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Abstract: This study reports for the first time the isolation, identification and characterization of
lipase-producing thermophilic strain from the geothermal water of the El Chichén volcano crater
lake. Two strains were identified by 165 rRNA sequencing as Geobacillus jurassicus CHI, and
Geobacillus stearothermophilus CHI;. Results showed that G. jurassicus CHI, is Gram-positive, able to
ferment maltose, fructose and sucrose and to hydrolyze starch and casein; while G. stearothermophilus
CHI; showed to be Gram-variable, able to ferment maltose and fructose and to hydrolyze starch.
Colonies of both strains presented irregular shape, umbilicated elevation of gummy texture and cells
presented flagellar movement to survive in fluids with high temperature and mass gradients due to
complex phenomena of heat and mass transfer present in the geothermal fluids. Lipase production
for G. stearothermophilus CHI; was also evaluated. It was found that this strain possesses a growth
associated with extracellular lipase production with a high activity of 143 U/mL at 8.3 h of incubation
time, superior to the activities reported for other microorganisms of genus Geobacillus; for this reason,
it can be said that the thermal flow of the El Chichén volcano crater lake can be a useful source of
lipase-producing thermophilic bacteria.

Keywords: thermophilic bacteria; geothermal flow; lipase; temperature gradient; thermal
biotechnological processes; hydrolysis; volcanic crater lake

1. Introduction

The need to synthesize value-added products in a more sustainable way led biocatalysis to
be regarded as a competitive option against chemical processes [1-4]. However, due to the fact
that operating conditions of industrial processes are generally very different from those required
by biocatalysts, the application of biocatalysts is still limited. For this reason, nowadays there is a
growing need for new enzymes that are stable under severe operating conditions, in order to replace
or at least complement traditional chemical processes [2]. One possible solution to this drawback
is the use of extremozymes produced by extremophilic microorganisms, which have developed a
natural resistance to harsh conditions [3,4], being able to perform reactions at acidic and alkaline
pH, at temperatures of up to 140 °C, or close to the freezing point of water, at high pressures or in
non-aqueous environments and water/solvent mixtures, making them an excellent biotechnological
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tool to catalyze reactions in severe conditions [4]. Extremophilic microorganisms are a rich source
of extremozymes; these microorganisms are capable of surviving in extreme habitats under very
high or low pH (alkaliphiles or acidophiles) and temperatures (psychrophiles and thermophiles),
low humidity (xerophiles) or elevated pressure (piezophiles) and salt concentrations (halophiles) or
ionizing radiation levels (radiophiles) [5]. Particularly, thermophilic microorganisms have gained
importance in “white biotechnology”, which is defined as the use of organisms and enzymes for
industrial processing and the production of materials, chemicals and energy [6,7]. Thermophiles
have optimum growth temperature of >55 °C and in general, many of them are polyextremophiles,
which means that they are capable of living in other extreme environmental conditions, such as
those related to pH, redox potential, salt concentration or the presence of a wide spectrum of toxic
compounds [8-10]. Thermophiles are mainly found in hot springs [11-13], hot springs adjacent to
volcanic environments [14-16], upper soil layers [17]—and even in man-made thermal environments,
such as compost facilities [18]. Therefore, different research groups have reported important works
related with the characterization of microorganisms in aqueous media [19-22]. On the other hand,
thermophiles have numerous thermal biotechnological applications, either using whole cells or their
macromolecules or metabolites, among which are the bioremediation [4,23-25], bioenergy [26-28],
biomining [29,30] and biosurfactant production [14,31]. In addition, there is a great interest on the study
of thermophilic bacteria due to their use as a source of thermostable enzymes (thermozymes) [6,7,32-34],
such as cellulases, xylanases, pectinases, chitinases, amylases, pullalanases, proteases, esterases and
lipases [6,7,35]. Thermozymes are very important in industrial processes due to the fact that higher
temperatures improve the solubility of many reaction components (mainly polymeric substrates) and
reduce the risk of contamination [36].

Lipases are among the most used enzymes in the industry; they are defined as triacylglycerol
acylhydrolases that biocatalyze the hydrolysis of long chain triacylglycerols and are widely found in
animals, plants and microorganism, but those originated from bacteria are more stable and easier to
cultivate and optimize than others [37,38]. Lipases are used in several industrial sectors like detergents,
foods, cosmetics, pharmaceutics [39,40] and biodiesel production [41,42], and they are selected for each
application according to their substrate specificity, position of fatty acid esters and stereospecificity, as
well as their temperature and pH stability. Multiple industrial applications of lipases have stimulated
a growing demand for lipases with more robust catalytic properties that are able to withstand harsh
operating conditions. Because of that, the isolation and selection of new strains of lipase-producing
microorganism have been intensively investigated [43—-48]. It has been reported the isolation of these
microorganisms from different sources such as agro industrial waste [43], saltworks [1], vegetable oil
processing factory [44], dairy plants [45], soil contaminated with oils [46,47] and petrol spilled soil [48].
In this sense, the isolation of microorganisms from extreme environments, with the ability to produce
lipolytic enzymes, becomes very important.

El Chichoén volcano (17.36° N, 93.23° W; 1100 m above sea level, MASL) is located northwest of
the state of Chiapas, southeastern México and it is part of the Chiapanecan volcanic arc [49,50]. On 25
April 1982, it was observed for the first time the presence of three small lakes, which in November
of the same year, coalesced into one [49]. Since the formation of the crater lake, its level, shape and
geochemical composition has changed constantly and drastic temperature and pH variations have
been observed [50-53]. There are several reports related to the hydrology, hydrochemistry, geothermal
potential [54], hydrogeochemical [53], geophysical characterizations [50] and geological evolution
of the El Chichoén volcano crater lake [55,56], but very few studies related to its microbiology. A
study on the diversity and abundance of bacterial communities of the El Chichén volcano crater lake
sediments, was reported [57]. In this study, fifteen phyla were found in the sediment at 50 °C but
Actinobacteria (33.1%), Proteobacteria (29.1%) and Acidobacteria (20.1%) dominated; nine phyla were
found in the sediment at 92 °C where Firmicutes (52.7%, mostly Alicyclobacillus and Sulfobacillus)
and Proteobacteria (44.8%, mostly Bradyrhizobium, Methylobacterium, Sediminibacterium) were the most
abundant. Rincén-Molina et al. [58] studied the diversity of the Plant Growth Promoting Bacteria
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(PGPB) associated with pioneer plants that grow at the surroundings of the crater lake of El Chichén
volcano. Strains were isolated using selective culture media and then characterized phenotypically.
However, as far as we know, there are no reports dealing with the isolation and identification of
thermophilic microorganisms from the Chiapanecan Volcanic Arc that produce thermostable enzymes
with biotechnological potential. For this reason, the objective of this paper is the identification and
characterization of lipase-producing thermophilic bacteria isolated from the El Chichén volcano
crater lake.

2. Materials and Methods

2.1. Site Description and Sample Collection

The crater lake of the El Chichén volcano is located in the Chiapanecan Volcanic Arc (north-western
Chiapas, south—eastern Mexico) at 17.36° N, 93.23° W with a maximum elevation of 1100 MASL, one
km of wide, 160 m of deep and an average annual rainfall of 4000 mm [50,54].

Samples of geothermal water were collected from three different sites in the El Chichén volcano
crater lake, where thermophilic microorganisms live subject to phase changes with high temperature
and mass gradients; Site 1 (17°21’38” N, 93° 13'28” W), Site 2 (17°21’36” N, 93°13’38” W) and Site
3 (17°21’37” N, 93°13’39” W) with a distance between them of approximately 10 m (see Figure 1).
Temperature and pH were measured in situ using a temperature and pH meter standard portable
HANNA model HI-98128 (Merck, Kenilworth, NJ, USA), and their average values were 71.6 °C and
5.4, 80 °C and 4.2 and 83 °C and 5.5, for sites 1, 2 and 3, respectively. Samples were stored in 1-L sterile
flasks with screw tops and were brought immediately to the laboratory. After 5 h, the microorganism
present in the collected geothermal water were used as initial inoculum in two culture media. To
prevent contamination, samples were stored in 50-mL sterile tubes washed 3 times with geothermal
water, after that, tubes were placed in 1-L sterile flasks washed 3 times and filled with geothermal water.

Figure 1. Sampling sites of the geothermal water in the El Chichén volcano crater lake.

2.2. Cultivation of the Thermophilic Microorganisms

Two enrichment liquid culture media were used for the growth of the thermophilic microorganisms.
The first medium was a nutrient broth (NB) composed of 3-g/L meat extract and 5 g/L of peptone; the
second one was a enrichment medium (EM) with the following composition (per liter): yeast extract,
1.0 g; olive oil, 5.0 mL; NaCl, 2.0 g; MgSO,-7H;0, 0.4 g; MgCl,-6H,0, 0.7 g/L; CaCl,-2H,0, 0.5 g;
KH,POy, 0.3 g; KoHPOy, 0.3 g; (NH4)2SO4, 0.5 g; Vitamin solution, 1.0 mL (catalog DSM No. 141) and
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trace element solution, 1.0 mL (DSM catalog No. 141) [59]. Cultures of each sampling sites (in triplicate)
were carried out in 1-L Erlenmeyer flasks containing 250 mL of each liquid culture media, which
were inoculated with 3 mL of the collected geothermal water samples, under sterile conditions [60].
Incubation temperatures were 71.6, 80 and 83 °C and pH 5.4, 4.2 and 5.5 (adjusted with 1-M citric acid)
for the samples of sites 1, 2 and 3, respectively. Microbial growth was monitored every 48 h (in triplicate)
during 192 h by measurement of the optical density at 600 nm. Only the sample corresponding to
sampling Site 1 showed microorganisms growth; for this reason, all the following experiments refer
to these microorganisms. The culture temperatures were achieved using a programmable incubator
shaker (New Brunswick, Eppendorf, Enfield, United States) with digital temperature microprocessor
and shaking velocity control. A Hach UV-visible DR 6000 spectrophotometer (wavelength range:
190-1100 nm) was used to measure the optical density.

2.3. Isolation of Lipase-Producing Thermophilic Microorganisms

After enrichment culture, lipase producing thermophiles were screened on rhodamine B (Sigma)
agar plates at 60 °C during 72 h. Medium rhodamine B (MRB) composition (per liter) was: peptone
10 g, NaCl 5 g, yeast extract 5 g, agar 17 g, rhodamine 0.001% and olive oil 31.25 mL (2.5% p/v).
The rhodamine B was prepared in sterile distilled water solution, the resulting solution and olive
oil were sterilized by filtration with a 0.22-um pore filter, both oil and rhodamine B were poured
onto the agar under aseptic conditions and then they were agitated [61,62]. Lipase production was
monitored by irradiating plates with UV light at 350 nm (BIO 139 RAD-2000 UV transilluminator) [61].
Microorganisms with capacity to produce lipases were taken from the colonies with the highest
fluorescent orange halos in plates [62]. The identification of lipase-producing bacteria was provided by
molecular, morphological and biochemical characterization.

2.4. Identification of Lipase-Producing Bacteria

2.4.1. Molecular Identification

Samples of the isolated microorganisms were suspended in 2 mL triple distilled water in Eppendorf
tubes. Aliquots of 600 pL were taken and centrifuged at 10,000 rpm for 10 min. DNA extraction
was performed using the ‘ZR fungal/bacterial DNA miniprep” kit according to the manufacturer’s
instructions. For PCR, the amplification solution contained 2.5 pL. PCR buffer, 1.5 pL. MgCl,,
oligonucleotides 1.25 uL (60 mM), 0.125 pL Taq polymerase, 0.5 uL dNTPs, 7.5 uL BSA, 9.125 uL
deionized H,O, 1.25 uL DMSO and 1 uL of DNA. The primers used were 27F (5'-AGAGTTTGATCMTG
GCTCAG-3") and 1492R (5’-TACGGYTACCTTGTTACGACTT-3’). The following conditions were used
in the amplification of the gene 165 rRNA: 35 cycles of 94 °C for 1 min, 57 °C for 1 min, 72 °C for 2 min
and a final extension of 72 °C for 10 min. PCR products were visualized on 1% agarose gel, purified
and sequenced (Macrogen®, Korea). The sequences of the 165 rRNA gene were analyzed in the NCBI
database [63]. The sequences were aligned using the CLUSTAL X (2.0) software with the default
settings [64]. Phylogenetic and molecular evolutionary analyses were performed with MEGA v5.2. [65]
The phylogenetic tree of the 165 rRNA gene sequences was constructed by neighbor-joining [66] and a
Bootstrap analysis with 1000 pseudoreplicates using the Tamura—Nei model [67].

2.4.2. Morphologic and Biochemical Characterization

The macroscopic morphology of the isolated strains was evaluated using a Swift brand stereoscope
series 80 [68]. For the determination of the microscopic characteristics the isolated strains were cultivated
in lipase production medium (LPM) as described in the next section at 71.6 °C. Samples were taken
from the flasks in the logarithmic stage and they were studied by light microscopy [69]. Gram stain was
performed using a differential staining kit purchased from HICEL DE MEXICO S.A. DE C.V. according
to the method described by Mohan [69]. Biochemical characterization consisted of several tests such as
consumption of different sources of carbon (lactose, maltose, raffinose, fructose and mannitol), urea,
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MR-VP (methyl red Voges-Proskauer), citrate, SIM (sulfide indole motility), TSI (triple sugar iron), LIA
(lysine iron agar), MIO (motility indole ornithine), hydrolysis of casein and hydrolysis of starch test.
The tests for carbon consumption were performed in liquid media.

2.4.3. Growth of Lipase-Producing Thermophilic Microorganisms and Enzymatic
Activity Determination

The selected strain was cultivated in MRB plates at 71.6 °C for 72 h; after that, samples of the
colonies were taken and inoculated into 2-L Erlenmeyer flasks with 400 mL of LPM and incubated for
72 h. LPM composition per liter was: peptone 6 g, yeast extract 2 g, olive oil 15 mL, CaCl,-2H,0 0.2 g,
MgS0,4-7H,0 0.1 g and FeCl3-6H,O (1% stock solution) 0.4 mL. Incubation temperature and pH were
71.6 °C and 5.4, respectively. Microbial growth was followed through monitoring of the optical density,
taking samples every 20 min for 24 h.

Crude enzymatic extract was obtained simultaneously with the optical density measurement,
taking aliquots of 2 mL of the culture in each monitoring. The samples were centrifuged at 10,000 rpm
for 10 min at 4 °C and the cell-free supernatant was used as the crude enzymatic extract. Enzymatic
activity of the extracts was determined by measuring the increase in absorbance at 410 nm produced by
the release of p-nitrophenol in the hydrolysis of 0.4-mM 4-nitrophenol-palmitate (pNPP) in isopropyl
alcohol (substrate solution) at pH 7 (pINPP molar extinction coefficient (¢) in these condition is
1.5 x 10* L mol~! em™!). Reaction was started by adding 0.1 mL of the crude enzymatic extract to
0.9-mL of substrate solution at 60 °C, during 1 min. Spontaneous hydrolysis of p-NPP was monitored
under identical conditions without enzyme. One international unit of enzyme activity (U) was
defined as the amount of enzyme required to hydrolyze 1 umol of pNPP per minute [70]. The blank
(non-enzymatic control) was prepared without adding any enzyme extract and the absorbance was
measured under identical conditions. The activity was expressed in U/L. Protein concentration was
determined by Bradford’s dye binding method using bovine serum albumin as reference and recording
the absorbance at 595 nm. The microbial growth and extracellular lipolytic activity were performed
in triplicate.

3. Results and Discussion

3.1. Cultivation of the Thermophilic Microorganisms

Cultivation results of the geothermal microorganisms from sampling sites 1, 2 and 3 are presented
in Figure 2a—c, respectively. As it can be seen, only microorganisms from Site 1 were able to grow in
nutrient broth (NB) or enrichment medium (EM). In the case of microorganisms from sampling sites 2
and 3, no significant growth is observed in any of the two media used, even at 288 h of incubation and
similar temperatures to those of the places where they were isolated. In NB, the maximum OD for
microorganisms from Site 1 was 0.4397, while microorganisms from Site 2 and 3 reached a maximum
OD of 0.0803 and 0.0463, respectively. In the case of EM, the maximum OD for microorganisms from
Site 1 was 1.3947, while microorganisms from Site 2 and 3 reached a maximum OD of 0.0338 and 0.4820,
respectively. This may be due to the fact that these microorganisms are classified as hyperthermophiles
(growth temperatures of 80 °C and 83 °C, for microorganisms from Site 2 and 3, respectively), which
are characterized by being mostly archaeal and anaerobic chemolithotrophs which use inorganic
compounds as donors and electron acceptors, for this reason they were unable to grow in these two
culture media that were supplemented with organic nutrients [71].

It can be observed in Figure 2a, that the microorganisms isolated from the sampling Site 1 showed
higher and faster growth in EM than in NB; this can be attributed to fact that the bacteria from the crater
lake of El Chichén volcano are adapted to the oligotrophic conditions of the volcanic environments,
and for this reason they have a limited capacity to take advantage of complex nutrients such as those
present in the NB [72]. In addition, they may require a specific nutrient or growth factor that was not
present in this medium [73].
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In the case of EM, although it is a specific media since it has olive oil as the only source of carbon,
this medium was enriched with minerals, vitamins and traces of other elements, so this suggest that its
composition was similar to the composition of the crater lake waters, thus promoting a greater and
faster growth of microorganisms. In addition, it is important to mention that the microbial growth
in the EM is indicative that in the crater lake of El Chichoén volcano there are enzyme-producing
microorganisms with lipolytic activity.
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Figure 2. Growth of microorganisms isolated from El Chichén volcano crater lake in two culture media.
(a) Microorganisms from Site 1, at pH 5.4 and 71.6 °C; (b) microorganisms from Site 2, at pH 4.2 and
80 °C and (c) microorganisms from Site 3, at pH 5.5 and 83 °C. Closed circles—enrichment medium
(EM); closed squares—nutrient broth (NB).

3.2. Isolation and Identification of Lipase-Producing Thermophilic Microorganisms

Isolation of lipase-producing microorganisms was carried out with the microorganisms from
Site 1 cultivated in NB and EM, which were the only ones that showed significant growth during
their culture. For isolation, consecutive reseeding was performed on plates of solid MRB (Medium
rhodamine B) which evidence the lipolytic activity through the orange fluorescence at the border of the
colonies formed due to the enzymatic hydrolysis of the triglycerides present in the olive oil [62]. In
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Figure 3, it can be seen that lipolytic activity was observed in IS-NB and IS-EM plates (initial seeding
of microorganisms cultivated in NB and EM, respectively) and in 4RS-NB and 4RS-EM (four reseeding
of microorganisms cultivated in NB and EM, respectively), which were incubated at 60 °C and pH
5.4. According to these results, four potentially lipase-producing strains were isolated. In order to
have a better understanding of the orange fluorescence color at the border of the colony, cultivation of
lipase-producing microorganisms at colony level are presented in Figure 4. As it can be observed strains
showed positive evidence of lipase production. The microorganisms were able to produce orange
fluorescent halos (rhodamine B) at 60 °C and pH of 5.4. The 4RS-NB and 4RS-EM: four reseeding of
microorganisms cultivated in NB and EM, respectively.

IS-NB IS-EM RS-NB

RS-EM

Figure 3. Isolation of lipase-producing microorganisms grown on plates with rhodamine B medium
at 60 °C and pH of 5.4. IS-NB and IS-EM—initial seeding of microorganisms cultivated in NB and
EM, respectively; 4RS-NB and 4RS-EM—four reseeding of microorganisms cultivated in NB and EM,
respectively. IS: initial seeding.

Figure 4. Lipolytic activity on rhodamine B leading to the formation on a fluorescent halo. 4RS-NB and
4RS-EM—four reseeding of microorganisms cultivated in NB and EM, respectively.
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3.3. Molecular Identification of Lipase-Producing Thermophilic Microorganisms

The potentially lipase-producing strains (CHI; and CHI;) isolated from MRB plates were subjected
to extraction of genomic DNA which was analyzed by agarose gel electrophoresis. Subsequently, PCR
DNA amplification was carried out for the universal 165 rRNA gene. Amplicons showed approximately
1350 bp for the two isolated strains according to the molecular marker (M) that was of 50 to 2000 bp.
This result indicates that the DNA of the two strains showed good amplification since the universal
primers used for this study occupy regions from V1 to V9 of the 16S gene (1500 bp).

Genes sequencing results of the four strains were analyzed and compared to sequences in the NCBI
database. Strains IS-NB and 4RS-NB corresponded to Geobacillus jurassicus CHI, with 98% identity,
and strains of IS-EM and 4RS-EM to Geobacillus stearothermophilus CHI; with 99% identity. In Figure 5,
it is showed the neighbor-joining phylogenetic tree based on 16S rRNA gene sequences of bacterial
species isolated of geothermal water in the El Chichén volcano crater lake. The phylogenetic analysis
indicated that strain CHI, belonged to the genus Geobacillus with 98% identity with G. jurassicus DS1
and G. uzenensis U. The three strains have a relationship since they are thermophilic microorganisms
that have been found in extreme environments. In fact, it has been reported that G. jurassicus DS1
was found in Dagang oil fields (China) with temperatures of 60 °C and 65 °C and G. uzenensis U was
isolated from hot springs of oil fields with temperatures of 55 to 60 °C in Kazakhstan [68,74].

On the other hand, the strain CHI; showed 99% identity with G. stearothermophilus IFO12550
T. Characteristics of the Geobacillus, such as growth in several substrates, formation of endospores
that allow them to survive in unfavorable conditions which facilitates their storage and transport [75]
and high growth rates, make it an attractive genus as a potential source of many biotechnologically
thermostable enzymes, such as proteases, amylases, lipases and reverse transcriptase [76].

Geobacillus kaustophilus NCIMB 8547" (X60618.1)
51

83 Geobacillus lituanicus N—ST (AY044055.1)

94 Geobacillus thermoleovorans DSM 5366" (Z226923.1)

Geobacillus vulcani :’aS-lT (AJ293805.1)

Geobacillus stearothermophilus IFOIZ:’\SOT (AB021196.1)
89

Geobacillus stearothermophilus CHIp

Geobacillus subterraneus 34T (AF276306.1)

Geobacillus jurassicus DS I (AY312404.1)

97

Geobacillus uzenensis L'T (AF276304.1)

Geobacillus jurassicus CHa

0.005

Figure 5. Phylogenetic tree on the basis of 16S rRNA data of the lipase-producing thermophilic bacteria
(G. jurassicus CHI, and G. stearothermophilus CHI;) isolated from the crater lake of El Chiché6n volcano.
Bootstrap values calculated for 1000 replications are indicated. Bar—0.5% substitutions in nucleotide
sequence. Accession numbers are given in parentheses.
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3.4. Morphologic and Biochemical Characterization of G. jurassicus CHI, and G. stearothermophilus CHI;

The colonies of the isolated strains identified as G. jurassicus CHI, and G. stearothermophilus CHI4
were morphologically and biochemically analyzed. It was found that both strains are aerobic with a
chemoorganotrophic metabolism. As it can be seen in Figure 6, the colonies presented an irregular
shape, with a shiny wavy border and an umbilicated elevation of gummy texture and with a diameter
of 2 mm, approximately. These results agree with those of other authors, who reported that these two
species of the genus Geobacillus have a round, mucous and colorless morphology. The observed colony
morphology is an indication that these strains are capable of grouping to form conglomerates and to
migrate to where there is greater availability of nutrients, guaranteeing in this way their survival [68].

Cell of both strains G. jurassicus and G. stearothermophilus showed elliptical forms, with estimated
measurements of 1.0- to 1.9-um wide and 5.3- to 9.4-um long and 0.8- to 1.4-um wide and 2.4- to 4-pm
long, respectively. Similar results were reported by Nazina et al. [68], who point out that the strains
Geobacillus jurassicus DS1 and DS2 cultivated for 12 h at 60 °C in a medium with sucrose, presented
an elliptical shape with cell sizes of 1.0- to 1.6-um wide and 6.5- to 9.0-um long and 1.3- to 1.6-pm
wide by 9.0- to 14.0-pm long, respectively. In addition, regarding to Gram stain, G. jurassicus CHI,
showed to be Gram-positive, while G. stearothermophilus CHI; showed to have a Gram stain variable,
which is in agreement with results reported by other authors [74,77]. The variable Gram stain of
G. stearothermophilus CHI; could be explained by a conformational change of components of the cell
membrane caused by mechanisms of adaptation against complex phenomena of heat and mass transfer
like the variation of temperature, concentration and phase change associated with the formation of
gases on the shores of the El Chichén volcano crater lake. The above is related to the presence of a
S-layer, which responds to the specific conditions of the environment [78].

Figure 6. Colony formation of strains isolated from EI Chichén volcano crater lake. (a) Geobacillus
jurassicus CHI,; (b) Geobacillus stearothermophilus CHIy; IS-NB and IS-EM—initial seeding of
microorganisms cultivated in NB and EM, respectively.

Biochemical tests for G. jurassicus CHI, and G. stearothermophilus CHI; are shown in Table 1.
The two strains showed motility in the medium SIM (sulfide indole motility), similarly to what was
reported for G. jurassicus DS1 and DS2 and G. stearothermophilus isolated from oil fields of Dagang
(China) [68,74,77]. The motility presented by these strains is due to the formation of flagella, which
possibly occurs in response to the need for movement to survive severe thermofluid flow processes in
an environment with chemical, mass and temperature gradients which are due to the formation of
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gases by sudden changes in the underwater chimneys of volcanic environments such as the crater lake
of El Chichén volcano.

In Table 1 it can also be observed that for the tests of H,S production, Simmons Citrate, urease,
indole, Voges—Proskauer, methyl red, decarboxylation of lysine and ornithine and deamination of
lysine, negative results were found for both studied strains. Negative results in the H2S production
test suggest that these strains do not synthesize the enzymes cysteine desulfurase and thiosulfate
reductase, possibly because these two strains are aerobic using oxygen as an electron acceptor instead
of sulfates, which are electron acceptors in anaerobic conditions.

Table 1. Biochemical tests result of the strains G. jurassicus CHI, and G. stearothermophilus CHI;.

Geobacillus Geobacillus stearothermophilus Geobacillus Geobacillus stearothermophilus

Biochemical Test jurassicus [68] [74,77] jurassicus CHI, CHIy

Gram stain + + -
Lactose
Mannitol
Raffinose
Maltose
Fructose
Starch
Casein
C. Simmons -
Voges Proskauer -
Methyl red -
Urease -
MIO
Motility +
Ornithine
decarboxylation
Indol - - - -
Production of H,S - - - -
TSI
Glucose - - - -
Lactose - - - -
Sucrose + - + _
LIA
Lysine decarboxylation - - - -
Lysine deamination - - - -
SIM
Motility + + + +
Indole - .
Production of H,S - - - -

v+ + + 0+
e

[ T A
I

+
+
+

In the case of the Simmons Citrate test, these strains could use citrate as a carbon source and
inorganic ammonium as a nitrogen source, but when these reactions occur the medium is alkalinized,
generating the death of these microorganisms because they are adapted to live in volcanic waters
with pH between 2 and 5.5. Results of Voges—Proskauer and methyl red tests suggest that these two
strains do not follow the route of acid fermentation, therefore there was no color change in methyl
red due to no acid production; this result was corroborated in the glucose test that showed no acid
production. Consequently, the tests of decarboxylation of lysine and ornithine and deamination of
lysine also gave negative results since the enzymes responsible for these reactions do not show activity
at neutral or alkaline pH. On the other hand, carbohydrate test results showed that G. jurassicus CHI,
and G. stearothermophilus CHI; can ferment maltose, fructose and sucrose and mannitol, maltose and
fructose, respectively. These results are similar to the reported by Nazina et al. [68,74], who mention
that the strain G. jurassicus DS1 and DS2 and G. stearothermophilus 46 and 49, produce acids from
cellobiose, glucose, fructose, maltose, mannose, mannitol, ribose, sucrose and trehalose.

G. jurassicus CHI, and G. stearothermophilus CHI; showed positive results in the starch hydrolysis
test, which indicates that both strains have the ability to synthesize amylase, maltase and dextrinase
enzymes to unfold the molecules of amylose, amylopectin, maltose and dextrin from the starch to
obtain glucose. In the case of the casein hydrolysis test, G. jurassicus CHI, showed positive result,
while the result for G. stearothermophilus CHI; was negative; this may be due to the fact that these
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strains had different initial cultures, G. jurassicus CHI, grew in a medium rich in protein sources such
as peptone and yeast extract (NB), which induced the synthesis of proteases in order to take advantage
of its carbon source; on the other hand, G. stearothermophilus CHI; was cultured in an EM, in which
its only carbon source was olive oil and for that reason the synthesis of proteases was not necessary.
Hence, G. stearothermophilus CHI; was selected for further experiment regarding to lipolytic activity.

3.5. Microbial Growth and Extracellular Lipolytic Activity of G. stearothermophilus CHI;

Geobacillus stearothermophilus CHI; was grown in lipase production medium (LPM), in order to
evaluate the microbial growth and extracellular lipolytic activity. As it can be seen in Figure 7, this
strain showed a growth-associated lipase production, as the lipolytic activity occurred in all growth
phases, with a marked increase during the exponential phase. The adaptation and exponential phases
lasted 3 and 17 h, respectively, with a maximum optical density (OD) of 0.98 at the end of the log phase
(hour 20).

G. stearothermophilus CHI; showed a maximum extracellular enzymatic activity of 143 U/mL at8.3 h
(exponential phase) of incubation time. This activity is greater than that reported for other thermophilic
microorganisms such as Geobacillus thermoleovorans (495 U/L) [79], Geobacillus sp. (1.2 U/mL) [80],
Geobacillus thermodenitrificans strain AV-5 (330 U/L) [81], Bacillus thermoleovorans ID-1 (700 U/L) [59] and
Bacillus coagulans BTS-3 (1.16 U/mL) [82]. Although it is difficult to make a direct comparison between
the activities reported for these microorganisms due to the different conditions used during their
study, the high enzymatic activity found for G. stearothermophilus CHI;, which is due to the specific
geothermal characteristics related to the heat and mass transport in the hot water of the El Chichén
volcano, makes it an excellent thermal biotechnological tool for potential uses in industrial processes.

Geobaciilus stearothermophilus CH
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Figure 7. Biomass concentration (closed circles) and extracellular lipolytic activity (U/mL) (closed
squares) of G. stearothermophilus CHI; culture in lipase production medium at 71.6 °C and pH 5.4.

4. Conclusions

In this study, two strains of thermophilic bacteria were isolated from the geothermal water
of El Chichén volcano crater lake where microorganisms thrive in complex phenomena of
heat and mass transfer. Gene sequence revealed that these strains corresponded to Geobacillus
jurassicus CHIp and Geobacillus stearothermophilus CHI; with 98% and 99% of identity, respectively.
Geobacillus stearothermophilus CHI; showed a growth associated with lipase production with a marked
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increase during the exponential phase where a maximum lipase extracellular enzymatic activity of
143 U/mL was reached at 8.3 h of incubation. The high enzymatic activity found for G. stearothermophilus
CHI; makes it an excellent biotechnological tool for potential uses in thermal industrial processes.
In addition, it was demonstrated that the thermal water of El Chichon volcano crater lake can be
an important source of native thermophilic bacteria producing extracellular lipases with a high
lipolytic activity, which is of great importance for thermal biotechnological processes. Finally, it is
important to point out that as far as we know;, this is the first report dealing with the identification and
characterization of lipase-producing bacteria isolated from El Chichén volcano crater lake.
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