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Abstract

Endophytic microorganisms can metabolize organic contaminants and assist in plant growth, thus facilitating the
phytoremediation of polluted environments. An endophytic bacterium capable of decoloring malachite green (MG) was isolated
from the leaves of the wetland plant Suaeda salsa and was identified as Klebsiella aerogenes S27. Complete decolorization of
MG (100 mg/l) was achieved in 8 h at 30 °C and pH 7.0. Ultraviolet-visible spectroscopy and Fourier-transform infrared
spectroscopy analyses indicated the degradation of MG by the isolate. The enzymic assays of the strain showed the triphenyl-
methane reductase (TMR) activity. A gene encoding putative TMR-like protein (named as KaTMR) was cloned and heterolo-
gously expressed in Escherichia coli. KaTMR showed only 42.6-43.3% identities in amino acids compared with well-studied
TMRs, and it phylogenetically formed a new branch in the family of TMRs. The degraded metabolites by recombinant KaTMR
were detected by liquid chromatography-mass spectrometry, showing differences from the products of reported TMRs. The
biotransformation pathway of MG was proposed. Phytotoxicity studies revealed the less-toxic nature of the degraded metabolites
compared to the dye. This study presented the first report of an endophyte on the degradation and detoxification of triphenyl-
methane dye via a novel oxidoreductase, thus facilitating the study of the plant-endophyte symbiosis in the bioremediation
processes.
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Introduction

Malachite green (4-[(4-dimethylaminophenyl)-phenyl-meth-
yl]-N,N-dimethyl aniline; MG) is a triphenylmethane dye that
had been extensively used in dye industries or in aquaculture
as an antifungal agent before the year 1993 when it was nom-
inated by the United States Food and Drug Administration
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(FDA) as a priority chemical for carcinogenicity testing
(Zhou et al. 2018; Culp and Beland 1996). Nevertheless,
MG is still illegally used because of its low cost and high
efficacy (Baiiuelos et al. 2016) and has been detected with
an accumulation in fish tissues and the aquaculture water (Li
et al. 2017; Wu et al. 2017). Among the physical, biological,
and chemical methods that have been applied for the elimina-
tion of these toxic dyes, phytoremediation is generally consid-
ered to be the most promising approach as to its long-term
applicabilities using living organisms for the removal of con-
taminants. So far, a diversity of fungi and algae have been
reported with the ability of adsorption and biodegradation of
triphenylmethane dyes (Shedbalkar et al. 2008; Daneshvar
et al. 2007; Khan et al. 2013), whereas only a few bacteria,
such as Citrobacter, Aeromonas, and Pseudomonas, have also
been characterized with the capacity to decolorize these dyes
(An et al. 2002; Ayed et al. 2010; Du et al. 2012; Wu et al.
2013; Jang et al. 2005; Schliiter et al. 2007; Huan et al. 2011).

In the last decade, different mechanisms have been pro-
posed for these bacteria in biodegradation of malachite green,
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involving enzymes of triphenylmethane reductase (TMR)
(Wang et al. 2012), manganese peroxidase (Yang et al.
2016), laccase (Casas et al. 2009), and tyrosinase
(Shedbalkar et al. 2008). The latter three have wild broad
substrates, whereas TMR is an enzyme specifically degrading
triphenylmethane dyes to their corresponding colorless
leucoderivatives (Wang et al. 2012). The tmr genes have been
characterized from Gram-negative bacteria such as
Pseudomonas (GenBank No. HQ11652), Comamonas
(GenBank No. AFJ11835), Exiguobacterium (GenBank No.
X436462), Citrobacter (GenBank No. AY756172), and
Aeromonas (GenBank No. EF010984). Genetic studies
showed the fmr genes might locate in both the genomic
DNA and plasmids from these bacteria, and it appears to be
a component of a composite transposon associated with a
multisubstrate resistance region (Dutta et al. 2014).
Although there is no report of plants harboring the #mr genes,
evidence showed effective biodegradation of triphenylmeth-
ane dye by a transgenic Arabidopsis with the overexpressing
of a Citrobacter sp. triphenylmethane reductase (Fu et al.
2013). However, most of the TMRs are intracellular, facing
restrictions in biodegradation of MG due to the transport bar-
rier imposed by the cell membranes (Zeng et al. 2013).
Moreover, the metabolite leucomalachite green (LMG) pro-
duced by TMR is also a toxic inorganic contaminant that is
hazardous to the health of humans and other organisms (Zhou
et al. 2018). Thus, these drawbacks limited the application of
TMRs.

Bacteria of genus Klebsiella have been isolated as plant
growth-promoting endophytes or rhizobacteria associated
with various plants contributing in the phytoremediation of
pollutants such as petroleum-contaminated soil and metallif-
erous soil (Wei et al. 2014; Rosenblueth et al. 2004; Liu et al.
2015; Ahemad 2015). The species Klebsiella aerogenes (for-
merly Enterobacter aerogenes) is widely distributed in water,
soil, air, and polluted sediment (Iyer et al. 2017). It has been
reported to be capable of removing heavy metals (Rudd et al.
1983). Despite the genomic data analysis showing the poten-
tial adaptation of this strain to the abiotic stress (Iyer et al.
2017), limited information was currently available for
K. aerogenes on its ecological role in phytoremediation or
the involved molecular mechanisms.

Here, we isolated an endophytic bacterium, K. aerogenes
S27, from a wetland plant Suaeda salsa propagating vegeta-
tively in high-salinity soils in the littoral zone of Yellow River
Delta in China (Song and Wang 2015; Liu et al. 2018). The
strain S27 was evaluated for its ability to decolorize malachite
green at different pH, temperature, and salinity. The degrada-
tion products of S27 were analyzed by ultraviolet-visible spec-
trophotometry (UV-Vis), Fourier-transform infrared spectros-
copy (FTIR), and liquid chromatography-mass spectrometry
(LC-MS), and showed a less-toxic nature by the phytotoxicity
study. Extracellularly triphenylmethane reductase activity was
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detected from K. aerogenes S27, and a putative tmr-like gene
was identified by genomic data mining. The gene was cloned
and expressed in Escherichia coli. The detoxification activi-
ties and the other biochemical characterizations of this recom-
binant TMR-like protein were also elucidated. This work may
facilitate a better understanding of the role of endophytic bac-
teria in the phytoremediation of triphenylmethane dyes.

Materials and methods

Isolation and identification of an endophytic
bacterium from S. salsa Pall.

Leaves from the plant S. salsa Pall. living along the seaside
saline soil of Yellow River Delta in Dongying City of China
(GPS coordinates: N 37° 51', E 118° 46") were collected and
washed thoroughly with running water and sterile water.
Approximately 5 g of leaves were immersed in 0.1% Tween
80 for 3 min, followed by 0.1% HgCl, for 1 min, and then
immersing in 75% (v/v) ethanol for 3 min, before being
washed with sterilized H,O for five times. The leaves were
grounded with a mortar and pestle, added to 5 ml sterile water,
and incubated in LB culture at 30 °C for 48 h. The enriched
culture was subsequently incubated for a week on LB agar.

To characterize the isolates, the 16S rRNA genes were am-
plified using primers 27F (AGAGTTTGATCCTGGCTCAG)
and 1492R (AGAGTTTGATCCTGGCTCAG) and were se-
quenced by BioSune Biotechnology (Shanghai, China). For
the phylogenetic analysis, the 16S rRNA sequences of the re-
lated strains were retrieved from the GenBank database, follow-
ed by the alignment by CLUSTAL X 2.0 program (Larkin
et al. 2007). The neighbor-joining method was used to construct
the phylogenetic tree by using the MEGA 6 software (Tamura
et al. 2013).

Assay of MG decolorization

The decolorization percentage of malachite green was calcu-
lated by the decrease in absorbance at 620 nm analyzed by a
UV-Vis scanning spectrophotometer (TU -1810, Persee,
Beijing, China). Briefly, a single colony of the strain was
picked and aerobically cultured overnight in 5 ml LB medium
at 30 °C with shaking at 150 rpm. Then, 1% of the pre-
cultured cells were transferred to 100 ml fresh LB medium
and further incubated at 30 °C to reach the log-status at
ODgoonm = 1.0. Totally, 10 ml of cells were centrifuged at
4000 rpm for 10 min and resuspended by adding 1 ml MG
solution. The MG solution was prepared by solving MG pow-
der in the sterile water to a concentration of 100 mg/l. After
incubation for 12-24 h at 30 °C, bacterial cells were removed
by centrifugation at 10,000 rpm for 5 min, leaving the
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supernatant for further measurement. The percentage decolor-
ization was calculated as:

Decolorization rate (%) = 100 (A—B)/A

in which A represented initial absorbance and B represented
observed absorbance after treatment.

Analyses of degradation products of MG

The final products of malachite green catalyzed by the strain
were characterized by UV-Vis and FTIR. MG (100 mg/1) was
incubated with the collected K. aerogenes S27 cells as de-
scribed above at 30 °C for 12 h until the dye turned to be
colorless. UV-Vis spectrophotometer (NanoDrop 2000c,
Thermo Fisher Scientific, Waltham, USA) was applied to
measure the absorption spectrum of 2 pl degraded metabolites
with a wavelength range of 190—-840 nm. The FTIR spectra of
the samples were recorded on a Fourier-transform infrared
spectrometer (model Tensor II, Bruker, Karlsruh, Germany)
in the mid-IR region of 400-4000 cm .

The LC-MS analysis was also carried out to detect the MG
metabolites. The S27 cells (100 ml) were collected at their log-
status at ODgggnm = 1.0 and were incubated at 30 °C for 12 h
with 10 ml MG solution at the final concentration of 100 mg/1.
The degraded MG metabolites were extracted using 10 ml
ethyl acetate, dried in a rotary evaporator, and further dis-
solved into 1 ml methanol for analysis and filtered using a
0.45-mm membrane filter. For the LC-MS analysis of the
metabolites degraded by the enzyme, the assay was carried
out in a 5 ml solution containing 50 mM phosphate buffer
(pH=7.0), 1 mg/ml MG, 0.1 mM NADH, and 0.01 mg/ml
of'the purified recombinant enzyme. The reaction mixture was
incubated at 30 °C for 8 h until the dye was removed
completely, and was centrifugated at 10,000 rpm for 30 min
to remove any possible precipitations. Then, the solution was
extracted using an equal volume of ethyl acetate, the extract
dried and dissolved in 1 ml methanol. The LC-MS analysis
was carried out by using the liquid chromatography-mass
spectrometry (Agilent 6530 Accurate-Mass Q-TOF, Agilent
Technologies, Palo Alto, California, USA) equipped with a
reversed-phase C-18 analytical column of 150 mm X 2.1 mm
and 5-pum particle size (XAqua-C18, Acchrom, Beijing,
China) with a mobile phase of acetonitrile and 20 mM ammo-
nium acetate. The acetonitrile proportion was initially 5% with
ramping gradually to 60% in 10 min and was kept for another
10 min at 60%. Finally, the proportion reached 95% in 5 min
and was held for another 5 min. The flow rate was 0.3 ml/min.
The analysis was carried out using ESI in positive ion mode
with the injection volume of 0.2 pl. The reference wavelength
was 360 nm. Other parameters of the mass spectrometer in-
clude 345 °C of sheath gas temperature, 11 1/min of sheath gas

flow rate, 50 psig of the nebulizer, 4000 V of Vcap, and 500 V
of nozzle voltage. The LC-MS analysis was carried out by
Agilent Mass Hunter Qualitative Analysis B.04.00 software
(Agilent Technologies, Santa Clara, CA, USA).

Effects of different parameters on decolorization
assay

To evaluate the effect of salt, pH, and temperature on the
decolorization rate of the strain, the decolorization assays
were performed under different salt concentrations (2, 3, 4,
5,6,7,8,9, and 10%), pH values (4.0, 5.0, 6.0, 7.0, 8.0,
9.0, and 10.0) and temperatures (25, 30, 35, and 42 °C) with
the same processes as described above. To study the effects of
initial dye concentration on decolorization, decolorization ex-
periment was carried out at different initial concentrations of
100, 200, 300, 400, and 500 mg/1 at 30 °C. The effect of MG
(100-500 mg/1) on the growth of K. aerogenes S27 was mea-
sured by counting cell numbers using a hemacytometer. To
determine the decolorization specificities of the strain to dif-
ferent dyes, azo magenta, methyl orange, or congo red at
100 mg/l was incubated with the cell culture for the measure-
ment of absorbance using the UV-Vis spectrometer. All exper-
iments in this study were conducted in triplicate.

Enzyme assays of the strain

Activities of laccase, manganese peroxidase, tyrosinase, and
malachite green reductase were determined for the cell lysate
of the strain. Briefly, pre-cultured cells were harvested by
centrifugation at 10,000 rpm for 15 min and were washed
for three times with phosphate buffer (100 mM, pH 7.2).
Then, cells were suspended in the phosphate buffer and son-
icated for 20 min, keeping the sonifier output at 130 W, 20 HZ
and giving strokes of 10 s each with a 1-min interval at 4 °C.
The suspension was centrifuged at 10,000 rpm for 15 min at
4 °C, and 0.1 ml of supernatant was used as a crude enzyme
solution for enzyme analysis. Laccase activity was determined
by measuring the oxidation of 2,2’-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) diammonium salt (ABTS) as the
substrate at 420 nm in 2 ml mixture containing 10% ABTS
in 0.1 M acetate buffer (pH =5.0) (Du etal. 2012). The laccase
activity was calculated using the extinction coefficient of
3.6x10* M! cm™'. Tyrosinase activity was determined by
measuring the liberated catechol quinone at 410 nm with a
3 ml reaction of 0.01% catechol in 100 mM phosphate buffer
(pH =7.4) (Novotny et al. 2001). The tyrosinase activity was
calculated using the extinction coefficient of 1.22 x
10* M' cm™'. Manganese peroxidase activity was deter-
mined by measuring the oxidation product of MnSO, at
468 nm in a reaction mixture of 3 ml containing 1 mM
MnSQ,4 and 0.1 mM H,0, in acetate buffer (pH =5.0). The
MG reductase activity was performed by monitoring the
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decreased intensity at 620 nm with a reaction mixture of 5 ml
containing 323 uM MG, 50 uM NADH in 50 mM phosphate
buffers (pH 7.4), and 0.1 ml of cell lysate. A unit of laccase or
manganese peroxidase activity is defined as an absorbance
change in units of min/ml. One unit of MG reductase activity
was expressed as the reduction of 1 pg of MG per minute per
ml cell lysate or cell culture supernatant.

Cloning, sequencing, and expression of the tmr gene
in E. coli

The genomic DNA of strain S27 was extracted by using the
DNA extraction kit (Tiangen, Beijing, China). The tmr gene
was cloned from the genomic DNA using primers 5'-CGCG
GATCCGTCGGCGATTACCGGCGCCAC-3' (BamHI re-
striction site underlined) and 5'-CGGCTCGAGTGTGA
TGCCTTTCACGCTATCG-3" (Xhol restriction site
underlined). The PCR product was purified and inserted be-
tween the BamHI and Xhol cutting sites of the pET-22b(+)
vector which contains the T7 promoter and the sequence for
six histidine residues at the 3’ end of the insertion site
(Novagen, Madison, WI, USA). Recombinant vectors were
transformed into E. coli BL21 competent cells (Vazyme,
Nanjing, China). To induce the expression of the gene, the
transformed bacteria were grown in LB medium containing
100 pg/ml ampicillin at 37 °C and 200 rpm to reached an
ODgoonm 0f 0.6 and were further induced with 1 mM isopropyl
[-p-1-thiogalactopyranoside (IPTG) for further incubation at
16 °C for 10 h. To purify the recombinant protein, cells were
suspended in 50 mM sodium phosphate buffer (pH 7.0) and
disrupted for 20-min sonication giving five strokes each of
10 s at 1-min intervals at 20 Hz on ice. After centrifugation,
the supernatant was applied to Ni-NTA agarose (GE
Healthcare, Beijing, China), washed with phosphate buffer
(pH 7.2) containing 0.3 M NaCl and 20 mM imidazole, and
eluted with 500 mM imidazole. All purification procedures
were carried out at 4 °C. The purified protein was analyzed
by SDS-PAGE, and the protein concentration was determined
by Bio-Rad protein assay kit (Beyotime, Shanghai, China)
according to the instructions.

Kinetic analysis

To determine the kinetic constant of recombinant TMR for
MG, a series of assay solutions dissolved in 1 ml of 50 mM
sodium phosphate buffer (pH 7.0) containing various amount
of MG (4 to 20 uM) and a fixed concentration of the cofactor
NADH (100 uM) and the purified enzyme KaTMR (0.05 mg
protein/ml) were incubated at 30 °C (Jang et al. 2005). Each
reaction was initiated by adding the enzyme, and the initial
reaction rate was determined by monitoring the decrease in
absorbance at 620 nm in the first 2 min. Enzyme activity was a
linear function of both incubation time and protein
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concentration. The reciprocals of the substrate concentrations
and the reciprocals of the corresponding initial velocities were
then used to generate a Lineweaver-Burk plot to determine K,
and V. values (Jang et al. 2005).

Toxicity studies

The toxicity of MG and its degraded products on the germi-
nation of Chinese cabbage seeds was determined according to
Duetal. (2015). The seeds of Chinese cabbage were sterilized
with 3-5% H,0, solution for 5 min and washed with sterile
H,O0 for 3-5 times. Twenty seeds of Chinese cabbage were put
into individual plates with double sterile filter paper immersed
with 7 ml of MG (1000 mg/l) solution or the MG-degraded
products. To give the MG-degraded products, 7 ml MG
(1000 mg/l) were incubated at 30 °C for 24 h with collected
cells from 100 ml of cell suspension cultures with an ODggopm
of 1.0 or 0.2 mg recombinant TMR. For the control experi-
ments, sterile H,O was used instead of the MG solutions. All
plates were further cultivated at 22 °C with 65% humidity. The
germination percentage of the seeds were determined after a
week, and the root length of the seeds was also measured.

Accession number

Strain K. aerogenes S27 has been deposited at CCTCC under
the accession no. M2017452. The 16S rRNA sequence of
K. aerogenes S27 has been deposited at DDBJ/ENA/
GenBank under the accession no. MF076897. The gene cod-
ing KaTMR has been deposited at DDBJ/ENA/GenBank un-
der the accession no. MH377117.

Results

Isolation of an endophytic bacterium capable
of decolorization of dyes

Among 12 bacterial strains isolated from the leaves of plant
S. salsa Pall. and screened for decolorization of malachite
green in LB medium, a cream-colored bacterium named S27
was selected based on the complete decolorization (above
99%) of MG (100 mg/l) at 30 °C, pH 7.0 in 8 h. The 16S
rRNA gene sequence (GenBank No. MF076897) for strain
S27 showed high identity (99%) to the type strain
K. aerogenes KCTC 2190" (NR_102493) and other
K. aerogenes strains such as strain JP27 (MF086659), strain
J42 (MF141727), and strain B2 (MF141719). The neighbor-
joining phylogenetic tree also revealed that strain S27 was
clustered within the genus Klebsiella and most related to the
species of K. aerogenes (Supplemental Fig. S1). Thus, this
strain was identified as K. aerogenes S27.
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The decoloration potential of strain S27 to different dyes
was assessed. At 25 °C, the decoloring rate of 94.7% was
achieved for MG (100 mg/l), whereas less than 10%
decoloring was detected for azo magenta (100 mg/1) and con-
go red (100 mg/1), and none for the methyl orange (100 mg/1)
(Fig. 1). With the increased temperature at 3042 °C, the
complete decolorization (above 99%) for MG has been detect-
ed, compared to a slightly increased decoloring rate below
40% for azo magenta and congo red (Fig. 1). Compared with
the formerly reported MG-degrading bacteria, strain S27
showed a relative high decolorization rate
(2.289 pumol min~' g~! DWC) against MG at 274 uM
(Supplemental Table S1). These findings suggested that
K. aerogenes S27 is capable of decoloring different types of
dyes and showed the highest specificity and efficiency to the
decoloring of the triphenylmethane dye.

The biodegradation products of MG by K. aerogenes
527

To further clarify the decoloration process of MG by
K. aerogenes S27, UV-Vis, FTIR, and LC-MS analyses were
performed. UV-Vis absorption spectra showed a prominent
peak at 619 nm for MG (100 mg/ml). When incubated with
the K. aerogenes S27 cells in the sterile water, this absorption
peak gradually decreased and disappeared after 24 h (Fig. 2a),
indicating a complete decoloration of MG by the strain.
Moreover, the FTIR analysis revealed a significant difference
between MG and decolorized products. For MG, the FTIR
spectra showed a fingerprint region for the benzene rings from
1500 to 500 cm ™', including a peak at 828 cm ' correspond-
ing to the aromatic ring structure (Ayed et al. 2008). The
vibration bands at 1167 cm™' and 1365 cm™' were

Fig. 1 The dye decolorization
ability by strain K. aerogenes S27 100 -
under different temperatures.
Dyes of MG (black bars), azo
magenta (dark gray bars), methyl 80 -
orange (white bars), or congo red
(light gray bars) at 100 mg/l were
independently incubated for 12 h
with collected cells from 10 ml of
cell suspension cultures with an
ODggonm 0f 1.0. The absorbances
of'the solutions were measured by
using a UV-Vis spectrometer.
Each bar represents the mean +
SE of triplicate cultures
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Fig. 2 Analyses of the catabolic intermediates of MG by strain
K. aerogenes S27. A, UV-Vis spectral analysis of MG (0.1 ug) before
(solid curve) and after (dashed curve) being treated by K. aerogenes S27
cells for 24 h. B, FTIR spectra of MG solution before (curve a) and after
(curve b) being treated by the K. aerogenes S27 cells for 24 h
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characteristic peaks of C—N stretching and CH,. Besides, a
peak at 1585 cm ™ for the C=C stretching of the benzene rings
and the one at 2870 cm ™' for the C—H asymmetric structure
showed an amide antisymmetric stretching vibration for MG
(Parshetti et al. 2006). Comparably, the degraded MG metab-
olites by strain S27 gave a peak at 1091 cm™ ' for C—N stretch,
and a peak at 1660 cm | for aromatic ketones, as well as the
wide peak around 3000-3500 cm ' for N-H stretch, repre-
sents the formation of primary and secondary amines. In ad-
dition, the sharp peak at 2852 cm ' for C—H stretching by
asymmetric CH, groups indicates the product of methylene-
substituted metabolites, whereas the absence of the peak at
828 cm ! indicates the loss of the aromaticity or benzene ring
(Ayed et al. 2008) (Fig. 2a). As to the LC-MS analyses, the
significant peak of MG appeared at a retention time of 25 min
with the molecular ion peak at m/z 329.2, thereby confirming
the chemical structure of MG (Supplemental Fig. S2). The
LC-MS analysis of the MG-degraded metabolites showed
the absence of the peak of MG but a new peak at a retention
time of 1.306 min with the molecular ion peak at m/z 121,
corresponding to the structure of N,N-dimethylaniline
(Supplemental Fig. S3). The chromatogram of the degraded
sample also showed a peak at a retention time of 17.215 min
which represents the structure of desmethyl leucomalachite
green (m/z 317) (Supplemental Fig. S3).

Effect of various conditions on the degradation
potential of K. aerogenes S27

To detect the degradation capacity of K. aerogenes S27 to
malachite green, 10 ml of the cells at the log-phase

—=—2%
——3%
--4%
] |o5%
——6%
-5--7%

—*—8%

Remaining concentration (mg /1)

——9%

—=—10%

0 4 8 1I2 1I6 2I0 2I4 2‘8 3IZ
Time (h)

Fig. 3 The effect of NaCl concentration on the decolorization of MG by
strain K. aerogenes S27. The decolorization assays were carried out by
collecting 10 ml cultured cells at their log-status (ODgoonm = 1.0) and
incubating them with 100 mg/l MG at 30 °C for 0-32 h under different
NaCl concentrations from 2 to 10%. Results are expressed as the means +
SE of triplicate cultures

@ Springer

Table1  The enzyme activities of the cells cultivated in the LB medium
and MG-containing medium after 24 h. Values represent the mean = SE of
triplicate cultures

Cells in LB Cells in MG-containing
medium medium
Laccase activity® 0.0002+£0.0001  0.0004 +0.0001
Tyrosinase activity® 0.0012+0.0004  0.0019 +0.0005
Manganese peroxidase 0.0161£0.0015 0.2610+0.0072
activity®
Intracellular TMR activity® 11.6+0.5 223+39
Extracellular TMR 78.9410.0 184.2+42.9
activity®
*Enzyme Units/min/ml
® ig MG reduced/min/ml

(ODgponm = 1.0) was collected and incubated in 1 ml sterile
water containing MG at 100, 200, 300, 400, and 500 mg/1. The
results showed that 100 mg/l of MG was completely decolor-
ized in 8 h at 30 °C. At the concentration ranging from 100—
300 mg/l, above 60% of decolorization of MG was achieved
for 100-300 mg/l MG in the initial 5 h (Supplemental Fig.
S4). As a control, the untreated MG showed little self-
decolorization at 30 °C for 5 h (Supplemental Fig. S5). By
comparison, the time for decoloring MG at 400—500 mg/1 by
the strain was delayed and required 5—7 h (Supplemental Fig.
S4), indicating the negative effect of high concentrations of
MG on the growth or metabolic activity of strain S27. Thus,
we measured the growth rate of K. aerogenes S27 in LB media
containing MG at 100-500 mg/l. However, results showed
that addition of MG did not significantly inhibit the survival
of the strain. With the treatment of increased concentration of
MG, the cells delayed to enter their exponential phase, but the
cell numbers reached to the same order of magnitude (1010)
after 24-h incubation at 30 °C at the stabilized phase
(Supplemental Fig. S6). Moreover, a decolorization rate of
500 mg/l MG above 90% was achieved in 16 h
(Supplemental Fig. S4), showing the high degrading capacity
of K. aerogenes S27 to MG.

Considering the application of high amounts of salts in the
textile dyeing, the degradation potential of strain S27 was
evaluated at different NaCl concentrations from 2.0 to 10%.
As shown in Fig. 3, 90% decolorization was observed within
8 h for salt concentration ranging from 2.0-5.0%. Complete
decolorization was observed within 24 h for salt concentration
less than 8%. When the concentration increased to 9.0%, the
degradation rate of MG reached 97% in 32 h (Fig. 3).
However, only 49% of MG was degraded at 32 h when 10%
NaCl was supplemented (Fig. 3), which may be due to the
negative effect on the growth of strain S27 by such high salt
concentration. The effect of pH for decolorization of MG
(100 mg/1) was tested at 30 °C for 24 h. Results showed an
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Fig. 4 Phylogenetic tree based on
the amino acid sequences of
KaTMR characterized in this
work (indicated by boldface
type), and other reported TMRs
and AZRs. Bootstrap values are
expressed as percentages of 1000
replications, and only bootstrap
values above 50% are shown.
GenBank accession numbers are
given in parentheses. Bar, 0.2
substitutions per amino acid

Pseudomonas sp. JT-1 TMR (ADU60164)
Pseudomonas sp. k9 TMR (ACN13111)
Citrobacter sp. MY-5 TMR (AAW88298)
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60 _|:Shigella dysenteriae Sd197 AZR (Q32FL5)

Shewanella oneidensis MR-1 AZR (NP719919)

0.2

increased decolorization rate by strain S27 when the pH was
increased, with an optimal pH of 8.0 exhibiting a decoloriza-
tion of MG of 96% (Supplemental Fig. S7). The rate was 94%
and 93% at pH 9.0 and pH 10 respectively, but only 53-65%
at pH 4.0-6.0 (Supplemental Fig. S7), suggesting that the
alkaline conditions are preferable for the decolorization of
MG by strain S27.

The candidate enzymes involved in MG degradation

To further investigate the mechanism of strain S27 in MG
degradation, the enzymic activities of laccase, tyrosinase,

Fig. 5 Enzymic properties of
purified recombinant KaTMR. A,
SDS-PAGE analysis of the puri-
fied enzyme. Lane 1, the recom-
binant KaTMR purified from

E. coli BL21. Lane M, protein
molecular weight marker. B, the
Lineweaver-Burk plot of KaTMR
activity against MG. The reaction
was carried out by incubating
0.05 mg purified KaTMR with 4—
20 uM of MG in 50 mM sodium
phosphate buffer and using

100 uM of NADH as a cofactor

_ kDa
180

130

Cerrena sp. WR1 laccase (AID59415)

manganese peroxidase, and triphenylmethane reductase
were assessed both in the presence and absence of MG.
As shown in Table 1, while activities of laccase, tyrosinase,
and manganese peroxidase have not been detected, the in-
tracellular TMR activity was 11.6 pg MG reduced/min/ml
in the absence of MG and raised to 22.3 pug MG reduced/
min/ml in the presence of 100 mg/ml MG. Extracellular
TMR activity was detected at 78.9 pg MG reduced/min/
ml in the absence of MG and raised to 184.2 ug MG
reduced/min/ml in the presence of 100 mg/ml MG, indicat-
ing the TMR could be secreted into the cell culture
supernatant.

0.7 1
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Fig. 6 LC-MS profile (A) and extracted ion chromatograms (B-E) for
MG metabolites obtained through catalysis by recombinant KaTMR. The
analysis was carried out using ESI in positive ion mode. A, LC-MS
profile of MG metabolites. B, m/z 122, N,N-dimethylaniline (retention
time 1.344 min); C, m/z 226, (4-dimethylamino-phenyl)-phenyl-
methanone (retention time 13.183 min); D, m/z 331, leucomalachite green
(retention time 14.82 min); E, m/z 315, desmethyl malachite green (re-
tention time 20.123 min)

Identification of a tmr-like gene and the phylogenetic
analysis

By genomic data mining of the closest related strain of S27,
K. aerogenes KCTC 2190" (GenBank No. CP002824.1), also
known as the type strain of K. aerogenes (Shin et al. 2012), a

Fig. 7 The proposed
biodegradation pathways of MG
by K. aerogenes S27 based on the
results of LC-MS

Reductici/

gene that encodes a putative TMR-like protein was identified
(WP_015704185). Based on the above sequence, the gene
named katmr was amplified from strain S27, sequenced and
the sequence was deposited in GenBank under the accession
number MH377117. Gene katmr encodes a protein consisting
of 282 amino acids with a calculated molecular weight of
31.02 kDa. KaTMR shows only 42.6%, 43.3%, and 43.3%
amino acid identities with the well-characterized TMRs from
Aeromonas hydrophila subsp. decolorationis (ABJ99087,
AhTMR) (Ren et al. 2006), Pseudomonas sp. MDB-1
(EF463103, TMR2) (Li et al. 2009), and Citrobacter sp. strain
KCTC 18061P (AAWS88298, CsTMR) (Jang et al. 2005), re-
spectively, thus indicating a clear difference of KaTMR from
the previously characterized TMRs. The HMMSCAN results
from Pfam (Finn et al. 2016) showed that KaTMR fell into the
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NmrA-like family. The phylogenetic analysis showed that
KaTMR was clustered in the radiation of the TMRs group
but formed a single branch distant from other TMRs (Fig.
4). Taken together, KaTMR represents a novel family of
TMR-like proteins with uncharacterized properties.

Expression, purification, and the enzymic properties
of KaTMR

The gene encoding KaTMR was heterologously
overexpressed in E. coli BL21. The recombinant KaTMR
was purified and detected by SDS-PAGE with a band corre-
sponding to the molecular mass of about 32 kDa (Fig. 5a;
Supplemental Fig. S8). The steady-state kinetic constants of
the recombinant KaTMR were calculated, and the
Lineweaver-Burk plot generated using NADH as a cofactor
and MG as the substrate (Fig. 5b). Results showed the values
of K1, Vinax Values, and k,/K,, are 68.89 umol/l, 10.76 pmol/
1 min, and 1.23 s~' pumol ™, respectively.

Identification of the degradation products from MG
by KaTMR

To study the probable pathway of the degradation of MG by
the recombinant KaTMR, LC-MS analysis was performed
after the complete decoloration of MG (1 mg) incubated with
0.01 mg of the purified enzyme. The LC-MS chromatograms
of MG-degraded metabolites showed four new peaks at reten-
tion times 1.344 min, 13.183 min, 14.82 min, and 20.123 min
(Fig. 6) corresponding to N,N-dimethylaniline (m/z 121), (4-
dimethylamino-phenyl)-phenyl-methanone (m/z 225),
leucomalachite green (m/z 330, LMG), and desmethyl mala-
chite green (m/z 315), respectively. It can be speculated that
KaTMR might transform MG into its primary metabolite
LMG and then degrades it into the smaller products N,N-
dimethylaniline and (4-dimethylamino-phenyl)-phenyl-
methanone. Based on these available data, the proposed sche-
matic pathway for the biotransformation of MG is depicted in
Fig. 7.

Toxicity assessment of MG and its degradation
products

The phytotoxicity of malachite green solution and its degra-
dation products were evaluated. As shown in Table 2, the
germination percentage of Chinese cabbage seeds was signif-
icantly inhibited to 80% by treatment with MG, compared
with the control treated with water (100%). However, the ger-
mination rate raised to 90% when seeds were treated with the
degraded MG products by strain S27, and was recovered to
100% when incubated with the degradation products obtained
by the recombinant enzyme KaTMR. As to the root length, the
average length of the untreated cabbage was 5.2 cm, whereas
the length reduced to 1.1 cm when seeds were treated with
MG. Comparingly, the roots grew with the products of MG
degraded by kaTMR to a length of 1.75 cm while the length
significantly increased to a length of 7.53 cm when seeds were
incubated with the products obtained by strain S27, indicating
the detoxification of MG by both. The amazingly highest
length of the enzyme-treated root length was probably
achieved by the potential growth-promoting ability of strain
S27 as an endophytic bacterium. Besides, we also observed
rot and decay in the roots of cabbage incubated with MG
solution for ten days, whereas cabbages grown with the de-
graded MG products kept growing well. Taken together, both
strain K. aerogenes S27 and the enzyme kaTMR could detox-
ify MG in the decolorization process.

Discussion

In this study, we identified an endophytic bacterium capable
of degrading MG from a wetland plant S. salsa Pall., an agri-
cultural plant capable of surviving in a high-salinity region in
Europe and Asia (Song and Wang 2015). S. salsa is also an
accumulator of toxic substances, removing and recovering the
heavy metals from the contaminated soils of wetlands (Wu
et al. 2012; Song and Wang 2015). Wetlands are sensitive to
be affected by pollution sources of organic dyes (Zhou 2001).
MG is a kind of toxic and banned dye, but is still being ille-
gally used in some parts of the world (Zhou et al. 2018;

Table 2 Toxicity assessment of

MG and the degradation products Samples Germination (%) Root length (cm)

on the germination and growth of

Chinese cabbage seeds Water 100 520+0.48
MG solution 80 1.10+£0.19%
Degradated MG products by K. aerogenes S27 90 7.53+0.49
Degradated MG products by KaTMR 100 1.75£0.15%

The data represent mean germination percentages or root lengths (+ SE) of the plants (n =20) in a test

*Significantly different from control at P < 0.05, as calculated by one-way ANOVA with Tukey Kramer compar-

ison test
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Banuelos et al. 2016). Results indicated that vegetable plants
grown in the MG-polluted environment can take up this toxic
compound by roots and accumulate it in the plant tissues
(Matpang et al. 2017; Fu et al. 2013), which, when eaten,
could be harmful to human health. MG at 2 mg/l or 4 mg/l
showed significant inhibition of the leaf length, plant height
and leaf width of pak choy, Brassica chinensis (Matpang et al.
2017). In this study, we have also shown a visible toxic effect
of MG to the germination and growth of Chinese cabbage
seeds. To eliminate the toxic substances, bioremediation has
proved to be a promising way (Mosa et al. 2016; Meagher
2000). Former studies showed that cell cultures of the plant
Blumea malcolmii Hook can degrade MG into 4-
dimethylamino-cyclohexa-2,4 dienone (Kagalkar et al.
2011), while Aloe barbadensis was able to transform MG into
nontoxic metabolites (Rai et al. 2014); however, the underly-
ing molecular mechanisms have not been disclosed. Plants
usually lack the complete machinery in their catabolic path-
ways for the efficient degradation of organic contaminants
since they do not require to utilize these organic compounds.
In contrast, these compounds can be taken up by some mi-
crobes as their C, N, and energy sources (Eapen et al. 2007). A
combination of plant-associated bacteria showed increased
bioremediation abilities of the plant hosts in removing these
organic pollutants (Mosa et al. 2016; Meagher 2000). In this
work, the isolated endophytic bacterium K. aerogenes S27
showed a remarkable triphenylmethane-detoxifying ability
by degrading MG into the nontoxic metabolite N,N-
dimethylaniline. This may provide new insight into the study
of plant-associated bacterial degradation of triphenylmethane
chemicals. Besides, strain K. aerogenes S27 showed plant-
growth-promoting properties and tolerance to relative high
salt concentrations, which might expand its application in
phytoremediation of the contaminated ecosystems.

We also disclosed the molecular mechanism of
K. aerogenes S27 in degrading MG and characterized a novel
oxidoreductase KaTMR. So far, the enzymes involved in the
biotransformation of triphenylmethane dyes have not been
fully studied. The reported enzymes can be divided into two
main groups according to their specificity towards triphenyl-
methane. The first group includes manganese peroxidase
(Yang et al. 2016) and laccase (Casas et al. 2009) which de-
colorize dyes in an unspecific manner through the free radical
chain reaction (Azmi et al. 1998); however, they can be
inhibited by chelating agents (Lorenzo et al. 2005), which
limited their application in degradation of complex dye efflu-
ent. In the second group, enzymes are supposed to be specific
to decoloring triphenylmethane dyes, and only the TMRs have
been identified in this group. TMRs belong to the extended
NAD(H)-dependent dehydrogenase/reductase (SDR) super-
family (Persson et al. 2003). TMRs from Aeromonas
hydrophila, Pseudomonas, and Citrobacter have significantly
high amino acid sequence similarities (98.6—100%) (Ren et al.

2006; Jang et al. 2005; Li et al. 2009), and they can only
transform MG into LMG, which is still toxic to human and
other organisms (Zhou et al. 2018). Genomic data mining
revealed some gene products having relative low sequence
similarities with TMRs and these genes were therefore anno-
tated as TMR-like genes (refer to the data of GenBank); how-
ever, the function of these genes remains obscure. Only the
catalytic properties of a TMR-like protein (GtAZR) derived
from Geobacillus thermoglucosidasius C56-Y593 have been
studied, but this enzyme was finally characterized as an
azoreductase (AZR) due to its high specificity for azo dyes
rather than triphenylmethane dyes (Gao et al. 2015). Here, we
charactered a gene encoding a putative TMR-like protein
KaTMR with an amino acid similarity of 42.6-43.3% com-
pared to the well-studied TMRs. The recombinant KaTMR
displayed a specific substrate spectrum against the triphenyl-
methane dye. It was phylogenetically clustered in the family
of TMRs, but formed a new branch of the family, apart from
the azoreductases. LC-MS analysis showed that recombinant
KaTMR could transform MG into the smaller molecules N, N-
dimethylaniline and (4-dimethylamino-phenyl)-phenyl-
methanone, leading to the degradation of the canonical reso-
nance substructures. Based on the distinct sequence and enzy-
mic property, KaTMR represents a new oxidoreductase dis-
tinct from the well-studied TMRs.

Besides, we found that the degraded products N,N-
dimethylaniline and (4-dimethylamino-phenyl)-phenyl-
methanone are same as the MG-degraded metabolites obtain-
ed by Enterobacter asburiae strain XJUHX-4TM (Mukherjee
and Das 2014), a species belonging to a genus close to
Klebsiella (Supplemental Fig. S1), but the molecular mecha-
nism underlying the degradation of MG by E. asburiae has
not been fully disclosed. The characterization of KaTMR may
provide insights into the molecular mechanism of the related
strains in the phytoremediation of triphenylmethane dyes.

In conclusion, here we isolated an endophytic bacterium
K. aerogenes S27 from the wetland plant S. salsa and con-
firmed its ability in degrading MG into smaller and less-toxic
metabolites. We also provided evidence to show that a new
oxidoreductase KaTMR is involved in the degradation and
detoxification of toxic compounds by Klebsiella. KaTMR
can degrade MG into the smaller and nontoxic molecules
N,N-dimethylaniline and (4-dimethylamino-phenyl)-phenyl-
methanone. These findings indicate potential applications for
a novel enzyme as well as of the plant-endophyte system in
bioremediation processes of triphenylmethane dyes.
Moreover, the heterologous expression and purification of
KaTMR achieved in this work will facilitate its potential use
in industrial dye effluent purification.
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