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Abstract: Aniline, a vital component in various chemical industries, is known to be a hazardous
persistent organic pollutant that can cause environmental pollution through its manufacturing,
processing, and transportation. In this study, the microcosms were established using sediment
with a history of aniline pollution as an inoculum to analyze the aniline biodegradation under
aerobic conditions through stable isotope probing (SIP) and isopycnic density gradient centrifugation
technology. During the degradation assay, aniline that was 13C-labeled in all six carbons was utilized
to determine the phylogenetic identity of the aniline-degrading bacterial taxa that incorporate 13C
into their DNA. The results revealed that aniline was completely degraded in the microcosm after
45 and 69 h respectively. The bacteria affiliated with Acinetobacter (up to 34.6 ± 6.0%), Zoogloea
(up to 15.8 ± 2.2%), Comamonas (up to 2.6 ± 0.1%), and Hydrogenophaga (up to 5.1 ± 0.6%) genera,
which are known to degrade aniline, were enriched in the heavy fractions (the DNA buoyant density
was 1.74 mg L−1) of the 13C-aniline treatments. Moreover, some rarely reported aniline-degrading
bacteria, such as Prosthecobacter (up to 16.0 ± 1.6%) and Curvibacter (up to 3.0 ± 1.6%), were found in
the DNA-SIP experiment. Gene families affiliated with atd, tdn, and dan were speculated to be key
genes for aniline degradation based on the abundance in functional genes and diversity in different
treatments as estimated using Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States version 2 (PICRUSt2) and the Kyoto Encyclopedia of Genes and Genomes (KEGG).
This study revealed the functional bacteria and possible degradation genes for aniline degradation
in simulated polluted environments through SIP. These findings suggest that important degrading
bacteria for the transformation of aniline and potential degradation pathways may be useful in the
effective application of bioremediation technologies to remediate aniline-contaminated sites.

Keywords: stable isotope probing technology; aniline; degrading bacteria; microbial functional
prediction; aerobic microcosms

1. Introduction

Aniline, an industrial feedstock used in the production of dyes, pesticides, and phar-
maceutical compounds, has become a serious environmental pollutant in soil and water [1].
Aniline can be released into the environment during chemical manufacturing, spill acci-
dents, or biodegradation of azo dyes, nitroaromatic compounds, and chloroaniline pesti-
cides in soils, thereby causing environmental damage [2,3]. As a priority environmental
pollutant, aniline is considered a potential carcinogen that is toxic to aquatic organisms
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and humans [4]. For example, the sudden water pollution accident in 2012 led to more
than 39 tons of aniline entering the Zhuozhang River, causing a water crisis for more
than one million residents in several downstream provinces [5]. In recent years, aniline
contamination has posed significant threat to environmental safety. For example, in 2019,
the explosion of a chemical tank at a chemical plant in Jiangsu Province caused aniline
levels in downstream water samples to exceed 39 times the environmental standard and an
economic loss of more than CNY 1.986 billion [6]. Therefore, it is important to investigate
the environmental fate of aniline.

Remediation technologies for sites contaminated with aniline include biological and
nonbiological methods. Various physical and chemical methods such as adsorption, fil-
tration, coagulation, precipitation, and chemical oxidation have been explored to remove
aniline. However, they are not widely used due to their low efficiency, high cost, and high
energy requirements [7,8]. The biodegradation of aniline is considered a cost-effective,
efficient, and environmentally friendly alternative method that has attracted increasing
attention in recent decades and is an important repair process in various environmental
media [9,10]. Currently, most studies on aniline degradation focus on the degradation
effects, microbial communities, and isolation and identification of degrading bacteria. For
example, Zhang et al. [11] used exogenous auto-inducers to stimulate aniline degradation,
but they could only identify changes in the microbial community and dominant bacteria.
Peng et al. [12] isolated Delftia tsuruhatensis from activated sludge, which could effectively
remove aniline in a concentration range between 200 and 800 mg/L within 72 h. Moreover,
studies on the biodegradation genes and pathways of aniline remain at the level of pure
microbial isolates [13].

However, since many functional bacteria are difficult to separate and identify, there is
an urgent need to accurately identify functional aniline-degrading bacteria and potential
degradation pathways using novel in situ analytical methods. Stable isotope probing (SIP)
is a molecular ecology method that uses stable isotopes to detect microbial genomic DNA
or RNA in complex environments [14]. By isolating stable isotope (13C)-labeled DNA,
RNA, proteins, or phospholipid fatty acids from substrates with isopycnic density gradient
centrifugation, SIP can be used to identify active microorganisms in the environment and
reveal functional genes at the community level [15]. In this study, DNA-SIP was combined
with high-throughput sequencing to identify aniline-degrading bacteria, and PICRUST was
used to predict the metabolic potential of aniline-degrading bacteria. This study solved
the problem of the inability to lock aniline-degrading functional bacteria in situ, and it will
provide a theoretical reference for subsequent aniline pollution remediation.

2. Results
2.1. Variation in Aniline Concentration

Aniline degradation without a delay was observed in the microcosms containing
13C/12C under aerobic conditions (Figure 1). It was found that the labeling of 13C molecules
did not affect the degradation rate of aniline at all. The aniline-degradation rate in the
control microcosm with sterile soil was very slow during the cultivation process. After
69 h of incubation, only a 21.2% decrease in aniline content was observed in the steril-
ized samples, which could be attributed to other physical and chemical factors, such as
volatilization. In contrast, depletion of aniline was observed in the 12C-aniline and the
13C-aniline treatments at both 45 h and 69 h, respectively. This indicates that the decrease
in aniline was primarily due to the biodegradation of aniline in microcosms amended
with nonsterilized sediment. It took 45 h to degrade aniline for the first time completely,
but it only took 24 h for the second time, which was significantly shorter (p < 0.05). The
degradation rates of aniline for the first and second cycles in the microcosms reached
1.11 mg/L/h and 2.08 mg/L/h, respectively.
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Figure 1. Aniline concentration in the treatments throughout the cultivation period. The soil in the
control microcosms was autoclaved before incubation. The arrows indicate the recovery of the aniline
reamendment. Data are expressed as mean ± standard error (n = 3).

2.2. Isopycnic Density Gradient Centrifugation of DNA

According to the buoyant density (BD) of the fractions obtained through isopycnic
density gradient centrifugation, genomic DNA extracted from 12C-aniline and 13C-aniline
treatments at the corresponding time points (45 h and 69 h, respectively) were separated
into “heavy” fractions (BD = 1.74 g mL−1) and “light” fractions (BD = 1.71 g mL−1). The
relative abundance in the 16S rRNA genes across the CsCl density gradient fractions of
the 12C-aniline and 13C-aniline treatments is shown in Figure 2. The maximum relative
abundance in the 16S rRNA gene in the 12C-aniline treatments was observed in the light
fractions during SIP incubation (Figure 2a,c). However, in addition to the first peak, a
second peak appeared in the heavier fractions in the 13C-aniline treatment (Figure 2b,d),
indicating that 13C was incorporated into the aniline-degrading bacteria during cultivation.
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Figure 2. Relative abundance in the 16S rRNA gene across CsCl density gradient fractions of 13C-
aniline (b,d) and 12C-aniline (a,c) treatments after 45 and 69 h of incubation. The figures show all the
fractions with a density range of 1.68 to 1.80 g mL−1. The relative abundance was expressed as the
ratio of 16S rRNA gene copy number in each fraction to the highest 16S rRNA gene copy number
in the gradient fractions. Then, the filled-symbol-corresponded DNA fractions were analyzed for
subsequent microbial communities.
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2.3. Distribution of Microorganisms in Different Fractions

In order to identify the 13C-labeled aniline-degrading bacteria and isolate them from
the microcosmos, the light fractions (BD = 1.71 g mL−1) containing the highest abundance
in the 16S rRNA gene from the treatments with 12C-aniline and the heavy DNA fractions
(BD = 1.74 g mL−1) from the treatments with 13C-aniline at 45 and 69 h were selected for
16S rRNA amplicon sequencing (Figure 3). The dominant phylum was Proteobacteria in
all treatments throughout the culture stage. As shown in Figure 3a, bacteria belonging to
Proteobacteria (86.2 ± 1.4%) dominated the heavy DNA fractions (BD = 1.74 g mL−1) in
the 13C-aniline treatment at 45 h, followed by Actinobacteria (5.4 ± 1.3%) and Firmicutes
(2.1 ± 0.9%). Moreover, in the 13C-aniline treatment at 69 h, bacteria affiliated with Pro-
teobacteria (75.7 ± 0.2%) dominated the heavy DNA fractions (BD = 1.74 g mL−1), followed
by Verrucomicrobia (16.6 ± 1.6%) and Actinobacteria (2.2 ± 0.1%).
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Figure 3. Bar plot illustrating the microbial community composition of the top 11 taxonomic groups
at the phylum (a) and class (b) levels for 13C-aniline and 12C-aniline treatments at 45 and 69 h. “Fir”
and “Sec” stand for samples at 45 and 69 h, while “Lig” and “Hec” stand for light and heavy fractions,
respectively (the same applies below).

At the class level, Betaproteobacteria (19.57–47.17%), Gammaproteobacteria (11.24–46.73%),
and Alphaproteobacteria (10.19–19.53%) accounted for a high proportion in all treatments
(Figure 3b). Gammaproteobacteria were the dominant bacteria in the 13C-aniline treatments
at 45 h, whereas Betaproteobacteria were the dominant bacteria in the other treatments. In
addition, Verrucomicrobiae were significantly enriched in the microbial communities of the
13C-aniline treatments at 69 h (p < 0.05).

The sample–genera relationship was presented using a Circos plot. As shown in
Figure 4, the most of the reads were affiliated with Acinetobacter members. This genus
accounted for 9.6% of the total reads (2.0–36.5% in the DNA libraries) and was more
abundant in the 13C-aniline-degraded samples. Zoogloea was the second most abundant
genus (5.2% of total reads) and accounted for 0.3–16.4% of the total valid reads in each
sample. Other important genera were Dechloromonas (0.9–8.8%), Prosthecobacter (0.1–16.2%),
Novosphingobium (3.3–4.7%), and Aquabacterium (0.8–5.9%).
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The light fractions of the 12C-aniline treatments contained the most valid reads for
Mycobacterium (75.4%), Litorilinea (56.4%), Brachymonas (55.7%), and Aquabacterium (54.8%)
at 45 h. Most valid reads of Comamonas (96.8%), Acinetobacter (71.0%), Curvibacter (65.5%),
and Rhizobium (51.2%) were distributed in the heavy fractions of the 13C-aniline treatments
at 45 h. It was indicated that these genera probably degraded and assimilated 13C from ani-
line. Compared with 45 h, the distribution in valid reads of bacteria in different treatments
changed at 69 h. For example, most valid reads of Prosthecobacter (80.4%), Zoogloea (75.1%),
Sphingobium (74.2%), and Hydrogenophaga (58.4%) were distributed in the heavy fractions at
69 h in the 13C-aniline treatment.

2.4. Enrichment of Functional Bacteria in Heavy Fractions

As shown in Figure 5a and Table S1, in the 12C-aniline treatments, bacteria affiliated
with Dechloromonas (7.7 ± 1.8%) dominated the light DNA fractions (BD = 1.71 g mL−1) at
45 h, followed by Aquabacterium (5.3 ± 0.2%), Novosphingobium (3.9 ± 1.8%), and Phenylobac-
terium (2.0 ± 0.2%). Notably, at 45 h of the 13C-aniline treatment, Acinetobacter-associated
bacteria (34.6 ± 6.0%) dominated the heavy DNA fractions (BD = 1.74 g mL−1), followed by
Novosphingobium (3.3 ± 1.7%), Curvibacter (3.0 ± 1.6%), Comamonas (2.6 ± 0.1%), and Rhizo-
bium (2.3 ± 0.3%). As shown in Figure 5b, Dechloromonas (7.1 ± 1.6%) was the most abun-
dant genus in the light fractions of the 12C-aniline treatments at 69 h (Figure 5b), followed
by Aquabacterium (3.8 ± 0.7%), Acinetobacter (3.6 ± 3.0%), Novosphingobium (3.4 ± 0.4%),
and Prosthecobacter (2.6 ± 0.8%). In addition, Prosthecobacter (16.0 ± 1.6%) was the most
abundant genus in the heavy fractions of the 13C-aniline treatments at 69 h (Figure 5b),

http://circos.ca/
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followed by Zoogloea (15.8 ± 2.2%), Hydrogenophaga (5.1 ± 0.6%), Acinetobacter (4.8 ± 0.1%),
and Novosphingobium (4.5 ± 2.1%).

Catalysts 2024, 14, x FOR PEER REVIEW 7 of 15 
 

 

 

 
Figure 5. The difference in the bacterial community composition shown by the most abundant gen-
era (top 15) in the heavy fractions of the 13C-aniline treatments and the light fractions of the 12C-
aniline treatments at 45 h (a) and 69 h (b). The bubble plots show the relative abundances between 
genera. Each bubble represents a representative fraction of the culture. Three cultures were se-
quenced for each treatment. Linear discriminant analysis effect size (LEFSe) revealed differentially 
abundant genera between the heavy fractions of the 13C-aniline and light fractions of the 12C-aniline 
treatments at 45 h (c) and 69 h (d) (p < 0.05 and LDA score > 2.0). 

In addition, linear discriminant analysis effect size (LEfSe) identified 15 genera with 
significantly different abundances between the light fractions of the 12C-aniline treatments 
and the heavy fractions of the 13C-aniline treatments at 45 and 69 h (p < 0.05 and LDA score 
> 3.0) (Figure 5b,c). In particular, Acinetobacter, Curvibacter, Comamonas, Rhizobium, and Zo-
ogloea were significantly enriched in the heavy fractions of the 13C-aniline treatments at 45 h, 
indicating that bacteria affiliated with these genera might be putative aniline-degrading bac-
teria. However, Prosthecobacter, Zoogloea, Hydrogenophaga, Sphingobium, and Arenimonas were 
significantly enriched in the heavy fractions of the 13C-aniline treatments at 69 h, indicating 
that the recontamination of the aniline led to the succession in degrading bacteria. 

2.5. Co-Occurrence Network of Microbial Community 
In the view of the entire microbial community level, co-occurrence networks were 

constructed to investigate microbe–microbe interactions in the 13C-aniline samples (Figure 
6). Only strong and significant Spearman correlations (0.8 < |r| < 1; p < 0.05) between pair-
wise operational taxonomic units (OTUs) were visualized in the network. Strong correla-
tions between the nodes determined the size of each node. The size of each node was 

Figure 5. The difference in the bacterial community composition shown by the most abundant genera
(top 15) in the heavy fractions of the 13C-aniline treatments and the light fractions of the 12C-aniline
treatments at 45 h (a) and 69 h (b). The bubble plots show the relative abundances between genera.
Each bubble represents a representative fraction of the culture. Three cultures were sequenced for
each treatment. Linear discriminant analysis effect size (LEFSe) revealed differentially abundant
genera between the heavy fractions of the 13C-aniline and light fractions of the 12C-aniline treatments
at 45 h (c) and 69 h (d) (p < 0.05 and LDA score > 2.0).

In addition, linear discriminant analysis effect size (LEfSe) identified 15 genera with
significantly different abundances between the light fractions of the 12C-aniline treat-
ments and the heavy fractions of the 13C-aniline treatments at 45 and 69 h (p < 0.05
and LDA score > 3.0) (Figure 5b,c). In particular, Acinetobacter, Curvibacter, Comamonas,
Rhizobium, and Zoogloea were significantly enriched in the heavy fractions of the 13C-aniline
treatments at 45 h, indicating that bacteria affiliated with these genera might be putative
aniline-degrading bacteria. However, Prosthecobacter, Zoogloea, Hydrogenophaga, Sphingobium,
and Arenimonas were significantly enriched in the heavy fractions of the 13C-aniline treat-
ments at 69 h, indicating that the recontamination of the aniline led to the succession in
degrading bacteria.
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2.5. Co-Occurrence Network of Microbial Community

In the view of the entire microbial community level, co-occurrence networks were con-
structed to investigate microbe–microbe interactions in the 13C-aniline samples (Figure 6).
Only strong and significant Spearman correlations (0.8 < |r| < 1; p < 0.05) between pairwise
operational taxonomic units (OTUs) were visualized in the network. Strong correlations
between the nodes determined the size of each node. The size of each node was pro-
portional to the number of strong correlations with other nodes. A strong interaction
was observed between the two networks when the taxonomy of each node was con-
sidered. At 45 h, OTUs were mainly correlated with the genera Zoogloea, Acinetobacter,
Rhizobium, and Novosphingobium, accounting for 7.55%, 7.55%, 5.66%, and 5.66% of the
total number of nodes, respectively, while Zoogloea became the most correlated genus
at 69 h, accounting for 11.32% of the total number of nodes, followed by Prosthecobacter
(7.55%), Acinetobacter (5.66%), and Sphingobium (3.77%). Notably, three unique correlating
genera (Zoogloea, Acinetobacter, and Roseomonas) were identified in both networks in the
13C-aniline-degrading treatments at 45 and 69 h.
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Figure 6. Co-occurrence network showing correlations between the most abundant OTUs (relative
abundance > 0.2% in each group) in the heavy fractions from the 13C-aniline treatments at 45 h (a) and
69 h (b). One connection represents a significant Spearman correlation (0.8 < |r| < 1; p < 0.05). The
size of each node is proportional to the number of strong correlations with other nodes. The color of a
node indicates its association with the phylum. Aniline-degrading bacteria identified using DNA-SIP
are shown in the network diagram.

Although the number of nodes in the microbial co-occurrence networks at both 45 h
and 69 h was 54, the network at 69 h had a greater number of links than the other networks
at 45 h. The number of links/nodes, closeness centrality, and betweenness are typically
used to evaluate the interactions between OTUs within a network—the higher the value,
the stronger the interaction. This finding supported our expectation that the potential
interactions within the network at 69 h were stronger than those at 45 h, as indicated by the
number of links. The centralization in closeness and betweenness, which represented the
number of paths through a node, was higher in the network at 69 h than at 45 h.
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2.6. Prediction of Functional Genes

Functional gene abundance and diversity in different treatment groups were estimated
using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
version 2 (PICRUSt2) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Figure 7).
Many studies have predicted that functional genes are linked to aniline metabolism [16,17].
Figure 7 visualizes the ratios of the gene prediction results to the OTU numbers. Functional
gene prediction showed that a high proportion of genes, including glutamine synthetase
(atdA1, K01915), glutamine amidotransferase (atdA2, K02501), LysR family transcriptional
regulator (danR, K03566), and 4-oxalocrotonate decarboxylase (tdnK, K01617) were present
in most samples. Catechol 1,2-dioxygenase(catA2, K03381) and LysR family transcriptional
regulator (danR, K03566) genes were enriched in the 13C-labeled heavy fractions at 46 h.
The proportion of aniline-degradation genes in the 13C-labeled heavy fractions gradually
increased with an increasing culture time. After 96 h of incubation, almost all aniline-
degradation-related genes were higher in the heavy fractions of the 13C-aniline treatments
than in the light fractions of the 12C-aniline treatment.
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3. Discussion

3.1. Degradation in Aniline and Uptake of 13C by the Microorganisms

In this study, DNA-SIP was used to identify functional microorganisms from microbial
communities in the microcosms using 13C-labeled aniline. The experimental results showed
that 13C had no effect on the aniline-degradation rate of the microorganisms (Figure 1). Due
to small change in the aniline concentration in the sterilization group, we concluded that
the degradation in the aniline concentration in the experimental groups was mainly due
to microbial degradation [12]. Moreover, the aniline-degradation rate increased with an
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increasing culture time, which may have been due to the gradual accumulation in functional
bacteria [18]. Therefore, after the degradation in 13C-aniline, a clear peak appeared in the
heavy DNA fractions during isopycnic density gradient centrifugation. This indicated
that 13C atoms entered the cells of the functional microorganisms during the degradation
and assimilation of the aniline and were incorporated into the DNA [14]. Therefore, the
composition of the functional bacteria associated with aniline degradation was determined
through 16S rRNA gene sequencing of the centrifuged heavy components.

3.2. Aniline-Degrading Bacteria Identified in Aerobic Microcosm

As shown in Figure 5, several genera (including Acinetobacter, Curvibacter, and
Comamonas, etc.) were significantly enriched in the heavy fractions of the 45 h 13C-aniline
treatments and were therefore identified as aniline-degrading bacteria. Acinetobacter [19]
has been shown to degrade aniline and/or aniline derivatives [20]. These gene clusters are
responsible for the complete conversion of aniline to intermediates of the TCA cycle that
were cloned from the aniline-degrading plasmid pYA1 of Acinetobacter sp. YAA [20–22].
Although there are few reports on aniline degradation by Curvibacter, it has been demon-
strated that Curvibacter can degrade several benzenoid compounds, such as phthalates and
catechol [23]. In a previous study on aniline-degrading bacteria, Acinetobacter, Comamonas,
and Sphingobium were detected in biofilters after aniline acclimation [24]. In addition, some
species of Acinetobacter sp., Comamonas sp., Sphingobium sp., Acidovorax sp., and Pseudomonas
sp. have been isolated and identified as aniline-degrading bacteria [14,25,26].

The genera Prosthecobacter and Zoogloea were important biodegraders of aniline in
the 13C-labeled treatments at 96 h. Chen et al. [27] found that there was a homogeneous
microbial community structure in the up-flow anaerobic sludge blanket (UASB) reactor
with bio-electrochemical properties and chloronitrobenzenes in the seeding sludge, in-
cluding Prosthecobacter (5.3%) and Thauera (4.6%), and they believed that Prosthecobacter,
as an aniline-degrading bacterium, was worthy of in-depth investigation. Zoogloea was
found to adhere to the surface of the ceramic particles of a biotrickling filter used to treat
aniline [28] and was shown to degrade phenols, nitrogenous heterocyclic compounds [17]
and nitrobenzene [29]. In addition, the genera Zoogloea, Acinetobacter, and Roseomonas
are all presented in two groups of the network plots (Figure 6). Thus, the co-occurrence
of the above microbial communities confirmed that a “small world” was established in
the aniline-spiked microcosm, as the previous studies suggested [30]. In addition, some
bacteria only had a high proportion in the heavy fractions at 45 or 69 h. This change
was considered to be a natural succession in microbial communities involved in aniline
degradation over time [18].

3.3. Aniline-Degradation Genes Possessed by Microorganisms

The 16S rRNA gene sequencing and functional prediction of DNA extracted from
the aniline-degradation system showed that there were a large number of biodegraders
carrying rich and diverse genes for aniline degradation, such as atd, tdn, and dan gene
clusters [31]. These key genes were predicted not only in the 13C-labeled heavy fractions of
the samples but also in the corresponding components of the 12C aniline treatments. The
prediction results showed that many microorganisms are involved in the degradation of
aniline and play an important role in various steps in aniline degradation [30].

Takeo et al. [31] indicated that the atdA1 gene (encoding a GS-like protein) forms
γ-glutamyl anilide (γ-GA) from aniline and L-glutamate in the aniline oxidation reaction,
whereupon the dioxygenase proteins AtdA3, AtdA4, and AtdA5 convert γ-GA to catechol.
In addition, Acinetobacter sp. YAA has a gene cluster for aniline degradation in the plasmid
pYA1; the cluster consists of 14 genes (atdA1-A5RSBCDEFGH) responsible for the conver-
sion of aniline to intermediates of the TCA cycle [21,31]. Similar multicomponent aniline
dioxygenase gene clusters (atdA1-A5) encoding proteins involved in the initial oxidation
of aniline to catechol have been cloned from Pseudomonas sp. UCC22 [32] and Comamonas
testosteroni I2 [33]. Several genera, such as Comamonas sp., also carry a tad gene for aniline
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degradation, which may be the main reason for the rapid start-up and subsequent reliable
efficiency of aniline degradation [34].

Aniline-degrading genes often occur in different gene clusters in different strains.
These gene clusters often have similar sequences and encode similar degradative en-
zymes [16,34]. The tdn gene cluster for aniline degradation shown in Figure 7 is very
similar to the tad gene cluster described by Shin et al. [35]. In addition, the tad gene clus-
ter showed considerable similarity in nucleotide sequence and genetic organization with
the plasmid-encoded aniline-degradation gene cluster (atd genes) of Pseudomonas putida
UCC22 [20]. Therefore, our study revealed that the atd, tdn and dan gene families play crucial
roles in the degradation of aniline individually or collaboratively in aerobic environments.

4. Materials and Methods
4.1. Soil Microcosms Incubations

The inoculum of aniline-degrading microcosms was sediment collected from the
Puning area of the Lijiang River, which has a history of aniline pollution. The microcosms
were established through mixed collected sediment (2 g), 50 mg/L aniline, and 40 mL
of autoclaved mineral salt medium (MSM) with pH 7.0 in 60 mL serum bottles. The
MSM mainly contained Na2HPO4·7H2O (7.9 g L−1), MgSO4·7H2O (0.1 g L−1), KH2PO4
(1.5 g L−1), NH4Cl (0.3 g L−1), a vitamin solution (10 mL L−1), and a trace elements solution
(5 mL L−1) [36]. Three groups of microcosm experiments were performed: (i) unlabeled
12C-aniline-degradation treatments; (ii) labeled 13C-aniline (Sigma-Alrdich, MO, USA)-
degradation treatments; and (iii) sterilized 12C-aniline-degradation treatments. After
adding 10 mM 13C-aniline or 12C-aniline to the cultures, they were sealed with a breathable
membrane and incubated at room temperature in the dark with shaking at 120 rpm. The
concentration in aniline was determined in triplicate using an Agilent 1100 HPLC (Agilent,
Santa Clara, CA, USA) with 0.1 mL supernatant liquid taken from the degradation system at
intervals [18]. Then the degradation rate of the aniline in the microcosms was calculated [37].
When the aniline in the system was completely degraded, the cultures were again spiked
with 50 mg/L 13C-aniline or 12C-aniline. All cultures were incubated under the above
conditions, and a certain number of bottles were sacrificially sampled and centrifuged
at 6000 rpm to obtain sediment for the microbial community analysis after the aniline
degradation was completed (45 h and 96 h of incubation). The significant differences in
raw data were analyzed using an analysis of variance (ANOVA).

4.2. DNA Extraction and Quantitative PCR of 16S rRNA Gene

Genomic DNA was extracted from 0.25 g of soil collected from aniline-degradation
incubation (45 h and 69 h) using the DNeasy PowerSoil DNA Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions [36]. Copies of the 16S rRNA gene were
quantified via quantitative PCR using the primer sets 515F (5′-GTG CCA GCM GCC GCG
GTA A-3′) and 806R (5′-GGA CTA CVS GGG TAT CTA AT-3′), which can amplify the
hypervariable region V3-V4 of the 16S rRNA gene in almost all eubacteria [38].

4.3. SIP Gradient Fractionation

Genomic DNAs from the 12C-aniline- and 13C-aniline-degradation systems (after 45 h
and 69 h, respectively) were separated into “heavy” (i.e., 13C-DNA) and “light” (i.e., 12C-
DNA) fractions using isopycnic density gradient centrifugation as previously described [39].
Briefly, approximately 2 µg of DNA and CsCl solution with a buoyant density (BD) of
1.402 g mL−1 were added to 4.9 mL OptiSeal polyallomer tubes (Beckman Coulter, Inc.,
Brea, CA, USA). An Optima XPN-100 ultracentrifuge (Beckman Coulter Inc., Brea, CA,
USA) was used to centrifuge the mixture at 470,000× g for 48 h at 20 ◦C with a VTi 90
vertical rotor [40]. The resulting DNA gradients were fractionated into 24 density fractions
using a fraction recovery system (Beckman Coulter, Inc., Brea, CA, USA). The BD values
of each fraction were determined immediately by measuring the refractive index using a
digital palette refractometer (Atago, Tokyo, Japan). The nucleic acids in each CsCl gradient
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fraction were precipitated with 6 µL glycogen (Zomanbio, Beijing, China) dissolved in
1100 µL of 27% ethanol [18]. DNA was harvested via centrifugation, air-dried, and eluted
with 30 µL of TE buffer (pH 8.0). Finally, quantitative PCR was performed as described by
Sun et al. [14] to determine the copy number of the 16S rRNA gene in the eluted DNA of
the 24 fractions.

4.4. Illumina MiSeq Sequencing and Analysis

Genomic DNA from the light fractions of the 12C-aniline treatments and the heavy
fractions of the 13C-aniline treatments (45 and 69 h, respectively) were used for amplicon se-
quencing of the partial 16S rRNA gene sequencing using the primer set 515F/802R [37]. Am-
plicon sequencing was performed using the Illumina MiSeq platform (Personalbio, Shang-
hai, China) [41]. Paired-end reads were analyzed using the QIIME2-201904 toolkit [42].
Briefly, all raw reads were qualified, merged, and cleared of chimeras. The filtered reads
were clustered into amplicon sequence variants (ASV) using DADA2 [43]. The obtained
ASV features with a proportion > 0.01% were assigned to a taxonomy using the SILVA
database [44].

4.5. Microbial Functional Prediction Using PICRUSt2

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
version 2 (PICRUSt2) was used to predict the potential of microbial communities in rep-
resentative fractions [45,46]. PICRUSt2 was used to predict the functional composition of
the metagenome using the 16S rRNA gene sequencing and a reference genome database.
Sequences used for PICRUSt2 prediction were clustered into OTUs (97% similarity) using
QIIME2 software (version 2.9.1) against the Greengenes 13.5 database [47]. Subsequently,
the copy numbers of the 16S rRNA genes were normalized using the rarefied OTU table.
The normalized OTU table and KEGG database were compared to obtain the different
functional files for each sample. Finally, PICRUSt2 was used to obtain information on
metabolic pathways at the three levels. The KEGG genes involved in aniline degradation in
the KEGG database were compared with the PICRUSt2 functional prediction results, and
the copy numbers of genes associated with the aniline metabolic pathway in each of the
samples were selected for analysis [48].

5. Conclusions

In this study, aerobic bacteria capable of degrading aniline were analyzed using
DNA-SIP with 13C-labeled aniline. The rate of the aniline degradation was found to
increase in the microcosm. Through isopycnic density gradient centrifugation and microbial
community analysis, it was observed that bacteria such as Acinetobacter (up to 34.6 ± 6.0%),
Zoogloea (up to 15.8 ± 2.2%), Comamonas (up to 2.6 ± 0.1%), and Hydrogenophaga (up
to 5.1 ± 0.6%) were enriched in the 13C-labeled heavy fractions. These bacteria were
confirmed to degrade aniline at the molecular level. Additionally, Prosthecobacter (up to
16.0 ± 1.6%) and Curvibacter (up to 3.0 ± 1.6%) were also found to be labeled by 13C in
the aniline-degrading system and were likely to have the potential to degrade anilines.
Through functional prediction of the microbial communities in the heavy fractions, the atd,
tdn, and dan gene families were identified as the key genes for aniline degradation in aerobic
microcosms. The results of this study can provide theoretical and technical reference for
understanding the biodegradation process and for developing effective aniline compound
pollution control programs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14010064/s1, Table S1: Microbial community composition at
the genus level in samples of different treatment groups (Top 11).
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