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Abstract: DNA sequencing of active cells involved in vermicomposting can clarify the roles of
earthworms in regulating functional microorganisms. This study aimed to investigate the effect of
earthworms on functional microbial communities in sludge by comparing biodegradation treatments
with and without earthworms. PCR and high throughput sequencing based on pretreatment of
propidium monoazide (PMA) were used to detect the changes in active bacterial 165 rDNA and
eukaryotic 185 rDNA during vermicomposting. The results showed that the nitrate in sludge ver-
micomposting and control were significantly different from day 10, with a more stable product at
day 30 of vermicomposting. Compared with the control, the Shannon indexes of active bacteria
and eukaryotes decreased by 1.9% and 31.1%, respectively, in sludge vermicompost. Moreover,
Proteobacteria (36.2%), Actinobacteria (25.6%), and eukaryotic Cryptomycota (80.3%) were activated
in the sludge vermicompost. In contrast, the control had Proteobacteria (44.8%), Bacteroidetes (14.2%),
Cryptomycota (50.00%), and Arthropoda (36.59%). Network analysis showed that environmental
factors had different correlations between active bacterial and eukaryotic community structures.
This study suggests that earthworms can decrease the diversity of bacterial and eukaryotic com-
munities, forming a specific-functional microbial community and thus accelerating organic matter
decomposition during vermicomposting of dewatered sludge.

Keywords: vermicompost; sludge recycling; biodegradation; microbial community; propidium

monoazide

1. Introduction

A large amount of excess sludge is generated in wastewater treatment plants world-
wide due to increased urbanization. The sludge with a water content of 80% exceeded
60 million tons in 2019 in China and could rise to 90 million tons in 2025 [1]. Relative to
other biosolids, the characteristic of excess sludge is more complicated, because it receives
lots of organic substances and microorganisms from primary and secondary sedimentation
tanks [2]. As a result, the above status poses a great challenge to treating and disposing of
excess sludge, especially for low-income countries. Among the current treatment methods,
including incineration, thermal dry, clean fuel, composting, and anaerobic digestion [3],
vermicomposting is an environmentally friendly and sustainable approach for sludge
recycling [4-6]. Earthworms can decompose various excess sludges, such as primary
sedimentation tank sludge [7], anaerobic digestion sewage sludge [8,9], and dewatered
sludge [4,10-13]. The final sludge vermicompost contains homogeneous particle with avail-
able nitrogen, phosphorus, potassium, micro-nutrients, and diverse microbial flora [5,14].
Therefore, the sludge vermicompost can be an agricultural organic fertilizer.
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Previous studies have demonstrated that vermicomposting can realize the rapid stabi-
lization of dewatered sludge by modifying the physicochemical properties and microbial
community of sludge due to the interaction of earthworms and microorganisms during the
biodegradation process [6,15]. Earthworms can directly degrade organic matter through
their feeding and intestinal digestion [16]. Meanwhile, earthworms as drivers can also affect
microbial growth and reproduction through their burrowing, defecation, and mucus secre-
tion, indirectly stimulating the degradation of organic matter [17]. Molecular technique
development has further shown that microorganisms, such as bacteria and eukaryotes,
promote the degradation of organic matter in the vermicomposting process [4,13,18-20].
Notably, only active microorganisms can promote metabolism, reproduction, and other
activities in the biodegradation system, known as functional microbes. However, previ-
ous studies on microbial community structure in vermicomposting used the total DNA
sequences based on the techniques of phospholipid fatty acids (PLFA), polymerase chain
reaction, and denaturing gradient gel electrophoresis (PCR-DGGE), high-throughput se-
quencing, and metagenomic sequencing [10,13,21]. The nucleic acid detection based on the
total DNA cannot distinguish between active and dead cells since DNA from dead cells
can stay active for a long time [22], leading to the overestimation of functional microorgan-
isms. Therefore, the active functional microbes involved in the vermicomposting process
should be investigated for enhanced clarity on the mechanism of the stabilization process of
sludge. However, no study has reported on the active microorganisms in vermicomposting
of sludge.

PMA, a DNA embedding dye, can effectively discriminate the active and dead mi-
croorganisms. It inhibits DNA amplification in dead cells by penetrating the damaged cell
membrane and interact with extracellular DNA sequences under LED light [23]. More-
over, DNA sequencing combined with PMA straining has been used to assess the active
microbial community in the environment [9,24]. However, some studies have evaluated
the active microbial community in the vermicomposting system using the 16S rDNA and
18S rDNA sequencing combined with propidium monoazide.

This study aimed to investigate the changes in the active microbial community during
vermicomposting of dewatered sludge and to reveal the effect of earthworms on the active
microbial community in the vermicomposting system. PMA staining combined with PCR
and high-throughput sequencing technology was used to detect bacterial 16S rDNA and
eukaryotic 185 rDNA in sludge.

2. Materials and Methods
2.1. Experimental Design

This study used young Eisenia fetida as the earthworm species and a plastic box
(60 cm x 40 cm x 30 cm) as vermi-reactor. The dewatered sludge was obtained from the
dewatering workshop of a wastewater treatment plant in Anning District of Lanzhou city,
China.

To avoid the anaerobic environment, the fresh dewatered sludge broken into about
5 mm particles was used as a vermicomposting substrate, following the method of Fu [4].
The physicochemical properties of the initial sludge are shown in Table 1.

Vermicomposting treatment (with earthworms) and control treatment (without earth-
worms) were in a parallel setup. Each treatment was performed in triplicate. First, 10 kg
fresh dewatered sludge was put into each vermi-reactor, then 1200 E. fetida were inoculated
into the vermi-reactor to facilitate rapid sludge stabilization. All reactors were covered
using a plastic lid to maintain a dark environment for earthworms. The vermicomposting
experiment was performed at room temperature (18-28 °C). Tap water was splashed using
a sprinkling can to keep a moist environment during vermicomposting. The sludge sub-
strate was turned over once a week to maintain the oxygen content. Most sludge turned
into granules, and the nitrate content significantly increased after 20 days (Figure 1). There-
fore, the E. fetida was removed from the vermi-reactor by hand, and then their weights
were measured. Subsequently, the mixture of non-digested sludge and vermicompost
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continued to maturate for 10 days. The fresh samples were randomly collected from the
control reactor, and vermi-reactor and each was divided into two parts. One part was dried
and grounded for the determination of the physical and chemical properties, and the other
part was treated with the PMA dye.

Table 1. Physicochemical properties of raw sludge and final sludge products of vermicompost and

control.
Parameters Initial Sludge Control Vermicompost
pH 6.83 £0.01a 6.65 £0.04b 6.76 £ 0.01 c
Electrical conductivity (uS/cm) 200.00 £0.20 a 426.33 + 047 b 778.00 £ 141 c
Organic matter (%) 37.64 +0.38 a 26.67 £0.21b 25.27% + 0.09 ¢
Dissolved organic carbon (mg/g) 16.09 £ 0.06 a 3.94 +0.06 b 3.53+0.02¢
Ammonium (mg/g) 2.2540.05 1.95+0.09a 2.49 £0.03b
Nitrate (mg/g) 033 +0.01a 0.90 £0.02b 172 £0.04 c
Note: The different letters behind the data indicates that the difference is significant between two groups for each
parameter.
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2 -
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Figure 1. Changes in nitrate content (a) and dissolved organic carbon; (b) detected by 3D-EEM in
vermicompost and control.
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2.2. Assay of Physicochemical Properties

The physicochemical properties were determined as described in the earlier study [12].
Briefly, the mixture of dry sample and deionized water (dry sample: water = 1:50, mass
concentration) was stirred via magnetic force for 30 min, then centrifuged at 4000 rpm. The
resulting upper supernatant was used for the chemical determination. A pH meter (PHS-
3C, Leici, Shanghai, China) and conductivity meter (DDS-307, Leici, Shanghai, China) were
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used to determine the pH value and electrical conductivity (EC), respectively. After drying
the sample at 105 °C for 12 h, organic matter (OM) was measured by an oven at 600 °C
for 2 h. Ultraviolet spectrophotometry (HJ/T 346-2007, Chinese Standard) was used to
determine nitrate-nitrogen (NO3 ™). A multi-parameter water quality analyzer (CNPN-7SII,
Luheng, Hangzhou, China) was used to determine ammonia nitrogen (NH4"). Carbon
and nitrogen analyzer (Multi N/C 2100, Jena, Germany) was used to determine dissolved
organic carbon (DOC). Moreover, the DOC structure was analyzed via three-dimensional
emission and excitation modes (3D-EEM) using a fluorescence spectrophotometer (RF-
5300PC, SHIMADZU, Shanghai, China), as described by Huang [14].

2.3. PMA Treatment and DNA Extraction

Fresh sample (1 g), 200 mL DN A-free water, and 2 mL phosphate-buffered solution
were fully mixed via a magnetic force for 30 min. A 20 uM PMA (5 uL) (Biotium, USA)
was added into 2 mL of the mixture, then kept at 4 °C for 10 min. Subsequently, the
stained sample was put in an LED lighting device (Takara, Crosslinker 12, Tokyo, Japan)
for illumination (20 min). The stained sample was manually turned over every 5 min
during the illumination process. DNeasy® PowerSoil® Kit (QIAGEN, Germany) was used
to immediately extract the total genomic DNA from the treated samples (with PMA dye)
following the manual instructions. The extracted DNA was checked via electrophoresis
with 2% agarose gel and stored in the refrigerator at —20 °C.

2.4. PCR and Sequencing Methods

The V3-V4 region of 165 rDNA genes was amplified using the following primers:
341F (5'-CCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACVSGGGTATCTAAT-3').
The 528F (5'-GCGGTAATTCCAGCTCCAA-3')/706R (5'-AATCCRAGAATTTCACCTCT-
3’) was used to amplify the V4 region of 185 rDNA genes. All primers were conjugated
with barcode base pairs before amplification. All PCR reactions were conducted using
the Phusion® High-Fidelity PCR Master Mix (New England Biolabs). The PCR products
were detected using 2% agarose gels and then purified with a GeneJET Gel Extraction Kit
(Thermo Scientific, Shanghai, China). The TruSeq® DNA PCR-Free Sample Preparation
Kit was used to establish the sequencing library, and its quality was assessed using the
Qubit (Thermo Scientific, Shanghai, China). Subsequently, the library was sequenced on
NovaSeq6000 with 2 x 150 bp at the Nova biological information company (Beijing, China).

The raw reads were first filtered to obtain high-quality clean tags based on Qiime
(V1.9.1) quality control processes. The tag sequences were then compared with the species
annotation database using VSEARCH binaries [25]. High-quality tagged sequences were
obtained after removing the chimeric sequences. Clustering of the OTUs (Operational
Taxonomic Units) was set at >97% similarity using the Uparse package (Uparse v7.0.1001).
A representative sequence for each OTU was taxonomically classified by comparing it with
the Silval32 database [26] using Classifier (Version 11.1).

2.5. Statistical Analysis

The average of individual weight was calculated with difference values of final av-
erage weight of earthworms divided by their numbers minus initial average weight of
earthworms divided by their numbers. All data presented are mean and standard devia-
tions (n = 3). SPSS v26 software was used for one-way ANOVA analysis at 95% confidence
level to evaluate the inter-group differences of physicochemical properties or sequencing
results among three treatments. Excel (2016) was used to draw the charts of physicochem-
ical properties of bacteria and eukaryotes and the histogram of « diversity and relative
abundance at the gate level. Origin 2017 software was used to analyze the genus level of
bacteria and eukaryotes. Gephi v0.9.2 was used to draw the correlation network analysis
between bacteria and eukaryotes vs. environmental factors.
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3. Results and Discussion
3.1. Maturation Assessment of Vermicomposting

The average individual weight of E. fetida increased from 0.39 g to 0.60 g (growth
rate, 53.8%) after vermicomposting for 20 days. In addition, large amounts of cocoons
and clitellate earthworms were observed in this study, suggesting that earthworms can
better inhabit the sludge environment. The increased earthworm biomass indicates that
the earthworms can effectively survive in the dewatered sludge, even at a higher density.

The maturation of sludge vermicompost was significantly associated with the changes
in physicochemical properties of sludge during the vermicomposting process. EC, DOC,
ammonium, and nitrate were used to assess the maturation of sludge vermicompost
(Table 1) [10,27]. EC in each product significantly increased compared with the initial
sludge (p < 0.05), displaying the highest value in the sludge vermicompost. EC value
in vermicompost significantly increased by 1.82 times compared with that of the control
group (p < 0.05), indicating that the activity of earthworms can effectively promote the
conversion of organic matter of sludge into soluble salt [4]. Moreover, the organic matter
content significantly decreased in both vermicomposting and control treatments, showing
a significantly lower level in sludge vermicompost (p < 0.05). Alike to organic matter, the
DOC content significantly decreased in vermicompost and control treatments (p < 0.05)
(75.5% and 78.6%, respectively), after 30 days. DOC was significantly lower in vermicom-
post than in the control (p < 0.05), possibly because the organic matter in sludge was first
fed on by earthworms and thus transformed into small molecular organic particles for
microorganisms. Moreover, both microbial byproduct-like substances and aromatic-like
substances were lower in sludge vermicompost than in control (Figure 1b), indicating that
earthworms can quickly stabilize sludge, similar to previous research [11].

Nitrate content is usually used to evaluate the stability of vermicomposting prod-
ucts [28]. Nitrate content in vermicomposting treatment was significantly (p < 0.05) in-
creased by 3.2 times from day 10 to 20 (Figure 1a). In contrast, the nitrate content in the
control treatment was not changed within the first 20 days. Moreover, nitrate content was
significantly different between vermicomposting and control treatments (p < 0.05). Nitrate
content was higher in sludge vermicompost (1.91 times) than in control. These results
indicate that earthworms can directly modify the population structure and abundance of
ammonia-oxidizing bacteria and archaea, and thus promoting the nitrification process of
sludge [29]. Ammonium is used to represent the fertility of sludge vermicompost. Herein,
the ammonia nitrogen content was significantly decreased in control by 27.7% (p < 0.05)
compared with the sludge vermicompost (Table 1). The increased ammonia nitrogen in
vermicompost may be due to the direct effect of the urine, mucus, and enzymes secreted
by earthworms [30]. Moreover, ammonification could have occurred in the vermicompost
due to the decomposition of soluble organic matter in sludge.

Herein, the higher contents of EC, ammonium, nitrate, and lower dissolved organic
carbon in vermicomposting product suggest that sludge vermicompost is completely
maturated within 30 days. This rapid vermicomposting method with higher earthworm
density may benefit sludge stabilization since it is less time-consuming than others in
previous studies [4,13].

3.2. Changes in Active Bacterial and Eukaryotic Diversity

The high throughput sequencing showed that the average OTUs of bacterial 165 rDNA
in initial sludge, control, and vermicompost were 1959, 1630, and 1496, respectively. Herein,
fewer bacterial OTUs were associated with the inhabitation of the dead cell by PMA for
DNA sample, compared with previous sequencing results [13,28]. Moreover, the average
OTUs of eukaryotic 185 rDNA in initial sludge, control, and vermicompost were 182, 210,
and 208, respectively. These are the highest OTUs of eukaryotic 185 rDNA recorded in
sludge vermicompost to the best of our knowledge.

The Shannon and Simpson indexes representing the « diversity of microorganisms
are illustrated in Figure 2. The Shannon index of active bacteria in the control product and



Int. J. Environ. Res. Public Health 2021, 18, 9713 60f 13

sludge vermicompost were significantly increased by 5.6% and 4.3%, respectively, com-
pared with the initial sludge (Figure 2a) (p < 0.05). However, the Shannon index was not
significantly different between vermicompost and control (p > 0.05). Similarly, the Simpson
index showed a similar trend in both treatments. Earthworms can enrich the diversity of
the bacterial community in vermicompost after vermicomposting, as determined using
the DGGE method [4], PLFA method [31], high-throughput sequencing method [12,13],
and metagenomic sequencing [14]. Herein, although the Shannon index increased after
vermicomposting, earthworms did not significantly enhance the o diversity of bacteria
compared with the control. This could be because this study only focused on active bacteria
in vermicomposting instead of active and dead bacteria. Besides, the Venn diagram based
on bacterial OUTs result (Figure 2b) identified 345 specific OTUs in sludge vermicompost
(16.6% higher than in control), indicating that vermicomposting can increase some specific
functional bacteria in sludge vermicompost. Earthworms can release indigenous microor-
ganisms into the inhabited environment through casting behavior [32]. Moreover, the
dissolved nutrients transformed by earthworms can enrich bacterial diversity [33].
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g % % 448 A 296
E8.0 A k)
= - 0.96 .S
: g
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Figure 2. « diversity of active bacteria (a); eukaryotes (c); Venn diagram of active bacteria (b);
eukaryotes (d) in initial sludge (AIS); final products of control (AC); vermicompost (AE). All data
were based on OUT results.

Eukaryotes in excess sludge are mainly comprised of protists and fungi. For active
eukaryotes, both Shannon and Simpson indexes showed a downward trend, with a signifi-
cant decrease in sludge vermicompost compared with the initial sludge (Figure 2c). The
decreased o diversity of eukaryotes in control could be due to the variations of environ-
mental conditions in sludge during the experiment. The lower « diversity of eukaryotes
in sludge vermicompost may be because earthworms feed on eukaryotes, especially the
protist [34,35]. Therefore, the reduced diversity of active eukaryotes indicates that the
specific and functional eukaryotic community occurred in sludge vermicompost, since
effective eukaryotic tags were not significantly different between control and sludge vermi-
compost. In contrast, previous studies have indicated that the diversity of the eukaryotic
community increases after vermicomposting of sludge based on the DGGE diagram [4]
and PLFA method [31]. The difference may be because earlier studies assessed the total
DNA gene in the vermicompost, which may overestimate the eukaryotes.
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3.3. Changes in Active Bacterial and Eukaryotic Community Components
3.3.1. Active Bacterial Community

Proteobacteria (17.47%), Firmicutes (31.08%), Actinobacteria (12.94%), and Bacteroidetes
(12.00%) were the dominant phyla of active bacteria in initial sludge (Figure 3a). The mem-
bers of Proteobacteria, Actinobacteria, and Firmicutes, as core microbiota in activated
sludge in wastewater treatment systems [36], are essential in organic matter decomposition
and nutrient cycling. The average abundances of active Proteobacteria and Actinobacteria
in sludge vermicompost increased by 36.2% and 25.6%, respectively, compared with the
raw sludge. The total abundances of Proteobacteria and Actinobacteria are the dominant
phyla in many vermicomposts [13,14,33,37,38], consistent with this study. In contrast, the
active abundances of Proteobacteria, Firmicutes, and Bacteroidetes in sludge vermicompost
were decreased by 23.75%, 74.65%, and 24.62%, respectively, compared with the control.
However, previous studies reported that the abundances of Firmicutes and Bacteroidetes
significantly increased during sludge vermicomposting [12,13], which may be related to
the inability to distinguish living and dead bacteria in earlier studies.

11
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” 0.754- - M Myxococcota
by M Acidobacteriota
c M Chloroflexi
_g Cyanobacteria
c M unidentified_Bacteria
-g Bacteroidota
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=
)
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04
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ol = = =
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Figure 3. Relative abundances of active bacteria (a) and eukaryotes; (b) at phylum level in initial
sludge (AIS) and final products of control (AC) and vermicompost (AE). a, b and c represent the
triplicate of each sample.
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Significant differences of the top 20 active bacterial genera in initial sludge, sludge
vermicompost, and control are shown in Figure 4. The bacterial genus of Candidatus mi-
crothrix, Ottowia, Acinetobacter, and Romboutsia were activated in raw sludge. The dominant
bacterial genus was significantly different between sludge vermicompost and control treat-
ment (p < 0.05). Dyella, Ochrobactrum, and Comamonas were significantly dominated in
the control (p < 0.05), while the Glutamicibacter, Leucobacter, Calbitalea, and Orinithinibacter
were significantly predominated in sludge vermicompost (p < 0.05). These results further
indicate that earthworms can significantly modify the bacterial community composition
in sludge during vermicomposting. The members of Glutamicibacter were isolated from
night-soil compost, with the features of cold-adaptation, efficient degradation, and plant
growth-promotion [39]. Leucobacter genus is often detected in compost and the gut of soil
animals, and has a denitrifying ability in the anaerobic environment [40].
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Figure 4. Heatmap of dominant bacterial genus and significant differences among initial sludge (AIS) and final products of
control (AC) and vermicompost (AE).

3.3.2. Active Eukaryotic Community

The unidentified Eukaryota (61.9%), Ciliophora (15.84%), Cercozoa (12.31%), and
Cryptomycota (6.30%) were the active eukaryotes in the initial sludge (Figure 3b). Mat-
sunaga et al. [41] indicated that the above eukaryotes can be obtained from activated
sludge. The abundance of unidentified Eukaryota significantly decreased in the control
product, and the members of Cryptomycota (50.00%) and Arthropoda (36.59%) become
predominant. Meanwhile, the Cryptomycota (80.3%) predominated in the sludge vermi-
compost, followed by Annelida (3.7%), unidentified Eukaryota (3.3%), and Ascomycota
(2.1%). The members of Ciliophora, Cercozoa, and Arthropoda belonging to the protist
kingdom significantly decreased during vermicomposting, compared with the raw sludge,
probably due to predation by earthworms. A recent study reported that the most abundant
top phyla of eukaryotes in the gut of earthworms mainly belong to Cercozoa, Apicomplexa,
Peronosporomycetes, Ciliophora, fungi, and nematodes [42], suggesting that earthworms
can digest these eukaryotes. However, Monroy et al. [43] reported that the presence of
earthworms in the soil decomposition process benefits the arthropod groups of spring-
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tails and mesostigmatid mites. Fu et al. [10] also reported that Cercozoa is dominant in
the vermicomposting system using the DGGE method. The difference could be due to
the aeration condition promoted by the burrowing behaviors of earthworms, which can
facilitate the growth and propagation of protozoa [31]. Besides, the number of protozoa
is significantly associated with the species of protozoa and earthworms herein, according
to Monroy et al. [35]. The Cryptomycota, as a new cognitive phylum of fungi, are prop-
agated in sludge vermicompost and are often found in the aquatic environment [44,45].
Cryptomycota are mostly endoplasmic parasites of other fungi, such as Chytridiomycetes.
Moreover, they regulate the primary production and the debris food chain [45]. A recent
study reported that the Cryptomycota (24.92%-31.87%) dominated vermi-wetland with
earthworms and plants. Therefore, further studies are needed to assess whether active
Cryptomycota dominates sludge vermicompost.

The eukaryotic genes of Rhogostoma, unidentified Conthreep, Arcella, Telotrochidium, and
Epistylis were significantly dominant in the initial sludge (Figure 5). Moreover, Euglypha,
Trichoderma, Cercomonas, unidentified Diptera, Clitopilus, and Fusarium were significantly
dominant in the control (p < 0.05). Chlamydomyxa, Cryptosporidium, unidentified Doth-
ideomycetes, unidentified Haplotaxida, and Sorodiplophrys were significantly dominated in
sludge vermicompost (p < 0.05). This result also demonstrates that earthworms can insensi-
tively alter the eukaryotic community component in sludge during vermicomposting. The
fungal Chlamydomyxa, Cryptosporidium, and Dothideomycetes in sludge vermicompost may
suggest they are an important index genus for evaluating maturation degree during sludge
vermicomposting. However, Haplotaxida, and Sorodiplophrys, belonging to the protozoon,
dominated in sludge vermicompost, and deserve further exploration.
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Figure 5. Heatmap of dominant eukaryotic genus and significant differences among initial sludge (AIS) and final products
of control (AC) and vermicompost (AE).

3.4. Correlation Analysis between Environmental Factors and Active Microbes

Network analysis was used to evaluate the correlation among environmental factors,
active bacteria, and eukaryotes. Dokdonella, dominant in vermicompost, was negatively
correlated with DOC and pH (Figure 6a). However, Ralstonia showed an opposite trend.
Glutamicibacter was positively associated with total nitrogen, nitrate, and EC, while it was
negatively associated with DOC. These results indicate that the environmental factors have
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different effects on the various bacterial genus, similar to the previous study [46]. For
the eukaryotic genus, Arcella, Rhogostoma, and Telotrochidium were positively correlated
with DOC and pH (Figure 6b). Haplotaxida, Cryptomonas, Vertebrata, and Epistylis were
significantly positively correlated with ammonium, nitrate, and total nitrogen, indicating
that these eukaryotes are involved in nitrogen cycling. These results further suggest that
environmental factors can significantly affect different eukaryotic genii.

Proteiniphilum Haplotaxida

4

Jn
/

A
i
-

N

X

Candidatus-Microthrix

Gluffmicibacter

(a) (b)

Figure 6. Network diagram showing the relationship between environmental factors and bacterial genus (a) or eukaryotic
genus; (b) dominant in vermicomposting systems. The size of the yellow circle denotes microbial abundance. The thickness
of the line indicates the correlation between environmental factors and microorganisms.

Canonical correlation analysis can directly reflect the relationship between environ-
mental factors and active microorganisms. Active bacteria were highly correlated with
pH and ammonia nitrogen in the environment (Table 2). Dissolved total nitrogen was
highly correlated with eukaryotes. The DOC, EC, and nitrate nitrogen were significantly
correlated with active bacteria and eukaryotes. The order of correlation between environ-
mental factors and active bacteria was as follows; pH > DOC > nitrate > EC > ammonium
> dissolved total nitrogen. The order of correlation between environmental factors and
active eukaryotes was as follows; DOC > EC > nitrate > pH > dissolved total nitrogen >
ammonium. However, a previous study found that pH has the greatest impact on both bac-
teria and fungi [47], inconsistent with this study. Therefore, active bacteria and eukaryotes
population structure in the vermicomposting system are closely related to environmental
factors. The microbial carbon source was significantly correlated with almost all bacteria
and eukaryotes compared with the nitrogen source. In addition, previous studies reported
that the environmental factors showed a weak relationship with the bacterial commu-
nity [48], which is also opposite with this study. This is probably associated with the active
microbial community (called as functional microbes) detected in this study. Thus, it could
be concluded that the earthworms can directly affect the environmental factors and thus
modifying the microbial community in vermicomposting.
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Table 2. Correlation coefficient among bacterial genus, eukaryotic genus, and physicochemical
properties of sludge vermicompost.

Parameters Bacteria Eukaryotes
pH 0.994 ** 0.928
Electrical conductivity 0.976 * 0.98 *
Nitrate 0.984 * 0.976 *
Ammonium 0.969 * 0.876
Total dissolved nitrogen 0.694 0.924
Dissolved organic carbon 0.988 * 0.999 **

Note: * and ** indicate significant level of p < 0.05 and p < 0.01, respectively.

4. Conclusions

Earthworms can decrease the o diversity of active bacteria and eukaryotes, and stim-
ulate the functional microbial community in sludge vermicompost. Proteobacteria and
Actinobacteria are the main active bacteria in sludge vermicompost, while Cryptomycota
is the dominant active eukaryote phylum. Vermicomposting increases the abundance of
bacteria, such as Glutamicibacter, Dokdonella, Thermomonas, and eukaryote Haplotaxida. The
abundance of active bacteria and eukaryotes is significantly associated with environmental
factors in the vermicomposting system, especially the carbon source in sludge. The tech-
nology of PMA combined with the DNA sequencing is feasible to detect the functional
microorganisms in the environment associated with earthworms.
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