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Abstract

Methyl tert-butyl ether (MTBE) is highly soluble in water and considered a contaminant. Although MTBE can be removed by
microbial consortia its removal efficiency is low due to its toxic effect on microbial growth. An alternative to enhance the MTBE
degradation efficiency is by cometabolism. Yeast extract (cometabolite) was studied in the EB-MTBE-24 consortium to enhance
the MTBE degradation efficiency in cultures at 105 mg L~! of MTBE and in cultures at 105 mg L~! of MTBE supplemented
with 100 and 500 mg L1 of yeast extract (100YE and S00YE, respectively). The 100YE culture presented higher values of
tmax = 0.07 £0.02h7L, degradation efficiency of 77.63 + 1.16% and a global degradation rate 0.90 + 0.05 h~! than the culture
without YE addition. The SO0YE culture presented the lowest MTBE degradation efficiency. The kinetics of MTBE degradation
for the 100YE culture is described by first-order and pseudo-first-order reaction models. The cultivable fraction of the EB-MTBE-
24 consortium is constituted by Sphingobium barthaii C1, Gordonia polyisoprenivorans C2, and Ochrobactrum anthropi C3. The
100YE culture of the EB-MTBE-24 consortium possess a greater potential to degrade high MTBE concentrations at a high rate
suggesting that the YE minimizes the MTBE inhibitory effect on microbial growth.

Keywords: MTBE removal, bacterial consortium, cometabolism.

Resumen

El metil tert-butil éter (MTBE) es un contaminante altamente soluble en agua, cuya eliminacién mediante consorcios microbianos
es baja por su toxicidad sobre el crecimiento microbiano. Una alternativa para mejorar la eficiencia de degradacién del MTBE es
por cometabolismo. El extracto de levadura (cometabolito) se empled en el consorcio EB-MTBE-24 para mejorar la eficiencia de
degradacion en cultivos a 105 mg L~! de MTBE y en cultivos a 105 mg L~! de MTBE suplementado con 100 y 500 mg L~ ! de
extracto de levadura (100YE y 500YE, respectivamente). El cultivo 100YE present6é mayor 4y = 0.07+£0.02 h~!, eficiencia de
degradacién=77.63 + 1.16% y tasa de degradacién global=0.90 + 0.05 h~! que el cultivo sin adicién de YE. El cultivo SO0YE
presentd la menor eficiencia de degradacion de MTBE. La cinética de degradacién del MTBE del cultivo 100YE se describe
mediante los modelos de reaccion de primer-orden y pseudo-primer-orden. La fraccion cultivable de EB-MTBE-24 la integran
Sphingobium barthaii C1, Gordonia polyisoprenivorans C2'y Ochrobactrum anthropi C3. El cultivo 100YE del consorcio EB-
MTBE-24 tiene potencial para degradar altas concentraciones de MTBE a velocidad alta, sugiriendo que el YE minimiza el
efecto inhibidor del MTBE sobre el crecimiento microbiano.

Palabras clave: eliminacién de MTBE, consorcio bacteriano, cometabolismo.
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1 Introduction

Methyl tert-butyl ether (MTBE) is a compound that
has been used for several purposes, the most important
application of this compound is within the gasoline
industry since it has the function of being an octane-
booster with the objective of reducing automotive
carbon monoxide (CO) emissions and other air
pollutants (Hyman, 2013), for this reason there is a
great interest in its production. MTBE is a synthetic
compound produced from methanol and isobutylene
and it presents favorable properties such as an easy and
low-cost production and the ability to be miscible with
other gasoline components.

The Henry’s law partitioning coefficient of MTBE
is 5.87 A~ 104 atm m3 mol~!, which indicates that
is a water-soluble compound that can move rapidly
through soil and aquifers, therefore, the leaking
of underground gasoline storage tanks contaminates
surface and groundwater (Malandain et al., 2010) with
this compound. It was reported that concentrations
exceeding 20 ug L' of MTBE in groundwater
are a factor of global concern (Levchuk et al.,
2014). Several toxic effects of MTBE to human
and animals have been reported such as neurological
disorders, respiratory problems and allergic diseases.
Furthermore, MTBE could cause the induction of
neoplasms in various animal species (Benson et al.,
2011; Mehlman 2002), damage DNA by causing
single-strand breaks or double-strand breaks (Burns
and Melnick, 2012; Chen et al., 2008). According to
the criteria applied by the International Agency for
Research on Cancer, National Toxicology Program
and US Environmental Protection Agency, there is
sufficient scientific evidence to classify MTBE as a
potential carcinogenic compound for humans (Burns
and Melnick, 2012).

Due to the harmful effects that MTBE presents
to the environment and mainly to human health,
it is necessary to eliminate this compound from
surface and underground waters that contain it
even at concentrations as low as a few ug L7
Strategies to treat MTBE-contaminated waters include
traditional and biological methods (biodegradation).
Thus, traditional strategies consider physical and
chemical treatments, such as adsorption (Pimentel-
Gonziélez et al., 2008; Corral-Escarcega et al., 2017)
and oxidation (Mendoza-Basilio et al., 2017), which
are highly expensive methods both, economically and
energetically; as well as new strategies such as nano-

contaminants in aerobic bioreactors for wastewater
treatment (Cervantes-Avilés et al., 2017). In contrast,
biodegradation is economical and, in some cases,
it achieves the total mineralization of pollutants
while offering an environmental friendly technology,
therefore, is not surprising that this is the most used
groundwater remediation process (Hyman, 2013).

Several studies on biodegradation of MTBE have
been reported. The isolation of a mixed microbial
culture obtained from the sludge of a chemical
plant’s biological treatment process was the first
report on the potential removal of MTBE by
biological process (Salanitro et al., 1994). Other
studies that have involved the utilization of pure
bacterial cultures (no mixed microbial culture);
such as, Achromobacter xylosoxidans (Eixarch and
Constanti, 2010), Enterobacter sp. (Chen et al.,
2011), Methylibium petroleiphilum PM1 (Nakatsu et
al., 2006), Ochrobactrum cytisi (Lin et al., 2007),
Mycobacterium austroafricanum IFP 2012 (Frangois
et al., 2002), Rhodococcus and Arthrobacter (Mo
et al., 1997) have demonstrated the ability of these
bacterial genera to remove MTBE.

Based on the above-mentioned bacteria capable
of degrading MTBE, several MTBE degradation
pathways have been determined, particularly one of
these biodegradation pathways has been proposed
more frequently, which is described as follows: Firstly,
MTBE is oxidized by the MTBE monooxygenase
producing tert-butoxy methanol. The tert-butoxy
methanol may follow any of these two processes:
1) a spontaneous dismutation to generate tert-
butyl alcohol (TBA) and formaldehyde, or 2) an
oxidation process to produce tert-butyl formate
(TBF). The TBF can generate TBA by hydroxylation
and release formic acid by an esterase enzyme.
The TBA is hydroxylated to produce 2-methyl-
1,2-propanediol (2-M1,2-PD) and this reaction
is catalyzed by a second monooxygenase (TBA
monooxygenase). Later, the MpdB enzyme oxidizes
the 2-Ml, 2-PD generating the corresponding
hydroxyisobutyraldehyde. Subsequently, the
hydroxyisobutyraldehyde undergoes an oxidation
process by the MpdC enzyme to produce 2-
hydroxyisobutyric acid (2-HIBA). The 2-HIBA can be
bifurcated to 3-hydroxybutyryl-CoA by isomerization
or to acetone and CO2 by descarboxylation (Lopes
Ferreira et al., 20006).

Despite the isolation and identification of bacterial
genera with the potential to degrade MTBE, novel
bacterial genera or consortia capable of removing
MTBE with a similar or higher efficiency to the
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already reported values could be found. The low
efficiency of degradation of MTBE by pure cultures
or consortia of microorganisms is attributed to the
fact that MTBE diminishes the microbial growth
because it causes oxidative stress exerting a negative
effect on physiological characteristics such as growth,
respiration and ATP-synthesis (Krayl ez al., 2003).

Cometabolism is defined as the transformation of a
non-growth substrate under the obligate presence of a
growth substrate or another transformable compound
(Dalton and Stirling, 1982). This process has been
used in MTBE biodegradation using alkanes as
growth substrates with good results, and it was
considered as an excellent alternative because alkanes
uncouple MTBE biodegradation from growth and
consequently the long periods of bacterial adaptation
and propagation are reduced (Nava et al., 2007).

Moreover, a previous research has reported that the
biodegradation of some xenobiotics can be enhanced
by the addition of readily metabolized organic
substrates (Ziagova et al., 2007; Chen et al., 2009).
In the present work, we used yeast extract as a growth
substrate and the MTBE as the non-growth substrate.
Such supplementary growth substrates can stimulate
the growth of microorganisms, and/or minimize the
energy needed for a complete mineralization of the
recalcitrant organic compound.

On the other hand, it has also been proposed that
the presence of a high concentration of additional
organic substrates might decrease the activity of the
enzymes responsible for degrading MTBE (Chen et
al., 2009). In fact, we think that MTBE is toxic
for microorganisms, for that reason microorganisms
require metabolites that allow them growing and
increasing their biomass along with the diminishing of
the toxic effect of MTBE in due to its biodegradation.
Thus, the YE supplemented at low concentrations will
provide metabolites for the growth of microorganisms,
acting as an adjuvant to degrade MTBE and promote
microbial growth.

In the present work, a bacterial consortium
that exhibits a MTBE biodegradation capability was
obtained from gasoline-contaminated soils coming
from an ex-refinery. This consortium was analyzed for
its MTBE removal capability in a cometabolic culture
using yeast extract as co-substrate (cometabolite)
and compared with a conventional culture (no-
cometabolism). Additionally, members of the bacterial
consortium were isolated and identified by using
molecular biology tools.

2 Materials and methods

2.1 Soil samples

Soil samples were collected from an ex-refinery
located at 19°29°28.73"N, 99°11°25.04"0O in Mexico
City, Mexico. The samples exhibited a concentration
of hydrocarbons corresponding to the light fraction of
195.50 mg kg~! (dry weight basis) according to the
PROY-NMX-AA-105-SCFI-2013 norm (2013). Ten
soil samples were taken from an area surrounding
the gasoline storage tanks at a depth of 30 cm
and to a distance of 1 m between each sample.
By mixing uniform weight subsamples (10 g) from
each soil sample, a composite sample was formed.
Subsequently, the composite sample was sieved
through a 2-mm mesh and maintained at 4 °C until
utilization.

2.2 Obtaining a bacterial consortium
through enrichment culture

The composite soil sample (1 g) was placed in a flask
containing 100 mL minimal medium (MM) with the
following composition (g L™!): 1 of KH,PO4-3H,0,
1 of NagHPOy, 0.1 of MgSO4-7H>0, 1 of NH4NO3,
0.001 of CaCly-2H,0, and 0.004 of FeSO4-7H,0.
MTBE (99.9% purity, Sigma-Aldrich, St. Louis, MO,
USA) was added to the MM as the sole carbon and
energy source to achieve a final concentration of 1%
(v/v).

The flask was incubated at 30 °C and 100 rpm
until the culture reached an optical density at 590
nm ranging from 0.2 to 0.4. Enrichment subcultures
were performed as follows: 1 mL of the culture was
transferred to 100 mL of fresh MM supplemented with
1% (v/v) MTBE and incubated under the conditions
described above. This procedure was performed six
times successively.

2.3 Metagenomic DNA extraction and
evaluation  of  the  consortium
stabilization using PCR-DGGE

Metagenomic DNA from enrichment subcultures was
extracted using a modified cetyltrimethylammonium
bromide extraction protocol described by Murray
and Thompson (1980). Briefly, 5 mL of subcultures
were incubated at 37 °C during 1 h with 6.25 uL
of lysozyme (20 mg mL7'), 2.5 uL of RNase
(10 mg mL™1), 1.24 L of proteinase K (20 mg mL~1)
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and 20 uL of 20% SDS. The DNA was obtained
by following a sequential extraction procedure with
phenol:chloroform:isoamyl alcohol (25:24:1, v/v) and
precipitated with isopropanol and washed with ethanol
at 70% (v/v). DNA quality was estimated via
electrophoresis in 1% (w/v) agarose gel in 1X TAE
buffer (40 mmol L' tris, pH 8.3; 20 mmol L-!
acetic acid; 1 mmol L~! ethylenediaminetetraacetic
acid) at 80 V. The DNA was stained with a
0.5 ug mL~! ethidium bromide solution and observed
under ultraviolet light.

Next, DNA extracted from enrichment subcultures
was used as a template to amplify the V6-V8
hypervariable regions of the bacterial 16S rRNA. The
PCR reactions were carried out using the forward
primer U968-GC [5’-(GC clamp) CGC CCG GGG
CGC GCC CCG GGC GGG GCG GGG GCA CaG
GGG GAA CGC GAA GAA CCT TAC-3’] and
reverse primer L1401 (5’-CGG TGT GTA CAA GAC
CC-3’) in the following reaction mixture: 50 ng
template DNA, 1X reaction buffer, 5 mM MgCly,
2.5 mM of each dNTP, 10 pM of each primer, 1.5 U
of Taq DNA polymerase (Invitrogen, Waltham, MA,
USA), and adjusted to 25 uL total with water. The PCR
conditions were 1 cycle at 95 °C for 10 min, followed
by 25 cycles at 95 °C for 1 min, 55 °C for 1 min and
72 °C for 1 min and finally, 1 cycle at 72 °C for 7
min. The expected PCR product sizes were of 433 pb.
The PCR products were analyzed using a DCode
mutation detection system, following the procedure
described by the manufacturer (Bio-Rad Laboratories,
Hercules, CA, USA). Products of PCR reaction were
applied to 8% (w/v) polyacrylamide gels prepared in
1 x TAE buffer. The denaturing gradients contained
35-65% denaturant [100% denaturant corresponds to
7 M urea and 40% (w/v) formamide]. Electrophoresis
was performed at 85 V and 60 °C for 16 h. DGGE
gel was fixed and DNA bands were visualized by
silver staining with procedures previously reported
(Sanguinetti et al., 1994). A 100% match of DGGE
band patterns among the enrichment subcultures was
used as the criterion to indicate that the consortium
had reached a stable state.

2.4 MTBE degradation assays

Consortium was propagated overnight in nutrient
broth and the biomass was aseptically separated by
centrifugation at 10000 rpm for 15 min. Next, the cell
pellets were washed three times with 0.85% saline
solution. Finally, the cell suspensions were adjusted
to the 0.5 nephelometric McFarland standard with

0.85% saline solution, and 3 mL of the resulting
cell suspensions were inoculated into serological
vials containing 27 mL of minimal medium (MM)
supplemented with MTBE at 105 mg L' and vials
containing 27 mL of MM supplemented with MTBE
at 105 mg L~! and 100 or 500 mg L~! of yeast
extract (cometabolic cultures). The vials were sealed
with PTFE/silicone septa and set on a shaker table at
100 rpm.

During the degradation tests, the biomass and
MTBE concentration were monitored periodically
every 6 h for a 96 h period. Additionally, experiments
without biomass and experiments with heat-
inactivated biomass were used as abiotic controls to
evaluate MTBE losses by photolysis and/or adsorption
to the cells or glass. All experiments were performed
in triplicate, and mean values are reported.

2.5 Cell concentration

Biomass was quantified by dry cell weight by
filtering 10 mL of the culture samples through
previously weighed 0.7 um filters (Whatman GF/F)
and subsequently drying the samples at 105 °C to a
constant weight. The cell concentration was obtained
by calculating the amount of weight lost during the
drying procedure.

2.6 Residual MTBE quantification

MTBE was recovered from each culture sample
according to an organic extraction method; briefly,
0.3 mL of a solution containing methanol, 42 uL
trichloroethylene and 1 mg L™ of n-hexane were
injected rapidly into the sample solution using a
1 mL syringe and the mixture was gently shaken. The
mixture was then centrifuged for 3 min at 4500 rpm.
The dispersed fine particles of extraction phase were
set aside for sedimentation in the bottom of the
test tube. 0.5 uL of the sedimented organic phase
was removed and quantified. The quantification of
MTBE was similar to a method described previously
(Kuss et al., 2018), with the modification described
as follows: an MTBE standard (99.9% purity, Sigma-
Aldrich) was used to construct a calibration curve.
MTBE quantification was carried out using a mass
spectrophotometer (Agilent Serie 5975C) coupled to
a gas chromatograph (Agilent 6850 Series II Network
System). The samples were injected into the capillary
column (Agilent 19091S-433E; 30 m x 0.25 mm X
0.25 pum) of a gas chromatograph using an automated
injector. The split ratio was 100:1. The initial oven
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temperature was 40 °C, increased to 50 °C at a rate
of 3 °C min~!, and then increased to 58 °C at a rate
of 10°C min~!. The temperature of the injector and
detector was set at 250 °C. Helium was used as the

carrier gas at a constant flow of 0.7 mL min~!,

2.7 Cell growth and MTBE degradation
parameters

The maximum specific growth rate (tmqx, h~1), the
efficiency (E, %), and overall rate (Vg, mg L™' h™!) for
the MTBE degradation by the microbial cultures were
estimated from the experimental data using [Equation
1], [Equation 2] and [Equation 3], respectively:

In(X; - X;)

= 1
Hmax -1 (1)
Cr-C;
E=( )(100%) ()
C
C;,-C
p= Tt 3)
f—4Li

where: X; =Biomass concentration at the beginning of
the exponential phase; Xy =Biomass concentration at
the end of the exponential phase; C; =Initial MTBE
concentration; Cy =Final MTBE concentration;
T; =Initial time of incubation; 7y =Final time
of incubation; #; =Time at the beginning of the
exponential phase; f; =Time at the end of the
exponential phase.

2.8 MTBE degradation kinetics modeling

The experimental data of the degradation kinetics
of MTBE were analyzed using zero-order [Equation
4], first-order [Equation 5] and pseudo-first-order
[Equation 6] models, which have been widely used
to understand degradation kinetics of xenobiotics. The
kinetic models are expressed as follows:

Co
Ci=Co—-Kot;Typ = — 4
1= Co=Kot: T2 = 2 4
In2
InC;=InCo-K1t;T12 = ns 5)
K
. In0.5
Cr=Co—e X1y = . . (6)
_Kl

where C; =MTBE concentration at time ¢t = ¢t; Kj,
K|, K i =Apparent rate constants; ¢ =Time; Cy =Initial
concentration of MTBE; T, =Half-life period.
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2.9 Isolation and identification of the
cultivable fraction

Successive decimal dilutions of the stabilized
consortium were carried out until 1078, and 100 uL
of each dilution was spread onto plates containing
MM. The plates were incubated under MTBE
atmosphere at 28 °C for 24 h, for which MTBE
was added daily in the incubation chamber. The
isolates were grouped according to their colonial
morphology and their microscopic morphology. Each
morphotype was grown on nutrient broth overnight.
Then, genomic DNA was extracted according to the
protocol described previously.

The 16S rRNA gene was amplified by PCR with
primers 8 (5’-CCG CGG GCG CCG CTG GAT AGT
TTG CAG ATC CTG GCT CAG-3’) and 1492 (5°’-
GGC TCG AGC GGC CGC CCG GGT TAC CTIT
GTT ACG ACT T-3’) (Relman et al., 1993). The
reaction mixture and the PCR conditions were similar
to those described above, except that the number
of amplification cycles was 35 and the amplification
stage was 2 min.

The amplified fragments, with sizes of 1484 pb,
were purified using the Zymoclean TM Gel DNA
recovery kit (Zymo Research, Irvine, CA, USA),
following the manufacturer’s instructions, and the
integrity was confirmed by electrophoresis in 1%
(w/v) agarose gel in 1X TAE buffer. The sequencing
of the amplified DNA fragments was performed on
an ABI PRISM 310 Genetic Analyzer PE (Applied
Biosystems, Foster City, CA, USA).

A collection of taxonomically related sequences
obtained from EzBioCloud database (Yoon et al.,
2017) using Blast (Camacho et al., 2009) was
included in the multiple alignment analyses with
CLUSTAL X (Thompson et al., 1997) and was
manually edited using SEAVIEW software (Galtier
et al., 1996). Similitude analysis was estimated
using nucleotide sequences with MEGA (Tamura et
al., 2011). Phylogenetic affiliations were based on
the limits proposed by Rossell6-Mora and Amann
(2001), where < 95, 95-97.5 and > 97.5% define
the taxonomic levels of family, genus and species,
respectively. The sequences of the 16S rRNA genes
reported in this work have been deposited in the
GenBank database under accession numbers from
MH384879-MH384881.
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2.10 Statistical analysis

Statistical analyses of the experimental data were
performed using ANOVA, and significant differences
(p < 0.05) were determined using a Bonferroni
test. All statistical analyses were conducted using
GraphPad Prism® software version 5.03.

3 Results and discussion

3.1 Obtainment of the bacterial consortium
adapted to MTBE

In order to obtain an adapted bacterial consortium
using MTBE as the sole source of carbon and
energy, an enrichment process was carried out
through successive subcultures in minimal medium
supplemented with 1% of MTBE as the selective
agent. The high concentration of MTBE added to the
initial culture was decided because we think that at this
stage, there is a high population of microorganisms
that could obstruct or mask the enrichment of the
MTBE- degrading bacteria. The MTBE could adhere
to or internalize in the bacteria of the consortium,
causing the decrease of the effective concentration
of MTBE that would be needed for the enrichment.
Thus, six enrichment subcultures using MTBE as the
sole carbon and energy source were carried out and
analyzed by PCR-DGGE profiles in order to determine
the stabilization of the bacterial consortium. Based on
the PCR-DGGE profiles of the V6-V8 region from the
16S rRNA genes, it was evident that stabilization was
reached in the 6™ transfer because most of the bands
were conserved in the last three subcultures (Fig. 1).
In addition, a less complex bacterial community was
observed in the last subcultures in comparison with
the first subculture, in which a major number of bands
were presented (bands A to F). While some bands were
present in all subcultures (band G, H and I), other
bands disappeared from the third subcultures (bands
A, B, C, D, E and F); this suggests that only a few
bacteria are the main members of the consortium that
was adapted to subculture conditions. The enrichment
process was successful and adequate, since bands G,
H and I were not observed in the first subcultures and
their presence was evident in subsequent subcultures,
until they remained stable in the 6 subculture.

Enrichment Subcultures

1 2 3 4 5 6

Al
¥

B <
B |

E |
F_-

Fig. 1. Stabilization of the enrichment subcultures by
DGGE profiles of the 16S rDNA gene. 1-6 indicates
the numbers of the successive enrichment subcultures.
The stabilization of the bacterial consortium was
reached in the sixth (61) subculture. A - I show
representative bands.

Previous studies have used the PCR-DGGE
profiles to determine the stability of subcultures and
the success of the enrichment process, indicating that
this molecular technique is efficient for determining
with certainty the stability and complexity of bacterial
communities or consortia (Ortega-Génzalez et al.,
2013; Alfonso-Gordillo et al., 2016). These results
indicate that the stabilization and adaptation of the
bacterial consortium was obtained in the 6™ subculture
in MM supplemented with 100 mg MTBE L~!. The
obtained bacterial consortium was labeled as the EB-
MTBE-24 consortium.

3.2 Removal capability of MTBE by a
conventional culture

In order to evaluate the ability of the stabilized
EB-MTBE-24 consortium to degrade MTBE, the
remaining MTBE concentration was determined in
a period of 96 h from an initial concentration of
105 mg L~! of MTBE in a conventional culture. In
Fig. 2 is observed that over time, the concentration
of MTBE decreases. During the first 24 h, a slight
decrease was observed; however, in the period from
24 to 48 h, the greatest degradation of the contaminant
was observed, beyond that period there was no
significant decrease.
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Fig. 2. Kinetics of MTBE degradation by the EB-MTBE-24 consortium in mineral medium without yeast extract.
Determination of the kinetics of MTBE degradation by the consortium was carried out at an initial concentration of
105 mg L™! and evaluated every 6 h during a 96 h period at 30°C and 100 rpm. Growth of the consortium (empty
circles), X represents biomass concentration (dry weight). Data presented in the graph are the mean and standard
error of 3 independent assays. MTBE concentration (mg L, filled circles), sterile control (filled square), abiotic

control (filled triangle).

In the controls of biomass inactivated and without
biomass, the concentration of MTBE remained
constant throughout the kinetics, indicating that
the adsorption of MTBE to the bacteria and the
elimination of MTBE by photolysis did not occur.
Simultaneously, with the monitoring of the MTBE
concentration, the cell growth was also evaluated
throughout the kinetics, determining that there was
no substantial increase; in fact, from 6 and until
24 h, there is a decline in growth, although later it
was recovered and practically the cellular biomass
remains constant (Fig. 2). The kinetic parameters
of cell growth and degradation of MTBE were
evaluated. The maximum growth rate (tqy) was of
0.0019 + 0.001 h™!, with a degradation efficiency of
65.07 + 1.46% and an overall degradation rate of
0.71 + 0.02 h™! (Table 1). In comparison with other
studies, the g of the EB-MTBE-24 consortium of
0.0019 % 0.001 is lower than that reported by Nava et
al. (2007) with a e, of 0.0083 h~! and the report
by Fortin er al. (2001) with a ., of 0.004 h!
for mixed bacterial cultures grown aerobically in a
culture medium containing MTBE as the sole source
of carbon and energy.

These results suggest that in the EB-MTBE-24
consortium there is no growth during the first hours
(6-24 h), and the microorganisms are focusing their
metabolism only to eliminate the MTBE, which is
being toxic. Although there is a substantial elimination
of MTBE from 24 to 48 h, the microorganisms
do not have sufficient nutritional requirements to
grow. Therefore, these results suggest that the EB-
MTBE-24 consortium biotransforms the MTBE to
intermediate (s) less toxic to it, which the MTBE is
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not used as a source of carbon and energy. Based
on these results, we thought about using a substrate
for the microbial growth of the consortium and that
could improve the biodegradation of MTBE. The
yeast extract supplemented at low concentrations has
been used as a cometabolic substrate to improve the
degradation of toxic compounds (Ziagova et al., 2007,
Chen et al., 2009).

3.3 Removal capability for MTBE by the
cometabolic culture

The MTBE - ether bond can be difficult to cleave,
therefore, under these conditions, MTBE may not be
adequate as a sole carbon and energy source (Mufioz-
Castellanos et al., 20006). It has been suggested that
MTBE has a negative effect on growth, respiration and
ATP-synthesis in bacteria (Krayl et al., 2003). Thus,
the low efficiency of degradation of MTBE by the EB-
MTBE-24 consortium could be due to the fact that
MTBE was toxic for bacterial cells, since there was
no growth of the EB-MTBE-24 consortium.

A strategy to minimize the toxic effect of this
oxygenating compound is to add a metabolizable
substrate first (i.e., glucose or yeast extract); to
generate biomass and then to stimulate the degradation
of the compound (Ziagova et al., 2007). Taking
into consideration the aforementioned, the culture
of the EB-MTBE-24 consortium was supplemented
with yeast extract at two concentrations (100 and
500mg L™!) to generate a cometabolic culture.
Former studies have suggested that the addition of
yeast extract contributes to microbial growth (Chen et
al., 2009; Xiong et al., 2017b).
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Table 1. Growth and MTBE degradation parameters obtained with the IPN-120526 consortium at different
concentrations of yeast extract.

Yeast extract added to the minimum medium

0 100 500
Ve 0.71 + 0.02° 0.90 + 0.05“ 0.59 + 0.04°
Hmax 0.0019 +0.001¢  0.076 £ 0.002¢  0.014 = 0.004
E 65.07 + 1.46" 77.63 + 1.10° 50.04 + 2.38¢

Umax: Maximum specific growth rate (h‘l); E: efliciency (%); Vy: overall
degradation rate (mg L™' h™!). Different letters show statistical difference

between parameters p < 0.05
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Fig. 3. Kinetics of MTBE degradation by the
EB-MTBE-24 consortium in mineral medium
supplemented with yeast extract at 100 and
500 mg L™!. Determination of the kinetics of MTBE
degradation and growth by the consortium was carried
out at an initial concentration of 105mgL~! and
evaluated every 6 h until 96 h at 30 °C and 100 rpm in
cometabolic culture at 100 (panel A) and 500 mg L™!
(panel B). X represents biomass concentration (dry
weight). Data presented in the graph are the mean
and standard error of 3 independent assays. MTBE
concentration (mg LL: filled circles), sterile control
(filled square), abiotic control (filled triangle) and
growth of the consortium (empty circles).

In addition, it has been suggested that the addition
of an organic substrate increases the ability to degrade
the contaminant, by the activation of enzymes involved

in the degradation of the recalcitrant compound (Chen
et al., 2009). In fact, in some studies it has been
mentioned that there are several organic compounds
that can contribute to microbial growth such as
glucose, yeast extract, tryptone and beef extract
(Xiong et al., 2017a; Chen et al., 2009).

It is well known that these substrates can provide
not only carbon sources, but also nitrogen sources
and growth cofactors for microbial metabolism.
Particularly, yeast extract, which is a complex mixture
of amino acids, peptides, and proteins (Fava et al.,
1995), is often added as an additional alternative
of carbon source. It also protects the bacteria, by
decreasing the adverse impact of the degradable
compounds, and supporting them for a good growth
and biodegradation capability.

In Fig. 3A, it was observed that the concentration
of MTBE at 36 h decreased substantially when
yeast extract (100 mg LYy was added, however,
the microbial growth did not increase until 36 h,
after this period, the microorganisms increase their
growth exponentially until 72 h. The abiotic controls
generated the expected results and no MTBE removal
was detected. These results suggest that firstly
the microorganisms remove the MTBE from the
environment to a concentration lower or sufficient to
allow its microbial growth by the nutrients supplied by
the yeast extract. In regards to the kinetic parameters,
a Umax of 0.076 = 0.002 h~! was obtained, with a
degradation efficiency of 77.63 + 1.10% and an overall
degradation rate of 0.90 = 0.05 h~! (Table 1).

From the result of the degradation of MTBE that
was obtained with YE at 100 mg L~!, we thought that
by increasing the concentration of the yeast extract
the conditions for the degradation of MTBE could
be improved, therefore, we decided to increase the
concentration of the yeast extract at 500 mg L.
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It was observed that there was a change in the
performance of the degradation of MTBE compared
to the culture added with 100 mg L™! of yeast extract
(Fig. 3B), during the first hours of the kinetic and
until 30 h, there is no degradation of MTBE compared
to the culture added with 100 mg L~! of yeast
extract, which in a similar period generated a greater
degradation of MTBE (with a remaining concentration
of MTBE=56.18 mg L™1).

Regarding the microbial growth, the same
happens, in the culture added with 500 mg L™ of
yeast extract, there was an increase in microbial
growth until 24 h and subsequently this growth
remains constant; conversely, in the culture added with
100 mg L~! of yeast extract, the increase in microbial
growth occurs after 36 h. These results suggest that
when the concentration of yeast extract increased,
the microorganisms prefer to grow than to degrade the
MTBE, after growing, they deviate their metabolism to
degrade the MTBE, which is contrary to what occurs
at low concentrations of yeast extract (100 mg L™1).

The kinetic parameters that were obtained with the
addition of yeast extract at 500 mg L~! were Mimax
of 0.014 + 0.004 h™!, with a degradation efficiency
of 50.04 + 2.38% and a total degradation rate of
0.59 + 0.04 h™! (Table 1). These results suggest that
by increasing the nutrients for microbial growth, the
degradation of MTBE tends to decrease since there
was no increase in the efficiency of degradation and
microbial growth compared to the culture added with
100 mg L~! of yeast extract.

However, the result was similar to that obtained by
Li et al. 2011, who used single-yeast extract additions
at concentrations of 100, 200 and 300 mg L~! in the
production of polyvinyl alcohol-degrading enzymes
(PVAases). These authors reported that a shot of yeast
extract added at a high concentration (300 mg L")
does not impact as positively on PVAases production
as a shot added at a lower concentration (200 mg L~h.
Thus, excessive yeast extract may inhibit PVAases
synthesis. Similarly, the concentration of 500 mg L™!
of yeast extract, as cometabolic substrate, is an
excess and does not promote a higher efficiency of
MTBE degradation, this may be due to the fact
that the microorganisms have sufficient nutritional
requirements to grow and tolerate the presence of
MTBE, inhibiting the synthesis of the enzymes
involved in the degradation of MTBE, which does not
occur with the addition of 100 mg L=! of yeast extract.
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Fig. 4. Comparison of MTBE removal by the EB-
MTBE-24 consortium under 3 different conditions.
a) Residual concentrations of MTBE in mineral
medium at an initial concentration of 105 mg L~!
of MTBE, without and with yeast extract addition
at 100 and 500 mg L~!. b) Percentage of removal
efficiency, evaluated every 6 h at 30 °C and 100 rpm.
Conventional culture without yeast extract addition
(filled circle), culture supplemented with 100 mg L™
yeast extract (filled square) and culture added with
100 mg L™! yeast extract (filled triangle). Each point
on the graph represents the mean and standard error of
3 independent assays.

3.4 Comparison of conventional culture
and cometabolic culture

To compare the removal of MTBE by the EB-
MTBE-24 consortium, the three different conditions
of MTBE degradation are exhibited. The average
remaining concentration of MTBE was lower in
the cometabolic culture using 100 mg L' of yeast
extract (47.28 mg L‘l), than the conventional culture
(59.68 mg L Fig. 4A; p < 0.05), the results
obtained with the conventional culture were lower than
the obtained with the culture added with 500 mg L~
of yeast extract (84 mgL™! p < 0.05).

Regarding the degradation efficiency of MTBE,
it was always higher throughout the degradation
kinetics in the cometabolic culture supplemented
with 100 mg L™! of yeast extract (55.4%) than in
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the conventional culture (43.45%; p < 0.05). In the
cometabolic culture supplemented with 500 mg L~!
of yeast extract, the degradation efficiency (26.10%)
was the lowest compared to the other two cultures
(p <0.05; Fig. 4B).

To evaluate the potential of the consortium EB-
MTBE-24 to degrade MTBE in aqueous solutions, its
overall degradation efficiencies and rates of MTBE
degradation achieved were compared with other
studies reported on microbial cultures degrading
MTBE. The degradation efficiency of MTBE
from the conventional culture supplemented with
105 mg L' of MTBE, by the consortium EB-
MTBE-24 (65.07 + 1.46%) or with the cometabolic
culture supplemented with 100 mg L' yeast extract
(77.63 = 1.10%) was higher than those reported
for another mixed bacterial culture, which was
of 38.59 +2.17 (Alfonso-Gordillo et al., 2016).
Furthermore, the overall degradation rate reached
by the bacterial consortium EB-MTBE-24 in
conventional culture (0.71 + 0.02 mg L~ h™!) or with
cometabolic culture added with 100 mg L' yeast
extract (0.90 + 0.05 mg L~! h™') was higher than that
reported for mixed cultures that was 0.06 mg L~' h~!
by Raynal and Pruden et al. (2008), 0.0l mg L~! h~!
by Volpe et al. (2009) and 0.43 mg L~' h~! by
Pimentel-Gonzélez et al. (2008). The biodegradation
percentage obtained with the consortium EB-MTBE-
24 in the present work is higher (77.63%) than the
values obtained during growth in the presence of
MTBE. Mo et al. (1997) obtained a biodegradation
of 28-29% after 2 weeks of incubation with the
biodegradation rate being the highest during the first
3 days. Mufioz- Castellanos et al. (2006) obtained
similar values (22-37% biodegradation) after 5
days of incubation with Rhodococcus, Bacillus and
Aureobacterium. The biodegradation can increase
up to 51% if cells are previously induced with
dicyclopropylketone for the case of Pseudomonas

putida Gpol (Smith and Hyman, 2004).

When resuspended cells are used, Pimentel-
Gonzalez et al. (2008) reported that 85% MTBE was
consumed during the first 5 days of incubation of a
microbial consortium. In this last case there are more
interactions among the bacteria in a mixed culture,
which may improve metabolism and consequently
the biodegradation efficiency (Eixarch and Constanti,
2010). Few reports on the biodegradation of MTBE
using yeast extract as a co-substrate have been
reported (Chen et al., 2009), most studies have focused
on the use of toxic compounds such as alkanes (Nava
et al.,2007) or pentane (Li et al., 2016). It is important
to notice that yeast extract is not a pollutant for the
environment such as alkanes or pentane, it is also easy
to obtain and improves the degradation efficiency of
MTBE. Co-metabolic culture with yeast extract could
be an attractive strategy for the bioremediation of
MTBE-contaminated wastewater.

3.5 Mathematical models of  the
cometabolic culture

Furthermore, the mathematical behavior that fits
the MTBE degradation of the cometabolic culture
supplemented with 100 mg L~! of yeast extract was
determined. The apparent kinetic rate constants (Kp,
Ky, K7), half-lives (7' /2) and the regression equations
(R?) under given conditions for each reaction
model are calculated. Based on the aforementioned
parameters, the degradation kinetics of MTBE by the
consortium EB-MTBE-24 are described better by first-
order and pseudo-first-order reaction models. This
implies that the biodegradation capability presented
by the consortium EB-MTBE-24 is a time-dependent
process. Additionally, the half-life of the first-order
and pseudo-first-order degradation reaction does not
depend on the initial MTBE concentration.

Table 2. Phylogenetic affiliation of bacteria isolated from the EB-MTBE-24 consortium.

“Best match database

Isolate name (GenBank Accession number) bSimilarity (%) Microbial affiliation group
Cl Sphingobium barthaii (NHQ830159) 99.93 (1/1426) Sphingobium barthaii
C2 Gordonia polyisoprenivorans (BAEIO1000017)  99.93 (1/1426)  Gordonia polyisoprenivorans
C3 Ochrobactrum anthropi (CP000758) 100 (0/1426) Ochrobactrum anthropi

“The best match was identify by using the EzBioCloud server on the basis of 16S rRNA sequence data (Yoon ef al.,2017)
b Percentage of similarity was estimated by considering the number of nucleotide substitutions between a pair of sequences

divided by the total number of compared bases X 100%. Taxonomic limits to define family, genera and species: x < 95,
95 < x <97.5 and x > 97.5, respectively (Rossell6-Mora and Amann, 2001).
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Fig. 5. Phylogenetic tree of sequences of the 16S
rRNA gene of the isolates obtained from the EB-
MTBE-24 consortium. The tree was constructed using
the neighbor-joining method; where Acidibacillus
ferrooxidans (LVKL01000020) served as outgroup.
The numbers at the branches indicate the bootstrap
values of 1000 re-samplings. The bar at the bottom
indicates the number of substitutions per site.

3.6 Isolation and identification of the
culturable bacterial fraction

In order to know which members belong to
the EB-MTBE-24 consortium, we conducted the
isolation and identification of the cultivable fraction.
Only three bacterial morphotypes were isolated
(Cl1, C2 and C3). The isolate C1 presented a
similarity of 99.93% with Shingobium barthaii
(NHQ830159), C2 presented a similarity of 99.93%
with Gordonia polyisoprenivorans (BAEIO1000017)
and C3 presented a similarity of 100% with

Ochrobactrum anthropi (CP000758). Therefore, the
three bacteria isolated from the consortium were
identified as Sphingobium barthaii C1, Gordonia
polyisoprenivorans C2 and Ochrobactrum antrhropi
C3 (Fig. 5 and Table 2).

Previous studies with A. xylosoxidans, E. cloacae
and O. anthropi have already demonstrated the
ability of these bacteria to degrade a wide range
of compounds such as chlorophenols, polycyclic
aromatic hydrocarbons, and endosulfan (Miiller et
al., 1998; Goémez-Acata et al., 2018; Maeda et al.,
2015); also, they have been detected in environments
contaminated with petroleum (Jiao et al., 2016).

Particularly, it has been reported that O. anthropic
degraded 50% of MTBE in 5 days out of 70 mg L™
of MTBE in minimum medium supplemented with
yeast extract at a concentration of 50 mg L' (Barbera
et al., 2011); while O. cytisi completely degraded
the compound in 80 h from an initial concentration
of 75 mg L7!, with a g = 0.04+0.022 h™! (Lin et
al., 2007). In addition, Key et al. (2013) detected
the presence of Sphingobium sp., by ribosomal gene
library, as a member of a bacterial community capable
of removing MTBE from an MTBE-contaminated
groundwater. However, in their study the authors did
not demonstrate the ability of Sphingobium to remove
MTBE. While the genus Gordonia has been linked
to the degradation of long-chain n-alkanes (Hao et
al., 2008), particularly Gordonia amicalis T3, this
bacterium has been isolated from a hydrocarbon-
polluted soil site and the report indicates that it reached
a degradation of 14 mg L™! of MTBE after 21 days of
incubation in a mineral salts medium amended with
the fuel oxygenates MTBE (Purswania et al., 2011).

On the other hand, the present work was
focused on isolating and identifying the cultivable
fraction, and probably the non-cultivable fraction also
contributes to the degradation of MTBE. It should
also be considered that only the residual MTBE was
determined here during the degradation kinetics and
that the intermediate metabolites were not evaluated.

Conclusions

The results suggest that the consortium EB-MTBE-
24 exhibits the ability to remove high MTBE
concentrations at a high rate using yeast extract at
100 mg L™! as a cometabolic substrate, which makes
these microbial cultures an attractive alternative for the
bioremediation of MTBE-contaminated wastewater.
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