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Abstract: Dairy cattle farming produces large amounts of wastewater and it causes environmental
pollution and eutrophication of rivers, but the nutrients in the waste could be recycled. Here, an
improved vermicomposting system was applied to dairy farm wastewater, and wastewater with a
nitrogen content of 100 mg/L and 200mg/L tested with different combinations of organic substrates
such as cow manure and rice straw in rural solid waste. Results showed that earthworms could
continuously grow, wastewater (N 100mg/L) mixed with rice straw corresponding to the most
significant gained weight for Eisenia fetida earthworms (2.38 to 9.12-fold), and the earthworms’” weight
was positively correlated with the C/N ratio, organic matter content, and pH. Compared to the
initial state, the system significantly changed physicochemical parameters in nutrients, such as
the percentages of total nitrogen, phosphorous, and potassium, which were found to increase in
vermicomposting while organic matter content, C/N ratio, and cellulose declined as a function of the
vermicomposting period, and the final vermicompost was better for the absorption of plants. These
results suggest that continuous wastewater addition improved the effective transformation of organic
waste to allow valorizing a broad range of organic residues, and avoid the risk of environmental
pollution in dairy cattle farming.

Keywords: wastewater; rice straw; cow manure; Eisenia fetida; biological parameters; vermicompost-
ing; waste management; germination; microbial community

1. Introduction

Eutrophication of lakes and rivers is becoming a more serious problem that threatens
the safety of human drinking water. Livestock farming constitutes a large proportion
of the agricultural non-point source pollutants that cause eutrophication, and China’s
first pollution-source census demonstrates that dairy cattle farming may be the largest
contributor to the problem. Specifically, dairy cattle farming produces 2.2 times more
pollutants than non-dairy cattle farming and 15.5 times more than swine farming [1]. The
increasing demand for milk from growing human populations requires an innovative
solution to mitigate the impact of dairy cattle farms on their surrounding environments.

Backyard breeders and farmers often discard waste directly into surrounding envi-
ronment, and the current procedures of large-scale operations are costly and somewhat
inefficient at removing the organic compounds that contribute to eutrophication. Large-
scale livestock farms commonly use anaerobic digestion or aerobic digestion reactors [2].
Up-flow anaerobic sludge blanket (UASB) reactors are routinely used in centralized sewage
collection and treatment [3,4], but anaerobic digestion does not remove nitrogen or phos-
phorus from wastewater. The remaining biogas slurry and residue caused by this secondary
pollution is anaerobic, and then inaccessible as crop fertilizer [5]. Activated sludge systems
are typically used for aerobic digestion [6,7], but are associated with the production of large

Agronomy 2021, 11, 833. https://doi.org/10.3390/agronomy11050833

https:/ /www.mdpi.com/journal /agronomy


https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-9456-2711
https://orcid.org/0000-0001-7731-0849
https://doi.org/10.3390/agronomy11050833
https://doi.org/10.3390/agronomy11050833
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11050833
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11050833?type=check_update&version=2

Agronomy 2021, 11, 833

20f 14

amounts of sludge that also needs to be treated. The remaining sludge does not precip-
itate well due to its high moisture content. Moreover, it has a propensity to expand and
float. The use of these two centralized digestion systems has high input costs, high energy
consumption, and there are other more actually technical skills for smaller operations.

Using earthworms to treat solid organic waste (i.e., vermicomposting) provides a
cheaper and easier alternative to other waste treatment methods [8]. In vermicomposting,
worms digest and transform organic waste, also producing a compost to be used in crops
for fertilization. Indeed the earthworm metabolic activity during this process enhances
the level of nutrients in the transformed wastes [9]. Finally, vermicomposting creates
more available nutrients per weight than the original organic substrate before earthworm
action, converting organic wastes into excellent bio-fertilizers with abundant humic-like
compounds and diverse probiotics that are helpful for agricultural use [10]. Therefore,
vermicomposting can facilitate plant growth [11], and unlike pure animal manure, it is an
excellent substrate for growing seedlings. Vermicomposting applications correspond to
the improvement of conventional composting by adding earthworms to provide a better
organic waste stabilization process [12]. Compared to conventional compost, vermicom-
posting contains higher levels of soluble nutrients and higher quality organic matter [13]. It
is a bio-oxidative process in which earthworms and microbes, along with other degradable
communities, interact and accelerate the decomposition process of organic waste [14].

Vermicomposting is being utilized within commercially available on-site waste treat-
ment systems; however, there are few reported studies that have examined this medium
for the purpose of wastewater treatment [15].

The objective of this study on the improved vermicomposting system was to examine
the effects of high nitrogen and carbon contents in the waste liquid from dairy farm wastew-
ater on vermicomposting. The original contributions of this study are that there was a clear
difference in evaporation rates of the materials with and without earthworms, and less
moisture in the manure added earthworms than in the manure with no earthworms [16].
According to the characteristics of high nitrogen content and high carbon content in the
waste liquid of dairy farm wastewater, the continuous addition of wastewater to support
the loss of water and maintain the humidity of the system to facilitate the earthworm activ-
ities in vermicomposting, in keeping with the sustainable environmental requirements of
earthworms’ growth. The metabolism of earthworms transforms the nutrients of wastew-
ater, cow dung, and straw into earthworm and earthworm manure with high economic
value, achieving the goal of resource utilization and zero release of rural organic wastes. In
addition, no after-treatment by-products are generated by achieving the aim of minimizing
pollution. Nitrogen loss caused by high temperature composting and air pollution caused
by incineration of agricultural organic wastes can be avoided, and this process will not
produce after treatment by-products, to achieve the purpose of eliminating pollution.

2. Materials and Methods
2.1. Dairy Farm Waste Collection and Worm Rearing

Rice straw and cow manure were collected from a dairy farm in Yanqing county of
Beijing in China; we selected the rice straw harvested in current autumn and fresh manure
and wastewater. Young earthworms (Eisenia fetida, (Savigny, 1826)) were mass-reared
on fresh cow manure in the Institute of Environment and Sustainable Development in
Agriculture, Chinese Academy of Agricultural Sciences (CAAS). Fresh cow manure was
homogenized and shade-dried in the lab for 2 weeks. Rice straw was cut off to a length of
about 1.2 cm. Dairy farm wastewater was diluted with aseptic water and compounded to
total nitrogen 100 mg/L and 200 mg/L (pH 7.70). Plastic circular containers with 4 holes
in the bottoms were used as vermireactors (13.0 cm x 9.0 cm x 10.0 cm) and the bottoms
were sealed with insect netting (mesh size 5 mm).
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2.2. Vermicomposting Experimental Set-Up

Two dairy farm waste materials (wastewater and cow manure) and rice straw were
used in the experiment. Combinations of three rates of cow manure in rice straw (0, 20 or
40% called My, My, and My respectively) with two levels of nitrogen content in wastewater
(total nitrogen of 100 or 200 mg/L called N; and N, respectively) corresponding to six
treatments were tested (namely MyN7, MygN1, MyoN1, MgNy, MpoNy, and MgNy). Each
treatment was tested in triplicate, resulting in a total of 126 containers. Twenty non-clitella
worms (~275 mg) were selected from the stock rearing and added to each container on
the 2nd day. Dairy farm wastewater was added to the system every 3 days to supply the
needed amount to avoid desiccation. To measure the digested volume of the wastewater,
we measured the added and outflow wastewater from the containers. The moisture content
was maintained at 60-80% throughout the vermicomposting period. The containers were
kept at 20 °C in the lab. The tests were conducted for 60 days. No rice straw or cow manure
was added during this vermicomposting period.

2.3. The Biological Parameters of Earthworms

Over the 60 days of the vermicomposting process, earthworm abundance and biomass
were measured every 10 days. Worms were separated by hand, counted, and weighed
manually (live weight). Before weighing, worms were washed in distilled water and
dried on filter paper. Worms were quickly weighed and returned to their containers to
prevent desiccation.

2.4. Physicochemical Parameter Analysis of the Vermicomposting Process and Germination tests

Organic matter (OM), total Kjeldahl nitrogen (TKN), total phosphorus (TP), total
potassium (TK), cellulose, pH, and C/N ratio were measured in the initial and the final
mixtures [17-19]. The pH was determined in a 1:10 (w/v) aqueous solution (deionized wa-
ter) with a digital pH meter (Mettler Toledo). The seed germination index was determined
at the initial and final points of the improved vermicomposting system using previously
described methods [20,21].

2.5. Microbial Diversity Analysis
2.5.1. Sample Collection

Rg and Rgp were the same treatments as MyN; at 0 and 60 days, respectively, while
CKg and CKgp were the same treatments as MyN; at 0 and 60 days, respectively, but without
earthworms (Table 1).

Table 1. Consumption of wastewater parameters in the improved vermicomposting system until
60th day.

Treatments
Parameter 2
MyN; MoN; M3oN; MyoNy M3oN; MyoN>
Volume (mL) P 980a 980a 895b 895b 770c 770c
Total nitrogen (mg) © 98d 196a 89.5e 89.5e 144c 154b

2 For each parameter (see text for details), differences among treatments were determined by Tukey’s test.
Different letters in arrow are significant at p < 0.05 (Tukey’s test). ® The total volume of the added wastewater into
the improved vermicomposting system because that the dairy farm wastewater was added to the system every
3 days to supply the needed amount to avoid desiccation. © The total nitrogen of the added wastewater into the
improved vermicomposting system.

2.5.2. DNA Extraction and PCR Amplification

Genomic DNA was extracted from solid samples using the E.Z.N.A. Stool DNA Kit
(Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions. The
quality of the extracted DNA was checked by 1% agarose gel electrophoresis and spectropho-
tometry (optical density at a 260 nm /280 nm ratio). All extracted DNA samples were stored at
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—20 °C for further analysis. The V3-V4 hypervariable regions of the 165 rRNA gene were sub-
jected to high-throughput sequencing by Beijing All we gene Tech (Beijing, China) using the
Iumina MiSeq PE300 sequencing platform (Illumina, CA, USA). The V3-V4 region of the bac-
teria 16S rRNA gene were amplified with forward 336F (5'-GTACTCCTACGGGAGGCAGCA-
3’) and reverse 806R (5'-GTGGACTACHVGGGTWTCTAAT-3') universal primers. These
primers contain an 8-nucleotide long barcode sequence that is unique to each sample.
PCR (Polymerase Chain Reaction) was performed as follows: 95 °C for 5 min, 28 cycles
at 95 °C for 45 s, 50 °C for 50 s, and 72 °C for 45 s, with a final extension of 72 °C for
10 min. PCR reactions were performed in triplicate with 25-uL mixtures containing 2.5 uL
of 10 x Pyrobest buffer, 2 uL of 2.5 mM dNTPs, 1 pL of each primer (10 uM), 0.4 U of
Pyrobest DNA polymerase (TaKaRa), and 15 ng of template DNA. The amplicon mixture
was applied to the MiSeq Genome Sequencer (Illumina, San Diego, CA, USA).

2.5.3. lllumina MiSeq Sequencing

Amplicons were extracted from 2% agarose gels and purified using the Axy Prep
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the
manufacturer’s instructions and quantified using Quanti Fluor™-ST (Promega, Fitchburg,
WI, USA). Purified amplicons were pooled in equimolar concentrations and paired-end
sequenced (2 x 300) on an Illumina MiSeq platform according to standard protocols.

2.5.4. Processing of Sequencing Data

The extraction of high-quality sequences was first performed with the QIIME package
(v1.2.1; Quantitative Insights Into Microbial Ecology; ] Gregory caporaso, University of Col-
orado, Boulder, CO, USA). Raw sequences were selected based on sequence length, quality,
primer, and tag. The raw sequences were selected, and the low-quality sequences were
removed based on the following criteria: (i) raw reads were shorter than 110 nucleotides;
(ii) 300-bp reads were truncated at any site receiving an average quality score <20 over a
50-bp sliding window (the truncated reads that were shorter than 50 bp were discarded);
(iii) exact barcode matching, 2 nucleotide mismatches in primer matching (reads contain-
ing ambiguous characters were removed); and (iv) only sequences that overlapped more
than 10 bp were assembled according to their overlap sequence (reads that could not be
assembled were discarded).

The unique sequence set was classified into operational taxonomic units (OTUs) under
the threshold of 97% identity using UCLUST. Chimeric sequences were identified and
removed using Usearch (v8.0.1623). The taxonomy of each 165 rRNA gene sequence was
analyzed by UCLUST against the Silval19 16S rRNA database using a confidence threshold
of 90%.

2.6. Statistical Analysis

All of the reported data were the means of three replicates. One-way analysis of
variance (ANOVA) was used to detect significant differences among treatments. Inde-
pendent Tukey’s tests were also performed to evaluate the distribution of the data sets.
Statistical analyses were performed using the SPSS statistical package (Version 13.0; SPSS
Inc., Chicago, IL, USA). Unless otherwise indicated, p < 0.05 was selected to indicate
statistical significance.

3. Results and Discussion
3.1. Consumption of Dairy Farm Wastewater during Vermicomposting

After the preliminary experiment, the total nitrogen concentration of the dairy farm
wastewater was set at 100 and 200 mg/L. These two concentrations are higher than the
standard for pollutant discharge issued by the national livestock breeding industry. In our
study, the amount of wastewater input was closed to the amount of water evaporated by
the system. The amount of wastewater consumed in the MyN; and MyN, was the largest
(Table 1). In these treatments, all of the fillers were straw and explained this result. The
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crushed stalks were short and rod-shaped, with gaps between them, making it easier for
the moisture to drain. Therefore, more wastewater was needed to maintain the system’s
humidity. In the mixture of other groups that contained cow manure, the latter was crushed
into powder, the crevices between pieces of straw were filled, and the water was more
easily retained. The rate of water loss was relatively low, the system moisturizing effect
was better, and liquid waste did not need to be added as frequently.

In each 100 g improved vermicomposting system, the volume of dairy farm wastew-
ater consumed by MyN; and MyN, was similar. MgN, consumed 196 mg of TKN and
MyN; consumed 98 mg. In terms of total nitrogen consumption, MgN, was a more suitable
treatment system for dairy farm wastewater. This study provides information on how
the nutrient components of wastewater affect the ability of earthworms to grow, thereby
absorbing and transforming organic waste into high-value earthworms and earthworm
manure. Vermicomposting using these methods discharge no wastewater, achieving the
goal of zero pollutants.

3.2. Earthworm Weight Changes during Vermicomposting

After 10 days, the average weights of all earthworms, except for the MoN, conditions,
increased (Figure 1). After 20 days, all treatments had continued positive effect on the
average earthworm growing. InMpoN1, MgoN1, MyNp, and MygN; containing cow manure,
significant higher weight gain were observed when compared to earthworms in MyN;
and MyNy, which had only rice straw. After 30 days, the earthworm’s average weight in
M5oN7, MyoN7, MyoN», and MyyN, declined, while the ones in MgN; and MyN, increased.
At day 60, the change in the latter was significantly higher than the ones in MoNy, MyoNj,
MygNy, and MyoN;. The average weight change of MyN; was 2.4 times that of MpoNj, and
9.1 times that of M4oN;. The average weight change of MoN, was 2.1 times that of MyN»
and 1.7 times that of MyoN>, (Table 1).
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Figure 1. Evolution of Eisenia fetida weight according to different proposed diets (in g per worm on 60 day durations).

Earthworms utilize nutrients from different sources to supply their growth needs [22].
The weight change of earthworms was significantly correlated with the C/N ratio.

Dairy wastewater continually supplemented nitrogen, reducing the C/N ratio of all
treatments gradually. The MoN; and MyN; conditions became more and more suitable
for earthworm growth as this supplementation process continued. High nitrogen can
exceed the tolerance limit of earthworms, resulting in slow growth or death [23]. Indeed,



Agronomy 2021, 11, 833

6 of 14

Nutrent content (%)

3.0

2.5

2.0 +

1.5

1.0

0.5

0.0

at day 20 of the experiment, because of the large amounts of nitrogen in cow manure of
MjoN1, MygoN71, MyoNjy, and MygN», the additional dairy wastewater added nitrogen into
the mixture, resulting in the increasing nitrogen content, and high nitrogen is toxic to
earthworms, so the weight of earthworms began to decrease.

3.3. The Response of Physicochemical Parameters during the Vermicomposting Period

After 60 days, the black color and uniformly disintegrated structure of the mixtures
indicated the presence of worm activity [24]. TKN, TP, and TK increased in all of the tests
under different treatments after the vermicomposting (Figure 2). The difference between
various mixtures was statistically significant (ANOVA, p < 0.05) at the end of the process.
Traditionally, TKN, TP, TK, organic matter content, and the C/N ratio are considered
indicators of decomposition and compost quality [25]. Then, the treatments inoculated
with earthworms were more decomposed, and the fillers after vermicomposting were more
preferable for bio-organic fertilizer manufacturing [26].

B TKN-O
I TKN-60 e
I TP-0 d [
N TP-60 == C f b
1 TK-0 _ b _
] TK-60

MON1 M20N1 M40N1 MONZ2 M20N2 M40oN2

Figure 2. Total Kjeldahl nitrogen (TKN)%, total phosphorus (TP)%, and total potassium (TK)% in different treatments on
days 0 and 60 of the experiment. (N-0:TKN% at 0 day; N-60:TKN% at 60 day; TP-0:TP% at 0 day; TP-60:TP% at 60 day;
TK-0:TK% at 0 day; TK-60:TK% at 60 day). Compared the difference values of TKN-60 to TKN-0, TP-60 to TP-0, TK-60 to
TK-0 in different treatments, the different letters of a, b, ¢, d were marked on the bar to indicate the significantly different

which were determined by Tukey’s test (p < 0.05).

In the test, there was a 51.1% increase in TKN for MyNjy, a 75.5% increase for MyoN1,
and a 69.9% increase for MyyN; compared to the initial level. There was a 54.8% increase
in TKN forMyNy, a 73.7% increase for MyoN,, and a 71.4% increase for M4oN, compared
to the initial level (Figure 2). The rate of increase in TKN was higher than 50%, and the
mixtures with 20% of cow manure had the highest TKN content. The TKN of 20% cow
manure and 40% manure were 1.7% to 1.9% at the 60th day, which were higher than TKN of
only-cow manure which was about 1.6% at the 60th day (with Eisenia fetida, no wastewater),
the TKN of only-straw were 1.3% and 1.4%. TKN of treatments ranged between 1.4% and
1.9% at 60th day, and values were similar to those already reported. The TKN content
ranging from 1.2% to 1.7% for vermicompost of paper cattle manure, mill sludge, and dairy
sludge were reported [27]. Vermicompost of bilsolids mixed with paper mulch contained
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1.7% [28]. But whereas the range reported by values ranging between 1.9% to 3.7% for
different types of waste [29]. It indicated that the improved vermicomposting system also
had a great impact on nitrogen transformations in the manure, by enhancing nitrogen
mineralization, so that mineral nitrogen was retained.

The same trend was observed for TP and TK (Figure 2). There was a 76.4% increase
in TP for MyNj, a 107.1% increase for MyyN1, and a 115.3% increase for MyyN;. There
was a 73.1% increase in TP for MyN>, a 89.1% increase for MyoN5, and a 111.3% increase
for MyoNy. Then, the largest increases in TP which group with 40% cow manure were
observed in MggN; and MyN; (ANOVA, p < 0.05), the lowest increases in TP which group
with rice straw-only were observed in MoN; and MyN; (ANOVA, p < 0.05). There was a
30.0% increase in TK for MgN, a 43.8% increase for MygN7, and a 29.9% increase for MgNj.
There was a 19.5% increase in TK for MyN,, a 66.4% increase for My)N», and a 52.5%
increase for MyoN,. Therefore, the MyyN; and MyyN, treatments, which contained 20%
cow manure, showed the largest increase in TK concentration. Overall, the treatments with
earthworms had more nutrients after vermicomposting. During the present investigation,
the TP concentration varied from 1.1% to 2.6% and the TK concentration varied from 18.8%
to 25.2% at the 60th day, in comparison with recommended standards the TP and TK were
found higher in all the samples [30].

Organic matter content decreased in all treatments after vermicomposting (Figure 3A),
the difference among mixtures was statistically significant (ANOVA, p < 0.05). In compari-
son to the initial values, there were 5.3%, 19.4%, and 22.1% decreases for MyN1, MyoNj,
and MyNj, respectively, and 8.8%, 15.3%, and 21.6% decreases for MoN>, MoN,, and
MyoN;. The organic matter content varied from 51.3% to 64.4% at the 60th day, which were
higher than 45% in the National Organic Fertilizers Standard [31]. The reduction in the
organic matter content could be attributed to the rapid decomposition and consumption of
the organic materials by earthworms and microorganisms present in their guts [32].

In our experiment, the initial C/N ratio of MgN; and MgN, with only rice straw was
significantly higher than that in MpoNj, MsoN7, MpoN», and MyN;, which also contained
cow manure (Figure 3). The C/N ratio significantly decreased among the different mixtures
at the end of the experiments (Figure 3B). Decreases of 37.5%, 54.4%, and 54.4% in C/N
were observed in MgN7, MyoN7, and MyoN;, and decreases of around 41.4%, 51.2%, and
54.4% in MoN2, MpoN», and MygN,. After 60 days, the C/N ratios of MyN; and MgN,
were 26.9 and 25.0, the C/N ratios of MpgN7 and M,yN, were 17.3 and 19.1, and the C/N
ratios of My N and MyyN, were 15.5 and 15.6. Overall the C/N ratios of biosolids in
our improved vermicomposting system after treatment were positively correlated with
those before. The C/N ratios of the rice straw-only treatment groups were all above 25,
in keeping with reports in the literature indicating that a C/N ratio of 25 resulted in the
highest and the best fertilizer value of the product [33]. The results of this study revealed
that rice straw-only treatments can be used continuously for long time periods and are
more capable of eliminating pollutants from dairy farm wastewater.

At the end of the experiment, the cellulose contents of MgN; and MgN; had decreased
by 42.1% and 38.3%, respectively, those of My)N; and M»oN, had decreased by 31.0% and
23.7% respectively, and those of MyN; and My4yN; had decreased by 15.5% and 26.6%
respectively (Figure 3C). This is concordant with the observation that the largest decrease
in cellulose content was in the straw-only treatment. Comparing the results of different
concentrations of wastewater in the same treatment, cellulose degraded faster in 100 mg/L
(TKN) than in 200 mg/L (TKN). This may be because the addition of mild nitrogen which
has a lower and mild concentration of nitrogen is more conducive to the metabolism and
growth of earthworms, thereby promoting the degradation of cellulose.

The initial pH values of MON1 and M()N2, M20N1 and M20N2, and M40N1 and M40N2
were 8.1, 8.6, and 8.9, respectively. At the end of the experiment, the pH values of MyN; and
MyN, were 9.0and 9.0, those of M»N; and MyoN, were 9.1 and 8.9, and those of MyN;
and MygN, were 9.0 and 9.0, respectively (Figure 3D). The pH of all the treated matrix was
about 9.0, and the activity of earthworms changed the pH of the mixture. Vermicomposting
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can change the pH of different sources of substances through the decomposition of organic
matter into inorganic matter [34]. The pH of the vermicomposting process is also strongly
correlated with ammonia volatilization [35]. In this study, the continuous supplement of
dairy farm wastewater increased the nitrogen content of the improved vermicomposting
system, and then the ammonia content due to gaseous losses was replenished. Therefore,
the differences in pH resulting from the addition of wastewater were significant over the
period of the experiment.
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Figure 3. Changes in the physicochemical properties of the different treatments at 0 and 60 days.
Comparing the difference values of orgnic matter of 60 day to 0 day (A), C/N ratio of 60 day to 0 day
(B), cellulose of 60 day to 0 day (C), pH value of 60 day to 0 day (D) in different treatments; different
letters in arrows are significant at p < 0.05 (Tukey’s test).

3.4. Phytotoxicity Test

Immature compost products may have toxic effects on seed germination and seedling
growth. We used the germination index to measure the physiological toxicity and maturity
of earthworm composting products. Intuitively, when the seed germination coefficient
is greater than 50%, the composting is considered to have reached maturity [36]. In the
study (Table 2), the germination index of the six tests were all higher than 60%, which
demonstrated the improved vermicomposting system form could increase plant produc-
tivity. The germination index of MgN; and MyN; were 81% and 81%, respectively, which
were significantly higher than those of other treatments. The germination index of MyoN;
and MyN; were 75% and 70%, respectively, and those of MyyN; and MyyN; were 71.86%
and 68.66%, respectively. The germination index of these four tests was lower than those of
the MgN7 and MgN5. The MyN; and MyN; groups, which showed the highest germination
index, may provide more root growth and better promote the safety of plants [37].
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Table 2. Biological parameters of weight changes of earthworms and germination index.

Parameter 2

Treatments

MoN; MoN;, M3oNy MyoN; M3oN; MyoN,

Weight changes of per

worm (g) b

0.16 £ 0.02a 0.11 £ 0.02ab 0.06 £ 0.02¢ 0.02 +£0.003d  0.05 £ 0.05bc  0.06 £ 0.03bc

Germination index (%)

81.07 = 1.35a 81.13£495a 75.64+774a 70.16 =5.63a 71.86=4.20a 68.66 = 8. 97a

2 For each parameter (see text for details), differences among treatments were determined by Tukey’s test. Different letters in arrow are
significant at p < 0.05 (Tukey’s test). ® Weight changes of per worm between day 0 and the 60th day.

3.5. Correlation of Biological and Chemical Indexes

According to the detrended correspondence analysis, the length of the gradient of
the first axis was 0.961, indicating that redundancy analysis (RDA) could better explain
the relationship between the weight changes of per earthworm and germination index for
environment factors compared with canonical correlation analysis. The ordination diagram
based on RDA was presented (Figure 4). Similar trends were seen with the MgN; and MyNy,
which were highly positively correlated with earthworm weight change, germination index,
C/N ratio, organic matter, and pH value, but negatively correlated with TKN, TP, TK, and
cellulose, which correlated positively with MygN7, MyoN1, MpoNy, and MyoNy. In this
study, earthworm weight change was positively correlated with germination index, and
the relative seed germination recorded a higher range of earthworm weight gain [38]. The
C/N ratio, organic matter, and pH of the mixture had significant effects on the earthworms’
growth. The combination of pH value and organic matter had a significant effect on the
mixture germination index.
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Figure 4. Redundancy analysis of the D_value of the weight of worms and germination rate to the
environmental factors in the improved vermicomposting system (after 60 days).

3.6. Composition of the Microbial Community

The relative abundance of bacteria taxonomic groups were presented (Figure 5). Thirty
bacteria phyla were identified. At the phylum level, in all groups, at day 0, the dominant
phyla were Proteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes, which accounted for
99.8% of all bacteria. Proteobacteria was the most abundant phylum in all groups, followed
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by Bacteroidetes in groups Ry and CKy, indicating that when earthworms were not added,
the bacteria in the mixture were mainly Proteobacteria and Bacteroidetes.
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Figure 5. Composition of the bacterial communities at the phylum level. Ry,, Rgp, and Rq.: samples of the rice straw
inoculated with earthworms, Rgpa, Reop, and Rgoc: samples of the rice straw inoculated with earthworms after 60 days.
CKoa, CKgp, and CKg.: samples of the rice straw without earthworms. CKgp,, CKggp, and CKgp. samples of the rice straw
without earthworms after 60 days.

In groups CK and R, at day 60, the dominant phylum in the groups with earthworms
were Proteobacteria and Bacteroidetes, the same as in the groups without earthworms, al-
though the relative abundance of Proteobacteria decreased in both treatments, while the
abundance of Bacteroidetes, Actinobacteria, Firmicutes, and Verrucomicrobia increased. The
latter phyla have also been reported to dominate in compost studies without earthworms,
which are generally involved in the degradation of organic waste [39]. Proteobacteria and
Actinobacteria are lignin-degrading bacteria [40] while Bacteroidetes are thought to degrade
cellulose and chitin [41]. Firmicutes produce celluloses, lipases, proteases, and other ex-
tracellular enzymes that degrade lignin, cellulose, sugars, and amino acids [42]. Finally,
Verrucomicrobia is mainly found in lakes, drinking water, and other natural freshwater
environments [43].

Original composting and vermicomposting modified the original microbial communi-
ties of the waste in diverse ways. The differences in microbiota patterns can be attributed
to the physicochemical composition of the wastes and the interaction of the earthworms
in the microbial communities [44]. Representative bacteria of mature compost (Actinobac-
teria) were more abundant in vermicomposting, and Bacteroidetes were more abundant
in compost [45]. This resulted in the greater similarity of the microbial community struc-
ture between the products of natural placement and maturation via vermicomposting.
This indicates that the microbial community composition was affected by the presence of
earthworms and by the continuous addition of waste liquid.

4. Conclusions

In summary, the study presented here permits us to develop an improved vermicom-
posting system, in order to have efficient recycling of wastewater and reuse dairy wastewa-
ter, rice straw, and cow manure simultaneously. We demonstrated that earthworms could
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alter the biochemistry of dairy wastewater and other solid waste and accelerate the stabiliza-
tion, maturity, and microbial community composition of organic waste. The C/N ratio had
the highest effects on earthworm growth, and the increase of earthworm weight promoted
the mineralization of solid waste; also, the percentages of total nitrogen, phosphorous,
and potassium increased, while organic matter content, C/N ratio, and cellulose declined
as a function of the vermicomposting period. For future experiments, we could proceed
with the response of electrical conductivity and heavy metals during the vermicomposting
period, and the effect of other agricultural organic wastes. This is a feasible method for
the simultaneous disposal of organic wastes, especially in poor countries, because it incurs
lower costs and has a lower impact on the environment. Our laboratory-scale experiment
processing cow manure with earthworms might not fully duplicate large-scale commercial
conditions, but provides valuable insights into the process and the changes brought about
by earthworm activity.
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