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Abstract Haloalkaliphilic sulfur-oxidizing mixed
cultures for the treatment of alkaline—saline effluents
containing sulfide were characterized and evaluated.
The mixed cultures (IMP-PB, IMP-XO and IMP-TL)
were obtained from Mexican alkaline soils collected
in Puebla (PB), Xochimilco (XO) and Tlahuac (TL),
respectively. The Ribosomal Intergenic Spacer Anal-
ysis (RISA) revealed bacteria related to Thioalkali-
bacterium and Thioalkalivibrio in IMP-XO and
IMP-PB mixed cultures. Halomonas strains were
detected in IMP-XO and IMP-TL. In addition, an
uncultured Bacteroides bacterium was present in IMP-
TL. Mixed cultures were evaluated at different pH and
NaCl concentrations at 30°C. IMP-PB and IMP-TL
expressed thiosulfate-oxidizing activity in the 7.5-10.5
pH range, whereas IMP-XO presented its maximal
activity with 19.0 mg O, ggr:,tein min~', at pH 10.6; it
was not affected by NaCl concentrations up to 1.7 M.
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In continuous culture, IMP-XO showed a growth rate
of 15 day_l, productivity of 433.4 mgpoein 1! day_1
and haloalkaliphilic sulfur-oxidizing activity was also
detected up to 170 mM by means of N-methyl-
diethanolamine (MDEA). Saline—alkaline soil samples
are potential sources of haloalkaliphilic sulfur-oxidiz-
ing bacteria and the mixed cultures could be applied
in the treatment of inorganic sulfur compounds in
petroleum industry effluents under alkaline—saline
conditions.
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Introduction

Sulfur compounds are released from various indus-
trial processes such as water treatment plants, food
preparation, petroleum plants, paper industry and
farming (Ramirez et al. 2009). These compounds are
considered as toxic, irritating and corrosive. Many
processes have been proposed to remove them such
as incineration, adsorption, chemical oxidation and
biological oxidation (Lens and Hulshoff 2000; Jans-
sen et al. 2001). In the oil and gas industry, highly
caustic amine solutions such as N-methyl-diethanol-
amine (MDEA) are used to remove sulfide and
organic sulfur compounds from refinery hydrocarbon
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streams, the sulfidic spent caustic effluents generated,
are then submitted to expensive physicochemical
treatments requiring high pressure and temperature to
regenerate the amine solutions and eliminate sulfur
compounds (Kohl and Nielsen 1997). Developing
less expensive and more environmentally friendly
alternatives to treat such effluents would be
advantageous.

The advantage of the biotechnological process is
that it is safe and affordable as it takes place at
ambient temperature and normal atmospheric pres-
sure (Cline et al. 2003). For example, the first reports
of biological H,S removal systems were performed at
neutral or acid conditions (Gabriel and Deshusses
2003), but some authors suggest that under halo-
alkaline conditions the bioprocess is highly improved
because sulfides are found in a caustic aqueous
stream (pH up to 10) and a high content of sodium
(up to 272 g17") in some industries as in a
petroleum refinery (Olmos et al. 2004; Bosch et al.
2007; Gonzalez-Sanchez and Revah 2009).

There has been more interest, in recent years, in
studying soda soils and lakes since they are alkaline—
hypersaline environments, and therefore a potential
source of diverse microbiota. The alkaliphilic sulfur-
oxidizing bacteria (ASB) are chemolithoautotrophic
microorganisms able to grow at pH 9-11, and oxidize
reduced sulfur compounds such as sulfide and
thiosulfate (Sorokin and Kuenen 2005; Sorokin
et al. 2007). Thioalkalivibrio are used in H,S removal
studies. These can also grow in saline environments
(Bosch et al. 2007; Sorokin et al. 2008) and thus are
classified as haloalkaliphilic sulfur-oxidizing (HAS)
bacterium.

The main biological reactions are H,S conversions
to elemental sulfur or sulfate carried out by auto-
trophic sulfide-oxidizing microorganisms. These are
seen in Egs. 1 and 2, equilibrium depends on the
availability of dissolved oxygen (Janssen et al. 1995;
Gonzalez-Sanchez et al. 2009).

1
H2S+§Oz—>SO+H20 (1)
H,S + 20, — SO,*~ +2H" (2)

The aim of this research was to evaluate sulfur-
oxidizing microbial mixed cultures, potentially appli-
cable to the biological treatment of alkaline—saline
effluents containing sulfur compounds.
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Materials and methods
Sampling sites

Ten surface soil samples were collected from Mex-
ican saline alkaline sites: Tehuacan, Puebla (PB),
from Xochimilco (XO) and Tlahuac (TL). Temper-
ature and pH were measured in situ during the
sampling. The samples were collected, transported
and stored at 4°C until analyzed.

Enrichment cultures of haloalkaliphilic sulfur-
oxidizing microorganisms

The mineral medium used for the enrichment cultures
of HAS bacteria was previously described by Sorokin
etal. (2001) with 40 mM thiosulfate as the only energy
source. This substrate was selected as a model
molecule due to its stability at aerobic conditions,
since sulfide is difficult to use because of its volatility
and toxicity (Sorokin et al. 2008). Mineral media pH
was adjusted to 10 by using 1 M NaOH. A soil mixture
was prepared from each ten samples of three sites to
obtain a composite sample. Five grams of each ten soil
samples were inoculated into Erlenmeyer flasks con-
taining 30 ml of mineral medium with thiosulfate,
incubated at 30°C and at 180 rpm agitation. Thiosul-
fate concentration were monitored daily to detect the
presence of sulfur-oxidizing activity. IMP-PB, IMP-
XO, and IMP-TL mixed cultures were transferred
three times until the substrate was completely oxidized
up to the 24 h time. Biomass was centrifuged at
9,000xg for 15 min and re-inoculated into fresh
medium. Active enriched cultures were transferred to
the bioreactors.

Respirometric studies

Mixed culture sulfur-oxidizing activity was measured
by means of the oxygen uptake rate —q(O,),
corrected for sulfur chemical oxidation and endoge-
nous respiration (Buisman et al. 1989; Gonzalez-
Sanchez et al. 2008). Respirometric studies were
performed in batch cultures in 60 ml serum bottles
containing 30 ml of mineral medium (Sorokin et al.
2001) at pH 10. Inocula were grown up to 24 h and
the initial protein concentration was 10 mg1~".
Mineral medium was saturated with a filtered oxygen
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air stream before being added to the serum bottles.
The respirometric studies included the evaluation of
thiosulfate and sulfide, as energy source and electron
acceptor. Initial thiosulfate concentrations were
adjusted from O to 5 mM. The effect of NaCl,
MDEA and pH on the thiosulfate-oxidizing activity
was also evaluated. NaCl and MDEA concentrations
were adjusted from O to 1.7 M and 0 to 130 mM,
respectively. The pH was adjusted from 6.8 to 11.0
by using a phosphate buffer, Na,CO3; and NaHCOs.
Assays were incubated at 30°C. When sulfide was
used instead of thiosulfate, the initial sulfide concen-
trations were adjusted from 0 to 2 mM, using
concentrated sodium sulfide stock solution.

Continuous cultures

Three 1.5 1 continuous bioreactors were implemented
to determine HAS microbial culture kinetic parame-
ters. Bioreactors were fitted with pH and oxygen
controllers (ADI 1030 biocontrollers, Applikon). Cul-
ture conditions were: pH 10 & 0.2, temperature 30°C,
200 rpm agitation and airflow controlled to maintain
an average dissolved oxygen concentration of
5 mg 17! (Alcdntara et al. 2004). Reactors were
operated as chemostats with different dilution rates.
Aliquots (10 ml) were collected to determine protein,
thiosulfate and sulfate concentrations.

Molecular analyses

Microbial DNA was extracted from mixed cultures
which were applied as inocula in the respirometric
studies by using the Ultra Clean Soil DNA kit (MoBio).
The Ribosomal Intergenic Spacer Analysis (RISA)
plus a 500 bp stretch of the 16S rDNA gene were
amplified with the B1055 y 23SOR primer, as previ-
ously described (Acinas et al. 1999). Polymerase chain
reaction (PCR) amplifications were carried out in a T-
personal thermocycler (Biometra), using the Hot Star
Tag DNA polymerase (Qiagen). Amplification condi-
tions were as follows: an initial denaturation at 95°C
for 15 min; 35 cycles of 94°C for 1 min, 55°C for
1 min, and 72°C for 2 min; and a final extension step of
10 min at 72°C. RISA-PCR products were analyzed by
electrophoresis in 1% agarose gels. The major emerg-
ing bands were cut out from the gel and purified with an
UltraClean GelSpin kit (MoBio). Sequencing of the
RISA fragments was performed with an ABI PRISM

310 sequencer and the B1055 primer, to obtain the
sequence of the 16S rDNA gene. The obtained
sequences were compared to public database
sequences available at the National Center for Bio-
technology Information (NCBI) by using the BLAST
program (Karlin and Altschul 1990).

Analytical methods

Protein was quantified by the Lowry method (1951).
The oxygen concentration in the liquid phase was
measured with an oxymeter YSI (5300 Biological
Oxygen Monitor). Thiosulfate and sulfate were
analyzed by capillary electrophoresis using a capil-
lary ion analyzer (Waters) equipped with a micro-
capillary silica-fused column and an UV detector at
254 nm. Thiosulfate and sulfate standard solution at
concentrations ranging from 5 to 100 mg 17! were
used. Total organic carbon (TOC) and inorganic
carbon were determined with a total organic carbon
analyzer (Shimadzu TOC analyzer TOC-5000A).
Electrical conductivity as described by Fernandez
et al. (2006), was also measured.

Analysis of results (experimental data)

The effect of thiosulfate concentration was measured
according to the Monod equation (Eq. 3).

_Q(OZ) = _Qmax(OZ) : C52032’/(KS + CSZOSZ*) (3>

where —g(0O,) is the specific oxygen uptake rate (O,
g;ri,tem min~"); —gmax(0>) the maximal oxygen uptake
rate (O, g;rl,tein min~Y); Cs,0,2- the substrate concen-
tration (mM); and Kj is the apparent affinity constant
(mM).

A modified Monod model was implemented, as
described by Han and Levenspiel (1988) introducing
as a new parameter, the sulfide concentration; inhib-
iting completely the maximal sulfide-oxidizing activ-
ity: ICygp (Egs. 4, 5) or the sulfide concentration;
inhibiting half the maximal sulfide-oxidizing activity:
ICs0

_qmax(oz)apparent: —max (OZ) ) (1 - CSZ* /ICIOO)n
(4)
Ks apparent — Ks - (1 - CSZ* /IC]OO)m (5)

Where —¢max(O2)apparent 18 the specific oxygen uptake rate
(02 Zpreein min~'); Cg>- the substrate concentrations
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(mM); IC;gp the substrate concentration that com-
pletely inhibits the sulfide-oxidizing activity (mM);
K apparent the affinity constant (mM); and m, n is the
model adjustment constants.

The culture behaviors in a chemostat bioreactor
were studied by using the model described by Pirt
(1975), (Egs. 6-10) to determine different
parameters.

Cx =D Yy/s - (Cs,0,> (initial) — Cs,0,>- )
/(D +m - Yys)
Cs,0,- = (D+m-Yxss) - Ks
/(:umax - (D+ YX/S . m))

Dmax = Hmax ° <1 - \/ KS/KS + CSzO32) (8)
Xiax = YX/S
(Q&z+&—¢&4m+g&q>

©)

Pmax = Dmax : Xmax (10)

where Cy is the biomass concentration (mgprotein 1Y,
D the dilution rate (day_l); Yx;s the substrate-to-
biomass yleld (mgprotcin mM_l); CSZO32*(initial) the
initial concentration of thiosulfate at the entrance of
the chemostat (mM); Cs,p,>- the substrate concen-
tration within the chemostat (mM); m the mainte-
nance coefficient; f,,x the maximal growth rate
(day_l); K the half-saturation constant (mM); D .«
the maximum dilution rate (day_l); Xmax the maxi-
mum biomass concentration (Mgprotein 1™Y); and P,
is the maximum productivity (mgprotein 1! day_l).

Results
Physicochemical characterization of the samples

Soil samples (PB, XO and TL) physicochemical
analyses are shown in Table 1. XO was characterized
by a higher conductivity and organic carbon content,
nevertheless its pH was relatively lower. PB showed
the highest pH and inorganic carbon content. TL
samples had a pH range from 8.1 to 10 and presented
intermediate organic carbon contents compared to PB
and XO. According to the Rodriguez-Valera (1993)
report, soils containing >0.2% soluble salts are
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considered saline. PB, XO and TL samples salinity
were 0.23, 0.44 and 0.18% respectively, PB and XO
are therefore considered saline by means of electrical
conductivity data and salinity values (NaCl).

Enrichment cultures of the haloalkaliphilic sulfur-
oxidizing microorganisms

In the thiosulfate enriched cultures employed as an
energy source, and electron donor, the HAS microbial
cultures were obtained and designated as IMP-PB,
IMP-XO and IMP-TL.

Few studies have been reported concerning the
microbial community in soil and water of alkaline
and saline environments in Mexico (Jan-Roblero
et al. 2004; Alazard et al. 2007; Valenzuela-Encinas
et al. 2009) and especially concerning HAS micro-
organisms (Gonzalez-Sanchez and Revah. 2007).

Thiosulfate and sulfide-oxidizing activity

The thiosulfate oxidation rate was evaluated on the
basis of the oxygen uptake rate for each mixed
culture. This technique has found to be a very
efficient tool for kinetic parameter estimation, as the
specific oxygen uptake rate and apparent affinity
constant (Gonzalez-Sanchez and Revah 2009).
Table 2 shows the kinetic parameters evaluated in
this study. The similar values of apparent affinity
constant, K, (0.21, 0.23, and 0.22 mM) were obtained
for IMP-PB, IMP-XO and IMP-TL mixed cultures,
respectively. However, IMP-XO mixed culture pre-
sented the highest —gmax(02) compared to the IMP-
PB and IMP-TL mixed cultures. No thiosulfate toxic
effect was observed in the tested experimental range
(data not shown). Thiosulfate concentrations varied
from 0.1 to 10 mM and the concentration allowing a
maximal oxygen uptake was established as 1 mM.

Figure 1 shows the behavior of specific oxygen
uptake rate —gmax(02) as a function of different
sulfide concentrations. The experimental data were
fitted to the model of Han and Levenspiel (1988),
obtaining determination coefficients (R?) between
0.93 and 0.99.

The kinetic data obtained for the IMP-PB, IMP-XO
and IMP-TL mixed cultures were very different from
those obtained with thiosulfate. Sulfide appeared to be
an inhibitory substrate according to the ICsy and IC g
values (Table 2). The IMP-XO mixed -culture
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Table 1 Physicochemical characterization of soil samples from Mexican saline and alkaline environments

Sample PB X0 TL
Origin Tehuacan, Puebla Xochimilco, Mexico City Tlahuac, Mexico City
pH 9.4-10.1 8.0-9.0 8.1-10.1
Temperature (sampling) (°C) 17 28 23
Temperature (main annual temperature 21.9 16 16
of the site) (°C)
Electric conductivity (mS cm™h 3.28-3.85 4.25-9.04 2.28-3.15
Organic carbon (g kg™") 15.3-20.6 75.4-90.4 33.1-47.1
Inorganic carbon (g kg™") 8.3-13.2 1.3-1.3 6.1-11.4
Textural classification Sandy clay loam Sandy clay loam Sandy loam

Table 2 Batch kinetic parameters of the IMP-PB, IMP-XO
and IMP-TL mixed cultures using sulfur compounds as energy
source

Parameter Cultures

IMP-PB  IMP-XO IMP-TL

Thiosulfate-oxidizing activity

Jmax (Mg O3 g;},lein min~!) 15.6 23.6 17.0

Ks (mM) 0.21 0.23 0.22
pH

Range 7-10.8  8-11 7-11

Optimum 9-10 10.5 9.8
NaCl

1Cso (M) 1.7 ND 0.6
MDEA

IC5o (mM) 96 79 27

IC100 (mM) 197 175 214
Sulfide-oxidizing activity

Qmax (Mg O3 Zproein Min~ ") 8.8 19.0 11.2

K apparent (MM) 0.16 0.30 0.06

IC5¢ (mM) 0.8 0.6 0.6

IC 09 (mM) 1.6 1.4 0.9

ND not determinated

presented the major sulfide-oxidizing activity with
19.0 mg Oy gproein min~ "' and a K, 0.30 mM.

Influence of NaCl and pH on thiosulfate-oxidizing
activity

IMP-PB and IMP-TL thiosulfate-oxidizing activity
were dependent on the NaCl concentrations (Fig. 2A).
This activity decreases with increasing concentration
of NaCl in the systems. The kinetic behavior at
different concentrations of NaCl permitted estimation

)

1
—_
]

14 4 { 0 BR-PB

------- fitted
A IMP-XO

fitted
o IMP-TL

== — —fitted

-qO2 (mg O, .g protein~! .min~
()]

0 0.4 0|.8 1|.2 1.6 2
Sulfide (mM)

Fig. 1 Sulfide concentration effect on sulfide-oxidizing activ-
ity based on the oxygen uptake rate in IMP-XO, IMP-PB and
IMP-TL mixed cultures, respectively. The error bars corre-
spond to standard deviations

of the concentration of NaCl that reduced the
thiosulfate-oxidizing activity by 50% (ICs() (Table 2).
While IMP-XO culture behavior was not affected by
NaCl concentrations tested.

The test result showed that the three mixed
cultures were obligate alkaliphiles with an optimum
pH around 10. IMP-TL thiosulfate-oxidizing activity
was 40% of its maximal activity at pH 7, while IMP-
PB, at this pH was completely inactive. IMP-XO
expressed an activity which is clearly alkaliphile
since its maximum activity was registered at pH 10.6
and 80% of its activity was still maintained at pH
11.0 (Fig. 2B).

Effect of the MDEA in the thiosulfate
oxidizing activity

In oil industrial processes amine solutions containing
N-methyl-diethanolamine (MDEA) are used to remove
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Fig. 2 A NaCl concentration effect, and B pH effect on
thiosulfate oxidation rate, both in IMP-XO, IMP-PB and IMP-
TL mixed cultures, respectively. The error bars correspond to
standard deviations

sulfur compounds from refinery gaseous effluents and
could therefore be found in the caustic waters flowing
downstream (Carey et al. 1991). The biological
treatment for these effluents must consider the effect
of MDEA in the HAS microbial cultures. Even
though no reports about the relationship between the
thiosulfate oxidizing activity and the MDEA have
been described. The three mixed cultures showed
tolerance to MDEA, which could be grown on, and
had thiosulfate oxidizing activity up to 170 mM of
this compound. The ICsy and IC;o, for MDEA are
shown in Table 2, and IMP-TL mixed -culture
presented the highest tolerance (210 mM) to this
compound. This result demonstrates that IMP mixed
cultures could be used in the treatment of down-
stream water and the gas sweetening process.

Continuous systems
The three mixed culture behavior in a chemostat
bioreactor was studied by using the model described

by Pirt (1975) to determine the kinetic parameters of
the biomass growth (Table 3). The results clearly
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highlighted the differences between the cultures. The
IMP-TL system achieved biomass productivity
(Pmax) of 166 mgpoiein 1! dayfl with a reactor
dilution rate of 4.22 day™'; the maximal biomass
concentration within the reactor was 39.4 mg 17"
The IMP-XO mixed culture had the highest maximal
growth rate (15 day~") and allowed dilution rates of
up to 7.14 day~" and a productivity of 433.4 Mgpro-
ein 171 day_l. Reactor evaluation shows that IMP-
XO results are optimum to be applied within the
industrial sulfur stream treatment.

Molecular characterization of the enriched
haloalkaliphilic sulfur-oxidizing cultures

Molecular identification in the three mixed cultures
showed a low species diversity, due to extreme
growth conditions used for the enrichment cultures.
Figure 3 shows the bands obtained by means of RISA
analysis from IMP-PB, IMP-XO and IMP-TL mixed
cultures. Five sequences obtained in this study were
analyzed and these determined the closest relative
taxa and were deposited into the GenBank under the
accession numbers DQ154901-DQ154905.

Bands 1 and 2 were obtained in the IMP-XO
mixed culture. The sequence derived from band 1
was closer to the sulfur-oxidizing bacterium Thioal-
kalimicrobium cyclum with 99% identity. Band 2
matched with Halomonas variabilis strain DSM 3051
(98% identity). Only one band was detected in the
IMP-PB culture (band 3) and it was related (97%
identity) to an uncultured Gammaproteobacterium.
Bands 4 and 5 were obtained from the IMP-TL mixed
culture, the first band corresponded to Halomonas sp.
with 99% identity and the second one had 99%
identity with a uncultured Bacteroides bacterium.

Table 3 Chemostat bioreactor kinetic parameters of the IMP-
PB, IMP-XO and IMP-TL mixed cultures

Parameter Cultures
IMP-PB  IMP-XO IMP-TL

:umax (dayil) 15 15 60
K, (mM) 4.8 14 3.72
YX/S (mgprolcin mMil) 2.8 25 1.33
Dinax (day ™) 0.98 7.14 422
Xinax (MZprotein 171 74.39 60.70 39.38
Prnax (MZprowein 17" day™)  73.18 4334 166.09
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Fig. 3 Ribosomal Intergenic Spacer Analysis (RISA) in
haloalkaliphilic sulfur-oxidizing cultures. Band 1 IMP-XO
Thioalkalimicrobium cyclum Identity (ID) 99%; band 2: IMP-
XO Halomonas variabilis ID 98%; band 3 IMP-PB uncultured
Gamma proteobacterium 1D 97%; band 4 IMP-TL Halomonas
sp. ID 99%; band 5 IMP-TL uncultured Bacteroidetes
bacterium ID 99%

Discussion

The sampling areas for this research were reported as
saline alkaline environments, since their dissolved
salt content were sodium-chloride, carbonates, sul-
fate, and in a lesser proportion salts from calcium,
potassium, magnesium, lithium and boron. Some of
these ecosystems are also rich in sulfur (Alcocer and
Hammer 1999) and could therefore be considered as a
possible source of HAS microorganisms.

The content of organic carbon in XO and TL
samples indicated high organic matter content and the
PB sample had medium organic matter content
according to the soil classification (Fernandez et al.
2006). The high inorganic carbon content may
indicate the presence of carbonates as has been
reported in highly alkaline environments similar to
soda lakes characterized by the presence of high
levels of sodium carbonate and their derivatives
(Alazard et al. 2007). Total dissolved solid in PB, XO
and TL were 346.5, 813.6 and 283.5 mg 17! respec-
tively. These results were similar to those described
by Barcenas et al. (2002) for soil samples from
Tehuacan, Puebla and Ramos-Bello et al. (2001) for
Xochimilco and Tlahuac. The authors reported a high
concentration of carbonates, thus explaining the

alkalinity of the samples (pH 8-10). The main
temperature of sample sites were 21.9°C for PB and
16°C for XO and TL so the microorganisms found
were mesophiles.

During the enrichment process one HAS mixed
culture was obtained for each place. In the respiro-
metric assays the maximal specific oxygen uptake
rate —gmax(O2) achieved on thiosulfate by IMP-PB,
IMP-XO, and IMP-TL mixed cultures were consis-
tent with the results obtained by Sorokin and Kuenen
(2005) with a pure culture of genus Thioalkalivibrio
(4.8-35.2 mg O; gpbein min~') incubated at 30°C.

The three mixed cultures sulfide-oxidizing activity
evaluation was higher than a value of 3.8 mg O, gp.
ein | min~! reported by Gonzalez-Sanchez et al.
(2009) using a sulfo-oxidant consortium. The IMP-
XO mixed culture presented major sulfide oxidizing
activity (Table 2); suggesting that it could have a
potential application for treatment streams sulfur
compounds.

IMP-TL and IMP-PB were moderately salt-tolerant
microorganisms capable of growing in 1.2-1.5M
Na™. Nevertheless sulfur-oxidizing activity decreased,
with respect to the Nat increase. IMP-XO mixed
culture presented a different behavior from the other
two cultures and its oxygen uptake rate was not
affected by NaCl concentrations up till 1.7M
(Fig. 2A) in the measured range. IMP-XO culture
was obtained from the sample with the highest salt
concentration hence it is better adapted to Na™.
Besides, a microorganism related to Halomonas, and
considered as a high salt tolerant bacterium (Shap-
ovalova et al. 2008) was detected in the IMP-XO
mixed culture.

IMP-PB and IMP-TL mixed cultures showed a
similar thiosulfate-oxidizing activity (Table 2) com-
pared to the value reported by Sorokin et al. (2003) for
different Thioalkalivibrio strains: 17.6 mg O, gyro-
win | min~' with thiosulfate, at pH 10 and 0.5 M total
Na®. Thioalkalivibrio species are reported to be
extremely haloalkaliphilic with an upper NaCl con-
centration of 4.0-4.3 M and an optimum pH of 10.5
(Sorokin and Kuenen 2005; Sorokin et al. 2008). Our
results showed that IMP-PB has less NaCl tolerance.

The results obtained in continuous systems of IMP-
PB and IMP-TL mixed cultures with thiosulfate only as
an energy source, achieved comparable values of the
specific growth rate, as those reported by Sorokin and
Kuenen (2005) for Thioalkalimicrobium (7.92 dayfl),
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and Thioalkalivibrio (2.88 day™'). The substrate-to-
biomass yield of IMP-XO (2.5 mgprotein mM_l) was
similar to that described for Thioalkalimicrobium
(2.5-3.7 mgprotein mel) obtained in a continuous
culture at controlled pH and limited conditions of
thiosulfate (Table 4). The chemostat results highlighted
the differences between the Thioalkalimicrobium/
Halomonas (IMP-XO) and the Thioalkalivibrio (IMP-
PB) cultures. The first one had a 10 fold higher growth
rate (15 day ") corresponding to its’ higher productiv-
ity. Nevertheless the substrate to biomass yield and the
maximum biomass concentration gave similar results
for both cultures. IMP-TL mixed culture with no
oxygen limitation and at pH 10.0 presented a complete
thiosulfate oxidation with 0.5-1.5 day7l dilution rates,
according to the reaction described by Velasco et al.
(2004) where 1 mol of thiosulfate oxidizing produced
2 mol of sulfate. At higher dilution rates (>1.5 day ") a
partial thiosulfate oxidation occurred.

This result demonstrates that IMP mixed cultures
could be utilized in sulfur inorganic compounds
treatment, present in oil industrial streams as natural
gas, spent caustic and sour waters under haloalkaline
conditions.

A chemolithoautotrophic haloalkaliphilic sulfur-
oxidizing bacterium Thioalkalimicrobium cyclum
was detected in IMP-XO mixed culture. T. cyclum
has been isolated from the stratified alkaline and
saline Mono Lake, California (Sorokin and Kuenen
2005). Some authors suggest that this particular
species of HAS is endemic to North America since
there are no reports of it in Central Asia or Africa
(Sorokin et al. 2007). Halomonas variabilis was
found in IMP-XO mixed culture, its sequence
matched with an H. variabilis DSM 3051 strain
isolated from Great Salt Lake (Utah, USA) (Arahal
et al. 2002). Halomonas species have been found in a
variety of habitats such as saline ponds as well as
deep-sea sediments and waters, they are euryhaline
moderate halophiles, and some isolates are alkalitol-
erant (de Souza et al. 2001; Okamoto et al. 2004).
Reports concerning the microbial diversity in Mexico
soda lakes, suggest the presence of several members
of the Halomonadaceae family such as Halomonas
magadiensis and Halomonas eurihalina, as well as
halophilic and alkaliphilic Gram-positive bacteria
(Jan-Roblero et al. 2004).

@ Springer

IMP-PB mixed culture showed an uncultured
Gammaproteobacterium, detected in the alkaline
hypersaline Mono Lake, California. The closest
cultivable relative was Thioalkalivibrio sp. strain
ALMg, from north-eastern Mongolian Lake (Sorokin
and Kuenen 2005). Gammaproteobacteria class is
formed by the known groups of haloalkaliphilic
sulfur bacteria, including chemolithotrophic and
phototrophic groups (Banciu et al. 2008; Sorokin
et al. 2006a, b). Halomonas sp. was detected in IMP-
TL mixed culture followed by Halomonas desiderata,
a denitrifying bacterium first described by Berendes
et al. (1996) and isolated from municipal sewage.
Other H. desiderata have been isolated from saline
soils in Thailand (AY647309 GenBank accession).
Sorokin and Kuenen (2005) isolated bacteria in soda
lakes of the genus Halomonas which are heterotro-
phic haloalkaliphilic bacteria capable of sulfur com-
pounds oxidation (thiosulfate and sulfide) to
tetrathionate in the presence of acetate. One band
was detected from IMP-TL mixed culture corre-
sponding to a uncultured Bacteroidetes bacterium
phylotype (DQ028407 Gen Bank accession) detected
in alkaline (pH 10.4) sites from Greenland (Schmidt
et al. 2006).

Conclusion

The results obtained using samples of saline alkaline
Mexican soils are potential sources of haloalkaliphil-
ic sulfur-oxidizing bacteria. The IMP-XO, IMP-PB
and IMP-TL mixed cultures obtained could be
applied in the treatment of inorganic sulfur com-
pounds both at high pH and salinity. Thioalkalimi-
crobium/Halomonas (IMP-XO) culture performed
well at high dilution rates and in halotolerance
conditions even at 1.7 M Na™ and pH 10.

The capability of these bacteria to grow on sulfur
compounds, under highly alkaline and saline condi-
tions, can be potentially used to develop new
biotechnological processes for petroleum industrial
application related to harmful sulfur compounds in
natural gas treatment. Additionally, mixed cultures
have the capability to grow in the presence of MDEA
as found in gas sweetening processes.
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