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Abstract: Aerated drip irrigation is rendered as a new water-saving irrigation method based on drip
irrigation technology, which is endowed with the function of effectively alleviating the problem of
rhizosphere hypoxia in crop soil, enhancing the utilization rate of water and fertilizer; as a result, it
improves the harvest and quality of crops. However, clogged emitters are important indexes, among
others, that pose an influence to the service effect and life duration of drip irrigation systems. At
present, the working principle and mechanism of the influence of air feeding on the blockage of drip
irrigation emitters remain unclear. Therefore, based on the two gas filling methods of the mi-
cro/nano bubble generator and Venturi injector, the dynamic change process for the average flow
ratio of an air-filled drip irrigation emitter was studied by the method of emitter plugging test. 165
rRNA sequencing was used to analyze the microbial diversity of the emitter plugs. The results show
that the air injection can pose influence on the clogging procedure of drip irrigation emitters, and
more importantly, it makes the distribution of blocked emitters more uniform, thus improving the
uniformity of the system. Different filling methods have different effects on the blockage of the
emitter. Among them, the blockage time of drip irrigation system under the micro/nano aerated
drip irrigation (MAI) mode is 5.73 times longer than that under unaerated drip irrigation (UVI), and
similarly, Venturi gas drip irrigation (VAI) is close to that under UVI. The filling method changed
the microbial diversity of the blockage in the emitter. Among them, the number of operational tax-
onomic unit (OTU) unique to MAI was 2.1 times that of UVI, and the number of OTU unique to
VAI was 1.3 times that of UVI. Meanwhile, gas addition will inhibit the growth of Nitrospirae and
Proteobacteria microbial communities and promote the growth of Firmicutes and Actinobacteria
microbial communities. Furthermore, the increase in microbial extracellular polymer in the plug-
ging material of the emitter was inhibited and the plugging process of the emitter was slowed down.
The research results are of great significance in the disclosure of the clogging mechanism of drip
irrigation emitter and constructing the green, anti-blockage technology of aerated drip irrigation.
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1. Introduction

Aerated drip irrigation, as a new water-saving irrigation method, aims to provide
the optimal ecological environment for crops, which can be adopted to realize the syn-
chronous deliver of water and air required by crops and improve the problem of soil hy-
poxia [1,2]. It has been demonstrated by the studies that aerated drip irrigation can be
capable of improving soil permeability in an effective manner [3-5] and increase crop wa-
ter and nutrient utilization rates [6,7], which is endowed with great merits in technology
over others with good prospects for application [8,9]. Many scholars have studied the in-
fluence of aeration on drip irrigation systems and found that aeration can effectively
change the hydraulic characteristics of water flow, promote microbial metabolism in drip

Agriculture 2022, 12, 1941. https://doi.org/10.3390/agriculture12111941

www.mdpi.com/journal/agriculture



Agriculture 2022, 12, 1941

2 of 22

irrigation systems, and reduce the frictional resistance between water bodies and walls
[10].

At the same time, aeration in irrigation water affects the delivery of particles by water
flow, and changes the water density and viscosity coefficient [11,12]. As a major compo-
nent of drip irrigation systems, the principal function of the emitter lies in the capability
of enabling the pressurized water to flow through its internal narrow channel or micro
hole to fully dissipate energy, and then drop into the soil with a uniform and stable flow
rate. In order to realize its function, the flow channel or micro hole inside the emitter is
generally only 0.5-1.2 mm [13]. In the process of irrigation, the suspended particles, chem-
ical precipitation, microbial metabolites and other impurities in the water are subject to
the blockage of the emitter, thus reducing the uniform distribution of the drip irrigation
system. Consequently, the service result and duration of the whole drip irrigation system
are affected in an explicit manner [14,15].

For a long time, many scholars have carried out a large number of studies [16-20] to
solve or alleviate the blockage of drip irrigation nozzles by configuring filtration equip-
ment, optimizing the structure of the drip nozzle flow channel, regularly flushing the noz-
zle and adding chlorine to irrigation water and other methods, with certain achievements.
However, the clogging problem of the nozzle serves as the significant indexes among oth-
ers restricting further development of drip irrigation technology. Based on the research of
Li et al. (2020), the use of aerated irrigation can delay the blockage of the emitter [21],
which offers a new solution to the problem of the blockage of the emitter. However, that
mechanism of the influence of aerated irrigation on the blockage of the emitter is still un-
clear and needs to be further studied.

It is generally believed that emitter blockage is mainly manifested in three forms:
physical, chemical and biological blockage [22,23], respectively, among which biological
blockage is often the initiating factor of other blockages with great complexity and im-
portance [13,23,24]. The larger the number of microorganisms in the irrigation system, the
more complex the community, and the more likely the emitter is to suffer from biological
blockage [25]. Aeration of irrigation water in the working process of aerated drip irriga-
tion will inevitably change the microbial environment of the mentioned drip irrigation
system, affect the structure of the microbial community and ultimately affect the process
of irrigation blockage.

To have further exploration on the influence of aeration on blockage regularity and
uniformity of drip irrigation systems, as well as the microbial diversity of the blockage
material in the emitter, this paper takes aerated drip irrigation as the research object, and
adopts two classical aeration methods, micro/nano and Venturi, to carry out the following
research: (1) monitor the dynamic change process of the average flow ratio (Dra) of drip
irrigation system under different feeding modes-,with studies on the clogging rule and
also consider using distribution uniformity/uniform distribution of drip irrigation system
under different feeding modes; (2) analysis on the microbial diversity of the clogging ma-
terials in the emitter based on varied filling approaches, and exploration on the microbio-
logical mechanism of clogging in drip irrigation emitter. The research results are of great
significance for revealing the blockage mechanism of drip irrigation emitter and con-
structing the anti-clogging technology of aerated drip irrigation.

2. Materials and Methods
2.1. Selection of Emitter

To study the effect of air filling on blockage of the emitter and microbial diversity of
the Blockage substances, the commonly used inset patch type drip irrigation system in the
market was selected in the experiment as the research object. Before the test, the flow-
pressure relationship and the coefficient of variation (Cv) of the emitter were given verifi-
cation as (ISO,9261) [26]. Among them, the relevance between flow rate and pressure of
emitter is expressed in the following formula:
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qe = kp"
In the equation, ge: Emitter flow, L h;
P: working pressure, MPa;
K denotes flow coefficient;
M refers to the flow state index.
The coefficient of variation (C», %) was calculated as follows:

C,=100xS,/q

In the equation: s,: standard deviation of the flow rate of the emitter, L h-';

q: average flow rate of emitter L h™';

After testing, the structure parameters and performance indexes of the emitter are
demonstrated in Table 1. As can be seen from Table 1, the flow pattern index M of the
emitter is 0.48. According to the quality standard of the emitter (ASAE Standards, 2003B)
[27], the performance of the embedded patch type emitter is “excellent”.

Table 1. Test emitter runner size and performance index.

Rated . Flow Channel Size Filtering Discharge Flow
. Connection Compensa- . . v
Emitter Flow (L Method  tion Function (mm) Area Coefficient Index (%)
h) Width Depth Length (mm?) k m °
Set No
ko= o Within  pressure com- 0.6 0.74 65 45 0.347 048 1.74
patch pensation

2.2. Test Device

The test was conducted at the Quality Testing Center of Water Conservation Irriga-
tion Equipment of the Ministry of Water Resources. The test was configured as three
experimental groups: UAI (unaerated drip irrigation), VAI (Venturi gas drip irrigation),
MAI (micro/nano aerated drip irrigation). The test device and its principle are shown in
Figure 1. The test device is composed of a head and a test part. The first part includes four
pools (single volume 0.5 m?), a micro and nano bubble generator (Yunnan Summer spring,
Kunming City, Yunnan Province, China), a Venturi ejector (Mazzei injector corp, Bakers-
field, California,USA), a frequency conversion pump (rated flow rate 3 m? h™', head 50 m,
power 1.5 kW), a filter (120 mesh), a valve and a pressure gauge (0.4 level). The test part
includes 3 groups of test beds, each of which is installed with 5 drip irrigation belts (1 drip
irrigation belt of E1-E5, 10 m in length and 0.2 m in spacing). The drip irrigation belts are
installed on the test bench, and the bottom of the test bench is a sink with a certain slope,
and the sink is connected with a water tank, which can be used for the collection of test
medium through the emitter into a water tank.

The Venturi ejector was installed at the front of the Venturi gas drip irrigation (VAI),
and the micro/nano bubble generator was installed at the front of the micro/nano aerated
drip irrigation (MAI), with the gas rate of 3 L min™. The unaerated experimental group
(UVI) was not aerated, and neither Venturi ejector nor micro/nano bubble generator was
installed at the front, and the other devices were consistent with the aerated experimental
group. To further eliminate the effect of physical blockage on the test results, a circulating
water supply system was adopted for this test, where the tested water source was accessed
from a reservoir after settling in the front of the reservoir and then entered the test pipe-
line. After repeated precipitation and filtration, the contents of suspended particles and
solid impurities in the water were cut down, and influence of physical blockage on the
experiment was correspondingly reduced.

In order to monitor the clogging process of the emitter in each drip irrigation system,
the emitter flow rate was given a measurement for every alternative, every 3 days, soon
after the begin of the experiment. Before the test, the system was made to run stably for
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30 min at a rated pressure first, and then the rain gauge cylinder was placed directly below
the measuring point every 5 s; 12 min later, the rain tanks were removed based on placing
order and time interval of the rain tanks, and the amount of water in each rain tank was
measured. In order to reduce the error of the test results, each test was repeated 3 times.

The test was run for 10 h (8:00~18:00) on a daily basis with aggregate running time of
330 h. During the test, in order to offset the water loss by evaporation and water droplets
splashing, groundwater was added to the tank and the filter was cleaned before the test
began in a daily manner. While operating the test device, the pressure in operation of that
system remained stable at 0.1 MPa. To ensure the accuracy of the test, the capillary failed
to be washed during the whole test.

Water emitter

Meter

Venturi ejector

Drip irrigation belt | '
Test rack /</\

Trim valve

Micro and nano bubble generator
Filter

Pump

Water valve Reservoir

Water

Figure 1. Schematic diagram of test device.

The groundwater of the test site was used as the water source for the test. Table 2
expounds the water quality.

Table 2. Test of water quality.

. . . Total
Total Total COD TDS Calcium Magnesium Iron Manganese Bicarbonate Carbonate Sodium pH Salt  Sulfate
Nitrogen Phosphorus Ions Ions Ions Ion Ions  Value
Content
mg-L- . mgL?' mgL?*mgL! mgL? mgL' mgL?! mglL? mg L1 mgL?! mglL? Scm? mglL?
6.3 0.36 269  96.39 95.4 0.074 0.022 153.52 26.96 109.50  7.26 2.66 87.31

2.3. Research Methods
2.3.1. Monitoring of the Clogging Degree of the Emitter

The average discharge ratio variation Dra (%) was used in the experiment to express
the clogging degree of the emitter:
n
Dra(%) = Zisy &
qnew
where, q; is the flow rate of the ith emitter in blocking test, L h™';

Uneo: Mean flow rate of the emitter before the test, L h;
n: number of measured emitters.
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The ratio of average emitter flow to Dra reflects the degree of reduction of average
emitter flow, and a smaller Dra indicates a greater attenuation of average emitter flow and
a more serious blockage. It is universally thought that as Dra <75%, that emitter is blocked
(ISO/TC 23/SC 18) [28]. Therefore, this test uses the average flow ratio Dra < 75% as the
judgment basis for emitter blockage, and defines varied levels of emitter blockage based
on the size of Dra: When the emitter Dra > 95%, it is defined as unblocked; providing 75%
< Dra <95%, it is defined as slight blockage; as 50% < Dra <75%, it is interpreted as block-
age; Assuming 20% < Dra < 50%, it is defined as serious blockage; as Dra < 20%, it is de-
fined as thorough blockage.

2.3.2. System Performance Evaluation

Christiansen uniformity coefficient Cu and statistical uniformity coefficient Us were
adopted for evaluation of influence of irrigation blockage on the performance of drip irri-
gation system:

(1) Christiansen uniformity coefficient

C, (%) = (1 . Z?’=11|in - Jz|)
i=1%i

In the equation,

C,: Christiansen uniformity coefficient, %;

x;: Observed value of water output of the ith emitter, mL;

X: Sample mean, ml;

N: indicates the number of measurement points.

(2) Statistical uniformity coefficient

Us(%) = (1 =S/%)

In the equation,
U denotes the statistical uniformity coefficient, %;
S refers to the standard deviation of the sample observation value.

(3) System performance evaluation index

According to the ASAE standard EP 458 [29], the system performance was evaluated
as “excellent” at 95%~100%. When the value stands at 60% and below, the evaluation sys-
tem performance proves to be unqualified. Table 3 lists the specific evaluation indicators.

Table 3. Uniformity evaluation.

U 100~95 90~85 80~75 70~65 <60
Grades Excellent Good Medium Inferior Unqualified

2.3.3. Analysis of Microbial Diversity of Emitter Plugs

The clogging mechanism of aerated drip irrigation emitter was studied from the bi-
ological perspective. At the end of the experiment, the microbial diversity of blockage
substances in three drip irrigation systems was analyzed, and three samples were selected
from each experimental treatment for microbial diversity statistics. Genomic DNA was
extracted by DNA extraction kit, and then the concentration of DNA was detected by aga-
rose gel electrophoresis and NanoDrop2000.Genomic DNA was used as a template to
identify microbial diversity.

After preprocessing the microbial DNA test data for generation of high-quality se-
quences, Vsearch [30] software was adopted for classification of sequences for multiple
operational taxonomic units (OTUs) based on sequence similarity. OTU classification is
an artificially defined taxon. In population genetic studies, the same mark is artificially
assigned to a taxon for the convenience of analysis. To understand the number of bacteria
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and genera in the sequencing results of a sample, it is necessary to cluster the sequences.
Through the classification operation, sequences are divided into multiple groups accord-
ing to their similarity, and a group is used as an OTU. A measurement sequence similarity
of 97 % or greater is usually interpreted as an OTU unit.

The QIIME [31] software package was adopted for selection of the representative se-
quences of each OTU, and every representative sequence was compared with the database
for annotation, so as to obtain the microbial diversity results of each sample. By comparing
and analyzing the microbial diversity results of each drip irrigation system with the clog-
ging rule and uniformity of the irrigator, the biological response law of blockage and air-
filled drip irrigation can be reflected, and then the blockage mechanism of air-filled drip
irrigation can be analyzed.

3. Results and Analysis
3.1. Influence of Air Filling on the Filling Law of the Emitter
(1) Influence of air filling on average flow ratio Dra of the emitter

Figure 2 shows the variation in the average discharge ratio Dra of the emitter with
test time under different test treatments. As can be seen from the Figure, Dra decreases
gradually with the increase in test time under different gas filling modes. However, under
MALI, the decreasing rate of Dra in the emitter was significantly lower than that in other
experimental groups, and the decreasing trend of VAI and UVI was basically the same
throughout the experiment period, except that in the early stage of irrigation, the Dra of
VAI was slightly higher than that of UVL

After 90 h of work, the Dra of VAI and UVI both decreased to about 75%. After that,
the VAI emitter was basically the same as that of UVI until the end of the experiment,
indicating that VAI would slow down the rate of the emitter Dra decline in the early stage
of irrigation.

R,

00 ¢
e ) O _70"’*—70_,,_7 O O_f" O—f.;_w_O_w_i_O

—@— VAI
—@-UAI
O MAI

30 60 90 120 150 180 210 240 270 300 330

Running time (hours)

Figure 2. Change in average discharge ratio Dra of emitter with irrigation time.

Figure 3 shows the bar chart of the number of emitters with varied plugging degrees
varies with the test time. It can be seen from the Figure that in each experimental group,
there was a great difference in the degree of emitter blockage under different filling
modes. Among them, the time of blockage of the emitters in MAI was the latest, which
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was about 270 h of system operation. At the end of the test, only three emitters reached
the blockage standard, and no serious blockage occurred in all the emitters.

Number of Emitter

Number of Emitter

25
® Dra<<20%
m 20%=<Dra<<50%
® 50%=Dra<75%
20 m 75%<Dra<<95%
B Dra>95%
15
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5
0
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25
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Figure 3. Bar chart of the number of emitters with different clogging degrees varies with irrigation
time. (a) UAL (b) VAL (c) MAL

The VAI seriously blocked the emitters after about 90 h of operation, and then the
number of blocked emitters was always higher than that of other experimental groups
until all the emitters were blocked. When all the emitters were seriously blocked, the sys-
tem only ran for about 210 h. In UVI, serious blockage of the emitter occurred after about
60 h of operation, which was the fastest in all the tests. After about 240 h of the test, all the
tested emitters in UVI reached the serious blockage standard.

(2) The influence of air filling on the clogged space distribution of the emitter

In order to describe the dynamic development process and spatial distribution prin-
ciple of emitter blockage, the dynamic change in emitter blockage at varied positions at
the direction of drip irrigation belt was studied, and the dynamic change heat map of
average flow ratio of emitter at different positions was drawn, as demonstrated in Figure
4. In the figure, the abscissa signifies the running time of the test, and the ordinate repre-
sents the average flow ratio Dra of the emitters at different positions at the direction of the
drip irrigation belt. The size of the emitters Dra is distinguished by different colors.

As can be seen from Figure 4, as continuous advances of the test, the number of
blocked emitters in each experimental group increased continuously. The blockage dura-
tion of the emitters in aerated test group was later than that in UVI, and the number of
clogged emitters was also obviously smaller than that in UVI in the corresponding time.
By comparison of the positions of the blocked emitters on the drip irrigation belt in each
span period, it is not difficult to find that the blocked emitters in that air filling test group
have a more uniform distribution on the measured drip irrigation belt.
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Figure 4. Distribution diagram of the emitter Dra with the change in filling time under different
filling modes. (a) UAL (b) VAL (c) MAL

In the direction of water flow, the drip irrigation belt is divided into three sections
according to the laying length, namely, the front, middle and back sections. The propor-
tion of the clogging emitters in this section is defined as the ratio between the quantity of
clogging emitters in each section and the aggregate quantity of clogging emitters in the
root drip irrigation belt. Figure 5 shows the distribution in the percentage of clogged emit-
ters along the drip irrigation belt in each air filling mode.

It can be seen from Figure 5 that different filling modes have different influences on
the change of the filling degree of the emitter, and the distribution of the clogging emitter
along the drip irrigation belt is also different, which changes with the change in the filling
treatment mode and the test time. In UVI, there were more clogged emitters in the front
and middle sections of the drip irrigation belt, which further verified that the front section
of the drip irrigation belt was more prone to blockage under normal conditions. For the
gas test group, in the initial stage of blockage, blockage mainly appeared in the middle
and back section. Compared with UV], the distribution of VAI is more uniform, and the
front segment blockage ratio of MAI is smaller.

The above results indicate that micro and nano inflating not only delays the time of
the emitter clogging, and it also affects the spatial distribution of the emitter clogging,
indicating that micro and nano inflating has an important influence on the dynamic
change in the degree of emitter clogging, and makes the mechanism of emitter clogging
more complex.
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Figure 5. Distribution in the percentage of clogged emitters along the drip irrigation belt. (a) UAIL
(b) VAT (c) MAL

3.2. Dra Regression Analysis of Emitters under Different Filling Modes

In order to analyze the statistical relationship in a quantitative manner between the
average flow ratio Dra of emitter under different filling modes and the test duration (T),
linear regression analysis of relevant factors was carried out in the data analysis software
SPSS 22.0, and regression equations under corresponding filling modes were obtained:

Control group: Dra UA =1.018 - 0.00330T (R?=0.977, p < 0.001);

Venturi gas test group: Dra VA =0.992 - 0.00318T (R?>=0.980, p < 0.001);

Micro and nano gas test group: Dra MA =0.992 - 0.00052T (R2=0.971, p < 0.001);

Among them, the coefficient of determination R2 of all experimental groups was
greater than 0.97, indicating a good degree of fitting of the regression equation data.

According to the regression equation, when Dra = 75%, the TUA of unaerated mode
(UVI) is =81.21 h, the TVA of Venturi aerating mode (VAI) is #76.10 h, and the TMA of
micro/nano aerating mode (MAI) is #465.38 h. TVA = 0.94TUA and TMA = 5.73TUA were
obtained. In other words, under the same conditions, the blockage time of MAI is 5.73
times longer than that of UVI, while the blockage time of VAI is 0.94 times longer than
that of UVL Therefore, MAI can effectively delay the clogging time of the drip irrigation
system, while Ventura gas (VAI) cannot.

3.3. Influence of Air-Fed Drip Irrigation Emitter Clogging on System Uniformity
3.3.1. Variation Law of Uniformity Coefficient of Air-Fed Drip Irrigation System

In order to study the influence of the clog of the air-fed drip irrigation emitter on the
uniformity of the system, the variation in the Christiansen uniformity coefficient Cu and
statistical uniformity coefficient Us in different experimental groups with the running time
was studied, as shown in Figure 6. It can be seen from the figure that the change process
of Christiansen uniformity coefficient Cu and statistical uniformity coefficient Us with
working time is similar to the change law of average flow ratio Dra.

In general, the uniformity coefficient (Cu and Us) of the emitter decreased with the
increase in the test time under each filling mode. The Christiansen uniformity coefficient
Cu of VAI and MAI is better than that of UVI. The statistical uniformity coefficient (Us) of
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Ventura gas method (VAI) is the worst, and the statistical uniformity coefficient (Us) of
MAI proved to be with the best performance. MAI has better uniformity coefficient sta-
bility.

According to Figure 6, the statistical uniformity coefficient Us of the emitters under
the MAI and VAI modes is better than that under the UVI mode. In particular, the system
uniformity of MAI was qualified throughout the whole test period, and was excellent for
most of the time (about three quarters of the whole test period). At this time, the Us of UVI
is reduced to approximately 40%, with obvious unqualified system performance, which
is not suitable for continued use.

These results indicate that MAI can maintain good uniformity of irrigation and pro-
long the service span of drip irrigation systems. In the whole test process, the VAI can be
evaluated as qualified for half of the time and be excellent for a quarter of the time during
the test period. The UVI was qualified only a quarter of the time and excellent one-sixth
of the time. It can be seen that the two air feeding methods can have certain influence on
the irrigation uniformity of drip irrigation system.
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Figure 6. Variation curve of uniformity coefficient of drip irrigation system with irrigation time. (a)
Statistical uniformity coefficient Us of drip irrigation system. (b) Christiansen uniformity coefficient
Cu of drip irrigation system.

3.3.2. Relationship between Uniformity Coefficient of Air-Fed Drip Irrigation System
and Average Flow Ratio of Emitter

Figure 7 shows the relationship between the Christiansen uniformity coefficient Cu
and statistical uniformity coefficient Us and the average flow ratio Dra in drip irrigation
system. As can be seen from the Figure, there is a good linear relationship between Dra,
Cu and Us under all treatments. Under the condition that the emitter Dra is the same, the
effects of different filling methods on Cu and Us show obvious differences.

On the whole, Cu and Us under the two gas methods are better than those under the
UVL Especially when Dra is about 90%, Cu and Us appear an inflection point, and with
the decrease in Dra, the positive effect of MAI on Cu and Us becomes more obvious. MAI
reduces the sensitivity of Cu and Us to Dra changes in drip irrigation systems, and makes
the degree of irrigation clogging more uniform.
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Figure 7. Relationship between uniformity coefficient and average flow ratio. (a) The relevance be-
tween the statistical uniformity coefficient Us and the mean flow ratio Dra. (b) The relevance be-
tween Christiansen uniformity coefficient Cu and mean flow ratio Dra.

3.4. Microbial Diversity of Plugging Material in Air Drip Irrigation Emitter
3.4.1. Influence of Gas Addition on Microbial Quantity

After the quality control of nine samples, the microbial OTU quantity of each sample
was distributed between 2109 and 2333.
First, the total number of OTUs was analyzed, and the OTU results of nine samples

are shown in Figure 8.
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Figure 8. Petal diagram of OTUs distribution in each sample.

The numbers in Core represent the number of OTUs shared by the nine samples (i.e.,
Core OTUs).

The numbers on the petals represent the total OTUs of each sample minus the num-
ber of OTUs shared.

Based on the OTU results of every sample, the total quantity of OTUs of the nine
samples was greater than the number of their own OTUs, that is, the number of the same
microorganism was more than 50% of the total number of microorganisms in each sample.
In order to further analyze the microbial distribution law of drip irrigation system under
each gas filling method, three samples were evenly selected for each gas filling method
with analysis on the average results. The microbial OTU number distribution of the stop-
per in the emitter under each gas filling method is shown in Figure 9.
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Figure 9. Distribution of OTUs in drip irrigation systems.
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As shown in Figure 9, the total number of microbial OTUs of the emitter plugs under
the three gas filling methods totaled 3166, and the total number of OTUs shared by each
gas filling method stood at 2276. Among them, the number of unique OTUs in UVI was
97, the number of unique OTUs in VAI was 125, and the number of unique OTUs in the
micro and MAI reached 201.The number of unique OTUs of VAl is 1.3 times that of UVI,
and the number of unique OTUs of MAl is 2.1 times that of UVI. The results showed that
the number of OTU of plugging material could be increased by gas injection, that is, the
microbial abundance of plugging material in the emitter could be increased.

3.4.2. Effects of Aeration on Microbial Community Diversity

To further explore the effect of aeration on the microbial diversity in drip irrigation
systems, the microbial community structure of the blockage substances in the emitter un-
der each aeration method was analyzed by us. The number of microbial communities con-
tained in the plugging material of the emitter under each gas filling method was counted,
and the communities with the top 30 microbial numbers were analyzed. Among them, the
common community species was 29, and the other unique microbial communities were
represented as other. Figure 10 shows the relative abundance of microbial communities
of the clogging materials in the emitters under the three gas filling methods.
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Figure 10. Bar chart of community structure in drip irrigation system (microbial communities with
the top 30 microorganisms in the sample).

As shown in Figure 10, the relative abundance of microorganisms in VAI and UVI
demonstrates similarity, and the proportion of each microbial community in the total mi-
crobial community is roughly the same, while the abundance of microorganisms in MAI
shows significant difference. Among them, Nitrospirae showed significant differences
among the three aeration methods, with the highest abundance in UVI and the lowest
abundance in the MAI, indicating that aeration would affect the growth of microbial com-
munities of Nitrospirae in the blocked substances of the emitter.

The abundance of Firmicutes and Actinobacteria in UVI and VAI was similar, but the
abundance of the microbial community in the micro and MAI was significantly increased.
The abundance of Proteobacteria in all drip irrigation systems is close to 50%, indicating
that Proteobacteria is the main microorganism in the blocking substances of the irrigation
system. The microbial community abundance in UVI and VAI was similar, but the



Agriculture 2022, 12, 1941

18 of 22

microbial community abundance in MAI was significantly reduced. In conclusion, aerated
drip irrigation can inhibit the growth of the Nitrospirae and Proteobacteria community
structure, and promote the growth of Firmicutes and Actinobacteria microbial communi-
ties. Nitrospirae is Gram-positive bacteria, while Firmicutes, Proteobacteria and Actino-
bacteria are Gram-negative bacteria.

4. Discussion
4.1. Influence of Air Feeding on the Law of Emitter Blockage of Drip Irrigation System

The performance of the emitter serves as a significant factor among others that affect
the overall performance of the drip irrigation system [32]. The experimental outcome
demonstrates that the mean change of flow ratio (Dra) and Christiansen uniformity coef-
ficient (Cu) of drip irrigation system under the three feeding methods gradually decreased
with the increase in the experimental time, which was consistent with the research results
of Zhou Bo [33] and Li [21]. The decreasing trend of Dra of VAI and UVI is basically the
same in the whole experiment period, which is higher than that of UVI only in the early
stage of irrigation. However, the Dra of VAI drops the fastest, and the whole system
proves to be the first with serious blockage, and the blockage in the front middle of the
system is more serious. Different from the other two gas filling methods, the decrease rate
of Dra of MAI is significantly smaller. When UVI and VAI have been blocked or even
completely blocked, MAI is only slightly blocked.

The Dra regression analysis of different filling modes of the emitters shows that, un-
der the same conditions, the blockage time of MAl is 5.73 times that of UVI, and the block-
age time of VAIis 0.94 times that of UVIL. Therefore, MAI can effectively delay the blockage
time of the drip irrigation system, while VAI cannot delay the blockage time of the emitter,
which is the result of the fact that Ventura gas is sucked into the circulating water by
means of pressure difference, and the distribution of gas in the water is very uneven [34].

At the same time, the bubbles produced by Ventura gas have a large diameter, which
is very unstable in the system and easy to precipitate out of the water. They have a short
duration in the water and cannot have an effective impact on the system performance [35].
Micro and nano bubbles, as tiny bubbles with diameters ranging from 200nm to 50um,
have the characteristics of super stability and strong oxidation [36]. After entering the drip
irrigation system, micro and nano bubbles can produce oxidative degradation of sub-
stances that mainly cause biological clogs, such as microbial extracellular polymers on the
emitter, and mitigate the impact of biological clogs on the performance of the emitter [37].

When the internal pressure is higher in the micro/nano bubbles, the bubbles burst
from the relative energy. When in contact with organic matter in water, part of the organic
molecular chain structure will break, hindering the S5iO: and Al2Os, and the physical block-
ing formation has a strong adsorption of particles together relieving the physical plugging
effect of the performance of the irrigation device [38]. Studies have shown that, similar to
nanoparticles, micro and nano bubbles carry significant surface negative charges, which
will repulse with negatively charged sulfate and phosphate oxygen-containing groups,
hindering their binding with calcium and magnesium ions, reducing the formation of in-
organic solids in the drip irrigation system, and slowing down the impact of chemical
blockage on the drip irrigation system. In addition, micro and nano bubbles can change
the hydrodynamic characteristics in the drip irrigation system and reduce the migration
resistance of impurities that can be caused by wall pairs, so as to effectively improve the
migration efficiency of impurities and slow down the settlement of impurities [39,40].
Therefore, MAI can significantly change the filling process of the emitter and effectively
alleviate the clogging of drip irrigation systems.

4.2. Influence of Air Feeding on Uniformity of Drip Irrigation System

The results of uniformity analysis of drip irrigation system showed that the uni-
formity of the system under MAI was qualified during the whole experimental period,
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and the uniformity was excellent for most of the time (about 3/4 of the whole experimental
period). Under VAI, only 1/2 of the time during the test period can be evaluated as quali-
fied, and 1/4 of the time can be evaluated as excellent. Under UVI, only 1/4 of the time is
qualified, and 1/6 of the time is excellent. It can be seen that different feeding methods
have certain influence on the uniformity of irrigation water in the whole working process
of drip irrigation system. Among them, MALI is obviously beneficial to maintain good uni-
formity of drip irrigation systems, so as to prolong the service life of the drip irrigation
system.

It is the result that the Venturi bubbles under VAI are only mm in diameter and have
a small specific surface area, which cannot effectively adsorb tiny impurities in water and
affect the uniformity of the distribution of blocking substances in the irrigation system.
However, the diameter of micro/nano bubbles under the MAI method is um. When the
volume is equal, the specific surface area of the micro/nano bubbles with a radius of 10
pm is 100 times that of the Venturi bubbles with a radius of Imm [41]. Therefore, com-
pared with VAI, the bubbles produced by MAI have stronger adsorption ability, which
can effectively adsorb the tiny impurities in the irrigation water and drive the tiny impu-
rities to migrate in the water.

In addition, compared with the principle of pressure difference inspiration of Venturi
gas method (VAI), MAI is to inhale and break air into bubbles and distribute them in
water with relatively uniform distribution [42], thus making the distribution of blocking
substances in the system more uniform. At the same time, micro and nano bubbles can
produce a strong long-term hydrophobic force in the bridging process, which can improve
the adhesion ability of impurities and bubbles [43,44], reduce the probability of falling off,
and promote the migration of water flow to impurities and other substances that are easy
to form irrigation plugs, so as to improve the uniformity of drip irrigation system.

4.3. Influence of Air Refueling on Microbial Diversity of Clog in Emitter

Aeration can increase the oxygen content of water, promote the oxidation of organic
matter, and affect the microbial diversity of the plug in the emitter. The results showed
that both VAI and MAI could increase the number of microbial communities and change
the activity of some microorganisms. Through analysis on microbial diversity, it was
found that MAl inhibited the growth of Gram-positive bacterial community structure and
prevented it from producing biofilms (microbial biofilm), which are not easily degradable
and hinder/block the emitters easily. In addition, MAI promoted the growth of Gram-
negative bacterial community, while VAI did not.

This is because the micro and nano bubbles produced by MAI carry significant sur-
face negative ions, which move slowly in water, and can fully oxidize microorganisms
when the bubbles burst [23]. However, the bubbles generated by VAI are prone to bubble
aggregation with inconsistent gas output, and the oxygen dissolution efficiency is at a low
level, which failed to produce enough oxidation effect on microorganisms [45,46]. At the
same time, the cell membrane structure of Gram-negative bacteria is more complex than
that of Gram-positive bacteria [47], and the energy generated when micro and nano bub-
bles burst is not enough to damage the cell membrane structure.

According to the characteristics of Gram-positive and Gram-negative bacteria, it is
difficult for Gram-negative bacteria to secrete protein [48,49], while it is an easy task for
Gram-positive bacteria to achieve it, so their non-cell wall structure peptidoglycan content
is at a high level. The oxidation of non-cell wall structures of Gram-positive bacteria by
micro and nano bubbles can damage them and inhibit their growth. Ushida A et al. [50]
also found that the extracellular polymer content on the surface of nylon membrane could
be reduced when treated with micro and nano bubble water.

At the same time, the extracellular polymer has a certain viscosity, which can ag-
glomerate microorganisms and water impurities, and aggravate the clogging of drip irri-
gation system [51]. This indicates that micro and nano bubbles can reduce the content of
peptidoglycan in the biofilm microbial community to reduce the content of extracellular
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polymer in biofilm, and then slow down the impurities and biofilm aggregation in the
irrigation system, and finally improve the anti-blockage performance of the irrigation sys-
tem. Therefore, MAI can be used as a drip irrigation method to relieve the clogging of a
drip irrigation system.

In this paper, the law of emitter blockage, system uniformity and microbial diversity
of blockage substances in drip irrigation systems with different feeding methods were
studied. Due to the limitations of the experiment, only a single groundwater circulation
test was conducted. In the next step, we will comprehensively study the effects of aeration
on irrigation blockage and the microbial diversity of blockage substances under different
water quality, such as reclaimed water and biogas slurry, and systematically analyze the
effects of aeration drip irrigation on soil and crops.

5. Conclusions

The effects of aeration on the blockage of the emitter and the microbial diversity of
the clogging material were evaluated through experiments. The conclusions are as fol-
lows:

1. Inflating can affect the blockage performance of the emitter; in particular, the mi-
cro/nano inflating mode can significantly optimize the anti-clogging performance of
the drip irrigation system and prolong the service life of the drip irrigation system.

2. The nano-aerating mode can maintain good uniformity in the drip irrigation system,
reduce the sensitivity of Christiansen uniformity coefficient Cu and statistical uni-
formity coefficient Us to the change in average flow ratio Dra, and effectively extend
the service life of drip irrigation systems, while the influence of the Venturi aerating
mode is limited.

3. The micro and nano gas filling method can increase the microbial abundance of the
clogging substance of the emitter, significantly inhibit the growth of the Gram-posi-
tive bacterial microbial community, promote the growth of the Gram-negative bac-
terial microbial community, reduce the extracellular polymer content of microorgan-
isms and effectively alleviate the impact of microorganisms on the blockage of the
emitter.

Author Contributions: P.L.: Conceptualization, Methodology, Formal analysis, Investigation, Data
curation, Writing, Visualization, Project administration. H.L.: Conceptualization, Methodology,
Validation s and Formal analysis. J.L.: project administration, Formal analysis. X.H.: Reviewing, Ed-
iting and Supervision. Y.L.: Investigation and Data curation. Y.J.: Conceptualization, Methodology,
Resources. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Fund of China,grant number is
52009137, the Scientific and Technological Project of Henan Province,grant number is
202102110279;the Central Public-interest Scientific Institution Basal Research Fund,grant numbers
are Y2021Y]J07 and Y2022PT13;Science and Technology Major Project of Henan Prov-ince,grant
number is 221100110700;the Basic Research Project of the Farmland Irrigation Research Institute
(FIRI) of the Chinese Academy of Agricultural Sciences (CAAS),grant number is FIRI2022-10.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: We are grateful for the National Natural Science Fund of China (52009137), the
Scientific and Technological Project of Henan Province (202102110279), the Central Public-interest
Scientific Institution Basal Research Fund (Y2021YJ07/Y2022PT13), Science and Technology Major
Project of Henan Province (221100110700), the Basic Research Project of the Farmland Irrigation Re-
search Institute (FIRI) of the Chinese Academy of Agricultural Sciences (CAAS)(FIRI2022-10).

Conflicts of Interest: The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work reported in this paper.



Agriculture 2022, 12, 1941 21 of 22

References

1.  Fiebig, A.; Dodd, I.C. Inhibition of tomato shoot growth by over-irrigation is linked to nitrogen deficiency and ethylene. Physiol.
Plant. 2016, 156, 70-83.

2. Yu, C.Q; Huang, X,; Chen, H.; Godfray, H.C.J.; Wright, ].S.; Hall, JW.; Gong, P.; Ni, S.; Qiao, S.; Huang, G\ .; et al Managing
nitrogen to restore water quality in China. Nature 2019, 567, 516-520.

3. Zhu, Y. Cai, H; Song, L.; Chen, H. Aerated Irrigation Promotes Soil Respiration and Microorganism Abundance around To-
mato Rhizosphere. Soil Sci. Soc. Am. J. 2019, 83, 1343-1355.

4.  Zhu, Y; Miles, D.; Cai, H.5.; Song, L.-b.; Chen, H. The effects of aerated irrigation on soil respiration, oxygen, and porosity. J.
Integr. Agric. 2019, 18, 2854-2868.

5. Ben-Noah, I; Friedman, S.P. Aeration of clayey soils by injecting air through subsurface drippers: Lysimetric and field experi-
ments. Agric. Water Manag. 2016, 176, 222-233.

6. Pendergast, L.; Bhattarai, S.P.; Midmore, D.J. Evaluation of aerated subsurface drip irrigation on yield, dry weight partitioning
and water use efficiency of a broad-acre chickpea (Cicer arietinum, L.) in a vertosol. Agric. Water Manag. 2019, 217, 38-46.

7. Chen, H;Hou, HJ.; Wang, X.Y.; Zhu, Y.; Saddique, Q.; Wang, Y.F.; Cai, H. The effects of aeration and irrigation regimes on soil
CO2and N20 emissions in a greenhouse tomato production system. J. Integr. Agric. 2018, 17, 12.

8. Wu, Y, Tao, L; Yue, B.; Tonoli, E.; Verderio, E.AM.; Ma, Y.; Pan, G. Enhancement of Tomato Plant Growth and Productivity in
Organic Farming by Agri-Nanotechnology Using Nanobubble Oxygation. J. Agric. Food Chem. 2019, 67, 10823-10831.

9. LuJ;Wang,T,LiL.Yin,Z;WangRV.Fan X.;Tan,D. Dynamic characteristics and wall effects of bubble bursting in gas-liquid-
solid three-phase particle flow.].Processes,2020,8(7):760.

10. Wang, T.S,; Sun, T.Z.; Wang, C.; Xu, C.; Wei, Y.J. Large Eddy simulation of microbubble drag reduction in fully developed
turbulent boundary layers. |. Mar. Sci. Eng. 2020, 8, 524.

11. Pereira, D.; Lavanholi, R.; Araujo, A.; de Camargo, A.P.; Ait-Mouheb, N.; Frizzone, J.A.; Molle, B. Evaluating Sensitivity to
Clogging by Solid Particles in Irrigation Emitters: Assessment of a Laboratory Protocol. J. Irrig. Drain. Eng. 2020, 146, 04020033.

12. Nguyen, A.V. New method and equations for determining attachment tenacity and particle size limit in flotation. Int. |. Miner.
Process. 2003, 68, 167-182.

13. Li, Y.K; Song, P.; Zhou, B. Microbiology mechanism and controlling methods for emitter clogging in the reclaimed water drip
irrigation system. Trans. Chin. Soc. Agric. Eng. 2013, 29, 98-107.

14. Zhou, B.; Li, Y.; Xue, S.; Feng, ]J. Variation of microorganisms in drip irrigation systems using high-sand surface water. Agric.
Water Manag. 2019, 218, 37-47.

15. Bounoua, S.; Tomas, S.; Labille, J.; Molle, B.; Granier, J.; Haldenwang, P.; Izzati, S.N. Understanding physical clogging in drip
irrigation: In situ, in-lab and numerical approaches. Irrig. Sci. 2016, 34, 327-342.

16. Liu, Z.Y; Xiao, Y.; Li, Y.K.; Zhou, B.; Feng, J.; Han, S.; Muhammad, T. Influence of operating pressure on emitter anti-clogging
performance of drip irrigation system with high-sediment water. Agric. Water Manag. 2019, 213, 174-184.

17. Zhang, Z.;Yang, P.;Li, Y.; Ren, S. Effects of flow path geometrical parameters on flow characteristics and hydraulic performance
of drip irrigation emitters. Irrig. Drain. 2016, 65, 426-438.

18. Li, GB.;Li, Y.K; Xu, TW,; Liu, Y.Z,; Jin, H.; Yang, P.L.; Yan, D.Z.; Ren, S.M; Tian, Z.F. Effects of average velocity on the growth
and surface topography of biofilms attached to the reclaimed wastewater drip irrigation system laterals. Irrig. Sci. 2012, 30, 103
113.

19. Zhang, L.; Wu, P.; Zhu, D.; Zheng, C. Effect of pulsating pressure on labyrinth emitter clogging. Irrig. Sci. 2017, 35, 267-274.

20. Li, Y.F,; Li, J.S. Effect of chlorination on yield and nitrogen uptake of tomato and emitter clogging in a drip irrigation system
with sewage effluent. Trans. CSAE 2010, 26, 18-24.

21. Li H,;Li, H;Han, Q.; Huang, X, Jiang, Y.; Sun, H.; Li, H. Influence of micro/nanobubbles on clogging in drip irrigation systems.
RSC Adv. 2020, 10, 38912-38922.

22. Bucks, D.A.; Nakayama, F.S.; Gilbert, R.G. Trickle irrigation water quality and preventive maintenance. Agric. Water Manag.
1979, 2, 149-162.

23. CuiBJ.; GaoF.;Hu,C,;Li,Z.Y.;Fan,X.Y.; CuiE.P. The use of brackish and reclaimed waste water in agriculture: a review. Journal
of Irrigation and Drainage,2019,38(7):60-68.

24. Wang, H.; Wang, J.; Wang, C.; Wang, S.; Qiu, X.; Sun, Y.; Li, G. Characterization of labyrinth emitter-clogging substances in
biogas slurry drip irrigation systems. Sci. Total Environ. 2022, 820, 153315.

25. Zhou, B, Li, Y,;Pei, Y,; Liu, Y.; Zhang, Z,; Jiang, Y. Quantitative relationship between biofilms components and emitter clogging
under reclaimed water drip irrigation. Irrig. Sci. 2013, 31, 1251-1263.

26. 1S0 9261. Agricultural Irrigation Equipment—Emitters and Emitting Pipe —Specifications and Test Methods; International Or-
ganization for Standardization: Geneva, Switzerland, 2004.

27. ASAE Standards. EP405.1. Design and Installation of Microirrigation Systems; ASAE: St. Joseph, MI, USA, 2003.

28. 1SO. TC 23/5C 18 N. Clogging Test Methods for Emitters. International Organization for Standardization: Geneva, Switzerland,
2003.

29. ASAE Standards. EP458: Field Evaluation of Microirrigation Systems. ASAE: St. Joseph, MI, USA, 1988.



Agriculture 2022, 12, 1941 22 of 22

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.
47.

48.
49.

50.

51.

Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K,; Fierer, N.; Pefia, A.G.; Goodrich, ].K,;
Gordon, J.I; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335-336.
Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A versatile open source tool for metagenomics. Peer] 2016, 4,
e2584.

Reinders, F.B.; Van Niekerk, A.S. Technology smart approach to keep drip irrigation systems functional. Irrig. Drain. 2018, 67,
82-88.

Feng, J.; Li, Y.; Liu, Z.; Muhammad, T.; Wu, R. Composite clogging characteristics of emitters in drip irrigation systems. Irrig.
Sci. 2019, 37, 105-122.

Goorahoo, D.; Carstensen, G.; Zoldoske, D.F.; Norum, E.; Mazzei, A. Using air in sub-surface drip irrigation (SDI) to increase
yields in bell peppers. Int. Water Irrig. 2002, 22, 39—-42.

Bagatur, T. Evaluation of plant growth with aerated irrigation water using venturi pipe part. Arab. J. Sci. Eng. 2014, 39, 2525
2533.

Atkinson, A.J.; Apul, O.G.; Schneider, O.; Garcia-Segura, S.; Westerhoff, P. Nanobubble Technologies Offer Opportunities to
Improve Water Treatment. Acc. Chem. Res. 2019, 52, 1196-1205.

Zhou, Y.; Zhou, B.; Xu, F.; Muhammad, T.; Li, Y. Appropriate dissolved oxygen concentration and application stage of micro-
nano bubble water oxygation in greenhouse crop plantation. Agric. Water Manag. 2019, 223, 105713.

Sun, Y.M.; Wang, S.; Niu, J. Microbial community evolution of black and stinking rivers during in situ remediation through
micro-nano bubble and submerged resin floating bed technology. Bioresource Technology 2018, 258, 187-194.

LiCX,;CuiY Z,; Shi X G.; Gao] S.; Lan X Y. Direct numerical simulation of mass transfer process of single free rising microbub-
bles under the influence of surface active materials. Chin. J. Process Eng., 2021, 21(8): 877-886

Tanaka, S.; Kastens, S.; Fujioka, S.; Schliiter, M.; Terasaka, K. Mass transfer from freely rising microbubbles in aqueous solutions
of surfactant or salt. Chem. Eng. J. 2019, 387, 121246.

Li, P.; Takahashi, M.; Chiba, K. Enhanced free-radical generation by shrinking microbubbles using a copper catalyst. Chemo-
sphere 2009, 77, 1157-1160.

Takahashi, M.; Chiba, K.; Li, P. Formation of hydroxyl radicals by collapsing ozone microbubbles under strongly acidic condi-
tions. J. Phys. Chem. B 2007, 111, 11443-11446.

Nazari, S.; Shafaei, S.Z.; Gharabaghi, M.; Ahmadi, R.; Shahbazi, B.; Maoming, F. Effects of nanobubble and hydrodynamic pa-
rameters on coarse quartz flotation. Int. J. Min. Sci. Technol. 2019, 29, 289-295.

Fan, M.; Tao, D. A study on picobubble enhanced coarse phosphate froth flotation. Sep. Sci. Technol. 2008, 43, 1-10.

Long, X.; Zhang, J.; Wang, J.; Xu, M.; Lyu, Q.; Ji, B. Experimental investigation of the global cavitation dynamic behavior in a
venturi tube with special emphasis on the cavity length variation. Int. |. Multiph. Flow 2017, 89, 290-298.

Sato, K.; Hachino, K; Saito, Y. Inception and Dynamics of Traveling-Bubble-Type Cavitation in a Venturi. 2004, 36967, 279-285.
Sperandeo, P.; Martorana, A.M.; Polissi, A. Lipopolysaccharide biogenesis and transport at the outer membrane of Gram-neg-
ative bacteria. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2017, 1862, 1451-1460.

Zi, Z.; Yang, Z.W. Protein Secretion Pathways in Bacterial Cells. Biotechnol. Bull. 2011, 8, 44-50+54.

Owiji, H.; Nezafat, N.; Negahdaripour, M.; et al. A comprehensive review of signal peptides: Structure, roles, and applications.
Eur. ]. Cell Biol. 2018, 97, 422-441.

Ushida, A.; Hasegawa, T.; Takahashi, N.; Nakajima, T.; Murao, S.; Narumi, T.; Uchiyama, H. Effect of mixed nanobubble and
microbubble liquids on the washing rate of cloth in an alternating flow. J. Surfactants Deterg. 2012, 15, 695-702.

Bishop, P.L. The role of biofilms in water reclamation and reuse. Water Sci. Technol. 2007, 55, 19-26.



