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Abstract: Background: Increasing population and food consumption are placing unprecedented
demands on crop production. Maize is one of the most important food crops in the world, the
improvement of its yield primarily depends on the application of chemical fertilizer. Methods:
Earthworm activity is an essential factor in promoting soil fertility and stimulating plant growth.
Inspired by amino acids composition of earthworm (Eisenia fetida) epidermal mucus, the liquid
fertilizer was developed and prepared by utilizing a bionic approach. The influence of earthworm
epidermal mucus (mucus), the mucus-mimicked mixture of amino acids (bionic fertilizer) and urea
fertilizer (urea) on maize emergence and growth were studied and compared with the control group
(distilled water). Experimental cultivation tests were conducted. The aforementioned three types of
liquid fertilizer effects on maize seed vigor index, seedling emergence rate and plant quality were
quantitatively evaluated. Results: Based on the conducted research, it was found that the beneficial
effects of different fertilizers for maize emergence rate were ranked as follows: mucus > bionic
fertilizer > urea. The low concentration treatments were beneficial to the maize emergence, while
the high concentration treatments were helpful to the maize growth and root development. Besides,
the lower concentration of mucus was the most effective fertilizer treatment for improving seedling
quality. In addition, the test results of three types of liquid fertilizer effects on maize growth indicated
that the higher concentration treatments provided more nitrogen nutrition than lower concentration
treatments. Furthermore, the maize stem height and diameter were significantly promoted (p < 0.05)
by the three types of liquid fertilizer. The beneficial influences of liquid fertilizer treatments for plant
height, stem diameter, relative chlorophyll content and photosynthetic characteristic of leaves were
ranked as follows: bionic fertilizer > urea > mucus. Conclusions: Bionic fertilizer demonstrated
significant beneficial fertilizing effects (p < 0.05), which increased soil nutrients, improved maize
physiological parameters, promote its growth and improved dry matter accumulation. The tested
results verified the effectiveness of bionic fertilizer on stimulating maize growth.
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1. Introduction

Increasing population and consumption are placing unprecedented demands on
agriculture. To meet the world’s future food security and sustainability needs, food
production needs to grow substantially [1]. However, increase in the cultivable area is
remarkably slow [2]. The rapidly growing population and slowly expanding cultivated
land necessitate the extensive application of fertilizers [3]. The widespread application
of chemical fertilizer is the promising approach to improve crop yield [4,5]. Within the
past century, a dramatic growth in crop production mainly contributed to fertilization has
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been observed, which results in an increased availability of plant nutrients [6]. Nowadays,
chemical fertilizer accounts for about 40-60% of total increase in crop production [7]. Maize
is one of the most important food crops in the world and provides at least 30% of the
food calories to more than 4.5 billion people in 94 developing countries [8]. It is also a
key ingredient in animal feed and is used extensively in industrial products, including the
production of biofuels [8]. Increasing demand and production shortfalls in global maize
supplies have worsened the market, contributed to surging global maize prices, and even
threatened the food insecurity for millions of populations [3]. Measures are needed to be
taken to address these challenges and accelerate maize growth and yield [7,8].

In agricultural systems, soil organisms have played significant roles in soil structure,
water content, temperature and nutrient cycling [9-14]. Soil organisms also have been well
recognized to have the potential in modifying soil fertility and improving plant growth [15-18].
The interactions between plants and soil organisms are essential for nutrient uptake by
plants. Among various soil organisms, the importance of earthworms for soil fertility
has been stated as far back to Darwin [19]. Earthworms burrow through soil and feed on
organic material, therefore changing the environment of all other soil-inhabiting organisms,
including plant roots [9,20-25]. Through the soil burrowing and foraging activities of
earthworms, desired soil physical, structural conditions for plant root growth could be
created [26]. Not only in soil structure, earthworms also have been considered to be one of
the essential components of the soil biota in terms of maintenance of soil fertility. Evidence
increasingly showed that earthworms play a beneficial role in agro-ecosystems [27]. Many
researchers have reported that earthworms can have important influences on physical
and biological effects that affect the nutrient supply to plants, therefore improving plant
growth [22,28-32]. Earthworms are also known to contribute to the aggregate stability
of soils varying in texture, carbonate and concentration of organic matter by burrowing,
foraging and casting on the soil surface and within the soil [33-37]. It has been proved
that earthworm could modify the structure, microbial activity and nutrient mineralization
in soils [12,38-42]. Earthworms could also affect the plant growth through changing
the spatiotemporal availability of carbon (C), nitrogen (N) and phosphorus (P) nutrients
in their casts and burrow walls [43—46]. Whalen et al. [47] indicated that earthworms
contribute to N cycling in maize agro-ecosystems through excretion processes. Bhadauria
and Ramakrishnan [48] found that earthworms participated in the N cycle through worm
cast egestion, mucus production and dead tissue decomposition. Some studies have shown
that the biological interaction of arbuscular mycorrhizal fungi (Glomus intraradices) and
earthworm interactively increased maize shoot and root biomass through their regulation
of soil enzyme activities and on the content of available soil N, P and K [13,49,50]. Since the
growth of plant requires the nutrient supply of both N and P in soils [45], earthworms and
fungi interactions may have contributed to regulating plant growth in the environment
where soil nutrients are limited [51].

Earthworm mucus from its epidermal layer plays a crucial role in locomotion, feed-
ing, osmoregulation, defense, reproduction and protection of epithelial and other sur-
faces [21,52,53]. It has been well known that mucus was able to enhance activities of soil
microbes [39]. Through hydroponic experiment, it was found that earthworm mucus sig-
nificantly enhanced tomato seedlings growth by increasing Cd uptake and transport in
plants [54]. Moreover, earthworms influence the supply of nutrients in several ways. Not
only is earthworm tissue and material enriched in specific nutrients, relative to the soil
matrix, but also ingestion of organic material increases the rate of cycling [20]. It has been
proved that earthworm and its mucus could accelerate maize stover stabilization by ac-
tivating lignocellulose degrading microbes during the vermicomposting process [55,56].
Bityutskii et al. [57] also found that earthworm mucus as a waste product of these inverte-
brates remaining in the soil could drive mineralization and humification of plant residues.
Moreover, earthworm mucus excretion was known to facilitate soil aggregates and nutri-
ents properties and processes (physically, chemically and biologically). Earthworms are
key as an organic soil fertilizing factor to promote many crop growth and developments
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in comparison to synthetic chemical fertilizers which have been known to lead to more
impoverished soil conditions and its natural fertility over long time usage [58]. Amino
acids are one of the significant components of earthworm mucus [53,59]. Exogenous amino
acids are known to promote essential element uptake by plants [60-62]. Glutamate is
one of the major components in both mucus and bionic fertilizer. Glutamate is known
to be the critical factor for seed emergence, plant growth, development and response to
environmental stresses [63]. Glycine is the components in the earthworm mucus and bionic
fertilizer. The application of glycine was reported to provide the increase of ureides in field
conditions with the consequent production of urea and increased urease activity [64].

A sustainable agriculture strategy demands the implementation of multidirectional
actions that combine productive aims of agriculture with environmental protection re-
quirements [65]. In the natural world, through millions of years of evolution and rigorous
process of natural selection, biological organisms have gradually developed exceptional
functions and characteristics highly adaptable to their living environments [66]. The interac-
tions of living organisms with natural surroundings have led to the evolution of biological
systems and environmental adaptabilities [67,68]. Biological organisms have achieved a
variety of biological functions efficiently by using the synergic actions and demonstrate
optimal adaptations to the living environment [69]. Bionics is the comprehensive science
which imitates the biological principles to construct technology systems or makes artificial
technology systems which have the characteristics of biology [40,70-76]. Either earthworm
mucus or amino acids could significantly promote plant growth, implying that earthworm
epidermal mucus could serve as a type of amino acid liquid fertilizer which provides
nutrients to plants [59]. From the bionic perspective, the composition of earthworm mucus
provides valuable inspiration for potential simulation and preparation of liquid fertilizer.
In order to enhance soil fertility and implementing of fertilization, it is necessary to study
the effects of earthworm epidermal mucus on the growth of plants. Most of the exceptional
functionality of biological materials is due to their chemical compositions. Hereby the
aspect of bionic emerges, by learning from chemical compositions biological materials,
their component content could be simulated and reconstructed [77]. Researchers have
studied the amino acid composition of earthworm epidermal mucus which is considered
to be the basic unit of synthetic protein [53]. The amino acid applied to the soil could be
directly absorbed by the plants, or further decomposed by the action of microorganisms.
Amino acids have been proven to have the characteristics of less residual soil and enhanced
physiological activity of the crop [78,79].

In this study, inspired by earthworm epidermal mucus as the natural evolution
result, and learning from composition and proportion of amino acids in the Eisenia foetida
epidermal mucus, bionic fertilizer was designed and prepared. By studying the effects of
epidermal mucus, bionic fertilizer, conventional urea fertilizer and distilled water (used as
control) solutions on the growth of maize (Zea mays L.) from the emergence stage to the
jointing stage, effectiveness of different fertilizers was determined and compared. Further,
the impacts of the fertilizers on soil fertility were investigated after treatments.

2. Materials and Methods
2.1. Sample Collection and Analysis of Nitrogen Content of Earthworm Epidermal Mucus

The epigeic species of Eisenia fetida were selected for this study because this species
is widely distributed in the world and has been commonly fed and used in laboratory
experiments [80]. Moreover, Mokgophi et al. [29] found E. fetida have great potential to
be used to improve soil fertility and thus reduce the use of synthetic fertilizers in crop
production; Raza et al. [81] indicated E. fetida as ecological engineers that help to enhance
reactive nutrients in a sustainable way; Wen et al. [82] demonstrated that Eisenia fetida has
beneficial effects on the bioavailability of rare earth elements in soil, thereby increased
biomass of wheat shoots and roots.

In addition, these earthworms were collected without compromising the survival
of their species. Samples of live Eisenia fetida were collected from an earthworm farm
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(43°52' N, 125°19’ E), in Changchun City, Jilin province, China. The epidermal mucus
was extracted and collected by using the electrical stimulation device [53]. Based on the
composition and content of amino acids in the mucus, the composition ratio of various
amino acids was determined, as shown in Supplementary Materials Table S1. Based on the
molecular weight of the amino acid and the atomic weight of nitrogen in the amino acid,
the mass ratio of nitrogen atoms in amino acids was calculated. Then, the calculated value
was combined with the ratio of the amino acid components and given in Supplementary
Materials Table S1. In addition, the nitrogen contents of the mucus amino acids of Eisenia
foetida were presented in Supplementary Materials Table S2.

According to the result of Supplementary Materials Table S2, it was determined that
the nitrogen content of amino acids in the mucus of Eisenia foetida was 14.78 wt.%. Since
the nitrogen in earthworm mucus was mainly derived from protein and free amino acid,
the protein hydrolysate was also an amino acid, and the content of amino acid in 100 g of
Eisenia fetida epidermal mucus was calculated to be 0.735 g. According to Supplementary
Materials Tables S1 and S2, the nitrogen ratio and nitrogen content of the Eisenia fetida
epidermal mucus were calculated by the following equation:

N:ch:anxb:wa%XO.MS:O.H, (1)
where in N is the nitrogen content of the Eisenia foetida epidermal mucus (g); M is the mass
of the earthworm mucus (g); c is the nitrogen content of the mucus, c =a x b; a is the
proportion of amino acids in the mucus; b is the proportion of nitrogen in the amino acid.

It could be determined from the estimation of Equation 1 that the nitrogen content of
the Eisenia foetida epidermal mucus was 0.11 wt.%, and the nitrogen content of the 100 g
mucus was 0.11 g.

2.2. Formula Design of Bionic Fertilizer Mixtures

Based on the proportion of amino acids, the component quality of the solid substance
of the bionic fertilizer could be prepared. However, the total amount of the amino acid
should be determined based on the amount of nitrogen used in the selected crop varieties
at different fertilization stages. The maize hybrid Xianyu335 (jointly produced by Pioneer
Corp of Grandview, Washington, DC, USA and Shandong Denghai Seed Corp of Yantai,
Shandong, China) with the characteristic of high yield and suitable of machine-harvesting
that widely cultivated field crop maize in China, was used as the test object in the current
study [83-86]. The effects of earthworm epidermal mucus and bionic liquid fertilizer on
the growth of maize from seedling stage to jointing stage and soil nutrient content were
studied, and the fertilizing effect of the above-mentioned liquid fertilizer was investigated.
According to the current research results, the appropriate nitrogen content for planting
maize in northeast China was 330 kg/hm?, 40% of which is the base fertilizer in the maize
seedling stage, 60% was the topdressing fertilizer in the maize ear stage, and the planting
density of maize was 6 x 10* plant/hm?. According to the above data, the suitable amount
of nitrogen in the whole growth stage of maize was 5.5 g/plant, and the suitable amount of
nitrogen in the seedling stage was 2.2 g/plant.

Pure urea with a nitrogen content of 46.67 wt.% is the most commonly used conven-
tional nitrogen fertilizer in agronomic fertilization. It is currently considered to be the
nitrogen fertilizer with the highest nitrogen content. Due to the high solubility of pure
urea, it is also commonly used as a liquid chemical nitrogen fertilizer. Plants tend to
absorb amino acids actively. In the cultivated soil with rich organic matter, microorganisms
promote life activities by absorbing amino acids; on the other hand, microorganisms also
decompose soil organic matter and provide nutrition for crops. In this study, amino acid
bionic liquid fertilizer was prepared based on the principle that has the same nitrogen
content as that of urea. The amount of amino acid applied to the soil under the same fertil-
ization treatment (nitrogen ratio 14.78 wt.%) should be 3.16 times that of urea (nitrogen
ratio 46.67 wt.%). Only the base fertilizer required for the maize seedling stage was tested,
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and no additional fertilizer was applied. The experimental period of maize included both
stages of maize emergence and seedling. Based on the total amount of suitable nitrogen
elements required for the maize test stage (seed stage) of 2.2 g/plant, and then the nitrogen
content of the two fertilizers was calculated separately, the total amount of urea required
for the experimental maize period was 4.7 g/plant. The total amount of amino acids was
14.9 g/plant (approximately 15 g/plant).

According to the requirements of the national agricultural industry-standard of China
“NY 1429-2010 water-soluble fertilizer containing amino acid “the content of amino acid
solid matter in the solution should not be less than 10 wt.%. Therefore, the total mass of
the bionic liquid fertilizer solution applied to the suitable maize seedling stage should not
be over 150 g/plant, and the amino acid reliable content should not be less than 15 g. The
liquid fertilizer sample preparation and application processes are shown in Figure 1.

(b)

Figure 1. Liquid fertilizer sample preparation and application processes. (a) Eisenia foetida collection;
(b) epidermal mucus extraction; (c) liquid fertilizer samples preparation, 1-earthworm epidermal
mucus, 2-bionic liquid fertilizer, 3-urea fertilizer; (d) fertilizer addition; (e) growth tests.

Based on the criteria mentioned above, the fertilization treatment of liquid fertilizer
within the maize experimental stage was determined as follows:

(1) 150 g/plant of bionic fertilizer with an amino acid content of 10 wt.% was adopted as
bionic fertilizer 1; mucus of Eisenia fetida with same solution mass as bionic fertilizer
was adopted as mucus treatment 1. Urea and the bionic fertilizer had the same
nitrogen content. The mucus, bionic fertilizer and urea were all set to have five
fertilization treatments with the same solution mass. The concentration of the first
fertilization treatment was the highest, and the concentration of the latter fertilization
treatment was half of the previous concentration (diluted twice). The total amount
of solute of the three liquid fertilizers used during the maize test stage is shown in
Table 1.

(2) The total amount of the above three types of liquid fertilizer was distributed to
two stages of maize emergence stage and seedling growth stage. Since the maize
emergence stage is a slow absorption stage for nitrogen fertilizer, 20 wt.% (30 g/plant)
of the above solution is applied during the maize emergence stage, and 80 wt.%
(120 g/plant) of the above solution is applied in the maize seedling stage.

(3) Different concentrations of mucus, bionic fertilizer, urea and distilled water were
applied to maize plants, and the effects of mucus and bionic fertilizer on soil fertility
were investigated. Extraction of 150 g of mucus using an electrical stimulation method
requires approximately 1000 g of Eisenia fetida.
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Table 1. Total solute content of three liquid fertilizer treatments during maize test stage *.
Fertilization Mucus Fertilization Amino Acid Fertilization = Urea Dosage
Treatment Dosage Treatment Dosage Treatment (g/Plant)
g/Plant (g/Plant)

mucus 1 150.00 bionic 15.00 urea 1 470
fertilizer 1

mucus 2 75.0 bl’O'l’IlC 7.50 urea 2 2.35
fertilizer 2

mucus 3 37.50 bionic 3.75 urea 3 1.18
fertilizer 3

mucus 4 18.75 bionic 1.87 urea 4 0.59
fertilizer 4

mucus 5 9375 bionic 0.94 urea 5 0.29

fertilizer 5

* The dosage of each solution treated with liquid fertilizer in the table was 150 g.

2.3. Investigation of Effects of Liquid Fertilizers on Maize during the Emergence Stage

The investigation of the fertilizing effects of different liquid fertilizers on the emergence
stage of maize were carried out in the modern solar greenhouse of the College of Biological
and Agricultural Engineering of Jilin University, Changchun, China. During the whole test
stage, the greenhouse was naturally ventilated, with an average daily temperature of 23 °C.
The basic physical properties of maize seeds are shown in Table 2.

Table 2. Basic physical properties of maize seeds *.

Triaxial Size(mm)
L w H
Xianyu 335 28.60 + 0.60 10.03 +1.19 7.84 + 0.69 5.83 +£1.20

* The data in the table indicates the mean and + standard deviation of the measurements.

Variety 100 Weight (g)

A total of 800 maize seeds were randomly selected, and each maize was sown in the
nursery and covered with the substrate soil. The sowing depth of the maize in the nursery
was controlled to be 3 cm. Then, 20 kg of Eisenia fetida were acquired in the Nanguan District
earthworm farm (43°87’' N, 125°34’ E) in Changchun City. Then, earthworm mucus was
extracted and collected by electrical stimulation method. As shown in Table 3, according to
the formula preparation principle, three liquid fertilizers of mucus, bionic fertilizer and
urea were prepared and set as totally 5 fertilization treatments. Each fertilization treatment
corresponds to 50 maize seeds in the nursery. Liquid fertilizer treatment is applied to the
nursery, and distilled water was set as the control group (corresponding to 50 maize seeds).

Table 3. Three liquid fertilizer fertilization treatments in maize seedling stage *.

Mucus Amino Acid

Fertilization Dosage Fertilization Dosage Fertilization = Urea Dosage
Treatment ¢/Plant Treatment (¢/Plant) Treatment (g/Plant)

mucus 1 30.00 bionic 3.00 urea 1 0.94
fertilizer 1

mucus 2 15.00 bionic 1.50 urea 2 047
fertilizer 2

mucus 3 7.50 bionic 0.75 urea 3 0.24
fertilizer 3

mucus 4 3.75 bionic 0.37 urea 4 0.12
fertilizer 4

mucus 5 1.88 bionic 0.19 urea 5 0.06

fertilizer 5

* The dosage of each solution treated with liquid fertilizer in the table was 30 g.
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The emergence of maize seeds was observed on a daily basis, the indexes and indica-
tors were logged and the soil moisture on the surface of the nursery was kept. As shown
in Supplementary Materials Figure S1, a height of 2 cm of maize seedlings was set as the
emergence standard.

The emergence rate, emergence index and seed vigor index were calculated by
Equations (2)-(4):

— n 0,
E= N = 100%, 2)

where E is the emergence rate; n is the number of emergences; N is the total number

of seeds.
Gt

I=) —
GI=3 5 ®
where Gl is the emergence index; Dt is the number of emergence days; Gt is the number of

emergences within Dt.
VI=GI xS, 4)

where VI is the seed vigor index; GI is the emergence index; S is the dry weight of the
seedlings on the sampling day.

When 80% of the maize seedlings grow to the four-leaf stage, the emergence of the
maize seeds was considered to be accomplished. Three seedlings were randomly selected
in the fertilization treatment of the above solution, rinsed with distilled water, then cut from
the stems and roots of the seedlings by using scissors. The root length and surface area of
individual maize seedlings were determined by using a root analysis system (WinRHIZO,
Regent Instruments, Canada). The cut leaves and roots of the cut seedlings were placed in
a constant temperature drying oven at 105 °C for 10 min, then dried at 80 °C to balance
weight, the dry weight of the stems and the dry weight of the roots were measured and the
root to crown ratio was calculated by Equation (5):

K = M;/ My, ®)
where K is the root to shoot ratio; M; is the root dry weight; M, is the stem dry weight.

2.4. Investigation of Effects of Liquid Fertilizers on Maize within the Growth Stage

From the four-leaf stage to the jointing stage, maize undergoes root development,
leaf growth and stem segmentation. From the four-leaf stage, the maize seedlings turned
from seed autotrophic to external heterotrophic, and the roots gradually began to absorb
soil nutrients, and the leaves strengthened their participation in photosynthesis. The
experiments on the effects of different liquid fertilizers on the growth of maize seedlings
were carried out. The changes in soil nutrient and maize plant growth during the four-leaf
stage to the jointing stage of maize were investigated.

In order to reduce the impact of maize seedling emergence differences on the growth
stage of maize, the maize seeds were first cultivated to the four-leaf stage. Then, healthy
and uniform seedlings were transplanted into the greenhouse soil. The tested soil in the
greenhouse is the natural northeast black soil and contains humus. The physical properties
and nutrient contents of the cultivated layer soil are shown in Supplementary Materials
Table S3.

Initially, soil in the greenhouse was carefully ploughed to reduce the impact of soil
unevenness on the test. The application of liquid fertilizer was completely randomized, and
the mucus, bionic fertilizer and urea treatment were repeated four times. Maize seedlings
that were not added with any fertilizer were used as controls. Combined with maize
agronomic techniques and soil block division in the greenhouse, the maize planting layout
and liquid fertilizer application plan are shown in Supplementary Materials Table S4. The
planting layout of maize seedlings was 8 rows and 10 plants, the row spacing L was 65 cm
and the plant spacing D was 30 cm.
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Formulated bionic fertilizer and urea were prepared. A total of 7 kg of earthworm
mucus were extracted and collected; three types of liquid fertilizers were prepared into five
fertilization treatments, as shown in Supplementary Materials Table S5. According to the
commonly used application scheme, liquid fertilizer was applied to the roots of the maize
seedlings at the time of transplanting. The application position was in the soil range of
5 cm from the surface and about 10 cm in diameter of the maize roots, and then fertilizers
were covered with soil. During the maize growth test stage, field management including
watering and weeding, no additional fertilization was applicated.

Five days after transplanting, test indicators and indexes were measured. Between
each measurement, the interval was ten days. The measurement was continued for six times,
then data were recorded and analyzed. The test indicators and sampling methods are
as follows.

(1) Soil nutrient content

The soil nutrient rapid tester was used to measure the content of ammonium nitrogen,
rapid available potassium and phosphorus. Soil pH was measured by TPY-6A (Top In-
strument Co., Ltd., Hangzhou, Zhejiang, China). Root-soil samples of all the maize plants
corresponding to each treatment were taken separately and mixed as a sample to be tested.
The measurement was repeated three times, and the average value was taken as the soil
nutrient content corresponding to each treatment. The selected test and measurement
instrument are shown in Supplementary Materials Figure S2.

(2) Maize growth index

The plant height of the maize was measured using a meter ruler, and the measurement
range was the vertical distance from the stalk bottom to the tip of the blade. A vernier
caliper measured the stalks of the maize, and the stalk was measured three times a week
during the experiment, and the average value was taken as the stem diameter.

(3) Maize physiological indicators

The relative chlorophyll content (SPAD value) of maize leaves was non-destructively
tested in the field using a SPAD-502 chlorophyll meter (Minolta Camera Co. Ltd., Osaka,
Japan). The leaf base, leaf and tip of the middle leaves of each treatment and control group
were selected and measured. After aforementioned repeated measurements, the average
value was taken as the chlorophyll content of the plant. The average value of chlorophyll
content of all maize plants treated by the same fertilization treatment was counted as the
test result of the treatment.

Non-destructive detection of light and parameters of maize leaves in the field using
portable photosynthetic tester (Model:LI-6400 XTLi-Cor Environmental, Lincoln, NE, USA),
including net photosynthetic rate (Pn), stomatal conductance (Cond), transpiration rate
(Trmmol) and leaf intercellular CO, concentration (Ci). Middle leaves of each treatment
and control maize plants were selected. The measurement was performed near the 1/3
of the tip. The measurement time was between 9:00 a.m. and 11:00 a.m. on each day.
If the weather of measurement day is rainy, the measurement is postponed for the next
day. The same indicator of the same maize plant was repeatedly measured three times,
and the average value was taken as the photosynthetic parameter. The average value of
photosynthetic parameters of all maize plants treated by the same fertilization was counted
as the test result.

2.5. Data Analysis

The impacts of earthworm epidermal mucus (mucus), the mucus-mimicked mixture
of amino acids (bionic fertilizer), urea fertilizer (urea) and distilled water (control group)
on maize seed vigor index, seedling emergence rate and plant quality were quantitatively
evaluated by using a two-way ANOVA. The statistical analysis was performed by using
Origin software 2020b edition. Before ANOVA analysis were conducted, data were tested
for normality and homogeneity. Residual analysis was performed to test the assumptions
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of the two-way ANOVA. Outliers were assessed by inspection of a boxplot. Normality
of data of each combination of the groups was assessed using Shapiro-Wilk’s normality
test. Homogeneity of variances was assessed by homogeneity tests (Levene’s test). The
produced residual plots were normally distributed with the mean with variances being
homogeneous, which meets the assumptions of ANOVA. The differences of significant
treatment means were further analyzed using a Tukey test at a 5% significance level. Results
were presented as mean + standard deviation. Graphs were prepared using Microsoft
Office Excel software 2019 edition. Data were as mean + standard deviation.

3. Results and Discussion
3.1. Effects on the Vigor of Maize Seeds

The effects of different liquid fertilizer treatments on maize emergence rate and
emergence index are shown in Figure 2 and Supplementary Materials Figure S3. Under
the test conditions mentioned in the previous section, maize seeds began to emerge nine
days after sowing. For each treatment, 50 seeds were randomly selected for the test. As
can be seen from Figure 2a, for the three types of liquid fertilizers, the low concentration
treatments (treatments 3, 4 and 5) were more favorable for promoting maize emergence
than the high concentration treatments (treatments 1 and 2). Ureal and urea2 treatments
inhabited emergence and exhibited a lower emergence rate as compared with the control.
On the first day of emergence, emergence rates of treatments ureal and urea2 were found to
be less than 2%. However, mucus treatment was found to promote the emergence of maize.
On the first day of emergence, the emergence rate reached 19.6%. Mucus was reported
to promote the secretion of auxins of plants, such as indoleacetic acid, which affects the
metabolism of plant cells, thereby causing variations in growth and development [87].

Emergence index

Figure 2. Effect of liquid fertilizer treatments on maize emergence rate and emergence index. (a) Maize emergence rate of

9-13 days after sowing; (b) Emergence index.

The emergence period was defined as the number of days when the emergence rate
reaches 50%. It can be seen from Figure 2a, as compared with the CG, all the mucus
treatments have significant effects (p < 0.05) on the maize emergence rate, which all
exceeded 55%. It could be observed in Figure 2a that the seedling emergence time of
maize seeds was ten days under the treatment of mucus. The bionic fertilizer and low
concentration urea 3, 4 and 5 treatment could promote maize emergence, but the high
concentration of bionic fertilizerl, ureal and 2 inhibited maize emergence. As can be
seen from Figure 2a, the seedling emergence rate of the CG reached 68%, and it could be
considered that the average emergence time of maize under the current test conditions was
11 days, and the emergence rate of each of the fertilization treatments of 3-5 was higher than
that of the CG. It was proved that the low concentration of liquid fertilizer could enhance
the vigor index of maize seeds and shorten the maize emergence time. As can be observed
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from Figure 2a, among the liquid fertilizers, mucus shortened the maize emergence time
for one day, and showed a strong stimulating effect on maize seeds. The effect of the three
liquid fertilizers on maize emergence was: mucus > bionic fertilizer > urea. It can be seen
from the Figure 2a that the maize seedling rate of CG reached 90% on the 12th day after
sowing. For all the treatments of mucus, bionic fertilizer and urea of 3-5, the emergence
rates were improved as compared to the CG. The maize emergence rate of the control
group reached 96% on the 13th day after sowing, and 87% of the seedlings grew to the
four-leaf stage. The emergence of the maize was considered to be finished. As compared to
the CG, for all the treatment of mucus, the emergence rate was greatly improved.

The emergence index reflects the period of time the maize seeds need to evenly emerge.
The higher emergence index indicates that the maize seed evenly emerges in a shorter
period of time. It can be seen from Figure 2b that the emergence index of five mucus
treatments, four bionic fertilizer treatments and three urea treatments was higher than that
of the CG; the average emergence index of the mucus treatment was the highest, indicating
that for the mucus treatment, maize seed emergence is most rapidly and evenly.

The vigor of maize seeds reflects the potential for rapid and even germination of seeds,
and their growth into a seedling plant. The effect of liquid fertilizer treatments on the vigor
of maize seeds is shown in Figure 3. Compared with the CG, for all the mucus treatment,
bionic fertilizer and urea treatment of 3-5, the seed vigor index showed an upward trend,
which indicated that the evenness and speed of maize seeds emerge was prompted. It was
ensured that the maize seedlings are evenly and robust. These beneficial effects will be
conducive for increasing the dry matter accumulation of crops and increasing crop yield.

Seed vigor index
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Figure 3. Effect of liquid fertilizer treatments on the vigor index of maize seeds.

3.2. Effects on the Quality of Maize Seedingl Plants

The plant height, stem diameter, dry weight and root-shoot ratio of maize seedlings
under different fertilization treatments were investigated after emergence was completed
(14 days after sowing). As shown in Figure 4, the effects of various fertilizer treatments on
the quality of maize emergence were analyzed. As can be seen from Figure 4a,b, the control
plant maize seedlings had a plant height of 9.10 cm and a stem diameter of 2.63 mm. As
compared with the CG, under five treatments of mucus, low concentration bionic fertilizer

and urea 3-5, the average plant height and stem diameter of maize seedlings exceeded
the CG.
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Figure 4. Effect of different liquid fertilizers on the quality of maize emergence. (a) Plant height; (b) Stem thick; (c) Dry

weight; (d) Root-shoot ratio (The error bar represents standard error).

The dry weight of maize represents the dry matter accumulation of maize seedlings,
and also indicates the ability of maize seed to accumulate and transform photosynthetic
products during the growth stage. It can be observed from Figure 4c that the dry weight of
the maize seedlings of CG was 0.23 g. As compared with the CG, five mucus treatments
promoted the dry matter accumulation of maize seedlings. The high concentration of bionic
fertilizer and urea treatment reduced the dry matter accumulation of maize seedlings.

The root-shoot ratio is defined as the dry weight ratio of the underground roots of
the maize plants to that of above-ground stems and leaves. During the maize seedlings
stage, if the root growth was strong, the higher the root-shoot ratio indicates the better crop
growth. It can be seen from Figure 4d that the lower the liquid fertilizer concentration, the
higher the root-shoot ratio. The maize seedlings of root-shoot ratio for bionic fertilizer and
urea treatments 1 and 2 were lower than that of CG. Mucus 4, bionic fertilizer4 and urea5
were beneficial to the dry matter accumulation of maize seedlings.

The morphology of maize seedling roots growth is shown in Figure 5. Through
the analysis of variance and Duncan’s multiple range test [88], the total root length and
total root surface area of maize seedlings under the fertilization treatment after complete
emergence (14 days after sowing, four-leaf seedling) were investigated.

Effects of different fertilization treatment on the growth of maize roots were evaluated.
It can be seen from Supplementary Materials Table S6 that for the total root length of
the maize seedlings, the mucus treatments 4 and 5, and the urea treatments 1 and 2 are
significantly different (p < 0.05) from the other treatments; Among the treatments, the total
root mucus4 treatment was the longest, with an average length of 289.62 cm; the total
root length of ureal treatment was the shortest, with an average length of 121.84 cm. For
the total root surface area of maize seedlings, treatment of mucus4 and ureal showed
significant difference (p < 0.05) with the other treatments; among them, mucus4 had the
highest total root surface area, with an average of 12.35 cm?. The total root surface area
of ureal was the lowest, with an average of 6.94 cm?. Compared with the control, the
lower concentration of treatment of mucus4 was most beneficial to the root growth of
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maize seedling plants, while the higher concentration of treatment ureal significantly
inhibited (p < 0.05) the development of maize seedling roots. Zhang et al. [54] evidenced
similar results that earthworm mucus significantly enhanced tomato seedlings growth
through the hydroponic experiment. The analysis results of root growth were consistent
with the statistical results of maize emergence quality. Therefore, within the maize seedling
stage, for the treatment of mucus4, the bionic fertilizer 5 and the urea 5 which have lower
concentration of active ingredient, have the most significant beneficial effect (p < 0.05) on
the vigor and emergence quality of maize seeds.

Figure 5. Maize seedlings root analysis. (a) Root washing analysis system; (b) Four-leaf seedling
samples; (c) Root morphology analysis.

3.3. Effects on Soil Nutrients

Nitrogen is the primary element in soil nutrients that affects maize growth. When
nitrogen is sufficient, the plant cell division and growth of maize plants are vigorous.
However, when the nitrogen is insufficient, the leaves of the maize plants are weak, and the
stems are slender. Conversely, when the nitrogen is excessively applied, the leaves are dark
green and in hypertrophy, meanwhile, the stems easily fall. Potassium can increase the
absorption and utilization of nitrogen, increase the rate of carbon dioxide assimilation and
improve the lodging resistance of maize stalks. Phosphorus is involved in physiological
processes such as nitrogen metabolism in maize cells, promoting root development and
improving ear quality. Soil pH affects soil nutrient availability and soil microbial activity
and has a direct impact on maize growth quality. Therefore, after nitrogen based liquid
fertilizers were applied, the effects of fertilizer on potassium and phosphorus and soil pH
should also be considered.

During the growth stage of maize, the effects of different liquid fertilizer treatments on
the content of ammonium nitrogen and rapidly available potassium in the soil are shown
in Figure 6. As compared with the CG, liquid fertilizer application treatment increased
the nitrogen content in the tested soil. In consequence, more nitrogen nutrition for the
soil could be provided. For the five treatments of the same liquid fertilizer, the nitrogen
content in the sampled soil with higher concentration of active ingredient was more than
that of low concentration treatment and the control group. With the advancing of maize
transplanting days, the nitrogen content in the sampled soil gradually decreased.
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Figure 6. Effect of various treatments of maize long-term liquid fertilizer on nitrogen and potassium in soil. (a-c) Content of
ammonium nitrogen in soil; (d—f) Content of rapid available potassium in soil.

It can be observed from Figure 6a—c, after 15 days of transplanting, the nitrogen content
in the sampled soil treated by the mucus reached the maximum. While, 5 days after the
transplanting, in the sampled soil with the bionic fertilizer and urea treatment, the nitrogen
content reached the maximum. The maximum nitrogen content in the high concentration
test treatment is shown in Table 4. Earthworm mucus contained numerous available plant
nutrient substances, which were propitious to plants absorption and growth [59]. The
soil fertilizing effects of the mucus and bionic fertilizer were greatly improved, and the
maximum increase of nitrogen content in the sampled soil reached 53.81% and 140.10%,
respectively. The reason for the deviation in nitrogen content on the one hand could be
explained that the mucus gradually decomposes and releases nitrogen, and on the other
hand, the decomposition activity of humus in the soil was increased. These effects were
obvious after mucus was applied to the soil for about 15 days.

Table 4. Three liquid fertilizer fertilization treatments in maize growing stage.

Fertilization Maximum Nitrogen Days after Maximum Increase in
Treatment Content (mg/kg) Transplanting (d) Nitrogen Content (%)
mucus] 98.34 £+ 5.62 15 53.81
bionic fertilizerl 153.43 £ 4.41 5 140.10
ureal 171.21 £ 5.76 5 167.96
CG 63.92 £5.01 5 —

The bionic fertilizer and urea decompose faster, and for bionic fertilizer, the primary
component amino acids could be partially absorbed by the maize plants, so the nitrogen
content of the urea remaining in the sampled soil was higher than that of bionic fertilizer. It
can be seen from Figure 6d—f that after the three types of liquid fertilizers were applied to the
soil, the content of rapidly available potassium in the sampled soil decreased slowly with
the days after transplanting. The rapidly available potassium content in each fertilization
treatment was the same as that in the control. The difference between liquid fertilizer
treatments was not significant (p > 0.05). At the end of the test, the rapidly available
potassium content in the control sampling soil decreased from 52 to 45 mg/kg.

The effect of different liquid fertilizer treatments on the content of rapidly available phos-
phorus and pH value in the maize growth stage is shown in Figure 7. The content of available
phosphorus in the sampled soil decreased slowly with the growth of maize (Figure 7a—). Fifteen
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days after transplanting, compared with the CG, the high-concentration mucus1 treatment
increased the rapidly available phosphorus content in the sampled soil by 12.3%.
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Figure 7. Effect of fertilization treatment on soil phosphorus content and pH value in the maize growth stage. (a—c) Rapid
available phosphorus in soil; (d—f) Soil pH value.

At the end of the test stage, the content of rapidly available phosphorus in the sampled
soil corresponding to the mucus treatment was reduced from a maximum of 33.8 to
25.7 mg/kg (Figure 7b). The effect of bionic fertilizer and urea treatment on the phosphorus
content in the sampled soil was not significant (p > 0.05). The pH values of the three liquid
fertilizers were not significant (p > 0.05) in the sampled soil, and the measured pH value
was 6.40 £ 0.23 (Figure 7d-f).

3.4. Effects on Maize Growth

The effect of liquid fertilization treatments on maize plant height and stem diameter
in maize growth stage is shown in Supplementary Materials Figure S4. As compared with
the CG, the three liquid fertilizers significantly promoted (p < 0.05) the maize plant height
and stem diameter. After 15 days of maize transplanting, the higher concentration liquid
fertilizer treatment had more beneficial effects on promoting the maize plant height and
stem diameter as compared with that of lower concentration. At the end of the test stage,
the effects of three liquid fertilization treatments on the plant height and stem diameter of
maize were as follows: bionic fertilizer > urea > mucus > CG, and the effect on the plant
height and stem diameter of maize are shown in Table 5.

Table 5. Effect of three liquid fertilizer treatments on plant height and stem diameter of maize *.

Plant Height Stem Diameter
Treatment Measured Value Average Measured Value Average
(cm) Increase (%) (mm) Increase (%)
mucus 189.47 £ 6.06 13.48 1991 + 0.81 13.07
bionic fertilizer 198.28 £ 8.72 18.75 21.05 £0.89 19.32
urea 190.63 £ 7.85 14.20 20.43 £0.76 1591
control 166.94 £ 6.84 — 17.65 £ 0.65 —

* The data in the table represent the mean =+ standard deviation of three measurements.
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The nutrient status of maize leaves was closely related to the spectral characteristics.
During the maize growth stage, the nutrient status of maize plants could be identified by
measuring the variations of spectral on the leaves.

The SPAD (Soil-Plant Analysis Development) value was calculated by the chlorophyll
meter is the chlorophyll content per unit area of maize leaves, which can be used to compare
the nitrogen content per unit area of maize leaves. In this study, the changes in SPAD
values in the leaves of maize seedlings under different liquid fertilization treatments were
recorded. The results showed that the SPAD value of maize leaves under high concentration
fertilization treatments was higher than that of low concentration treatments. In Figure 8,
the effects of three high-concentration fertilization treatments on the SPAD value of maize
leaves were compared. It can be observed that the SPAD value of the leaves gradually
increased during the maize growth stage.
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Figure 8. Effect of three high-concentration fertilization treatments on the SPAD (Soil-Plant Analysis
Development) value of maize leaves during the maize growth stage.

Within the beginning 5 days of transplanting, as compared with the CG, the fertil-
ized maize leaves showed no significant difference (p > 0.05). However, after 25 days of
transplanting, the fertilized maize leaves showed a gap in the SPAD value. The fertilized
maize leaves reached their peak of SPAD at 55 days after transplanting. The effects of
three liquid fertilizers on the SPAD value of maize leaves were: bionic fertilizer > urea >
mucus> CG. Under three liquid fertilizer treatments, the SPAD value of maize leaves was
consistent with the trend of plant height and stem diameter. This observation indicates that
with the growth of maize plants, the nitrogen content in the leaves increased continuously.
Moreover, the mucus and bionic fertilizer increased the chlorophyll content of the maize
leaves and were beneficial to leaf growth.

Maize synthesizes organic matter through photosynthesis to achieve dry matter accu-
mulation. The photosynthetic characteristics of maize leaves are considered to be positively
correlated with grain yield. Adequate photosynthetic characteristics are essential for in-
creasing maize yield. In this study, changes in photosynthetic characteristics of maize
during long-term growth under different liquid fertilization treatments were recorded.
The results showed that the photosynthetic performances of maize leaves under high
concentration fertilization treatment were higher than those of low concentration treatment.
In Figure 9, the effects of three high-concentration fertilization treatments on the four types
of photosynthetic indexes of maize leaves were compared. The photosynthetic efficiency of
maize leaves showed an increasing trend with its growth. Compared with the control, the
application of liquid fertilizer significantly increased (p < 0.05) the photosynthetic efficiency
of maize leaves. Five days after transplanting, the differences in photosynthetic characteris-
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tics of maize leaves under fertilization treatment were not significant (p > 0.05). The peaks
of Pn and Ci in maize leaves were reached 45 days after transplanting. The bionic liquid fer-
tilizer achieved the optimum photosynthetic indexes, for which the peak value of Pn index
was 32.9 umol CO, m 257!, and the peak value of Ci index was 557.3 pmol CO, mol 1.
The peaks of Cond and Trmmol in maize leaves appeared at 55 days after transplanting,
the peak value of Cond was 0.94 mol H,O m~2s~!, and for Trmmol index was 12.7 mmol
H,O m~2s~!. Fertilization treatments had certain effects on the photosynthetic characteris-
tics of maize leaves during the growth stage, indicating that increasing soil nutrients by
liquid fertilizer could increase the photosynthetic rate of maize leaves and promote the
dry matter accumulation. The effect of liquid fertilizer on photosynthetic characteristics of
maize leaves were ranked as follows: Bionic fertilizer > urea > mucus > CG.
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Figure 9. Effects of three liquid fertilizer fertilization treatments on photosynthetic characteristics of maize leaves. (a) Net
photosynthetic rate (Pn); (b) Stomatal conductance (Cond); (c) Intercellular CO, concentration (Ci); (d) Transpiration

rate (Trmmol).

4. Conclusions

In this study, inspired by the amino acid composition of the Eisenia foetida, bionic
fertilizer was designed and prepared. The commonly used urea fertilizer, earthworm mucus
(mucus) and its mimicked mixture of the amino acids (bionic fertilizer) were applied to
maize to investigate their effects on stimulating maize growth during the seedling and
growth stage (distilled water was used as the control group (CG)). From the experimental
results, the following conclusions were obtained:

(1) The lower concentration treatments of liquid fertilizers were more beneficial to the
improvement of maize seed vigor index than the higher concentration ones. The
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effects of three liquid fertilizers on the emergence rate of maize were ranked as follows:
Mucus > bionic fertilizer > urea.

(2) Under lower concentration of bionic and urea fertilizer treatments, the average of plant
height and stem diameter after the maize emergence were increased as compared with
higher concentration ones. Compared with the CG, lower concentrations of mucus
were beneficial to the growth of maize seedling roots, while higher concentrations of
urea significantly inhibited (p < 0.05) the development of maize seedling roots.

(3) Higher concentration treatments provided more nitrogen nutrition to the soil as
compared to that of lower concentrations. The mucus treatment reached the maximum
nitrogen content after 15 days of transplanting. While, the bionic fertilizer and urea
treatment reached the maximum nitrogen content after 5 days of transplanting. The
difference between rapidly available potassium and phosphorus in each fertilization
treatment was not significant (p > 0.05). Similarly, the effects of three liquid fertilizers
on the pH value in the sampled soil were not significant (p > 0.05).

(4) As compared with the CG, the three tested liquid fertilizers significantly promoted
(p < 0.05) the growth of maize in terms of plant height and stem diameter. At the
end of the experimental stage, the effects of three liquid fertilizers on the maize plant
height and stem diameter were ranked as follows: bionic fertilizer > urea > mucus
> CG.

(5) During the test stage, the SPAD value of maize leaves increased gradually, and the
SPAD value of maize leaves reached the peak 55 days after transplanting. The effects
of three liquid fertilizers on the SPAD value of maize leaves were ranked as follows:
bionic fertilizer > urea > mucus > CG.

(6) During the growing stage of maize plants, mucus and bionic fertilizer increased the
chlorophyll content of maize leaves, which was beneficial to increase nitrogen content.
The application of liquid fertilizer increased the photosynthetic rate of maize leaves
and promoted the accumulation of dry matter in maize. The effects of liquid fertilizer
on photosynthetic characteristics of maize leaves were ranked as follows: bionic
fertilizer > urea > mucus > CG.

Compared with available literatures, the main novelty this study provides is an
innovative bionic approach for developing effective liquid fertilizer by learning from
nature. This study indicated that both of the extracted mucus and bionic fertilizer were
found to promote the maize plant physiology, such as the emergence rate, plant height
and stem diameter in comparison to urea treatment. Moreover, bionic fertilizer enhances
the photosynthesis capability of maize, and demonstrated significant beneficial (p < 0.05)
fertilizing effects, which increased soil nutrients, improved maize physiological parameters,
promoted its growth and improved dry matter accumulation. These results verified the
effectiveness of bionic fertilizer on stimulating maize growth. Further research is required
on the physical and biological effects of bionic fertilizer on nutrient supply, so that suitable
fertilizer application practices can be developed to optimize the beneficial effects of bionic
fertilizer on soil fertility.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/su13084299/s1, Table S1: Proportion of amino acid in epidermal mucus of Eisenia fetida,
Table S2: Nitrogen content of amino acids in mucus of Eisenia fetida, Figure S1: Maize sowing and
emergence standards. (a) Apply liquid fertilizer to the nursery; (b) Maize seedlings with the height
of 2 cm were used as the emergence standard, Table S3: Physical properties and nutrient content
of greenhouse soil, Table S4: Liquid fertilizers application protocol, Table S5: Three types of liquid
fertilizer fertilization treatment within maize growth stage. Figure S2: Maize growth index test.
(a) Portable photosynthetic apparatus; (b) Soil nutrient meter; (c) Chlorophyll meter; (d) Maize
growth measurement, Figure S3. Effect of liquid fertilizer treatments on maize emergence rate
and emergence index. (a—e) Maize emergence rate of 9-13 days after sowing; (f) Emergence index,
Table S6. Analysis of root growth morphology of maize seedlings.
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