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H I G H L I G H T S

• Dye degrading bacteria used for textile
dye contaminated soil remediation.

• Augmented soil microcosm showed
increase in bioremediation potential.

• Metagenomic analysis reveal textile
dye effect on microbial population.

• Functional annotation illustrates role
of xenobiotic degradation pathways.

• Augmentation can be used in-situ for
effective and long-term soil remedia-
tion.
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A B S T R A C T

Textile dye contamination is a serious concern that reduces soil productivity by destabilizing microbial com-
munity structures. Here, we investigated the influence of bioaugmentation on the degradation of a mixture of
dyes (MOD) and textile industry effluent (TIE) in soil microcosms using eight different dye-degrading bacteria.
The biodegradation potential improved in bioaugmented microcosms, especially in the initial phase. The
bioaugmented MOD and TIE microcosms exhibited 98.33% and 94.19% decolorization, and 96.92% and 95%
reduction in chemical oxygen demand, respectively, within 30 days. Activities of azoreductase, veratryl alcohol
oxidase, lignin peroxidase, and tyrosinase were induced by> three-fold in bioaugmented microcosms. Changes
in alpha diversity indicated significant alterations in microbial dynamics due to MOD and TIE feeding. The
Rheinheimera, Kocuria, Ruminococcaceae UCG-010, Ralstonia and Pseudomonas assemblages were predominant
after exposure to MOD and TIE, indicating their key role in dye degradation. The bacteria used for augmentation,
namely, Staphylococcus, Bacillus, Arthrobacter and Pseudomonas dominantly survived in soil microcosms.
Xenobiotic pathways including benzoate, aminobenzoate, chloroalkane and chloroalkene degradation con-
tributed in dye’s detoxification as per illustration of functional annotation of metagenomes. This study indicates
a mutualistic-symbiotic relationship between augmented bacteria and soil microflora with enhanced detox-
ification of xenobiotics leading to a sustainable approach for restoration of contaminated lands.
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1. Introduction

Engineered wetlands are environmentally self-sustaining remedia-
tion systems that do not require an external energy supply for treatment
of contaminated sites. These remediation systems usually involve
technologies such as soil amendments, biological permeable reactive
barriers, bioremediation, and phytoremediation [1–5]. Cleanup strate-
gies can be used, by combining these technologies to achieve innovative
hybrid systems, leading to yet more innovative applications. Con-
tamination of an ecosystem with various xenobiotic pollutants disrupts
the microbial community and disturbs the regular functionality of mi-
crobiota. The diversity of soil food web communities contributes to the
resistance and resilience of ecosystem processes and can guarantee
sustainable agrosystem health and productivity [6]. Microbial com-
munities ensure nutrient cycling, functional key steps in biogeochem-
ical cycles (nitrification and denitrification processes) [7,8]. A common
threat to soil ecosystems is industrial effluent contamination, especially
in agricultural sites located at river banks [9–11]. The textile industry
produces an enormous amount of effluent containing recalcitrant dyes,
heavy metals, sulfides and detergents [12,13]. Acute or chronic type of
toxicity can be resulted from textile dyes exposure [14]. Organisms
exposed to high dose of textile dyes and their derivatives adversely
affect the normal cellular and defense mechanisms and decrease in
microbial diversity and activity was observed in contaminated sites
[15]. Moreover, soil fertility and agricultural productivity are also af-
fected by pollution and shifts in bacterial community [16,17].

The soil microbial community is a key constituent of the soil
ecology, being responsible for a wide range of biologically significant
processes that include maintenance of soil fertility and plant health,
with ultimate effect on global carbon cycling and ground water quality
[18,19]. Microbe-microbe interactions have a noteworthy impact on
the health of the soil microbial community [20] and can synergistically
or antagonistically affect other key players, including organisms of
higher organisms like plant and protozoa [21]. These interactions can
affect the metabolism, growth and diversity of the microbial commu-
nity [22]. In a stable agricultural ecosystem, the indigenous microbiota
also develops supportive relationships with plants that maintains soil
productivity [22].

Bioremediation is considered an efficient alternate approach for the
removal of textile dyes from a polluted area because it is both en-
vironmentally sustainable and cost-effective. The biodegradation of
textile dyes has been explored in textile dye contaminated environ-
ments using various microorganisms such as Bacillus sp. MZS10 [23],
Galactomyces geotrichum MTCC 1360 [24], and Penicillium simpli-
cissimum [25]. Although it has been reported that soil bacteria can
degrade textile dyes, in situ data on the degradation rates and survi-
vability of bacteria in contaminated soil is still scarce. Information of
soil microbial community can be used to illustrate potential risks as-
sociated with soil contamination and aid to design possible soil re-
mediation strategies using native resilient bacteria. Along with the role
of core microorganisms, data on biodegradation rates and removal ef-
ficiencies is essential design and develop sustainable in situ bior-
emediation technologies.

Microcosms offer several advantages such as small size, a controlled
condition, short experimental times, better field condition simulation
and result can be applied in situ in contaminated sites [26]. Here, we
present the first detailed investigation results on bioremediation po-
tential of native soil microbiota and the effect of augmenting soil with
dye-degrading bacteria on biodegradation rates. The influence of
bioaugmentation and exposure to textile dyes on the microbial com-
munity structure and changes in their functional dynamics are studied.
The survivability of bacteria used for augmentation in the soil micro-
cosms was monitored for a period of 30 d. Xenobiotic degradation
pathways were annotated using metagenome data according to KEGG
orthology to reveal microbial functions and determine changes in spe-
cific functional pathways linked to biodegradation.

2. Materials and methods

2.1. Isolation of potential dye-degrading bacteria from dye-contaminated
soil

Dye-degrading bacteria were isolated from dye contaminated soil in
a central effluent treatment plant (CETP), Kagal MIDC, Kolhapur, India
(GPS location: 16°37′08.8″N, 74°21′12.1″E). The soil sample was added
(1% w/v) to nutrient broth containing a mixture of dyes (red HE 3B,
green HE 4B, rubin GF1, scarlet GDR, scarlet RR, red HE 8B, ramazol
red R, and brilliant blue) at a concentration of 500 ppm and incubated
at 37 °C with shaking (120 rpm). After 2 d of incubation, the samples
were serially diluted and inoculated on nutrient agar (NA) plates con-
taining a 250mg L−1 dye mixture. Colonies with a clear zone were
screened and sub-cultured. The dye degradation potential of these
bacteria was tested and bacteria showing a decolorization capacity
greater than 75% were selected and stored at 4 °C for further studies
(Table S1). Genomic DNA of the screened bacteria was extracted and
used for 16S rRNA gene amplification using the primers 27F (5′-AGA
GTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTAC-
GACTT-3′) [27,28]. The amplified products were purified and se-
quenced bi-directionally using Big Dye Terminator v3.1 sequencing in
an ABI 3500 Genetic Analyzer as per the manufacturer’s instructions.
The obtained sequences were analyzed using the BLAST (blastn) tool
and bacterial identity was determined based on sequences ex-
hibiting>97% identity.

2.2. Construction of soil microcosms

The soil used for the microcosm study was collected from an agri-
cultural field (top 20–25 cm of the subsurface layer) which had not
been previously exposed to textile effluent. The soil was pale brown and
fine sandy loam, pH 7.2, and around 56% particles were of diameter of
≤0.01mm. The collected soil was partially dried and sieved through a
5mm stainless steel sieve. The sieved homogenized soil (2.5 kg) was
placed in a 3-L PVC cylinder 90 cm×7.6 cm in size (total
volume=4083mL) with a working volume of approximately 90%. The
bottom of the column was filled with a 5-cm layer of sand for efficient
percolation (Fig. 1). Six sets of microcosms were prepared for the ex-
periment, as follows: soil (SM), soil with 100 ppm dye mixture (SMD),
soil with textile effluent (SME), augmented soil (ASM), augmented soil
with 100 ppm dye mixture (ASMD), and augmented soil with textile
effluent (ASME). All the microcosms were operated continuously for 30
d.

Dye-degrading bacteria isolated from the soil samples were grown
in 30mL of nutrient broth at 37 °C overnight, with shaking at 120 rpm.
All bacterial cultures (5 mL of 5× 108 cells mL−1, each) were mixed
and added to the ASM, ASMD, and ASME. The process flow of the daily
provision of uncontaminated water or textile effluent is summarized in
Table 1. Briefly, the soil-only microcosm (SM) and the augmented soil
microcosm (ASM) were supplied with 500mL of sterile water daily at a
flow rate of 1mLmin−1 with continuous recirculation. The SMD and
ASMD were supplied daily with 500mL of a mixture of dyes (MOD)
(total dye concentration: 100 ppm) at a flow rate of 1mLmin−1. Si-
milarly, the SME and ASME were supplied with 500mL of textile in-
dustry effluent (TIE) daily. Leachates of each microcosm were collected
and used for further analysis.

2.3. Characterization of the dye mixture and textile effluent

The MOD, TIE, and the leachates collected at regular intervals from
each microcosm were evaluated for color intensity using American Dye
Manufacturers Institute (ADMI) color values [29], as well as chemical
oxygen demand (COD) and biochemical oxygen demand (BOD) [30].
Total nitrogen content, total phosphorus content, total dissolved solids
(TDS), total suspended solids (TSS), and organic carbon content of the
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textile industry effluent of TIE and leachate were calculated [30].
Heavy metals (cadmium, arsenic, lead, chromium, and mercury) were
estimated using an atomic absorption spectrophotometer (Thermofisher
AA203) (Table 2) [31].

2.4. Enzymatic analysis of the microcosms

After sieving the soil sample (~2 mm mesh), 5 g were mixed with
40mL of a sterile 0.9% NaCl solution at 150 rpm for 1 h. A 10mL soil
suspension was transferred to a 15mL centrifuge tube and homo-
genized vigorously with glass beads (2 mm in diameter) for 15min.
After suspension was centrifuged at 5000 rpm for 10min, supernatant
was recovered and used further as the enzyme source [32]. The detailed
methodology for determination of enzyme activities is provided in the
supplementary material.

2.5. Variation of microcosm microbial communities

2.5.1. Sample collection, genomic DNA extraction, and next-generation
sequencing

To reveal the influence of exposure to a MOD and TIE and in-
corporation of species for bioaugmentation, the microbial community
structure of each microcosm was studied using 16S rRNA amplicon
sequencing analysis. Briefly, the microcosm reactors were disassembled
after 30 d and the soil samples from the top, bottom, and middle layers
of the soil column were collected, homogenized, and used for total
community genomic DNA extraction. DNA was extracted from each
microcosm using a soil DNA extraction kit (Qiagen). The extracted
genomic DNA was qualified using agarose gel electrophoresis and
quantified using a Nanodrop (ThermoFisher Scientific, USA). The V3
region of the 16S rRNA gene was amplified using the universal primers
341F and 518 R [33]. The purified PCR products were end-repaired and
ligated with barcode adaptors according to the Ion Xpress™ Plus gDNA
Fragment Library Preparation user guide. All ligated amplicons were

Fig. 1. Schematic representation of the developed microcosm.

Table 1
Experimental conditions and setup of soil microcosms.

No. Microcosm code Bioaugmentation Inlet feed and volume1

1 Soil microcosm (SM) No Sterile water: 500mL d−1

2 Soil microcosm with dye mixture (SMD) No Mixture of dyes2: 500mL d−1

3 Soil microcosm with industrial effluent (SME) No Textile industrial effluent: 500mL d−1

4 Augmented soil microcosm (SM) Augmented3 Sterile water: 500mL d−1

5 Augmented soil microcosm with dye mixture (SMD) Augmented3 Mixture of dyes2: 500mL d−1

6 Augmented soil microcosm with industrial effluent (SME) Augmented3 Textile industrial effluent: 500mL d−1

1 The feed solution (500mL d−1) was passed through the microcosms for 30 days.
2 Mixture of dyes (MOD) (100 ppm): red HE 3B, green HE 4B, rubin GF1, scarlet GDR, scarlet RR, red HE 8B, ramazol red R and brilliant blue.
3 Overnight grown culture of 8 bacterial strains (5 mL of 5× 108 cells mL−1, each).
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sequenced using an Ion Torrent Personal Genome Machine (Thermo-
Fisher Scientific, USA) [34].

2.5.2. Metagenomic data analysis
The obtained raw reads were filtered using the MOTHUR pipeline

using the following conditions: length 150 to 200 bp, homopolymer
maximum 5, average quality-20 with zero maximum ambiguity to ob-
tain fasta and quality files [35]. All good quality reads were analyzed
further using the QIIME (Quantitative Insight into Microbial Ecology)
package v 1.9 and the SILVA 123 ribosomal RNA (rRNA) databases was
used as the reference dataset at 97% similarity [36]. Core OTUs were
estimated as previously described [37]. The Chao1 and Shannon alpha
diversity indices were applied using the Mann-Whitney and Kruskal-
Wallis statistical tests on rarefied sequence count. Effect of exposed
chemicals on microbial abundance at genus level was studied using
Principal Component Analysis (PCA) using STAMP. Statistical test was
applied using Games-Howell post hoc test variance and Benjamin-
Hochberg FDR for correction by removing unclassified reads analyses
[38]. The core microbiome at the genus level was computed with 30%
sample prevalence and 0.3% relative abundance. The metagenome
imputation was done using a previously described method [39]. A
closed reference-based OTU picking approach and the latest greengene
database 38.8 with a 97% sequence similarity cut-off was used to bin
the amplicon sequences. Metagenome prediction was done after nor-
malization of the 16S rRNA gene copy number. Metagenome data was
processed to predict KEGG ortholog using obtained OTU table. Venn
diagram was prepared in MetaCoMET (Metagenomics Core Microbiome
Exploration Tool) and statistical analysis was performed in GraphPad
Prism (v6.0) [40].

3. Results and discussion

3.1. Soil microcosm performance with MOD and TIE treatment

The decolorization performance of the MOD- and TIE-treated non-
augmented soil microcosms (SMD and SME) increased gradually with
time. The decolorization of the MOD in the SMD was 74% on day 5 and
further increased to 96% by the end of day 30 (Fig. 2a). The decolor-
ization of the TIE in the SME increased from 68% after 5 d to 92% after
30 d. Similarly, the SMD showed a gradual increase in BOD and COD
removal capacity from day 5 until the end of day 30, with values of 76%
and 78%, respectively, whereas the SME showed increases of 60% and
84%, respectively, during the same period (Fig. 2b, c). Overall, BOD
and COD removal in both microcosms (SMD and SME) was>95% after
30 d, indicating that the synthetic dyes were efficiently biodegraded in

both microcosms by native soil microflora. Unexpectedly, the non-
augmented microcosms performed effectively in terms of color and
oxygen demand reduction. This suggests that indigenous microflora can
degrade xenobiotic organic contaminants under the right conditions.
The improved performance of these non-augmented microcosms at later
stages (after 15 d) may have resulted from the adaptation of the in-
digenous microbial community to the toxicant stress [41–44].

Both color and oxygen demand removal capacity were enhanced in
the MOD- and TIE-treating bioaugmented soil microcosms (ASMD and
ASME). For the ASMD, the decolorization of the MOD in the initial
phase (day 5) showed a significant 13% increase, while the BOD and
COD removal capacity increased by 20% and 11%, respectively, com-
pared to the non-augmented microcosm (SMD) (Fig. 2). Similarly, the
ADMI color values and the BOD and COD removal capacity of the ASME
improved by 20%, 4%, and 14%, respectively, compared to the SME,
due to the positive effect of bioaugmentation. Bioaugmentation with
dye-degrading bacteria in the microcosms decreased the initial lag
phase by eliciting high textile dye biodegradation rates. However, sig-
nificant enhancements in color and oxygen demand removal were ob-
served until day 20, after which the bioaugmented and non-augmented
microcosms performed almost similarly. Species with bioaugmentation
potential were identified according to 16S rRNA gene sequence analysis
and tested for decolorization performance. All these species ex-
hibited>75% decolorization of a 100mg L−1 dye mixture within 48 h
(Table S1); furthermore, the decolorization capabilities of these species
using several textile dyes were well documented in earlier studies

Table 2
Characterization of the textile effluent in the augmented and non-augmented
soil microcosms.

Parameter Untreated effluent Leachate of SME
(30 d)

Leachate of
ASME (30 d)

ADMI Unit 86 ± 2.9 7 ± 1.57 5 ± 1.06
COD (mg L−1) 2800 ± 2.3 476 ± 1.4 355 ± 1.1
BOD (mg L−1) 2150 ± 5.2 346 ± 1.12 302 ± 0.86
pH 10.7 9.2 8.0
TDS (mg L−1) 9562 ± 9.8 4208 ± 5.17 3541 ± 4.95
TSS (mg L−1) 7280 ± 6.3 3310 ± 4.22 2355 ± 4.08
Organic Carbon (%) 1.49 ± 0.48 1.15 ± 0.24 0.98 ± 0.05
Total Nitrogen

(mg L−1)
7.13 ± 1.9 4.82 ± 1.02 3.17 ± 1.29

Total Phosphorous
(mg L−1)

10.42 ± 1.4 6.67 ± 1.80 4.96 ± 1.21

Cadmium (mg L−1) 0.07 ± 0.003 0.06 ± 0.007 0.06 ± 0.005
Arsenic (mg L−1) 2.12 ± 0.02 2.10 ± 0.67 2.05 ± 0.08
Lead (mg L−1) 0.42 ± 0.023 0.39 ± 0.016 0.31 ± 0.011
Chromium (mg L−1) 1.91 ± 0.05 1.79 ± 0.25 1.52 ± 0.43

Values are the means of three independent experiments (± SEM).

Fig. 2. Reduction in the ADMI value, COD, and BOD of the dye mixture solution
and textile industrial effluent in the soil microcosms.
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[41–44]. Therefore, selection of these species for bioaugmentation of
soil microcosms was beneficial for the enhancement of biodegradation
of textile dyes. Several additional TIE environmental parameters were
also monitored, revealing that the bioaugmented TIE-treated micro-
cosm (ASME) was superior to the non-augmented TIE-treated micro-
cosm (SME) for all effluent quality parameters analyzed, including TDS,
TSS, total P, total N, and heavy metals (Table 2). Earlier work on in situ

remediation of textile dyes in constructed ridges of a high rate tran-
spiration system cultivated with various plants showed a significant
decrease in ADMI values [45].

3.2. Enzymatic analysis of soil microcosms

The enzyme activity in the non-augmented soil microcosm (SM) was

Fig. 3. Enzymatic responses of the different soil microcosms presented as relative induction or inhibition compared to the control soil microcosm (SM); lignin
peroxidase (a), veratryl alcohol oxidase (b), laccase (c), tyrosinase (d), azoreductase (e), NADH-DCIP reductase (f), riboflavin reductase (g), peroxidase (h), su-
peroxide dismutase (i), and catalase (j). The enzyme activities of all the soil microcosms were determined at day 30.
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considered as the control and was compared to the enzyme activity in
the other microcosms (Fig. 3 and Table S2). The SMD and SME showed
significant increases in dye-degrading and cell stress-related enzyme
activity. The major oxidoreductase enzymes that degrade textile dyes
are veratryl alcohol oxidase, laccase, lignin peroxidase, tyrosinase,
azoreductase, nicotinamide adenine dinucleotide (NADH)-2,6-di-
chlorophenol-indophenol (DCIP) reductase, and riboflavin reductase
[46]. The activities of veratryl alcohol oxidase (7-fold), lignin perox-
idase (4.2-fold), tyrosinase (2.6-fold), azoreductase (2.3-fold), and
catalase (2-fold) were significantly induced (p < 0.05) in the SMD,
whereas the activities of superoxide dismutase, laccase, peroxidase, and
NADH-DCIP reductase were inhibited by 0.87-, 0.3-, 0.56-, and 0.21-
fold, respectively. For SME, a relatively smaller induction of the ac-
tivities of major enzymes was observed when compared to SMD. Tyr-
osinase, veratryl alcohol oxidase, azoreductase, lignin peroxidase, lac-
case, riboflavin reductase, and peroxidase exhibited up to 4-, 3.3-, 3-,
2.9-, 1.5-, 1.5-, and 1.4-fold induction, respectively (p < 0.05),
whereas the activities of NADH-DCIP reductase and superoxide dis-
mutase decreased by 0.59- and 0.94-fold, respectively.

The addition of dye-degrading microorganisms to the soil micro-
cosms positively influenced enzyme activity in the ASM, which acted as
a bioaugmented microcosm control. Bioaugmentation promoted lignin
peroxidase (1.92-fold), veratryl alcohol oxidase (4-fold), azoreductase
(1.68-fold), NADH-DCIP reductase (1.45-fold), and peroxidase (1.44-
fold) induction (p < 0.05) in the ASM. However, laccase, superoxide
dismutase, and catalase activities were slightly inhibited by 0.8-, 0.13-,
and 0.24-fold compared to the SM. The ASMD showed significant in-
duction (p < 0.05) in lignin peroxidase (7.5-fold), veratryl alcohol
oxidase (4.3-fold), tyrosinase (7.1-fold), azoreductase (3.4-fold),
NADH-DCIP reductase (1.6-fold), riboflavin reductase (2.2-fold), per-
oxidase (3.1-fold), and catalase (2.6-fold) activities, whereas those of
laccase and superoxide dismutase decreased by 0.23- and 0.52-fold,
respectively. The ASME exhibited a significant induction (p < 0.05) in
the activities of lignin peroxidase (5.2-fold), veratryl alcohol oxidase
(3.7-fold), tyrosinase (3-fold), azoreductase (2.1-fold), riboflavin re-
ductase (1.8-fold), NADH-DCIP reductase (1.5-fold), catalase (1.4-fold)
and laccase (1.1-fold), while peroxidase activity was significantly re-
duced (0.33-fold). Similar to SME, the ASME presented a relatively
smaller induction in the activities of the major enzymes compared to
the ASM. The relatively low level of enzyme activity in the SME and
ASME may have been due to the inhibitory contaminants in the TIE as
they contain numerous geogenic organic contaminants and heavy me-
tals [47].

Overall, augmentation with dye-degrading bacteria in the soil mi-
crocosms resulted in a significant induction in dye-degrading enzyme
activity that can be correlated with the high levels of decolorization and
reduced BOD and COD in both the ASMD and ASME. The cumulative
activity of the induced enzymes elicited faster decolorization. Earlier
studies have shown the role of enzymes including tyrosinase, lignin
peroxidase, laccase, veratryl alcohol oxidase, NADH-DCIP reductase,
azoreductase, and riboflavin reductase in the breakdown of dye mole-
cules [48]. Bacterial consortium studies have also shown increased dye
decolorization and detoxification by mixed microbial cultures com-
pared to detoxification by individual strains [49,50].

3.3. Analysis of microbial diversity in the soil microcosms

Variations in microbial diversity in the soil microcosms were eval-
uated using 16S rRNA amplicon sequence. A Venn diagram was used to
plot distribution patterns of OTUs suggested that 13.38% of OTUs were
shared among the six microcosms (Fig. 4). A change in the microbial
profile was observed with exposure to the MOD or TIE. The percentages
of unique OTUs for the SM, SMD, SME, ASM, ASMD, and ASME were
12, 13, 20, 20, 17, and 0.31%, respectively. The α-diversity calculated
using Chao1 and Shannon indexes indicated the richness and evenness
of microbial diversity is drastically affected by MOD and TIE in the

microcosms (Fig. S1). The median of both parameters was lowest in the
SM and increased in the SMD and SME. Increased richness and diversity
were observed in all three augmented microcosms (ASM, ASMD, and
ASME) compared to the non-augmented microcosms (SM, SMD, and
SME).

The Principal Component Analysis (PCA) indicated that the micro-
cosm treated with similar chemical clustered together, indicating that
MOD and TIE have high impact on the microbial communities. The PCA
for the microcosms illustrated closer clustering between the SMD and
ASMD and between SME and ASME. In contrast, the SM and ASM ex-
hibited some of the larger separations, suggesting that the microbial
community from this soil was more sensitive to textile dye and in-
dustrial effluent exposure than augmentation (Fig. S2).

3.4. Changes in the microbial communities of soil microcosms and
survivability of bacteria used for bioaugmentation

The results of the 16S rRNA amplicon sequencing showed that the
Proteobacteria, Firmicutes, Actinobacteria, Acidobacteria, and
Chloroflexi were dominant phyla and comprised>79% of the total soil
microbiome in all the microcosms (Fig. 5a). Phyla Proteobacteria was
the most profuse phylum in each microcosm, accounting for 49-67% of
the total microbial diversity. Species consisting in Proteobacteria are
important and abundant in natural environment and essential for fun-
damental biogeochemical functions. The proteobacteria in soil micro-
cosms consisted of five classes: Alpha-proteobacteria, Beta-proteo-
bacteria, Gamma-proteobacteria, Delta-proteobacteria and Epsilon-
proteobacteiria were dominant in dye mixture and industrial effluent
microcosms. The dominance of Proteobacteria during textile dye bio-
degradation was also reported in earlier studies [51]. Other prevalent
bacterial phyla identified in all the microcosms were Actinobacteria (9-
24%), Firmicutes (2-30%), Acidobacteria (2-4%), Chloroflexi (0.5-6%),
and Gemmatimonadetes (0.5-12% of the total microbial abundance).
These phyla are commonly found in soil contaminated with pollutants
such as oil, dyes, and heavy metals [52–54].

The top 40 dominant generic populations in the studied microcosms
are presented in Fig. 5b. The dominant genera in the indigenous soil
microcosm (SM) include Rheinheimera (15.1%), Kocuria (14.9%), Ru-
minococcaceae UCG-010 (4.83%), Ralstonia (3.26%), Pseudomonas
(3.26%), Acinetobacter (2.5%), and Streptomyces (1.63%). The Pseudo-
monas and Streptomyces are from mycorrhiza helper bacteria group and
promote mycorrhiza formation which play a crucial role in N and P
cycle in the soil and responsible for transport of C in soil. They accel-
erate mycelial growth and increase new lateral roots formation [55,56].

Soil exposure to textile dyes significantly influenced the natural
microflora of the soil. Some of the significantly inhibited (35%–100%)
genera in the textile- and dye-loaded microcosms (SMD, SME, ASMD,
and ASME) include Rheinheimera, Kocuria, Ruminococcaceae UCG-010,
Micrococcus, Moraxella, Christensenellaceae R-7 group, Aeromonas,
Enterobacter, and Massilia. Simultaneously, the populations of
Methylobacterium, Bacillus, Pelagibius, Sorangium, Rhizomicrobium,
Bradyrhizobium, Nocardioides, Actinomadura, Haliangium, Steroidobacter,
Novosphingobium, and Arthrobacter increased significantly (p < 0.05),
with values ranging from 1.5- to 13-fold. Most of these genera, in-
cluding Pseudomonas, Bacillus, Sphingomonas, Aeromonas, and
Staphylococcus, are well-known for their biodegradability capabilities
[57,58]. Some of the genera that were inhibited in the non-augmented
microcosms (SMD and SME) were found to have survived well, and
with a large relative abundance, in the bioaugmented microcosms
(ASMD and ASME). Experimental analysis demonstrated that all aug-
mented bacteria can not only able to sustain stress of MOD and TIF in
soil microbiome, but also increase dye decolorization rate and detox-
ifying the soil by decreasing COD and BOD. The results indicate that
augmented dye degrading bacteria and native soil microbial species
have established a potentially mutualistic relationship with xenobiotic
degradation pathways. These observations suggest that bacterial
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bioaugmentation was actively involved in dye biodegradation and
minimized dye-induced toxic stress, thus preventing harmful toxic ef-
fects on the indigenous microflora.

The 16S rRNA amplicon associated with the dominant phyla were
further analyzed at the genus level for a better understanding of the
dynamics and abundance of core microbial constituents in all the soil
microcosms (Fig. 6). At the genus level, 39 bacterial genera were

identified as core microbiota, with 30% sample prevalence and 0.3%
relative abundance. The core microbiota was relatively large, even at a
0.3% abundance threshold, and consisted of approximately 65% to 85%
of the total bacterial population. As the microcosms were exposed to
MOD and TIE, the core genera may have adapted to the textile dyes and
are therefore important for dye bioremediation. The bacteria used for
bioaugmentation were also an integral part of the core microbiota.

Fig. 4. Venn diagram showing the number of unique and shared operational taxonomic units (OTUs) in the different microcosms. The numbers in the overlapping
regions indicate the common OTUs shared between the different groups; the numbers in the non-overlapping regions indicate the number of exclusive OTUs.
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Moreover, the genera identified in the core microbiota (other than in
bioaugmented soils) have been reported as having the capacity to
biodegrade dyes and xenobiotic organic compounds [59].

An earlier study also reported an increase in the soil bacterial po-
pulation from the rhizospheric area of wetlands cultivated with Tagetes
patula, Aster amellus, Portulaca grandiflora, and Gaillardia grandiflora
contaminated with textile effluent after 30 d, compared to unplanted
soil, due to the release of exudates as well as the carbon sources re-
leased through dye metabolism [45]. A change in microbial diversity in
soil associated with the plants during phytobed augmentation was also
reported. The species such as Bacillus, Burkholderia, Comomonas,
Frankia, Kocuria, Nocardia, Pseudomonas and Rhodococcus sp. were
shown dye degradation potential with plant synergism [60].

3.5. KEGG pathway analysis

We are interested in metabolic pathways for xenobiotic degrada-
tion, because xenobiotics detoxification systems can also degrade tex-
tile dyes and its intermediate products. The KEGG orthology analysis
indicates presence of abundant enzymes related to xenobiotic pathways

in soil bacterial genome. Functional annotation of metagenomes in-
dicates possible contribution of benzoate degradation, aminobenzoate
degradation, chloroalkane and chloroalkene degradation, naphthalene
degradation etc. pathways may involve in textile dye degradation and
detoxification in soil microbiome. Xenobiotic metabolism-associated
sequences were identified in the metagenomes are illustrated based on
percent relative abundances in Fig. 7. We compared the xenobiotic
degradation pathways with reference databases using the SM as a
control. The results showed that the SMD, SME, ASM, ASMD, and ASME
were enriched with xenobiotic degradation pathways for the catabolism
of various xenobiotic compounds, including aminobenzoate, bisphenol,
chlorobenzoate, dichlorodiphenyltrichloroethane (DDT), methyl-
naphthalene, toluene, and xylene (Fig. 8). Interestingly, most of these
pathways were significantly enhanced in the ASMD and ASME
(bioaugmented microcosms), suggesting that the addition of biode-
grading bacteria to these soil microcosms promoted organic pollutant
degradation. The overactivation of the xenobiotic degrading pathways
illustrate the adaptability of the native microbial species in utilizing the
xenobiotic pollutants as sources of energy. These results are in line with
the high decolorization capacity of the ASMD and ASME (Fig. 2)

Fig. 5. Phylum-level distribution of Ion Torrent sequences of the different soil microcosms (a); heat map depicting the relative abundance of the dominant microbial
taxonomic classes identified in the soil microcosms (b).

S.M. Patil, et al. Chemical Engineering Journal 380 (2020) 122533

8



observed in this study, as well as the greater induction of dye-degrading
enzymes within these microcosms (Fig. 3). Metagenes encoding en-
zymes involved in the pathway of benzoate degradation were observed
in SM (10980), SMD (15923), SME (35524), ASM (33268), ASMD
(37906) and ASME (45552) which was most abundant compared to
other xenobiotic pathways (Table S3). Anaerobic metabolism of aro-
matic compounds resulted benzoate as intermediate compound. Phe-
nolic and polycyclic aromatic compounds, toxic to cell, usually de-
graded into benzoate through a detoxification pathway using enzymes
such as lignin azoreductase, peroxidase, laccase, etc. The enzymatic
analysis of microcosm supports prediction of functional annotation. The
increase in activity of azoreductase, peroxidase and laccase were ob-
served after exposure to MOD and TIE. The intermediate of detoxifying
pathway then further degraded through benzoate degradation pathway.
Acetyl CoA is the terminal product of benzoate degradation and can be
utilized in the citrate cycle. Previous report is also available indicating

that Pseudomonas species can use benzoate as a carbon and energy
source for growth [61]. Thus, for textile dye decolorization and de-
toxification in the soil, benzoate degradation and its related pathways
are very crucial.

Soil and water remediation using biological methods is very pro-
mising and cost effective approach. Bioremediation methods are self-
sustaining and do not require external power source and any chemical
supplements. In this study, no nutrients or media were added to en-
hance dye degradation. Nutrients required for the growth of micro-
organisms are fulfilled by soil and effluent. The physical and chemical
methods of remediation require controlled conditions, external power
and chemical supply, and results in an increase in cost of treatment
process [62,63]. Biological treatment of textile effluent is efficiently
achieved using bacteria, fungus and plant system. Microbial remedia-
tion is comparatively fast method and uses pure and/or mixed micro-
bial cultures along with several types of reactors [1,29,45,60].

Fig. 6. Heat map of the core-microbiome at the genus level with 30% sample prevalence and 0.3% relative abundance.
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Phytoremediation methods are very effective in treatment of textile
dyes and effluent, and practically feasible option as it can handle large
water volume with minimum management [23,24,43,44,48,50]. Hy-
brid systems take advantage of both plants, bacterial inoculants and
their synergy as observed in floating treatment wetlands of Phragmites
australis and Typha domingensis that improved plant growth, increased

in bacterial count and enhanced textile effluent degradation [64]. These
methods are cost effective and efficient to treat textile wastewater. The
proposed method in this study is focused on remediation of textile dye
contaminated soil which is neglected in the previous studies.

The outcomes of this study revealed that, although bioaugmentation
of the microcosms enhanced the degradation of textile effluent in the

Fig. 7. Relative abundance of xenobiotic metabolism genes identified in the microbial communities of the microcosm expose to dye mixture and textile industrial
effluent. Shown is a heat map indicating the relative number of sequence reads associated with KEGG xenobiotic metabolism categories (on the right) identified in
each sample (at the bottom). Software used: Statistical Analysis of Metagenomic Profiles (STAMP) software v2.1.3.

Fig. 8. KEGG map of xenobiotic degradation pathways present in soil microcosms. Pathways highlighted in color were overrepresented (> 50%) due to exposure to
textile dye mixture (TDM) and Textile industrial effluent (TIE).
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early phase, the indigenous soil microbiome had the capability to re-
cover. However, textile dye exposure had a significant impact on the
diversity of the core microbiota in the soil, which may strongly impact
on its productivity. The bioaugmentation helped to maintain the in-
digenous soil microbiota, indicating that bioaugmentation techniques
would be beneficial to restore soil productivity. The identified micro-
bial structure contained both aerobic as well as anaerobic degradation
pathways, resulting in increased degradation process.

4. Conclusions

The decolorization efficiencies of soil microcosms can be enhanced
by augmentation with dye-degrading bacteria at the initial stage by
reducing the lag phase. The augmented dye-degrading microbial con-
sortium was able to degrade the dye mixture efficiently and survive.
This study provides evidence of a native microbial species have po-
tential bioremediation in contaminated agricultural soils. These core
microbiotas can potentially play an important role in the in-situ de-
gradation of textile dyes from industrial effluents. The functional an-
notation illustrated increase in metagene encoding xenobiotic de-
gradation enzymes in microcosm augmented with dye degrading
bacteria. The augmentation of dye degrading bacteria can be used as
sustainable approach for effective and long-term soil remediation.
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