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ABSTRACT: The aim of the present study is focused on the
decolorization and degradation of azo dyes Ponceau S Red and Methyl
Orange by a bacterial strain isolated from the gold mining district of San
Martin de Loba, South of Bolivar (Colombia) sediment samples and
identified as Franconibacter sp. 1MS (GenBank: MT568543) based on
phenotypic and genotypic methods. A higher percentage of decoloriza-
tion at 100 mg/L concentration, 37 °C, and pH 7 was recorded at 120 h
of incubation period for both dyes. The UV−vis, Fourier transform
infrared spectroscopy, and gas chromatography−mass spectrometry
analysis of the original dyes and their degraded metabolites confirmed
that the decolorization was due to degradation. The proposed metabolic
pathways for biodegradation of both dyes have been elucidated, which
showed the formation of five intermediate metabolites, namely, N,N-
dimethylbenzyl-1,4-diamine, sulfonamide, 1,4-diaminobenzene, 2,5-
diaminobenzenesulfonic acid, and 1-amino-2-naphthol, which are not only highly toxic but also be able to be converted through
metabolic activation into mutagenic, carcinogenic, and/or teratogenic species. The phytotoxicity studies of the original dye and
degraded metabolites were tested on Phaseolus vulgaris and divulged that the degraded metabolites have toxic effects. An effective
phytostimulation was observed in Ponceau S Red, which could be attributed to its capacity for enrichment of the culture medium
with essential nutrients, a favorable environment for the growth of the plant.

■ INTRODUCTION

Environmental pollution has increased in recent years due to
the generation of pollutants from different industrial sectors,
such as the paper, leather, fertilizer, food, cosmetic,
pharmaceutical, and textile industries.1 These industries
worldwide discharge large volumes of colored wastewater
effluents with high levels of azo dyes (between 100 and 250
mg/L) daily.
The textile sector is the largest generator of contaminated

water due to its high consumption and use; it is estimated that
approximately 20% of the industrial pollution of water is
attributed to it.2 Approximately 10,000 textile dyes are
commercially available worldwide, and their annual output is
equivalent to 7 × 105 metric tons, of which 10−15% is
discharged into water sources during the textile coloring
process.3 The World Health Organization (WHO) has
established safe limits for the discharge of colored effluents
into the environment. However, 2% of these are discharged
directly without adequate prior treatment.4 An additional
aggravating factor is the incorporation of heavy metals
(cadmium, chromium, cobalt, copper, iron, nickel, lead, and
mercury) as mordants in industrial processes. According to the
Ecological and Toxicological Association of Manufacturers of
Organic Dyes and Pigments (ETAD) in the 2017 annual

report, the possibility of a new approach for the evaluation of
organic metals, pigments, and dyes is recommended, depend-
ing on their toxicological profile, biodegradability, and
bioaccumulation at relatively low exposure levels.5,6

The detection of dyes and the byproducts of their
transformation in wastewater demonstrates the inefficiency of
the treatment processes.7 Dyes are detected in concentrations
as low as 1 mg/mL, which brings an aesthetic problem; beyond
color, it affects the photosynthetic activity of hydrophytes by
reducing penetration of light in deep layers, deteriorates water
quality, and reduces oxygen solubility, causing acute toxic
effects on aquatic flora and fauna.8−10 Harmful effects on
human and animal health have also been recognized as
dysfunctions of the kidneys, reproductive system, liver, brain,
central nervous system,11 tract irritation respiratory, eyes, skin,
asthma, sore throat, and allergic contact dermatitis.12,13
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Conventional treatment methods used like flocculation,
irradiation, adsorption, precipitation, chemical oxidation,
coagulation, electrolysis, and photodegradation have presented
significant disadvantages such as limited versatility, high cost,
low efficiency, mechanical resistance, difficulty in separation,
poor resistance to acidic solutions, and interference with other
components of wastewater.14 Unlike biological treatments,
both aerobic and anaerobic or mixed that are effective,
economical, eco-friendly, and efficient for dye degradation,
bacteria are the prime focus due to their degradation and even
fully mineralized many dyes when used as carbon or energy
sources.15 Recent studies report their interest in metal-tolerant
bacteria considered potential candidates for ex situ or in situ
bioremediation studies due to their ability to accumulate,
remove, concentrate, and recover heavy metals from industrial
effluents and mine phages due to their ability to develop and
adopt different enzymatic detoxification mechanisms, which
improve mobility and easy flexibility at discharge sites.16 The
biotransformation of some dyes can lead to the formation of
molecules with high toxicological potential, such as aromatic
amines.17 Studies have shown that azo dyes in clothing
undergo biotransformation through the action of various skin
bacteria, which leads to the possible release of aromatic
amines, which can be absorbed through the skin.18 Products
released in the biotransformation process include 40 different
aromatic amines derived from approximately 180 azo dyes
registered as mutagenic and 14 as carcinogenic.
The aim of the present study is focused on screening of

bacteriological decolorization and degradation of azo dyes
Ponceau S Red and Methyl Orange by the bacterial strain
1MS. Ponceau S Red and Methyl Orange are dyes containing
one and four sulfonate groups, respectively, which means that
they have a great capacity to be fully diffused and adsorbed in
most environmental conditions.19 This not only evaluates their
decolorization efficacy on various concentrations but also
optimizes the physiological condition (pH and temperature)
for effective decolorization. UV−visible spectrophotometry,
Fourier transform infrared spectroscopy (FTIR), and gas
chromatography/mass spectrometry (GC−MS) were used to
characterize the intermediates of dyes degradation. The test of
phytotoxicity allowed us to evaluate the effects of the original
dyes and metabolites degraded on plant growth.

■ RESULTS AND DISCUSSION
Isolation, Screening and Identification of Dye

Decolorizing Microorganisms. A total of 11 morphologi-
cally distinct bacterial colonies were isolated from sediment
samples collected in the gold mine located in the district of San
Martin de Loba, South of Bolivar (Colombia) using the spread
plate method on a nutrient agar supplemented with 100 mg/L
of Methyl Orange and Ponceau S Red dyes. The isolated 1MS
was selected for further studies due to the fact that it showed a
vigorous growth and the highest decolorization ability in both
dyes, Methyl Orange (DI: 8.56 cm ± 0.66) and Ponceau S Red
(DI: 7.92 cm ± 0.86), within a short period of 24 h incubation,
whereas other isolates were not able to form colorless zones,
showed difficulties for the growth, or did not grow well above
100 mg/L. A pure culture was maintained on an LB agar and
stored at 4 °C until used for further experiments.
The bacterial isolate 1MS was next characterized on the

basis of their pheno-genotypic characteristics, which were
analyzed according to the standard description of Bergey’s
Manual of Determinative Bacteriology and the partial 16S

rRNA gene sequence analysis.20 Microscopic examination
revealed that the strain 1MS was a Gram-negative, rod-shaped,
facultatively anaerobic, motile, and non-spore former. It
showed positive response to catalase, urease, Voges−
Proskauer, H2S production, and indole utilization and negative
response to oxidase, citrate, coagulase, and methyl red. Also, it
was able to ferment different carbohydrates like sucrose, D-
arabitol and D-sorbitol, whereas it was unable to ferment D-
mannitol.
Genotypic characterization of the strain 1MS based on

partial 16S rRNA gene sequence analysis was carried out using
BLASTn analysis and EzTaxon database, demonstrating that
1MS showed the closest match with various species of the
genus Franconibacter. Franconibacter daqui strain AKB4-KU
(accession number MN880102) and F. daqui DL503
(accession number NR159235) were the species closest with
similarities of 98.97 and 99.44%, respectively. Phylogenetic
analysis revealed that strain 1MS was related most closely to F.
daqui DL503. On the basis of these results, the isolated 1MS
was identified as Franconibacter sp. The nucleotide sequence
was deposited in GenBank database under the accession
number MT568543 (Figure 1).

The evolutionary distances were computed using the
maximum composite likelihood method. Recently, the genus
Franconibacter has been described as a new genus of the
Enterobacteriaceae family based on the taxonomic reclassifica-
tion of Enterobacter and Cronobacter species.21 Currently, it
comprises three species: F. daqui sp., F. pulveris, and F.
helveticus. F. daqui sp., the newest member of the genus, was
isolated from a sample of Daqui, which is a saccharifying agent
used to initiate fermentation in the production of Chinese
liqueurs and vinegars,22 whereas F. helveticus and F. pulveris are
recognized as strains of great importance in food contami-
nation isolated from fruit dust and their related environ-
ments.23 To the best of our knowledge, there was very little
information available on the role of this species in catalytic
activities and/or biologicals. Therefore, reported in this study
for the first time is the potential of a member of this genus in
the decolorization/degradation of dyes.

Decolorization Assay. Dye decolorization was studied
using a one-factor optimization approach:24 The effects of
different pH values, temperatures, time of incubation, and
concentrations of Methyl Orange and Ponceau S Red dyes on
the rate of decolorization of Franconibacter sp., 1MS were

Figure 1. Phylogenetic analysis based on 16S rRNA gene sequence of
the strain 1MS (Franconibacter sp.). Neighbor-joining method,
bootstrap test (1000 replicates).
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evaluated. In pH assays, a percentage of decolorization of 96%
for both dyes was observed at pH 7, whereas at a higher and
lower pH, a decrease was observed (Figure 2). Therefore, this
pH value was defined as the pH optimum for the activity of
decolorization.

According to Chang et al.,25 the effect of pH may be related
to the transport of dye molecules across the cell membrane,
which is considered a limiting step in the rate of discoloration.
At a pH below 4, H+ ions compete effectively with those dye
cations, causing a decrease in color removal efficiency, while at
a higher pH above this loading point, the biomass surface is
negatively charged, attracting the dye cations that are positively
charged through the electrostatic force of attraction. This
behavior was observed in our study; at pH 3, the percentage of
discoloration was less (6−7%), while at higher pH levels such
as pH 5, 9, and 11, they reached values greater than 50%.
Interestingly, at pH 1,1 Methyl Orange dye showed a rather
marked decrease in the percentage of decolorization (14%).
To evaluate the influence of the temperature on the

decolorization of the dyes, the experiment was performed
under the pH value optimum (pH 7). It was observed that at
37 °C, the percentage of decolorization was higher (94%) than
those achieved with the other temperatures tested (20, 40, 45,
and 55 °C). However, values above 45 °C led to a significant
loss of decolorization, decreasing up to 13% for Methyl Orange
and 6% for Ponceau S Red dye (Figure 3). This fact could be
due to the high temperatures that can cause unfavorable
activity, causing the inactivity of proteins and cellular
structures such as the membrane intervening in the redox

potential, while the decolorization rate increases with the
increase in temperature before reaching the optimum temper-
ature, as described by Zhuang et al.26

Under the optimal conditions of temperature (37 °C) and
pH (7), the effect of incubation time on decolorization of the
dyes was carried out at 100 mg/L over a period of 120 h
(Figure 4). In this assay, the maximum decolorization was

reached only after 120 h for both dyes. However, a percentage
of decolorization greater than 80% was observed after 72 h,
which can be attributed to a greater metabolic rate and growth
of Franconibacter sp. 1MS, which it has helped in fast reduction
of dye chromophore.
Later, the effect of dye concentration on the decolorization

using Franconibacter sp., 1MS was studied in static cultures
incubated at 37 °C and pH 7 for 120 h (Figure 5).
Franconibacter sp., 1MS evidenced that it is able to decolorize
in a wide range of concentrations of 50−1000 mg/L in the two
dyes evaluated. However, a decrease in the percentage of
decolorization was observed as the dye concentration
increased. It is interesting to note that when the concentration
of dyes is more than 500 mg/L, the percentage of
decolorization is 10 times lower that when 50 mg/L was
tested. This decrease may be due possibly to the loss of the cell
viability, a lower reproduction rate, a loss of enzyme activity, or
toxicity of the dye itself.27,28

However, for industrial applications, it is important to know
if the microorganism has the ability to withstand high
concentrations of the compound since the concentrations of
dyes in an industrial effluent can vary between 10 and 50 mg/
L.29 In this sense, Franconibacter sp., 1MS meets this
characteristic. Decolorization of dyes is a process that is
affected by parameters such as pH, temperature, agitation, and
incubation time as shown in this study. Other factors, as the
complexity of dye, type of enzyme, and use of mediators have
been described by several authors. Although the azo dyes used
in this study were sulfonated polar dyes, both were efficiently
decolorized by Franconibacter sp., 1MS. The percentage of
decolorization obtained for Methyl Orange is very similar to
other reports carried out with this dye. Zhuang et al.26 reported
values of 95% for the degradation using Shewanella ST2 strain,
Oceanimonas smirnovii strain ST3, and Enterococcus faecalis
strain ST5 evaluated at pH 5−9, setting that the variation in
the percentage of decolorization depends on its chemical
structure and the intrinsic properties of dyes and bacterial
isolate.

Figure 2. Effect of pH on the decolorization of Methyl Orange and
Ponceau S Red dyes using Franconibacter sp., 1MS.

Figure 3. Effect of temperature on the decolorization of Methyl
Orange and Ponceau S Red dyes using Franconibacter sp., 1MS.

Figure 4. Effect of incubation time on the decolorization of Methyl
Orange and Ponceau S Red dyes using Franconibacter sp., 1MS.
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On the other hand, in the case of Ponceau S Red, few
reports describing decolorization tests using biological
methods. Goḿez et al.30 reported a degradation greater than
90% using anaerobic sludge. Other studies realized by Meena
et al.31 indicated a percentage of decolorization by 99% using
photocatalysis, which managed to degrade the dye. In general,
the variation in decolorization activity can be associated with
the differences in their structure and complexity of the dyes,
particularly in the nature and position of substitution groups
on aromatic rings and the presence, number, and position of
the sulfonated radicals.32 Our results evidence that Ponceau S
Red has the highest reduction rate compared to Methyl
Orange; this may be due to the presence of the four −SO3Na
substituents in its structure unlike the Methyl Orange that only
has one, suggesting that the presence of sulfonated groups
contribute to a higher degradation dye. In addition, Ponceau S
Red dye possesses a hydroxyl group in the ortho position to
the azo group, which allows azoreductases to have higher
relative activity facilitating the cleavage of the azo bonds.
Meanwhile, the presence of methyl groups in the structure of
Methyl Orange dye can produce a steric interference and
greater difficulty for azoreductase enzymes to form enzymatic
substrate complexes with the dye causing the loss of their
activity.11

A number of observations were made during the process of
decolorization. We observed that the bacterial cells remained
colored after 12 h of incubation, indicating that the
degradation mechanism would correspond to bio-adsorption;

but after 18 h, the cells exposed to the two dyes had no
coloration (retention of the original color of the colony),
which indicates enzymatic a biodegradation process in both
dyes. Analytical studies confirmed the biodegradation of
Methyl Orange and Ponceau S Red dyes and the formation
of their intermediary metabolites.

Dyes and Degraded Product Analysis. The microbial
decolorization process performed by Franconibacter sp., 1MS
was analyzed through the spectral changes visualized by UV−
vis spectroscopy (Figure 6). During the degradation reaction,

the original peak of the absorbance in the region visible to the
Methyl Orange was observed at 470 nm at time 0 and
decreased without change in λ max. In the same way, it was
observed for the case of the Ponceau S red dye at 520 nm.
These peaks are attributed to the n → π * transitions of the
NN, CN, and CO chromophores. Other peaks at 320
and 200 nm are attributed to π → π * transitions in aromatic
rings that affect the aromatic character of dyes.33

The original peak subsequently disappeared, indicating that
the chemical bond had been completely broken. The results
were consistent with the loss of color in the solution, which
indicated that the chromophore group (−N−N−) had
degraded. Solid changes in the peaks and the appearance of
new peaks in the range of 200−350 nm of the spectrum
evidenced that the intermediate products are produced after
the chromophores of the dye macromolecules were broken.
These results can be attributed to the characteristic peaks of
the formation of aromatic amines and sulfonate groups that
were absorbed in the region of 260−300 and at 220−230 nm,
respectively. However, they were no observed peaks in the

Figure 5. Effect of dyes concentration on the decolorization using
Franconibacter sp., 1MS. (A) Methyl Orange dye. (B) Ponceau S red
dye. The data in the figure is represented as the mean of three
experiments ± standard error.

Figure 6. UV−vis spectra of decolorization of (A) Methyl Orange and
(B) Ponceau S red dyes at a concentration of 100 mg/L.
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visible region (400−700 nm), characteristic of nitro-
substituted amines. These differences in the spectral range of
240−350 nm demonstrate the degradation of the original dyes
to their metabolic products as reported by Sinha et al.34 and
Pinheiro et al.35

Fourier-Transform Infrared (FTIR) Analysis. Compar-
ison of FTIR spectrums of original dyes with their products
after decolorization for each dye is shown in Figure 7. The
spectrum of original dye of Methyl Orange showed a peak at
1407.32 cm−1, which suggests a N−H curve in the azo group,
which disappeared in the spectrum of degraded products
(Figure 7A). The peak at 2320.13 cm−1 attributed to the C−H
stretching was observed only in the original dye. The formation
of aromatic amines was attributed to the displacement of the
peak at 3381.46 cm−1 in the original dye to 3328.04 cm−1

bands in the spectra of the degradation products, correspond-
ing to the stretching vibration and plane bending vibration of
the N−H primary amine bands. In addition, a peak at 1639.56
cm−1 was observed, which is associated with the CC
stretching vibration of the aromatic rings. These results
indicated the breakage of azo bonds and the formation of
aromatic amines. The peak observed at 1048.85 cm−1 in the
original dye represents the stretching of sulfites; the peaks
620.53, 538.21, and 606.05 cm−1 were significantly reduced in
the degraded dye, observing the peaks at 619.66, 537.67, and
594.64 cm−1. These changes observed in the IR spectrum of
degraded products suggest a degradation of Methyl Orange by
Franconibacter sp., 1MS.
The FTIR spectrum of Ponceau S Red dye and its degraded

products is shown in Figure 7B. The peak at 1640.54 cm−1

decreased to 1640.08 cm−1, indicating the reduction of the azo
bond. The peaks at 2900.40 and at 2359.37 cm−1 present in
the original dye were reduced in the degraded products to
2904.80 and 2359.39 cm−1, respectively; these represent the
stretching of the C−H and C−N bonds. A new peak in
products degraded at 2320.04 cm−1 was also observed. The
presence of aromatic amines was attributed to a shift of the
3485.78 and 3330.17 cm−1 peaks present in the dye to 3330.66
cm−1 in the degraded one. The observed peak at 1048.74 cm−1

was reduced in the degraded products to 1049.32 cm−1, which
is associated with the sulfite stretching. Finally, the peaks

626.35, 576.19, and 549.20 cm−1 were reduced significantly in
the degraded dye, with peaks being observed at 619.49,
571.57, and 548.39 cm−1. The results were analyzed and
interpreted with the criteria reported by Skong et al.36

Gas Chromatography−Mass Spectrometry (GC−MS)
Analysis. The products of the degradation process of Methyl
Orange and Ponceau S Red dyes by Franconibacter sp., 1MS
were extracted by liquid−liquid extraction and analyzed by gas
chromatography coupled to GC−MS mass spectrometry. The
chromatogram of the extracted metabolites suggested the
formation of multiple degradation products, which is reported
based on the values of the mass spectrum and the
fragmentation pattern. A peak on the chromatogram at 9.445
min with a charge ion mass standard equal to 136 m/z was
present in Methyl Orange and was assigned to the metabolite
N,N-dimethylbenzyl-1,4-diamine. In the case of Ponceau S
Red, a peak was identified at 8.834 min, and 117 m/z was
assigned to the metabolite indole as is depicted in Figure 8.
GC−MS analysis revealed the presence of several peaks
corresponding to low molecular mass aromatic compounds
produced during degradation of both dyes.

Pathway of Degradation. According to the data in this
study, the relevant literature and the results found through
computational studies using the enzyme-catalyzed reaction
pathway prediction server of microorganisms and plants

Figure 7. FTIR spectrum of original dyes (red) and their degraded metabolites (blue). (A) Methyl Orange dye. (B) Ponceau S Red dye.

Figure 8. GC−MS spectral data of biodegradation products of
Franconibacter sp. (A) Methyl Orange dye. (B) Ponceau S Red dye.
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PathPred (https://www.genome.jp /tools/pathpred/),37 a
bacterial decolorization/degradation route of Franconibacter
sp., 1MS was proposed for Methyl Orange and Ponceau S Red
dyes as shown in Figures 9 and 10. For Methyl Orange,
Franconibacter sp., 1MS breaks at the azo bond of the dye,
which leads to its fragmentation, resulting in the formation of
sulfonamide and N,N-dimethylbenzyl-1,4-diamine. This cleav-
age by reduction of the azo bond, catalyzed by the enzyme
azoreductase, is considered the first step in the microbial
decolorization process. Then, the sulfonamide can take two
routes: (i) a desulfonation that results in aniline or a
deamination that results in benzenesulfonic acid or (ii) the
sulfonamide is transformed into 4-oxooctanodoic acid. The
N,N-dimethylbenzyl-1,4-diamine product could undergo de-
methylation resulting in formation of 1,4 diaminobenzene
(Figure 9).

The suggested route for Ponceau S Red dye begins with the
breakdown of azo bonds by azoreductase that generates three
compounds, sulfonamide, 2,5-diaminobenzenesulfonic acid,
and 8-aminonaphthol-2,5-disulfonic acid. Sulfonamide is
degraded to the same form as in the Methyl Orange, 2,5-
diaminobenzene sulfonic acid undergoes desulfonation result-
ing in a 1,4-diaminobenzene product, and finally 8-amino
naphthol-2,5-disulfonic acid can take four routes as shown in
Figure 10.
According to the above discussion, we could speculate that

Methyl Orange and Ponceau S Red dyes are recognized by the
bacterial cell Franconibacter sp., 1MS in the extracellular
medium, which induces the transcription and translation of the
azoR gene, giving rise to the cytoplasmic enzyme FMN
azoreductase dependent on NADH.38 At pH 7 and temper-
ature 37 °C, they penetrate the cell membrane. In the

Figure 9. Biodegradation pathway proposed for Methyl Orange by Franconibacter sp., 1MS.

Figure 10. Biodegradation pathway proposed for Ponceau S by Franconibacter sp., 1MS.
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cytoplasm, upon oxidation of NADH, the hydride is trans-
ferred to FMN present at the active site of the azoreductase
enzyme, which donates the electrons, producing the rupture of
azo bonds (−NN−) and consequently cause the discolor-
ation of the solution, indicating the effective destruction of the
chromophore and the generation of the products of the
degradation. Subsequently, an oxidative desulfonation and
deamination resulting in the synthesis of various intermediate
metabolites, whatever they are, are used as substrates in
different metabolic pathways, until their final degradation to
CO2 and H2O. However, the dyes also could get into the cell
although the route-specific transport system for other types of
sulfonated substrates known as tauABCD and ssuEADCB39

allowed their uptake (absorption) in the bacterial cell. In the
case of the absorption of aromatic sulfonates, it is catalyzed by
the AtsBC system. On the other hand, if the extracellular

environment is aerobic, then oxygen prevents reduction of the
azo dye due to preferential oxidation of the oxygen-reduced
redox mediator at the dye site. Also, it has been demonstrated
that discoloration is proven to be an extracellular reduction
process that requires a multi-component electron transfer
pathway consisting of cytoplasmic, periplasmic (MtrA), and
outer membrane (OmcB) components,40 which were involved
mainly to menaquinones and tetraheme quinol dehydrogenase
(CymA) as the crucial components in this pathway, which then
branch through a network of periplasmic cytochromes to three
cytochromes of the outer membrane. According to Cai et al.,41

S. oneidensis MR-1 follows this mechanism for degradation of
Methyl Orange dye. Figure 11 shows the proposed mechanism
for reducing sulfonated azo dyes using Franconibacter sp., 1MS.
Moreover, further studies are needed for the elucidation and
verification of these mechanisms.

Figure 11. Proposed degradation mechanisms for Franconibacter sp., 1MS.

Table 1. Phytotoxicities of Dyes and Their Degradation Products by Franconibacter sp., 1MS

parametersd
control
(water)

Methyl Orange (original
dye)

Methyl Orange degradation
products

Ponceau S Red (original
dye)

Ponceau S Red degradation
products

germination (%) 100 93.3 20 100 26.6
length of radicle

(cm)
3.8 ± 0.75 1.96 ± 0.2 0b,c 5 ± 1.4 0b,c

length of plumule
(cm)

3.5 ± 0.13 2.5a ± 0.4 0.46b,c ± 0.3 3.73a ± 0.2 0.26b,c ± 0.3

phytotoxicity (%) 0 49.13 100 29.31 100
germination index

(%)
100 47.47 0 129.31 0

aRadicle and plumule lengths of seeds grown in the original dye are significantly different from those of seeds grown in distilled water by P < 0.001.
bRadicle and plumule lengths of seeds grown in degraded products are significantly different from those of seeds grown in distilled water by P <
0.001. cRadicle and plumule lengths of seeds grown in degraded products are significantly different from those of seeds grown in original dye water
by P < 0.001 dData are represented as the mean from three sets of experiments ± standard error. Results were analyzed using one-way analysis of
variance (ANOVA) with the Tukey−Kramer multiple comparison test.
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Phytotoxicity Study. Phytotoxicity study was carried out
on seeds of Phaseolus vulgaris toward the dye (at a
concentration of 100 mg/L) and their degraded products.
The toxicity effects were recorded in terms of percentage
germination inhibition (GI) and phytotoxicity percentage
determined using the lengths of the plumule and radicle of the
seeds of P. vulgaris in the water, control dye, and degradation
products data shown in Table 1.
Phytotoxicity results suggested that degradation products of

both dyes were more toxic to the seeds of P. vulgaris. On the
contrary, no phytotoxic effect (93−100% germination) was
observed for original dyes. A significant variation in the
percentage of phytotoxicity with respect to the control in the
treatment of P. vulgaris with the degradation products of both
dyes was observed (Table 1). Methyl Orange dye showed a
significant increase of 50% compared to seeds treated with
distilled water (control), while a 30% increase was observed in
Ponceau S Red dye.
Original dyes did not show any significant reduction in the

germination percentage (GI). According to Nouren et al.,42 GI
values less than 50% represent high toxicity, values between 50
and 80% represent moderate toxicity, and values above 80%
represent absence of toxicity. In our study, dyes and their
degradation products of Methyl Orange were highly
phytotoxic. Unlike Ponceau S Red that evidenced a positive
effect on germination, according to the parameters described
by Lago-Vila et al.,43 which indicate a Gindex: of >110%, these
are classified as species with a stimulation effect. Results could
be attributed to the use Ponceau S Red as a source of carbon
and energy and at the same time to the enrichment of the
culture medium with essential nutrients such as potassium,
phosphorous, nitrogen, and calcium among others, a favorable
environment for the growth of the plant system as reported by
Zimmermann et al44 and Bhattacharya et al.45 These positive
effects (phytostimulators) were previously reported by
Bhattacharya et al.45 in a study that clearly demonstrated the
phytostimulatory effects of dyes on the growth of rice seeds.
Results suggest that biodegradation was inefficient in toxicity

reduction. Methyl Orange and Ponceau S Red are sulfonated
reactive dyes whose degradation products include sulfonated
and unsulfonated aromatic amines, which are an important
group of environmental pollutants that are toxic in nature.46,47

Our study identified the compounds by GC−MS: N,N-
dimethylbenzyl-1,4-diamine, sulfonamide, 1,4-diaminoben-
zene, 2,5-diaminobenzenesulfonic acid, and 1-amino-2 naph-
thol as intermediates in the degradation pathway of both dyes,
which are not only highly toxic as it is evidenced in Table 2 but
also able to be converted through metabolic activation into
mutagenic, carcinogenic, and/ or teratogenic species as is
indicated by Qu et al.48

Franconibacter sp., 1MS could be inhibited by these
intermediaries and not finish the detoxification, indicating
that degradation products were still toxic in some cases of the
original dye as emphasized by Rawat et al.49 and Bergsten-
Torralba et al.50 According to Kalyani et al.,51 it is of great
concern to evaluate the phytotoxicity and microbial toxicity of
the dye before and after degradation, given the use of untreated
and treated textile effluents that are reported in the agricultural
area, and its direct impact on soil fertility. Furthermore,
effluents from untreated textiles can cause serious health and
environmental risks.
On the other hand, previous reports have shown that azo

dye-degrading bacterial strains are sensitive to high salt
concentrations, and the metal content in textile effluents can
inhibit biodegradation of azo dyes by indigenous bacterial

Table 2. Toxicity Status of the Chemical Moieties Formed
after Biodegradation of Methyl Orange and Ponceau S Red
Dye
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strains due to inhibition of cell growth and their metabolic
activities, making treatment times of the process not
practical.52,53 Therefore, the use of azo dye-degrading bacteria
that are tolerant to extreme environmental conditions remains
an effective strategy to improve wastewater treatment systems
and improve bioremediation of azo dyes. This study
corresponds to the first report of dye degradation in the
genus Franconibacter. Based on these results and the genomic
potential shown by the F. pulveris DJ34 strain, a member of its
genus related to the degradation of crude oil, transport and
resistance of metals, reduction of sulfate and nitrate, and
synthesis of bio-surfactants among others,54 Franconibacter sp.,
1MS could be recognized as a species that showed potential
characteristics to be studied as a possible candidate in the
design of strategies for bioremediation processes.

■ CONCLUSIONS

The bacterial strain was identified as Franconibacter sp., 1MS;
this strain can degrade the dyes Methyl Orange and Ponceau S
Red as presumably non-toxic; in addition to its discoloration at
different dimensions, the degradation of the dyes was not
specific because the bacterial strain follows several symmetrical
degradation pathways to produce toxic byproducts that cause
environmental toxicity at the molecular, cellular, and
organismal levels. The strain has potential for discoloration
and degradation of dyes under static conditions (pH 7) and
temperature (37 °C) through the process of degradation rather
than adsorption. However, the strain simply decolorized/
degraded the colorants, but did not detoxify them, and
generated products such as aromatic amines that are extremely
toxic as evidenced in the phytotoxicity study; it is necessary to
demonstrate the efficacy of the strain for its application in the
treatment of real samples.

■ EXPERIMENTAL SECTION

Isolation, Screening, and Identification of Dye
Decolorizing Microorganisms. Sediments collected in the
gold mine located in the district of San Martin de Loba, South
of Bolivar (Colombia) of about 0.1 g was serially diluted in
distilled water unto 10−6 dilution. Then, 100 μL of each
dilution was inoculated on the nutrient agar plates enriched
with 100 mg/L of Ponceau S Red and Methyl Orange by the
spread plate technique. The plates were incubated at 37 °C for
72 h. Morphologically distinct colony bacterial isolates with
clear zones were selected and repeatedly streaked to get a pure
culture on nutrient agar plates. Potential decolorizing bacterial
strains were selected based on the decolorization index
calculated as the ratio of the total diameter (colony + halo
zone)/colony diameter size (cm). Following this, the isolate
giving the largest zone of decolorization was characterized
through phenotypic and genotypic means. The selected isolate
was phenotypically characterized based on its cultural,
morphological, and biochemical characteristics by comparing
the test results with the standard descriptions given in Bergey’s
Manual of Determinative Bacteriology.20 The characterization
genotyping was performed based on the partial 16S rRNA gene
sequence analysis. DNA genomic was extracted using the
DNeasy blood & tissue kit (Qiagen) following the
manufacturer’s instructions and used for subsequent polymer-
ase chain reaction (PCR) analysis. A 1.5 Kb 16S rRNA
fragment was amplified using the universal primers 27F and
1492R according to the methodology described by Weisburg

et al.55 PCR reactions were conducted in 25 μL aliquots
containing 50 ng of template DNA, 10 pM of each primer,
DreamTaq PCR master mix (2) (Thermo Fisher Scientific,
Waltham, MA, USA), and water. The mixture reaction was
subjected to denaturation at 95 °C for 5 min followed by 35
cycles consisting of denaturation at 95 °C for 30 s, annealing at
58 °C for 30 s, and extension at 72 °C for 1 min and a final
extension of 72 °C for 10 min. The PCR products were
separated on 1.5% agarose gels in TBE buffer stained with
ethidium bromide (0.5 mg/mL) and visualized under UV light.
The PCR product was purified and sequenced. The sequences
obtained were compared using the BlastN algorithm of NCBI
(http://www.ncbi.nih.gov/BLAST/) and EzBioCloud data-
base (https://www.ezbiocloud.net/) for finding the closest
homology for the isolate. The phylogenetic reconstruction was
performed using the neighbor-joining (NJ) algorithm. The
evolutionary distances were computed using the maximum
composite likelihood method. The bootstrap testing was done
with 1000 replicate samples using MEGA X software.

Decolorization Assay. Dye decolorization was studied
using the one-factor optimization approach: The influence of
various culture conditions such as pH (3, 5, 7, 9, and 11),
temperature (20, 37, 40, 45, and 50 °C), the time of incubation
(24, 48, 72, 96, and 120 h), and concentration (50, 100, 200,
300, 400, 500, 600, 800, and 1000 mg/L) of dyes on the rate of
decolorization was studied. When investigating one of these
factors, all others were kept constant.
Initially, the absorption maxima (kmax) of each dye was

checked in a decolorizing medium through scanning the
absorption of light within the visible range (200−800 nm) at
an interval of 10 nm using a UV−vis spectrophotometer.56 The
wavelength reflecting the highest optical density when
evaluating the supernatant (10,000 g, 15 min at 4 °C) was
regarded as its corresponding maximum wavelength (λ max).
The theoretical value of (λ max) reported by the literature for
the dyes tested are λ max = 464 for Methyl Orange and λ max
= 517−523 nm for Ponceau S Red.
All decolorization experiments were carried out in an LB

broth enriched with dye concentration. The solutions of work
were prepared containing a bacterial inoculum of 10% (v/v);
OD = 1.5 × 108 cells/mL at 600 nM. After 24, 48, 72, 96, and
120 h of incubation, the culture broth was centrifuged (10,000
g, 15 min at 4 °C), and the absorbance of the supernatant was
registered at the corresponding kmax of each dye solution. An
inoculated dye-free medium was used as a blank. The
percentage of decolorization (%D) was calculated according
to the formula given by Chen et al.11 All assays were performed
in triplicate, and the average values were used in calculations.

=
−

×D
A A

A
% 100o t

o (1)

where A0 is the absorbance of the dye solution before
decolorization, and At is the absorbance of the dye solution
after decolorization.

Dyes and Degraded Product Analysis. To analyze the
dye degradation by the isolate bacterial 1MS, the culture
solutions were harvested at 48 h and then were centrifuged.
The supernatants were used for further analysis. The
degradation analysis was divided into three experimental
parts: (i) measurement of the UV−visible spectrum of the
supernatant, (ii) assay of the infrared spectrum of the
supernatant by the Fourier transform infrared spectrometer
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(FTIR), and (iii) identification of degradation metabolites
using GC−MS analysis.
UV−Visible Spectrophotometric Analysis. The dye and

its degraded metabolites obtained after extraction suspended in
water were studied using a UV−visible spectrophotometer to
investigate the change in UV−visible spectra before and after
decolorization. A supernatant of 2 mL was taken, and an
absorption spectrum from 200 to 800 nm was recorded using a
UV−visible spectrophotometer.57

Fourier-Transform Infrared (FTIR) Analysis. The dye
and its degraded metabolites were subjected to FTIR analysis
directly applied to a diamond crystal of ATR, and the resulting
spectra of them were corrected for background air absorbance.
The spectra were recorded, and samples were measured in the
region 4000−400 cm−1. Each spectrum was measured 80 times
at resolution 4. The differences in peaks between the dye
sample and the degraded dye sample were observed and
registered.
Gas Chromatography−Mass Spectrometry (GC−MS)

Analysis. Degraded products were centrifuged at 15,000 rpm
for 15 min and subsequently filtered through 0.45 mm filters. A
liquid−liquid extraction was carried out using acetonitrile and
NaCl, which were used in equal volumes. GC−MS was
performed with a 7890A mass spectrometer (Agilent
Technologies). The injection volume for analysis was 1 mL
The analytical column HP-5MS (30 mm × 0.25 mm, 0.25 μm)
was used. The initial column temperature range was 80 °C for
1.0 min, then it increased linearly at 5 °C/min to 250 °C and
held for 5 min. The helium carrier flow rate was 1 mL/min.
The chromatograph was equipped with a reverse-phase glacial
acetic acid, methanol, and ultra-pure water. Degradation
products were identified by mass spectra and their
fragmentation pattern.
Pathway of Degradation. The pathway of azo dyes

degradation has been proposed on the basis of results of GC−
MS in this study, the relevant literature, and enzyme systems
involved using the prediction server of enzyme-catalyzed
reaction pathways of microorganisms and plants: PathPred
(https://www.genome.jp/tools/pathpred/) and the Integrated
Microbial Genomes & Microbiomes system v.5.0 (IMG/M:
https://img.jgi.doe.gov/m/). All structures were drawn in the
ChemDraw program (https://chemdrawdirect.perkinelmer.
cloud/js/sample/index.htlm).
Phytotoxicity Study. The phytotoxicity test was per-

formed to evaluate the toxicity of original dyes and their
degradation metabolites (ethyl acetate extracted and dried).
This assay was carried out on P. vulgaris following the
methodology described by Jadhav et al.58 with few
modifications. For this experiment, a set of three experimental
groups were prepared: the (i) original dye group, (ii)
degradation metabolite group, and (iii) control group (distilled
water). Each unit experiment consists of 10 seeds. Seeds of
each group were sterilized using 1−5% sodium hypochlorite
(15 min) and then washed five times with sterile water. The
seeds were placed on different sterile Petri dishes containing a
sterile circular filter paper. A 2 mL aliquot of distilled water
containing 300 mg/L original dye or its degradation
metabolites (300 mg/L) were used to soak the seeds. A
control test was carried out using distilled water at the same
time. All dishes were kept in laboratory temperature (28 °C).
After 5 days, the germination rate differences were recorded,
then shoot length and root length were measured and
documented. Data are represented as the mean of 10 sprouted

seeds from three sets of experiments ± standard error.
Germination inhibition (GI), germination index (Gindex), and
percentage of phytotoxicity were calculated according to Lago-
Vila et al.43 and Roy et al.,59 respectively.
Germination inhibition (GI) was calculated as:

=
−

×germination inhibition%(GI)
SR SR

SR
100c s

c (2)

where SRc is the seed germinated average in the control, and
SRs is the seed germination average in the sample.
The Gindex was determined according to the equation:

= ·
·

×G
Gs Ls
Gc Lc

100index (3)

where Gs and Ls are seed germination (%) and root elongation
(mm), respectively, while Gc and Lc are their corresponding
control values.
The percentage of phytotoxicity was calculated as follows:

=
−

×
l l

l
%phytotoxicity 100t0

0 (4)

where l0 is the length of the root in the control, and lt is the
length of the root of the study.

Statistical Analysis. All experiments were performed in
triplicates, and results mentioned are the mean average of
them. The obtained results were analyzed through one-way
analysis of variance (ANOVA) Tukey−Kramer comparison
test. Statistical analyses were performed using the statistical
package Prism 7.02 GraphPad software. (CA N/A.) p < 0.05
indicates statistical significance.
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