term RW irrigation, followed by conditional pathogenic bacteria
such as Flavobacterium and Aeromonas. Therefore, long-term RW irrigation can lead to soil pollution,
which may have repercussions for human health.

The increase in the abundance of Gemmatimonadetes, Actinobacteria, Firmicutes, and
Nitrospirae in soils irrigated with RW suggests a higher resistance to this treatment mediated
by copiotrophic organisms. Changes in soil microbial community structure may alter soil
physicochemical characteristics [39]. Gemmatimonadetes have an important role in denitrification [40],
and Actinobacteria participate in the decomposition of SOM and carbohydrates, and assimilation of
inorganic nitrogen [41].

4.3. Effects of RW Irrigation on Soil Bacterial Community Strcture and Composition

Soil microorganisms play a critical role in the ecosystem [42]. Proteobacteria were the main
taxonomic group under RW irrigation with reduced nitrogen fertilization, followed by Bacterioidetes,
Gemmatimonadetes, Actinobacteria and Acidobacteria. Collectively, their abundance accounted
for over 93% of total soil bacteria; thus, these phyla reflect the major composition of the soil
bacterial community under RW irrigation. Proteobacteria are one of the most abundant phyla in
soils irrigated with RW or CW, and most members of this group carry out nitrogen fixation as an
adaptive measure [43]. However, we found that changes in environmental conditions (water quality
and fertilization) had no obvious effect on the distribution and relative abundance of Proteobacteria,
although some differences may have been present at lower taxonomic levels [38].

Results of the weighted and unweighted UniFrac PCoA showed that samples clustered more
closely under RW or CW irrigation than nitrogen fertilization, indicating that soil bacterial community
structure is altered significantly by RW irrigation, as reported by others [31,44]. Unweighted UniFrac
PCoA of different N fertilization conditions revealed that soil bacterial community composition
changed obviously with decreasing N fertilization rate under RW irrigation, which is consistent with
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the results of another study [16]. At the same nitrogen level, RW irrigation promoted the growth of
oligotrophic bacteria (mainly Actinobacteria) as compared to CW irrigation, which was likely due to
the provision of organic carbon and other elements, as is suggested by the simultaneous increase in
the activity of oligotrophic bacteria [45,46]. Compared to eutrophic bacteria, oligotrophic bacteria can
utilize a variety of substrates, including some toxins, as a source of nutrients [47].

It was previously supposed that the effectiveness of N and carbon are major factors influencing
oligotrophic and copiotrophic bacterial variation, since bacterial community structure was extremely
responsive to N topdressing [38,48] and the qualities of irrigation water [4]. Soil pH also affected the
overall bacterial community composition in some ecosystems [14,49,50]. Our results indicated that
soil bacterial community structure is more strongly influenced by the type of irrigation water than by
N fertilization.

4.4. Effects of RW Irrigation on Tomato Yield and PFPN

Plant biomass is one of the important indicators to measure yield. The tomato plant biomass of
RN270 was significantly higher than that of RN216, RN189, and RN135. However, the yield of RN270
was significantly lower than that of RN216 and RN189, the PFPN of RN270 was lower, the tomato yield
and PFPN of RN216 was highest, which was due to the fact that reasonably reducing N fertilization
stimulated the microbial activity, changed the soil biochemical characteristics, and improved soil
nitrogen use efficiency [51]. The RN270 treatment resulted in an increased growth of plant at the
expense of tomato yield [52]. The tomato yield and PFPN could be increased significantly under RW
irrigation with reducing N fertilization.

5. Conclusions

Bacterial community composition and structure in soils was significantly altered by RW irrigation
with reduced N fertilization, which was due to the changes in the physiochemical properties of the soil.
RW decreased soil pH at a higher N-level, compared to CW irrigation. Compared to CW irrigation,
the relative abundances of Gemmatimonadetes, Actinobacteria, Firmicutes, and Nitrospirae were
increased in soils irrigated with RW; soil bacterial community richness and diversity revealed no
significant effect under RW irrigation with various N fertilization rates. Soil bacterial community
composition is more strongly influenced by the type of irrigation water than by N fertilization.
The tomato yield and partial factor productivity from applied N for RN216 was increased significantly
under RW irrigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/4/365/s1,
Figure S1: Shannon-Wiener curve of soils with different nitrogen levels under reclaimed water irrigation (cutoff = 0.03).
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