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Abstract
The objective of this study is intended to explore the effect of maintain high efficiency water and fertilizer supply for 
improving the tomato production and soil bacterial communities by negative pressure irrigation (NPI) in greenhouse. 
The pot culture experiments consisted of three irrigation treatments: conventional irrigation (CI), drip irrigation (DI) 
and NPI, which have been conducted in greenhouse for two consecutive years. The study found that NPI reduced water 
consumption remained stable with slight variations on dynamic soil water content, as well as increased the water use 
efficiencies compared with CI and DI, respectively. The NPI reduced water consumption by 20% and 18% compared to 
CI in 2016 and 2017, respectively. Under NPI treatment, the variations in soil water content were stabilized, within the 
range of 12.3–14.7% in the two years, which was smaller than that of CI and DI treatments of 8.6–15.6%. Moreover, the 
tomato yields, fruit quality, uptake quantitates of nutrition and soil rhizosphere microbial diversity were increased in 
the NPI treatment comparison with the CI and DI treatments. With NPI, the yield of tomato was significantly increased 
by 26% and 8, 41 and 17% compared to that under CI and DI treatments in 2016 and 2017, respectively. NPI was also 
considered to benefit plant growth by increasing the abundances of Bacillus, Streptomyces and Pseudolabrys at the genus 
level. Therefore, NPI should be utilized as an advanced technique for saving water and producing high yields in future 
sustainable agriculture.

Keywords Negative pressure irrigation · Soil water content · Water use efficiency · Tomato production · Bacterial 
communities

1 Introduction

Tomato (Solanum lycopersicum L.) is a popular commer-
cial vegetable that is widely cultivated in China, and it is 
rich in carotene, lycopene, vitamin C and B [1, 2]. Tomato 
plants require extensive amounts of nutrients and water, 
and water and fertilizer utilization need to be improved 
in areas with limited water and mineral resources [3, 4]. 
However, excess fertilizer input will cause environmental 
pollution and reduce the quality of fruit [5, 6]. Therefore, an 

agricultural irrigation measure that could increase water 
and nutrient efficiencies needs to be explored. Drip irri-
gation (DI) is better than conventional irrigation (CI) from 
the aspect of being more effective at saving water and 
fertilizer [4, 7, 8]. DI has matured and is a widely used irri-
gation technology in agricultural production [7, 8]. Maxi-
mum yields and water use efficiencies can be obtained 
from higher utilization of water and fertilizer, and of 25% 
of those can be saved by drip irrigation [9]. However, DI 
shortcomings still exist; for example, water can easily 
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transpire from the soil surface, and water cannot be sup-
plied to meet the needs of plants. Thus, advanced tech-
nologies are required to solve this shortcoming.

Negative pressure irrigation (NPI) is a new technology 
used to save water [8, 10]. NPI was initially used in green-
houses and supplies water depending on the physiologi-
cal characteristics of plants and the soil tension [11, 12]. 
Consequently, NPI can consistently acquire and supply 
water for plants. Under the NPI water supply conditions, 
the unsaturated soil drives the gravitational movement of 
water into the soil [8, 10]. As a result, soil leakage and evap-
oration losses are reduced to achieve the effect of saving 
water [13]. Moreover, it was found that under high tem-
perature and high sunlight conditions, NPI could reduce 
the water supply by 45% compared to that required by 
a sprinkler irrigation system [14, 15]. However, planting 
tomatoes improves the integration of water and fertilizer 
in an NPI system, but few studies have concentrated on 
the mechanisms, especially in the nutrient content and 
microbial diversity of the rhizosphere.

Rhizosphere microorganisms play an important role in 
a soil ecosystem [16, 17]. The variations in soil microbial 
community structure reflect the productivity and stabil-
ity characteristics of soil, which are pivotal to the growth 
of crops [16, 17]. The lack or excess of water will affect the 
regular physiological processes of microorganisms [18]. 
Several studies have found that improvements in the 
diversity of microorganisms were related to the growth of 
crops [17, 18]. Microorganism diversity can promote the 
populations of Actinomycetes and other bacteria that are 
beneficial to soil and reduce the number of fungi [19, 20]. 
However, few studies have focused on the detailed taxo-
nomic changes in the microbial communities in the rhizo-
sphere soil under different irrigation system conditions.

Therefore, we tested the hypothesis that effective NPI 
is linked to stable supply and save water, improve tomato 
production and diversity of rhizosphere soil. The objec-
tives of this study are to: (1) determine the response of 
water utilization to different irrigation practices and (2) 
measure the effects of tomato production and bacterial 
communities of the rhizosphere soil under different irriga-
tion treatments.

2  Materials and methods

2.1  Site description

Pot experiments were conducted in the greenhouse of 
the Chinese Academy of Agricultural Sciences (116.3°E, 
39.9°N) in Beijing, China, during 2016 and 2017. The basic 
soil physical and chemical characteristics were as follows: 
bulk density, 1.41 g/cm3; pH, 7.53; organic matter, 1.32%; 

total N, 1.63 g/kg; Olsen P, 13.21 mg/kg; and available 
potassium, 96.32 mg/kg.

2.2  Experimental design

The soil pot (42 × 26 × 30 cm) experiment was conducted 
in the greenhouse, and the FH9 tomato genotype was 
employed as plant material. Each pot contained 30 kg of 
loam. There were three treatments including CI, DI and 
NPI. There were three replicates for each treatment in this 
study, of which three pots as one replication.

The NPI system was constructed using a negative pres-
sure device that provides continuous water and fertilizer 
according to the crop needs (Invention Patents, China, 
ZL201110093923.2 and ZL201310554433.7). The NPI sys-
tem consists of four parts: a liquid storage tank, voltage 
generator, clay pipe and planting pot (Fig. S1). The irriga-
tion emitter (clay pipe) was formed by a porous ceramic 
pipe 20  cm in length that was inserted to a depth of 
15 cm in the soil, and it easily established contact with 
the tomato roots when the entire NPI system is in a sealed 
state. When the NPI system is running, the irrigation emit-
ter supplies water to the plant, and the amount of liquid 
at the surface of the liquid storage tank will decline. The 
amount of water consumption can be obtained by record-
ing the amount of water in the storage tank every day. 
According to the previous NPI experiments, the pressure 
value of the voltage generator is − 5 kpa [10, 12]. In the NPI 
treatments, the plants absorbed a nutrient solution every 
day. The CI and DI treatments were set to consistent irriga-
tion quantities and ensure the proper growth of tomato 
depending on the maintain field capacity, and the total 
amounts of irrigation were 53.6 and 59.2 L in the years of 
2016 and 2017, respectively. The CI treatment provided 
water to the plants once each week, and approximately, 
2 L of water and fertilizer were dissolved together and then 
added to the pot at the same time. The flow rate of the DI 
treatment was 2 L per hour, and the pressure of the DI was 
0.3 Mpa. The same amounts of water and fertilizer were 
used in the CI and DI treatments each time.

The standard concentration was used for the tomato 
nutrient solution formula in this experiment [4, 8]. The 
total nutrient solution was: 354 mg L−1, Ca(NO3)2·4H2O; 
404  mg  L−1  KNO3; 77  mg  L−1  NH4H2PO4; 246  mg  L−1 
 MgSO4·7H2O and micronutrients.

2.3  Measurements

The soil water content was measured gravimetrically in 
the 0–30 cm soil profile by the drying (105 °C for 24 h) 
method, and the soil water content was sampled every 
2 weeks after the tomato seedlings were transplanted. Soil 
water content (%) = wet soil weight—dry soil weight/dry 
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soil weight × 100%. Water use efficiency (WUE, g m−3) = 
yield/water consumption × 100%, where yield is the fruit 
weight (g pot−1). The rhizosphere soil was sampled at har-
vest time in 2017. For rhizosphere soil collection, we first 
removed the plants from the pot and shook off the soil 
around the root system and then washed the soil attached 
to the root system with sterile water. The rhizosphere soil 
was collected by centrifugation at 10,000 rpm for 10 min. 
These soils were used for the determination of soil nutri-
ents and bacteria diversity.

The fruit yield and quality (vitamin C, soluble sugar and 
nitrate) and the plant N, P and K contents were measured 
after ripening of the fruit. Plants were dried at 105 °C for 
30 min and then kept at 75 °C until completely dry to 
determine the dry weight biomass. The total N, P and K 
contents of the plant and soil were measured using the 
semimicro Kjeldahl procedure combined with a N ana-
lyzer (Kjeldahl 2300; FOSS, Hoganas, Sweden), a phospho-
rus–molybdate blue color reaction, and flame photometer 
and 1 mol L−1  NH4AC extraction method, respectively [10, 
21]. The yield of each plant was measured after harvest, 
and the fruit samples were taken back to the laboratory to 
determine the nitrate content by salicylic acid colorimetry, 
soluble sugar by anthrone colorimetry and vitamin C by 
2,6-chlorophenol spectrophotometry [10].

Determination of soil bacterial diversity: The total DNA 
in the soil was extracted by the PowerSoil DNA Isolation 
Kit, and 30 ng DNA samples were amplified by PCR and 
sequenced by BGI Tech in Shenzhen. The main measure-
ment indexes and calculation methods are as follows: 
Shannon index, H = −

∑

(P
i
)(ln P

i
) , where Pi expresses 

the proportional number in a specific group relative to 
the total number [22]. The unique sequences were aligned 
with the Silva 106 database. The operational taxonomic 
units (OTUs) that were analyzed were all classified at a dis-
similarity of 0.03 degrees. Sequences that could not be 
assigned to any division were labeled unclassified. Rich-
ness (Ace and Chao1) and Shannon diversity indexes were 
generated.

2.4  Statistical analysis

All data in the experiments were statistically analyzed by 
ANOVA using Excel 2016 software and SAS 9.1 (SAS Inc., 
Cary, NC, USA).

3  Results

3.1  Yield and quality of tomato fruit

The yield and quality of the tomato fruit were significantly 
increased by the NPI system (Table 1). The tomato yield in 
the NPI treatment was considerably higher than that of 
the CI and DI treatments, which was 26% and 8% higher 
in 2016, and 41% and 17% higher in 2017, respectively. 
The shoot biomass in the NPI treatment was substantially 
higher compared to the CI and DI treatments in the 2 years.

The NPI treatment improved the quality of the tomato 
fruit mainly via the improvement of the vitamin C and 
soluble sugar contents and decreases in the nitrate con-
tent (Table 1). The NPI treatment had the highest vitamin 
C concentration, and it was increased by 9% and 14%, and 
16% and 6% compared to the concentrations in the CI 
and DI treatments in 2016 and 2017, respectively. NPI also 
increases the soluble sugar content, which was increased 
by 13% and 21% compared to the CI treatment in the 
two years, respectively. Meanwhile, the nitrate content 
of tomato fruit was the lowest in the NPI treatment. The 
results showed that NPI could significantly promote the 
growth and quality of tomatoes in a greenhouse.

3.2  Utilization of water

The NPI system could reduce water consumption and 
enhance soil water content and WUE compared to the 
CI and DI treatments (Table 2; Fig. 1). For example, NPI 
reduced water consumption by 10.5 L and 10.9 L com-
pared with the CI and DI treatments throughout the 

Table 1  Effects of different irrigation treatments on the growth and fruit quality of tomato

CI conventional irrigation, DI drip irrigation and NPI negative pressure irrigation. All the data are the mean of three replicates with SE. The 
different letters after the numbers in the same column and year indicate a significant difference at the 0.05 level (P < 0.05)

Year Irrigation 
treatments

Yield (g/plant) Biomass (g/plant) Soluble sugar (mg/g) Vitamin C (mg/100 g) Nitrate (mg/kg)

2016 CI 1651 ± 77b 39.0 ± 1.8b 2.4 ± 0.1b 20.8 ± 1.1b 82.2 ± 3.9a
DI 1915 ± 105a 45.7 ± 2.5a 2.7 ± 0.1a 19.9 ± 0.8b 73.3 ± 2.8b
NPI 2075 ± 126a 51.0 ± 5.0a 2.7 ± 0.1a 22.7 ± 0.6a 70.2 ± 4.4b

2017 CI 1704 ± 142b 40.6 ± 1.4b 2.4 ± 0.1b 18.4 ± 1.1b 89.3 ± 3.9a
DI 2046 ± 170ab 52.4 ± 4.3ab 2.7 ± 0.1ab 20.2 ± 0.8ab 75.3 ± 3.0b
NPI 2403 ± 173a 62.1 ± 4.1a 2.9 ± 0.1a 21.4 ± 0.7a 73.1 ± 1.5b
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tomato growth period, which resulted in water savings of 
20% and 18% in 2016 and 2017, respectively. Addition-
ally, the WUE was improved by the NPI treatment with 
56% and 73% increases compared with CI in the 2 years, 
respectively. The results indicated that the NPI system 
could reduce water consumption and improve water use 
efficiency.

The soil water content remained more stable in the NPI 
treatment compared to that in the CI and DI treatments 
throughout the tomato growth stages in 2016 and 2017 
(Fig. 1). For the NPI treatment, the variations in soil water 
content were stabilized, with ranges of 12.3–14.7% in the 
two years. Meanwhile, the ranges in the CI and DI treat-
ments exhibited much larger fluctuations than observed 
in the NPI treatment, and the variations were 8.6–15.6% 
and 10.9–14.8%, respectively. This result proves that NPI 
can maintain soil water stability.

3.3  Analysis of nutrient contents in the rhizosphere 
soil and plants

NPI decreased the available potassium content in the 
rhizosphere soil of tomato, as well as the nitrogen and 
phosphorus contents (Table 3). Table 3 suggests that NPI 
significantly decreased the available potassium content 
in the rhizosphere soil with 18% and 14% compared to 
the contents in the CI treatments in the years of 2016 and 
2017, respectively. NPI had a tendency to reduce the avail-
able nitrogen content by 11% and 20% in comparison with 
the CI treatment in 2016 and 2017, respectively. However, 
little change occurred in the available P content between 
the different irrigation treatments. The results indicated 
that NPI could result in more nutrient consumption in the 
rhizosphere soil.

NPI significantly increased the nutrient contents of the 
tomato plants (Table 3). In comparison with the CI and 
DI treatments, the nitrogen contents of the plants were 
noticeably increased by 38% and 17, 53 and 23% in 2016 
and 2017, respectively. Similarly, the P and K contents of 
the plants were also significantly improved.

3.4  Bacterial diversity in rhizosphere soil

NPI significantly increased the bacterial community in 
the rhizosphere soil, as indicated by the highest Chao1, 
ACE and Shannon index values determined by Illumina 
genome analysis (Table 4). For example, in the rhizosphere 
soil, the Chao1 values were increased by 59% and 8%, and 
the ACE indexes were increased by 59% and 5% in the NPI 
treatments compared to those in the CI and DI treatments, 
respectively. Similarly, the Shannon indexes of the rhizos-
phere soil showed higher diversity in the NPI treatments.

The Venn diagram shows the numbers of unique OTUs 
(operational taxonomic units) in the different soil samples 
as well as the overlaps of common OTUs, and the samples 
are displayed in different colors (Fig. 2). The abundance 
OTUs indicated the degrees of species abundance in the 
samples. As shown in Fig. 2, the highest number of OTUs 
was in the NPI treatment (green circle), and there were 

Table 2  Effects of different irrigation treatments on water utiliza-
tion

CI is conventional irrigation, DI is drip irrigation, and NPI is negative 
pressure irrigation. All data are the mean of three replicates with 
SE. The different letters after the numbers in the same column and 
year indicate a significant difference at the 0.05 level (P < 0.05)

Year Irrigation treat-
ments

Accumulative water 
irrigation (L)

Water use 
efficiency (g/
m3)

2016 CI 53.6 30.8 ± 1.4c
DI 53.6 35.7 ± 2.0b
NPI 43.1 48.1 ± 2.9a

2017 CI 59.2 28.8 ± 2.4c
DI 59.2 34.6 ± 2.9b
NPI 48.3 49.8 ± 3.6a
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Fig. 1  Effects of different irrigation treatments on soil water con-
tent of tomato. CI represents conventional irrigation, DI represents 
drip irrigation, and NPI represents negative pressure irrigation
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2143 OTUs with 51% and 3% increases in comparison with 
the yellow circle (CI) and purple circle (DI), respectively.

The differences in the relative abundance of the bac-
terial community at the genus level in the three irriga-
tion treatments are summarized in Table 5. The most 
common bacteria at genus level were Sphingomonas, 
which accounted for 4.96% in the CI treatment, 5.12% 

in the DI treatment and 6.04% in the NPI treatment. The 
results indicated that reads of Bacillus, Streptomyces and 
Pseudolabrys were more common in the NPI treatment 
than in the CI and DI treatments. For example, the per-
centages of Pseudolabrys were 0.26, 0.45 and 0.67% in 
the CI, DI and NPI treatments, respectively. The results 
indicated that irrigation treatment could significantly 
change the abundance of bacterial communities at the 
genus level.

Table 3  Effects of different 
irrigation treatments on 
the nutrient contents of the 
rhizosphere soil and tomato 
plants

CI is conventional irrigation, DI is drip irrigation, and NPI is negative pressure irrigation. All data are the 
mean of three replicates with SE. The different letters after the numbers in the same column and year 
indicate a significant difference at the 0.05 level (P < 0.05)

Year Irrigation 
treatments

Rhizosphere soil concentration (mg/kg) Plant nutrition content (mg/plant)

N P K N P K

2016 CI 80.0 ± 5.3a 17.3 ± 0.3a 76.2 ± 3.0a 2659 ± 156c 622 ± 20c 5110 ± 283c
DI 75.4 ± 2.9ab 16.7 ± 0.2a 64.7 ± 3.5b 3148 ± 239b 752 ± 55b 5759 ± 226b
NPI 71.4 ± 2.2b 16.2 ± 0.2b 62.5 ± 3.1b 3678 ± 251a 866 ± 32a 6443 ± 454a

2017 CI 91.1 ± 4.8a 17.9 ± 0.4a 94.5 ± 5.4a 2793 ± 211c 584 ± 62c 5212 ± 465c
DI 84.4 ± 4.3ab 17.2 ± 0.4a 81.7 ± 2.5b 3469 ± 267b 818 ± 82b 6329 ± 398b
NPI 73.1 ± 5.0b 16.7 ± 2.2a 80.8 ± 2.2b 4270 ± 199a 936 ± 41a 7289 ± 428a

Table 4  Diversities of microbial communities in the rhizosphere soil 
of tomatoes in three irrigation treatments

CI is conventional irrigation, DI is drip irrigation, and NPI is negative 
pressure irrigation. All data are the mean of three replicates with SE. 
The different letters after the numbers in the same column indicate 
a significant difference at the 0.05 level (P < 0.05)

Treatments Chao1 ACE Shannon

CI 1647.3 ± 80.9b 1651.7 ± 56.1b 5.49 ± 0.12b
DI 2436.7 ± 90.2a 2493.0 ± 104.9a 6.18 ± 0.03a
NPI 2625.0 ± 133.7a 2620.3 ± 75.7a 6.19 ± 0.07a

Fig. 2  Venn diagram of OTUs in rhizosphere soil under different irri-
gation conditions. CI is yellow, DI is purple, and NPI is green. OTUs 
are operational taxonomic units

Table 5  Composition of bacterial communities in three irrigation 
treatments at the genus level (% of total sequences)

CI is conventional irrigation, DI is drip irrigation, and NPI is negative 
pressure irrigation. All data are the mean of three replicates with SE. 
The different letters after the numbers in the same genus level indi-
cate a significant difference at the 0.05 level (P < 0.05)

Genus level CI DI NPI

Sphingomonas 4.96 ± 1.24a 5.12 ± 0.86a 6.04 ± 1.81a
Gemmatimonas 1.42 ± 0.09c 2.91 ± 0.37a 2.02 ± 0.20b
Mizugakiibacter 0.07 ± 0.02c 0.98 ± 0.14a 0.34 ± 0.08b
Flavisolibacter 1.33 ± 0.09a 0.69 ± 0.17b 1.32 ± 0.07a
Haliangium 0.80 ± 0.14b 0.97 ± 0.13ab 1.18 ± 0.16a
Bacillus 0.34 ± 0.04b 0.94 ± 0.26a 1.38 ± 0.25a
Acidibacter 1.16 ± 0.25a 0.45 ± 0.06b 1.16 ± 0.14a
Devosia 0.74 ± 0.04a 0.61 ± 0.10a 0.66 ± 0.12a
Aquicella 0.64 ± 0.23a 0.30 ± 0.06a 0.37 ± 0.07a
Phenylobacterium 0.48 ± 0.08b 0.49 ± 0.07b 0.73 ± 0.10a
Streptomyces 0.68 ± 0.15a 0.30 ± 0.06b 0.88 ± 0.24a
Aciditerrimonas 0.67 ± 0.07a 0.33 ± 0.09b 0.37 ± 0.04b
Opitutus 0.42 ± 0.07b 0.14 ± 0.02c 0.80 ± 0.18a
Bryobacter 0.50 ± 0.08b 0.86 ± 0.10a 0.31 ± 0.06c
Pseudolabrys 0.26 ± 0.05c 0.45 ± 0.05b 0.67 ± 0.09a
Flavitalea 0.37 ± 0.05b 0.18 ± 0.06c 0.75 ± 0.16a
Nitrospira 0.42 ± 0.03a 0.43 ± 0.09a 0.33 ± 0.07a
Blastocatella 0.59 ± 0.03a 0.15 ± 0.03b 0.65 ± 0.04a
Other 84.15 81.90 81.60
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4  Discussion

It has been well documented that NPI can yield bene-
fits and save water in most crops [8, 10, 12]. The results 
of this study in two consecutive years also agree that 
NPI can increase the tomato yield by 8–41% and save 
an average of 18–20% of water compared with CI and 
DI (Tables 1, 2). Meanwhile, it is widely noted that NPI 
systems control the negative pressure values of a water 
feeder, which can provide persistent water and automat-
ically supply water to the soil in the root layer accord-
ing to the crop needs [8, 10–12], and this ensures that 
the soil water content during the crop growth period 
remains relatively stable (Fig. 1); therefore, NPI also con-
tributes to improvements in the yield and WUE (Table 1 
and 2). In the current study, we found that NPI could 
continue to provide water to keep the soil water content 
within a more stable range than in the CI and DI treat-
ments (Fig. 1). The soil water content in the NPI treat-
ment was maintained at approximately 12.3–14.7% with 
smaller variations than in the other treatments, which 
was probably because the water feeder at a depth of 
15 cm in the soil is in direct contact with tomato roots 
and can take full advantage of the rhizosphere soil and 
nutrients. Furthermore, the soil moisture of the root zone 
at 0–20 cm had a greater effect on crop growth than 
other factors [8, 12]. In comparison, CI and DI mainly sup-
ply water to the soil surface, which implies that a large 
proportion of irrigated water and fertilizer would easily 
transpire and percolate outside of the root zone; there-
fore, water and fertilizer use efficiency will be reduced, 
and groundwater contamination would be aggravated.

The NPI system can improve the yields and qualities of 
the crops, which is mainly caused by the direct supply of 
water and fertilizer to the root zone [8, 10, 12]. The pre-
sent study was in agreement with the previous studies, 
and improved yields and qualities of tomato were found 
in the greenhouse experiments in the NPI treatments 
compared with the CI and DI treatments (Tables 1, 3). 
This result suggested that the irrigation mode can affect 
the yields and qualities of tomato because CI and DI sys-
tems cannot directly and precisely contact the rhizos-
phere zone; thus, it is easy to cause the fixation and loss 
of nutrients, which will reduce the uptake nutrients from 
the roots and increase the accumulation of dry matter 
and reduce the yields and qualities of the crop. Mean-
while, the macroelements of nitrogen (N), phosphorus 
(P) and potassium (K) play an important role in the yields 
and qualities of plants [23–26]. We found that the NPK 
contents of the plants were significantly higher in the 
NPI treatment than in the CI and DI treatments (Table 3), 
which indicates that the higher frequency of NPI over a 

long period can maintain consistent nutrient concen-
trations in the root zone, promote the development of 
the root system, enhance the photosynthetic rate and 
chlorophyll content to promote photosynthesis and 
nutrient uptake and accumulation and finally increase 
the crop yield and quality [8, 10]. Simultaneously, defi-
cits and excesses of water can regulate the quality of 
tomato during the fruit setting period of tomato plants 
[24]. Badr et al. [27] found that water is involved in the 
regulation of fruit penetration, and it can increase sugar 
concentrations through the phloem into the fruit. How-
ever, excessive water supplies can reduce the qualities of 
VC and soluble sugar [4, 24]. In this study, NPI improved 
tomato quality, which might due to the steady water 
supply and the avoidance of interference from exces-
sively wet and dry soil moisture conditions. In addition, 
the application of potassium fertilizer could increase the 
soluble sugar and VC contents in tomato fruit, and potas-
sium ions can affect the uptake of nitrate and promote 
nitrogen metabolism in crops [28], which partly proves 
that increases in the uptake of potassium can improve 
the quality of tomato (Table 3).

High throughput sequencing technology has greatly 
expanded our exploration of the relationship between 
microorganisms and plants [19]. The microbial commu-
nities in the rhizosphere are influenced by plant species, 
soil type and water content [29, 30], and high-quality 
soils exhibit higher bacterial diversity [20]. In the current 
study, based on three different soil water content treat-
ments, we found that NPI results in the highest microbial 
diversity (Fig. 2; Table 4). This result indicated that a steady 
water supply results in higher diversity than alternating 
dry and wet soil, which is probably because appropriate 
water supply can dissolve minerals in the rhizosphere soil, 
thereby promoting the absorption of nutrients by micro-
organisms, while water affects soil aeration and regulates 
microbial communities [31, 32]. Due to the steady water 
emissions in the NPI system, air permeability is maintained 
in the tomato rhizosphere, which is beneficial for nutri-
ent absorption by aerobic bacteria; however, when the 
roots of tomatoes are under drought or flooded condi-
tions, the growth of microorganisms is prevented [4, 11]. 
Simultaneously, the NPI treatment had a significant effect 
on the taxonomy of bacteria at the genus level (Table 5), 
and several probiotics potentially involved in the promo-
tion of tomato growth were found. For example, Bacillus, 
Pseudolabrys and Streptomyces, which have the ability to 
promote crop growth [33–35], were detected as dominant 
genera in this study, and the abundances of these genera 
were highest in the NPI treatment (Table 5). In addition, 
Bacillus species can be considered aerobes or facultative 
anaerobes [36], which also proved that the relative con-
tents of aerobe bacteria can be improved by good aeration 
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conditions in the rhizosphere under NPI. Meanwhile, Strep-
tomyces, which is the largest genus of Actinobacteria, was 
distributed in the soil with suitable water contents and 
established aerobic life, and most of the antibiotics were 
produced by this genus, which is also considered as a pro-
biotic bacterium [37–40]. It was proved that the relative 
abundances of Bacillus and Streptomyces can be increased 
under the better-aerated NPI treatment, thus promoting 
the growth of tomato. Since rhizosphere of the root zone 
has a high number of bacteria, a more thorough search 
for probiotics should be explored in the future. Therefore, 
this research contributed to the understanding of how the 
NPI system can improve the number of beneficial micro-
organisms, optimize the soil ecological environment and 
improve crop yield and quality.

The results indicate that NPI provides suitable and 
steady soil water content for tomato production while 
reducing water consumption and increasing the WUE in 
a greenhouse. The yields and qualities of tomato plants 
were strengthened in the NPI treatment compared to the 
CI and DI treatments, and the uptakes of N, P and K by the 
plants were significantly improved. Meanwhile, NPI makes 
it more possible for the bacterial diversity of the rhizos-
phere soil as well as the abundances of Bacillus, Strepto-
myces and Pseudolabrys at the genus level to increase. NPI 
can be used as a new irrigation method, and this study 
provides the scientific and theoretical basis for the sustain-
able development of agriculture.
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