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|ABSTRACT |

Microbial endolithic communities are ubiquitous in many deserts around the globe. They have been found in many
different lithologies, including quartz, plagioclase and calcite. The use of culture methods in geomicrobiology
is important because most bacteria are non-cultivable, which makes it very difficult to characterize and describe
them. In this study, endolithic bacteria and yeast were cultured in three rock-forming minerals (quartz, K-feldspar
and calcite) with standard culture methodologies. It was demonstrated that these endolithic microorganisms could
grow in noble agar enriched with a mineral different from the one they were extracted. Microbes were also cultured
in a nutritive broth under some physicochemical factors (sugar, salt, pH and temperature) to study their possible
tolerance to different ecological conditions. These results were combined with Multiple Factorial Analysis to
identify statistical trends between their morphologies (pigment, size and Gram stain), chemical elements and
their tolerance to physicochemical factors. Our results show that it might exist a relationship between pigments in
microbial colonies,their tolerance to pH9, salinity and temperature conditions; and that Gram-negative bacillus
might have a high adaptive ability to different enriched minimum media. Characterizing microbial communities
associated with lithic substrates in the laboratory could be helpful for future planning in the search for life on Mars.
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INTRODUCTION

Geomicrobiology is an emergent sub-discipline of
geosciences that integrates techniques and concepts
from microbial ecology, geology and biochemistry
(Ehrlich ef al., 2015; Whitmeyer ef al., 2009). Its focal
points are the interactions between microorganisms and
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earth materials such as soil, rock-forming minerals and
rocks, the atmosphere and the hydrosphere (Ehrlich
et al., 2015). One of the unanswered questions that
emerge from geomicrobiology is whether the minerals
can control microbial diversity or they only provide a
microhabitat for some microorganisms (Rogers and
Bennett, 2004).
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The colonization of endolithic microorganisms is related
to the bioreceptivity of rocks, which is the susceptibility
of substrates to endolithic colonization (Guillitte, 1995).
It is determined by the physical and chemical properties
of the rock substrate, including mineral composition,
permeability, presence of chemical compounds, the
structure and distribution of pores, and other factors such
as water retention capacity, pH, and exposure to climate and
nutrient sources (Cockell et al., 2009; Herrera et al., 2009;
Kelly et al., 2011; Omelon et al., 2007).

Although there is growing evidence that mineral
composition may control biomass and bacterial community
structures (Carson et al., 2009; Certini et al., 2004; Gleeson
et al., 2006; McNamara et al., 2011; Rogers and Bennett,
2004), little is known about the role of elements within
rock-forming minerals as a potential source of nutrients
or energy for microorganisms. Phosphorous (P) and iron
(Fe) are essential macronutrients for microbial metabolism
(Madigan et al, 2002). In some microhabitats (e.g.
contaminated aquifers), silicate minerals that contained
nutrients like P and Fe were preferentially colonized by
microorganisms, in contrast to the silicates without them.
The presence of P and Fe results in an increase in the
biomass and biodegradation rate when both elements are
present (Rogers and Bennett, 2004). Al, Si, and Ca have
also driven the bacterial community structure within the
system of crystals of quartz, K-feldspar, plagioclase, and
muscovite in a Pegmatite Granite. These crystals were in
proximity, yet distinct communities were detected on each
mineral (with many ribotypes restricted to a single mineral
type), indicating selective pressure by individual chemical
elements on the bacterial population in situ (Gleeson et
al., 2006). Additionally, studies in microcosms when mica,
basalt, and rock phosphate (phosphorite) were added to
soil have shown that mineral addition to soil resulted in
substantial changes in the microbial community structure,
where authors conclude that when mineral substrates rich
in K, Mg, Ca, or P are added to nutrient-poor soils, these
support specific microbial communities (Carson et al.,
2009).

Endolithic microorganisms have been reported in many
areas around the globe, some of them reported in warm
hyper-arid and arid deserts such as Atacama, Mojave,
Namib, and Sonora (Ascaso, 2002; Bell, 1993; Bungartz et
al.,2004; Dong et al., 2007; Lacap et al., 2011; Schlesinger
etal.,2003; Stomeo et al., 2013; Vitek et al., 2016), in cold
deserts in the Arctic and Antarctic regions (Ascaso, 2002;
Cockell and Stokes, 2004; Cowan et al., 2010; Friedmann,
1980; Makhalanyane et al., 2014; Omelon et al., 2006;
Smith et al., 2000), and in deep subsoils and ocean
trenches. In these extreme environments, microorganisms
find protection against high and low temperatures, UV
radiation and desiccation inside pores and fissures of
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minerals and rocks (Bell, 1993; Wierzchos et al., 2018).
However, there are reports of endolithic microorganisms
in intertropical zones (Gaylarde et al., 2017), where
humidity and solar radiation are significantly different from
the above-mentioned biomes. Herein we report endolithic
culturable bacteria and yeast-like fungi in an inter-tropical
region in the semi-arid zones of Villa de Leyva, Boyaca,
and Pescadero, Santander, in Colombia.

Within the rocks, microorganisms find a microhabitat
that provides them with thermal buffering, physical
stability, freeze-thaw events, and protection against incident
UV radiation (Wierzchos et al., 2012). Above all, as the
rocks have networks of pores and fissures, water retention
through them allows moisture availability (Wierzchos et
al., 2012). Dryness and aridity are unfavorable conditions
for life. In desert zones, besides aridity, microorganisms
also need to withstand lethal UV light, high and low
temperatures and their rapid fluctuations, high rates of water
evaporation, extended periods of desiccation, oligotrophic
conditions and, often, high salinity levels (Cockell et al.,
2008; Wierzchos ef al., 2012). Even brief exposure to solar
radiation can cause cell death within a few hours (Cockell
et al., 2008).

In Corzo-Acosta (2018), two field trips were performed
to collect extensive samples of minerals that might host
endolithic microorganisms in Villa de Leyva (Boyacd) and
Pescadero (Aratoca, Santander), Colombia. Both areas were
selected for being classified as semi-arid with low rainfall
regimes and, in the case of Villa de Leyva, with substantial
temperature changes (Fischer and Liidders, 2002). Because
both areas have a low rainfall regime, they develop poor
vegetal coverture and, therefore, depletion of soil (Fischer
and Lidders, 2002; Albesiano et al., 2003; Instituto
de Hidrologia, Meteorologia y Estudios Ambientales
(IDEAM), 2017). These locations were selected because
of the availability of big-size minerals and semi-arid
conditions that may affect the biomass that can be formed
inside the minerals (Meslier ef al., 2018). A travertine mine
was selected for the calcite sample and a pegmatitic granite
for Quartz and K-feldspar samples; this choice was made
considering that all of them are present in big sizes (heavier
than 3kg). Later small parts of these samples were used
for X-ray diffraction analysis, elaboration of thin sections,
and SEM. Endolithic culturable bacteria were isolated
from three rock-forming minerals (calcite, K-feldspar, and
quartz). A scratch was made from the inner surface with
three replicates for each mineral to do a culture analysis
(including Physicochemical factors in the growth and Gram
Stain).

In this study, we use the data collected by Corzo-Acosta
(2018) to uncover some possible relationships between the
ability of microorganisms to grow in a mineral-enriched
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Figure 1. A) Left, travertine mine in Villa de Leyva. Right, calcite samples. B) Left, outcrop 1.4km south of Pescadero. Right, pegmatitic samples for
K-feldspar and quartz.

medium, the physicochemical factors and the morphology describe the morphology of the microorganisms; once
(macro and micro) of the cultured microorganisms. extracted, they were cultured in Noble Agar enriched with
Culturing in nutritive agar and Gram Stain were used to the three minerals and in physicochemical factors. After that,
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petrography and XRF analyses were carried out to describe
the geochemical properties of minerals. A Multiple Factor
Analysis (MFA) was implemented to identify simultaneous
relations between the colonies with the abiotic factors and
their growth in selective media.

Culturing methodology in microbial ecology plays an
essential role as it provides crucial information regarding
the physicochemical tolerances and metabolisms of
microorganisms (Tang ef al., 2016). The study of terrestrial
life distribution in endolithic environments serves as an
approach to understanding the mineral-microbe association
and the environmental limits of life on Earth (Bhattacharjee
and Joshi, 2016). Furthermore, it is critical to assess the
bioreceptivity of rock substrates or minerals on other
planetary surfaces such as of Mars (Direito ef al., 2012),
where quartz, feldspars and carbonates have been identified
(Bandfield ef al., 2004; Carter and Poulet, 2013; Horgan et
al., 2020; Smith et al., 2012).

METHODS
Sampling sites

The two study areas are located in Colombia, South
America: i) Villa de Leyva (Boyacd) (5° 36’ 24.12” N;
73° 31’ 31.32” O) and ii) Pescadero (Aratoca, Santander)
(6° 49’ 0.62” N; 73° 0’ 20.3” O). Both localities were
selected due to the availability of big-size minerals of
calcite in Villa de Leyva and quartz and K-feldspar in
Corregimiento de Pescadero, Aratoca. Villa de Leyva
is noticeable for its numerous Cretaceous sedimentary
outcrops which are exposed in the Arcabuco Anticline.
Over the Aptian mudstones of the Paja Formation (Fm.)
lies unconformably a travertine deposit of Pleistocene
age (Paramo-Fonseca et al., 2019; Patarroyo et al., 1997).
This travertine deposit is associated with calcareous
sources from Valanginian-Hauterivian, the Ritoque Fm.,
or Valanginian Rosablanca Fm. (Rojas and Sandy, 2019;
Schemm-Gregory et al., 2012). They tend to develop
near springs, suggesting a close relationship between
hydrothermal activity and travertine deposits. The
travertine subject of this study is located 500m southeast
of the main travertine quarry, it is small, and rests over the
Valanginian marine siltstones of the Ritoque Fm. (Vargas
etal.,2014)

Pescadero’s location is in the Pescadero Granite, a pink
fine grained granite, slightly porphyritic, and equigranular
with K-feldspar and quartz fenocristals. K-feldspar and
quartz samples were collected in the Bucaramanga-Bogota
road, 1.4km south of the bridge across the Chicamocha
River, in an outcrop with numerous Late Triassic—Early
Jurassic pegmatite dikes intruding Esquistos de Silgara Fm.
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(van der Leljj ef al., 2019; Navas, 1962; Zapata et al., 2016)

Major Element Chemistry, Petrography and Electron
Microscopy

Minerals, were powdered in an agate ball mill and then
sifted with a grill of 100um. The dust samples were dried at
105°C for 12 hours. Then mixed with a spectrometric wax
(Merck) in aratio of 10:1 and homogenized by agitation. Then
three flat-surfaced discs of 37mm were built with a hydraulic
press at 120kN per minute. Semi-quantitative Dispersive
X-Ray Fluorescence (DXRF) analysis were carried out in
a MagixPro PW-2440 Philips spectrometer, equipped with
a rodio tube and a maximum power of 4KW. The software
SemiQ 5 was used, making 11 scans to detect the present
elements in the three samples, excluding H, Li, Be, N and O,
using standard techniques (Ramsey ef al., 1995).

Two thin sections of each mineral were analyzed under a
polarized microscope to ensure the samples were only made
of one type of mineral and describe its optical properties.
To make the thin sections, a mineral piece 5cm long, 2cm
wide and 1cm thick, was polished until it was 100pm thick.
The scratches resulting from the slimming process in the
polisher were removed with 600 and 1000 carbide abrasive
(Williams ez al., 1958). Subsequently, amber resin was
added to paste the thinned mineral on a petrographic glass,
and then polished again to 30um thick.

High-resolution pictures were taken with a Field
Electron and Ion Company (FEI) Quanta 200 Scanning
Electron Microscopy (SEM) were split in half, and one of
their surfaces was sputter-coated with Au/Pd to make them
more conductive and obtain a better resolution through the
scanning. Images were examined for evidence of pores,
fissures and cracks where microorganisms may inhabit
(Gleeson et al., 2006).

Bacterial Culturing and Gram Stain

To avoid contamination, samples of the three minerals
were split and powdered from inner parts under sterile
conditions in the laboratory according to the methodology
described by Bhattacharjee and Joshi (2016). Samples of
10g of each mineral were obtained and stored in sterile
containers to dilute plating on nutrient agar (Merck) and
Gram stain methods. Each dilution on every microbiological
procedure was carried out in triplicate.

A portion of the bacterial colony was removed from the
Petri dish and fixed on a plate; then, the plate was flamed
with the help of a lighter to set the microorganism and
carried out on the Gram stain, as described in Dussault
(1955).
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Table 1. XRF major element composition (weight percent) of calcite,
K-feldspar and quartz (mean of four replicates, normalized to 100%).
Cells without data are 0%

Element or Calcite % K- Feldspar  Quartz
compound

ALO3 0,06 18,29 0,09
P20s 0,02 0,04 0,03
MgO 0,03

CaCOs 99,49

Fe203 0,05 0,08 0,03
K20 13,60 0,02
Na20 2,63 0,03
CaO 2,41 0,47
Ba 0,20

Cl 0,06 0,04
Rb 0,04

Pb 0,03

MnO 0,02

Sr 0,02

SO3 0,01

Physicochemical Factors in Growth

Isolated microorganisms extracted from each mineral
were inoculated in nutrient broth (Merck) to test their growth
response to varied pH (4, 7 ,9), salt (NaCl) concentrations
(1, 6.5, 15%), sugar (glucose) concentrations (10, 20, 30%)
and different temperatures (4, 14, 37, 60, 100°C), according
to standardized techniques (Breznak and Costilow, 2007).
Each microbiological procedure was repeated in triplicate.

Culturing in minimum media and culturing in cross-
media

The structure of endolithic bacteria might be driven by
the host mineral from which they were removed (Carson et
al., 2009; Gleeson et al., 2006; Siebert et al., 1996). All
isolated colonies were cultured in a minimal medium made
of powdered mineral dissolved in noble agar (Merck) with
concentrations as follows: 10g (mineral)/1L (noble agar),
5g/L, 2.5g/L and 1.25g/L. All colonies were cultured in
triplicate on each dissolution of minimal media based on
the methodology developed by Bhattacharjee and Joshi
(2016).
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To study whether bacterial growth is restricted when the
original composition changes, all isolated colonies were
cultured in a minimal medium with a powdered mineral
different from the mineral from which they were extracted
(in the same concentrations as the Culture in Minimum
Media and repeated in triplicate). Thus, bacteria originally
extracted from quartz were cultured in K-feldspar and calcite
medium, those removed from K-feldspar were cultured in
quartz and calcite medium, and those extracted from calcite
were cultured in quartz and K-feldspar medium.

Statistical Methods

To test whether the growth ability of microorganisms
in minimal enriched medium is related to their
morphology (Gram stain, pigment and size) we applied
a Multiple Factorial Analysis (MFA) to the collected
data. Subsequently, we grouped the variables as follows:
morphology, growth in minimal enriched medium (calcite,
K-feldspar and quartz) and physicochemical factors. This
step produced some elements with which, in the second
step, we clustered the endolithic bacteria in seven groups
to which we gave the main characteristics in terms of the
variables that compound the groups.

Both steps were repeated one time but using only the
following groups of variables: morphology and growth
in minimal enriched medium (separated by its chemical
elements), to find possible relationships between rock
components and the morphologies of the endolithic
microorganisms.

Statistical analyses were carried out with R core team
(R core Team et al., 2017).

RESULTS AND DISCUSSION
Results of the XRF analysis and Petrography

Endolithic habitats have been traditionally considered
places where microbial communities find refuge from
environmental factors such as desiccation, radiation or
lack of water (Bell, 1993; Friedmann, 1980). Furthermore,
some elements within minerals and rocks are supposed
to drive bacteria colonization (Boyd et al., 2007; Carson
et al., 2009; Gleeson et al., 2006; Rogers and Bennett,
2004). However, inside pure minerals, nutrient sources
might be scarce because they offer fewer chemical
elements than rocks in their crystal structure. XRF
analyses of all minerals (calcite, K-feldspar and quartz)
are shown in . Elemental compositions of quartz
and feldspar are typical of those associated with granitic
pegmatitic lithologies, and calcite is mainly composed of
calcium carbonate. Note that data values below 0.05% are
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Figure 2. A) Calcite in cross polarized light, zoom 4X. B) Calcite in plain polarized light. C) Quartz in cross polarized light, zoom 60X. D) Quartz in
plain polarized light. E) K-feldspar in cross polarized light, zoom 4X. F)K-feldspar in plain polarized light.

10 Opm
d

Figure 3. SEM of inner mineral surfaces. A) Calcite showing a possible coccus, magnification 25000X. B) Calcite showing fissures and a possible
bacillus, magnification 36015X. C) K-feldspar with a possible bacillus, magnification 30000X. D) K-feldspar surface with a pore and an inconclusive

bacillus, magnification 50000X. E) Quartz with possible coccus, magnification 20000X. F) Quartz with grains and possible bacillus consortium,
magnification 15000X.
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Table 2. Colony and Gram Stain and Size and Pigment of each morphotype

Statistical trends in culture methods of endolithic bacteria

Calcite K-feldspar Quartz
Colony Size Pigment Colony Size Pigment Colony Size Pigment
C1B- 4 White KF1B+ 4 White Q1B+ 1 Colorless
C2B- 4 White KF2B- 4 White Q2B+ 2 White
C3B- White KF3B- 1 White Q3B+ 1 White
C4B- 7 White KF4B- 3 Yellow Q4C+ 1 White
C5C+ 1.5 White KF5B+ 7 White Q5B+ 2 White
cey 2 Yellow KF6B- 1.5 White Q6B+ 5 White
C7C+ 1 Pink KF7Y 2 Yellow Q7Y 4 Pink
C8C+ 2 Yellow KF8B- 1 Pink Q8B+ 7 White
C9B- 4 Yellow KF9C+ 2 Yellow
C10C+ 3 White KF10C+ 4 Yellow
C11C+ 3 Yellow KF11C- 3 White

KF12Y 3 Yellow

KF13B+ 3 Yellow

doubtful as the typical detection limit of the technique is
about 0.1%.

Calcite crystals are anhedrals with good exfoliation.
The interference figure is negative uniaxic, and the macla is
polysynthetic rhombohedric ( )

The K-feldspar was identified as microcline because
of its characteristic macla, which is typical of the
environment where it was found and is associated with
granitic pegmatites, and Sienites. It has pertitization
with exsolutions of plagioclase inside the feldspar. The
plagioclase is slightly altered to sericite. Its interference
figure is negative biaxial ( ).

The deformation of the edges between the quartz
crystals showed that the quartz veins within the Granito
de Pescadero have a low degree of metamorphism. The
interference figure is positive uniaxial; a few crystals have
a negative biaxial figure and correspond to feldspar. It has
tiny crystals of sericite, muscovite, and goethite (

).
Scanning Electron Microscopy

Because all minerals seemed smooth, SEM
helped to identify pores in the K-feldspar and quartz
samples, and pores and fissures in the calcite sample.
Empirically, it can be assumed that bacteria and yeast
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might be cryptoendolithic in the case of K-feldspar
and quartz, and cryptoendolithic and chasmoendolitic
in the case of calcite. The low conductive nature of
the three mineral samples made it difficult to have a
high resolution image of the samples for the search for
microorganisms. Although the pictures are inconclusive,
bacterial consortia are present in the quartz pictures

( )-
Culturing of endolithic communities

A count of 33 colonies was obtained from the culture
method. 11 colonies were isolated from the calcite
sample, 13 from the K-feldspar sample, and 8 from the
quartz sample. Among the 11 colonies of the calcite
sample, we found 1 Gram-positive bacillus, 5 Gram-
negative bacilli, 5 Gram-positive cocci, and 1 yeast-like
fungus ( ). Included in the 13 colonies of the
K-feldspar sample, we found 3 Gram-positive bacilli, 5
Gram-negative bacilli, 2 Gram-positive cocci, 1 Gram-
negative coccus, the only one in the three mineral
samples, and 2 yeast-like fungi. The eight colonies
within the sample of quartz are Gram-positive: 6 Gram-
positive bacilli, 1 Gram-positive coccus, and 1 yeast-like
fungus. shows the macroscopic pigments of the
endolithic microbe colonies; there, we can see a clear
tendency for quartz colonies to appear in white, and for
most K-feldspar and calcite colonies to appear in white
and yellow.
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Table 3. Compiled results from the culture in selective media and physicochemical factors (sugar 30%, salt 15%, temperature 4°C and pH 4 were
eliminated because non-single microbe grew under those conditions). Colonies that grew very well in the factors are marked with (+), colonies that
grew with difficulty are marked with (+/-) and colonies that did not grow are marked with (-)

Growin Growin Growin Glucose Glucose Salt Salt pH7 pH?9 T T T

Colony Calcite  KF  Quartz  10%  20% 1% 65% (37°C) 14°C 60°C 100°C
C1B- yes yes no + - + - + + + + -
C2B- yes no no + - + - + + +-  +- -
C3B- yes no yes +/- - + - + + +-  +- -
C4B- yes yes yes + - + - + + + - -
C5C+ yes yes no - - + - + +- /- - +/-
coy yes no no +/- - +- - + +/- + + -
C7C+ yes yes no + +/- +- - + - + - -
C8C+ yes no yes +/- - +- - + + + - -
C9B- yes yes no + - + /- + + + + -
C10C+ yes no yes + +/- + - + + +- o+ +/-
Cl1C+ yes no no + - +- - + - +/- - +/-
KF1B+ no yes yes - - +- - + +- - - -
KF2B- yes yes no +/- - +- - +/- +- A - -
KF3B- yes yes yes +/- - - - + +- A - A
KF4B- no yes no +/- - +- - +/- +-  H- - -
KF5B+ no yes no +/- - +- - + +- A - -
KF6B- no yes yes +/- - +/- /- +/- +-  H- - -
KF7Y yes yes no +/- - +- - + +- - - -
KF8B- no yes yes + +/- + /- + +/- + +- /-
KF9C+ no yes no - - +- - + +-  H- - -
KF10C+ yes yes no +/- - + - +/- +- A - -
KF11C- yes yes yes +/- - +- - +/- +- A+~ - -
KF12Y no yes no +/- - + - + +/- +  +H- -
KF13B+ no yes yes + - + - + +/- + - -
Q1B+ no yes yes +/- - - - + - + - -
Q2B+ yes yes yes + - +- - + + +- - -
Q3B+ yes yes yes +/- + + - + + +/- - -
Q4C+ no yes yes + + - - + + + - -
Q5B+ yes no yes - - +- - + - + - -
Q6B+ no no yes + +/- +- - + +/- + - -
Q7Y yes yes yes + - +- /- + +-  H- - -
Q8B+ no yes yes +/- - +- - +/- +/- + - -

Culture in selective media and Physicochemical
analysis

presents the physicochemical factors and the
growth of each colony cultured in a minimal medium
enriched with the mineral from where they were extracted.
For an easier understanding of collected data, each territory
has the initials of the mineral, a number and the Gram stain
group. As all colonies grew in the medium enriched with
the mineral from where they were extracted, endolithic
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microorganisms may be controlled by the elements present
in the three minerals.

The study realized by Carson et al. (2009) showed that
structure of bacterial communities in soil is influenced
by the mineral substrates in their microhabitat and that
minerals in soil play a grater role in bacterial ecology
than simply providing an inert matrix for bacterial growth.
Moreover, the authors suggest that mineral heterogeneity in
soil contribute to spatial variation in bacterial communities.
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Previous works support this hypothesis. Boyd et al.
(2007) showed that quartz, saprolite and hematite, extracted
from an aquifer, selected different subdivisions of bacteria
within the Proteobacteria. Mauck and Roberts (2007)
and Rogers and Bennet (2004) have shown that different
silicate minerals select diverse microbial communities
with different structures colonizing their surfaces. And,
Gleeson ef al. (2006) found that in a weathered pegmatitic
granite, the bacterial populations were associated with
specific mineralogies (quartz, plagioclase, K-feldspar and
muscovite). The abundance of the distinctive ribotypes
of bacteria on the surface of the minerals is related to the
presence of the chemical elements on the granite Ca, K, Na,
B Fe, Al and Si.

To sum up, it has been demonstrated that microbial
lithobiontic communities can use B K, Mg and Na (Carson
et al., 2009); P and Fe (Mauck and Roberts, 2007; Rogers
and Bennett, 2004) and Ca, K, Na, B Fe, Al and Si (Gleeson
et al., 2006) for their cellular functions..

The isolated colonies that grew up from calcite seem to
be in equilibrium in coccus and bacillus: 5 Gram-negative
bacillus, 1 Gram-positive bacillus, 6 Gram-positive coccus,
and one yeast.
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Quartz has mainly silica and small quantities of
Al and Cl in its structure, which may restrict bacterial
nutrition more than other minerals (in terms of mineral
nutrients such as K, among others, Gleeson et al.,
2006), possibly leading to less abundance found there:
6 Gram-positive bacillus, 1 Gram-positive coccus, and
one yeast.

Microcline has high quantities of Si, Al and K and
fewer quantities of Na, Ca, Ba and Fe; this implies a broader
availability of nutrients for the microorganisms (Gleeson,
2006; Rogers and Bennett, 2004). This fact might explain
the distribution in the morphologies found in their microbial
communities, eight bacilli (3 Gram-negative and 5 Gram-
positive), 2 Gram-positive cocci, 1 Gram-negative coccus,
and two yeast-like fungi.

The finding of 4 yeast implies that diversity within
endolithic habitats is variable. Yeast-like fungi are very
well adapted to withstand unfavorable conditions. They can
resist dryness and UV irradiation by expressing melanized
thick walls as a stable character (Selbmann et al., 2005).
This fact can be helpful in the case of yeast- found within
translucent crystals in quartz and calcite analyzed in this
study.

cluster

]
E 2
3

Dim1 (12.6%)

Figure 4. Hierarchical Cluster for the 32 morphotypes. Morphotype, pigment, and size vs. growth in minimum enriched medium and physicochemical

factors.
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The unique yeast-like fungus from calcite C6Y
did not grow in the quartz medium not either in the
K-feldspar medium. The two yeast-like fungi from the
K-feldspar (FK7Y and FK12Y) did not succeed in the
quartz medium, and only one of them (FK7Y) grew
in the calcite medium. Finally, the yeast from quartz
(Q7Y) was the only yeast that grew in K-feldspar and
calcite media; thus, it was one of the strongest within the
endolithic yeast-like fungi.

In , we can see that FK11C- is the only Gram-
negative coccus among the 32 colonies. It was found within
the K- feldspar (microcline), the mineral with the highest
number of colonies (13). The K- feldspar is also the mineral
with the highest availability of chemical elements (SiO,,
Al O;, K,O, Na,O, Ca0, Ba, Fe,0O; and Cl) suggesting that
the available nutrients control the diversity of endolithic
microorganisms.

Hierarchical clustering

We applied MFA and used the first five factors
of this analysis to cluster the bacteria and discover
possible influences of macroscopical (size, pigment) and
microscopical (Gram stain) characteristics on the growing
ability of the bacteria. The resulting groups are shown in

, represented on the two first components of the
MFA.

Cluster plot

-2 -1 0

Statistical trends in culture methods of endolithic bacteria

Group 1 comprises 13 morphotypes (C1, C2, C3,
C3, Ce6, C8, C9, Cl10, C11, Q2, Q3, Q5 and Q6) and it
is distinguished because all its bacteria grew in high
proportion under pH 7-37°C. Moreover, 8/13 (61.54%) grew
in the K-feldspar enriched medium, and 9/13 (69.23%)
grew in high proportion under pH9 nutritious broth.
Furthermore, 12/13 (92.31%) grew in the calcite-enriched
medium. These might imply that morphotypes that we can
grow under pH7-37°C have a general advantage in adapting
to K-feldspar enriched medium even though all of them
were originally extracted from calcite or quartz. Calcite and
quartz microbes that grow in a K-feldspar medium can also
live successfully in alkaline conditions.

Group 2 comprises 15 morphotypes (C5, KF1, KF2,
KF3, KF4, KF5, KF6, KF7, KF9, KF10, KF11, KF12,
KF13, Q7 and Q8) and is distinguished because all its
bacteria grew in the K-feldspar enriched medium. All of
them grew in low proportion under pH9, and none grew
in sugar 20%. Moreover, 12/15 (80.00%) grew in low
proportion at T14°C, and 6/15 (40.00%) grew under pH7-
37°C, which contrasts with the other 9/15 (60%) that grew
in high proportion under pH7-37°C. Furthermore, 11/15
(73.33%) grew in low proportion under T60°C, and 10/15
(66.67%) grew in low proportion in sugar 10%. Therefore,
microorganisms in Group 2 grew easily under pH 7 and
37°C. However, also most of them can adapt to temperatures
as high as 60°C, which is interesting because it gives them

cluster
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Figure 5. Hierarchical Cluster for the 32 morphotypes. Morphotype, pigment and size vs growth in minimum enriched medium.
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the possibility to tolerate extreme changes in temperatures,
and this is expected to happen in both semi-arid places,
Pescadero and Villa de Leyva.

Group 3 is composed of 4 morphotypes (C7, KF8, Q1
and Q4) and is distinguished because all its bacteria have
a size of Imm and grew in high proportion under 14°C.
Moreover, 2/4 (50%) didn’t grow in salt 1% and have a pink
pigment in the macroscopic colony. The size of 1 mm was
one of the less standard sizes of all 32 morphotypes, and
pink morphotypes have an anomalous behavior or pigment
among all the colonies. Note that half of their morphotypes
C7 and FK8) have a particular pink, and the other half
(Q1 and Q4), which are not pink, didn’t grow under salt
1%, which is a strange behavior as most of the 32 isolated
morphotypes were able to succeed in this physicochemical
factor ( ).

Considering that pigment and size in colonies and
morphotype (Gram-positive/negative coccus or bacillus)
might be driven by mineralogy, the following clustering only
considers the morphology of the endolithic microorganisms
and the chemical elements of the minerals that allow their
growth. The resulting groups are shown in and
represented in the two first components of the MFA.

Group 1 comprises six morphotypes (C6, Cl1,
KF7, KF9, KF12 and KF14); 3/6 (50%) are yeast. It
is distinguished because all its bacteria have a yellow
pigment and didnt’t grow in the quartz enriched medium,
which implies that there could be a relation between the
yellow pigment and yeast endolithic microbes, as 3/4 of all
yeast have this color, and the remaining one is pink. The
yellow pigment could also be related to the impossibility
of growing under a quartz-enriched medium. Note that
none of the bacteria that were initially extracted from
quartz has a yellow pigment in the colony form, so
probably restriction in chemical elements (99.28% in
quartz) could drive quartz morphotypes into white and
colorless pigments ( ).

Group 2 comprises eight morphotypes (C1, C2, C5, C7,
C9, KF2, KF10 and Q7) and is distinguished because all
its bacteria grew in the calcite medium. 7/8 (87.5%) didn’t
grow in the quartz medium, and 6/8 (75%) have a size of 4
mm in their colony form, which could imply that the size of
4mm is related to an ability to grow under calcite-enriched
medium and an inability to succeed in quartz supplemented
medium.

Group 3 comprises seven morphotypes (C3, C8, C10,
KF11, Q2, Q5 and Q6) and is distinguished because all its
bacteria can grew in the quartz enriched medium, and 5/7
(71.43%) didn’t grow in the K-feldspar enriched medium.
Morphotypes of this group only have their ability to grow
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under minimum enriched media in common but still share
a Gram-positive morphology in their membranes.

Group 4 is composed of 11 morphotypes (C4, KF1,
KF3, KF5, KF6, KF8, KF13, Q1, Q3, Q4 and Q8) and is
distinguished because all its bacteria grew in the K-feldspar
enriched medium and 9/11 (90.91%) grew also in the quartz
enriched medium. Furthermore, 8/11 (71.3%) didn’t grow
in the calcite enriched medium, 6/11 (54.55%) are Gram-
positive bacilli, 3/11 (27.27%) have a macroscopic size of
7 mm, and 5/11 (45.45%) have a length of Imm, which
is a rather diverse group. Although most of its member is
bacillus except Q4, its members have different sizes: 1, 4
and 7mm, which might imply that Gram-positive bacillus
is easily adaptable to minimum media enriched with at
least two minerals and not that easy to adapt to calcite
supplemented medium. Note that morphotypes cultured
initially from calcite are Gram-negative bacillus or Gram-
positive coccus ( ).

Astrobiological Considerations

In this study; it was found endolithic bacteria and yeast
in semi-arid zones with extreme climatic conditions. Daily
irradiation in Villa de Leyva and Pescadero (4.5-5.0kWh/
m? and 4.0-4.5kWh/m?, respectively) (Corzo-Acosta,
2018; IDEAM, 2017), might influence the morphotypes
found in the calcite, K-feldspar and quartz. UV index
radiation in these zones is 9-10, one of the highest in the
Colombian territory, only overcome by the one in high
elevation mountains such as Nevado del Ruiz, Nevado del
Cocuy, and Paramo de Sumapaz.. Thus, microorganisms
in these regions might have been induced to inhabit these
microhabitats in calcite and quartz, which are translucid
rocks that, like gypsum, quartzite, and/or obsidian, can
easily protect them from harming UV radiations and allow
photosynthesis at the same time (Cockell ef al., 2008;
Herrera ef al., 2009; Hughes and Lawley 2003), and in the
case of K-feldspar screening high doses of damaging solar
radiation (KapitulCinova et al., 2015).

In some deserts, non-hygroscopic but microporous
translucent gypsum crusts are found as potential substrates
that can mitigate exposure to UV radiation and desiccation
and allow microbial colonization (Cockell et al., 2003;
Oren, 1995). Calcite and quartz analyzed here possess
pores and fissures and are translucent. Therefore, these
rock-forming minerals could also mitigate UV radiation
and desiccation exposure and allow microbial colonization
in these Colombian semi-arid zones.

The importance of revealing knowledge of microbial
communities that inhabit endolithic habitats is related to
the field of Astrobiology (Wierzchos ef al., 2011, 2006).
Inquiring what sort of microorganisms on Earth inhabit
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specific minerals could help propose those lithologies as
life detection targets on an extra-terrestrial surface such as
Mars.

For instance, as the Atacama Desert has been proposed
as one of the best Earth’s analogs for Mars (McKay,
2003), there are many studies about the relations between
lithobiontic microorganisms and the substrates present
on its surface. For instance, Warren-Rhodes et al. (2006)
point out the importance of understanding the limitations
of microbial photosynthesis on quartz pebbles under dry
conditions and its relevance to the question of life on the
surface of Mars. Within those studies, other substrates,
such as gypsum (Dong et al., 2007), halite, granite, opaque
cherts, and shocked volcanic rocks, are known to support
cyanobacterial communities in terrestrial stony deserts
and could serve as similar habitats on Mars (Cockell et al.,
2010). Given the discovery of quartz on Mars’s Antoniadi
Crater (Smith et al., 2012), on the northern edge of the
Syrtis Major shield volcano, which is co-located with
plagioclase feldspar (probably associated with a felsic
pluton that was later excavated by impacts (Bandfield et
al., 2004) and bands of carbonates detected in Jezero crater
(Horgan et al., 2020), finding of endolithic microbes within
calcite, K-feldspar and quartz throughout this research may
help to define which minerals may serve as microhabitat to
possible Martian endolithic microbes. Moreover, there is a
possibility of the presence of feldspar in the northern Hellas
region, in the rims of large craters (including Holden), in a
small valley in Xanthe Terra, and in the Nili Patera caldera
of Syrtis Major (Carter and Poulet, 2013).

Seeing that some of the minerals mentioned later
are related to impact craters, it is essential to point out
that impact craters have a high potential for hosting life.
According to Cockell et al. (2003), the lakes within the
hydrologic depression associated with the crater bowl
resulting from the impact may provide a new habitat for
aquatic life. Once the crater begins to cool, melt rocks
will provide a substrate for primary succession (primary
succession on land occurs when the land is devoid of soil
and the area is barren of life). On Mars, impact events have
played an important role in the processing of the surface.
Shocked rocks might provide a protected microhabitat (e.g.
from UV radiation) for any putative indigenous life due to
that porosity area and fractures are increased after the impact
(Cockell et al., 2003). Recently, liquid water was discovered
in the Planum Australe region on Mars (Orosei, 2018). The
data MARSIS (Mars Advanced Radar for Subsurface and
Ionosphere Sounding) show that liquid water can be stable
at relatively shallow depths (about 1.5km), providing a very
important quality needed for life.

Considering that several robotic exploration missions
during this decade are traveling (Mars 2020 Perseverance
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Rover) or will travel to Mars (ExoMars 2022 and
Tianwen-1) to investigate old or current biological traces
on Mars surface and subsurface, it is of high relevance
to study the endolithic microenvironments where life
could host be protected from extreme physicochemical
conditions (Bottger ef al., 2012; Fan et al., 2021; Haltigin
et al., 2016). Studies like those presented here may help to
give insights on what kind of adaptive strategies endolithic
microorganisms might use to live in an inhospitable
subsurface like Mars. This would be a practical approach
to determining potential life detection targets and landing
site strategies for Astrobiology purposes (Ehrenfreund et
al., 2011).

CONCLUSIONS

In this study, some endolithic microorganisms extracted
from calcite, K-feldspar and quartz have been cultured in
nutritive agar and in a minimal medium enriched with
the same mineral from which they were extracted and in
minimal media enriched with different minerals. Most
of the colonies (24 out of 32) grew in one or in the two
media enriched with a different mineral from the one they
were cultured originally. This suggests that organisms
living inside minerals may successfully adapt to different
lithologies.

The 32 colonies were cultured in nutritional broth at
4°C, 14°C, 37°C, 60° and 100°C. Any of them grew under
4°C, all grew at 14°C and 37°C, and some grew at 60°C
and 100°C. This is the presumed behavior of endolithic
microorganisms that live in semi-arid areas, where rock
could protect them when the temperature decreases, but
they must resist high midday temperatures in clear-cloudy
skies. Considering this, calcite, K-feldspar and quartz have
significant potential as life detection targets that, on the one
hand, different microbial communities were found inside
them and probably resisted high UV irradiation levels. On
the other hand, those mineralogies (carbonates, feldspars,
and quartz) are present on Mars. They can be selected as
landing sites for future astrobiological research.

Noteworthy, none of the 33 morphotypes were able to
grow under pH4 nutritive broth. Still, most of them can
grow under pH9 nutritive broth. What is more, 9 of them
grew in a high proportion under this alkaline condition, so
possibly endolithic microorganisms in minerals could be
alkalotolerant and therefore, this increases the interest in
astrobiology exploration.

The clusters done as part of the methodology are
very helpful in finding tendencies between pigment, size,
morphology, and bacteria’s ability to adapt to a wide range of
temperatures, sugar and salt percentages or pH, and to nutritive
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agar. Although these tendencies are not yet conclusive, we
consider that the merit of this work lies in the use of multiple
factorial analyses combined with basic culture techniques,
which helps to study the behavior of live isolated colonies
under different changes in physicochemical factors and thus
to increase the understanding of the possible causalities
between mineralogy and morphology developed for endolithic
microorganisms. Finally, we suggest considering high elevation
places in Colombia, such as Nevado del Ruiz Volcano, Paramo
de Sumapaz, or Nevado del Cocuy, as future targets for studies
like this, taking advantage of low temperatures and very high
levels of ultraviolet radiation on their surfaces.
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