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Microbial diversity, metagenomics and the Yucatin aquifer

Diversidad microbiana, metagenémica y el acuifero de Yucatin

Rojas-Herrera R', M Zamudio-Maya!, L. Arena-Ortiz?, RC Pless’, A O’Connor-Sinchez*

Abstract. Mexico counts among the five countries with the
highest biodiversity in the world. In the Yucatin Peninsula, there are
aquatic ecosystems with a very special microbial diversity. These eco-
systems are essential for the ecological equilibrium of the region, and
are seriously threatened by human activities. Access and knowledge
of the microbial resources of these environments have an enormous
scientific interest, and could potentially result in biotechnological
products which could lead to more efficient and environmentally
friendly processes; it could also offer a full arsenal of microorganisms
and/or novel molecules to the local and world industry to face the
current needs. In recent years, with the rise of metagenomic technol-
ogy, knowledge about microbial diversity in complex communities
has started to develop astonishingly fast. This is because of the use of
molecular methods which do not require culturing microorganisms
in artificial media. Through DGGE, FISH, and TRFLP assays, 454
sequencing, Illumina sequencing, and functional analysis of metage-
nomic libraries, high-level scientific studies are being performed not
only in microbiology, but also in other areas of knowledge. The re-
sults obtained thus far show that we are barely starting to perceive
the enormous diversity present in the environments. The study and
use of these resources claim for a high priority in the scientific poli-
cies of our country, and of other countries with which synergistic col-
laborations could be set up.
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Resumen. México es uno de los cinco paises con mayor biodiver-
sidad en el mundo. En la Peninsula de Yucatin existen ecosistemas
acudticos que contienen una diversidad microbiolégica muy parti-
cular. Estos ambientes son fundamentales en el equilibrio ecolégico
de la zona, y estin fuertemente amenazados debido a las actividades
humanas. El acceso y conocimiento de los recursos microbianos de
estos sitios, ademds de tener un enorme atractivo cientifico, tiene el
potencial de traducirse en productos biotecnolégicos que generen
procesos mds eficientes y ambientalmente amigables. Se puede po-
ner a disposicién de la industria no sélo local sino mundial, todo
un arsenal de microorganismos y/o moléculas novedosas acordes con
las necesidades actuales. En afios recientes, con la aparicién de la
tecnologia metagendémica, el conocimiento de la diversidad micro-
biana en comunidades complejas ha empezado a experimentar un
desarrollo vertiginoso. Esto es debido al uso de métodos moleculares
que no requieren el cultivo de microorganismos en medios artifi-
ciales. Mediante ensayos de DGGE, FISH, TRFLP, secuenciacién
454, secuenciacion Illumina y analisis funcionales de metagenotecas
se estdn llevando a cabo estudios cientificos del mds alto nivel en
microbiologia, asi como en otros campos del conocimiento. Los re-
sultados obtenidos hasta ahora, muestran que apenas nos asomamos
a la gigantesca y singular diversidad presente en los ambientes. El
estudio y aprovechamiento de estos recursos debe ser un drea priori-
taria dentro de las politicas cientificas de nuestro pais y de los paises
con quienes podemos establecer colaboraciones sinérgicas.

Palabras clave: Ecosistemas; Biotecnologia; Secuenciacion 454.
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INTRODUCTION

Mexico is one of the five countries with the highest bio-
diversity in the world; on its territory are from 8% to 12% of
all the species in our planet. The aquifer, coastal lagoons and
marshes, as well as the sea of the Yucatdn peninsula, are key
environments for the ecosystem of the south-east region of the
country, due to their role in the ecology and their relation with
the quality and level of the fresh water. The species living in
these environments are part of an important trophic chain that
begins with unicellular organisms and ends with man. Never-
theless, these systems are subject to an increasing anthropogen-
ic pollution, mainly due to the increasing human population;
the Rivera Maya is among the fastest growing areas in Latin
America with an annual growth rate of approximately 20-25%
(Meacham, 2007). As a result, these systems suffer alterations
in their biodiversity and on the structure of the food chain that
could produce important and synergistic changes in their equi-
librium.

Water quality is being aftected by physical, chemical, and
biological factors (Metcalfe et al., 2010). Bacteria are among
the most commonly occurring biological contaminants affect-
ing the water bodies, and they can serve as indicators to assess
the state of the ecosystem. For example, the fecal coliforms
Escherichia coli and Enterococcus faecalis are correlated with fe-
cal matter from humans and warm-blood animals, and their
presence in the water may indicate the presence of entero-
pathogenic microorganisms. To date, there is no information
on the (1) interactions between bacterial communities and
microalgae in the aquifer of the Yucatdn peninsula, (2) poten-
tial impact that the growth dynamics of these microorganisms
might have on the trophic chain in this fragile ecosystem, and
(3) water quality in different areas and environments.

Having access to the microbial resources in these unique
environments may result in the formulation of biotechnologi-
cal solutions that could result in cleaner and environmentally
friendly processes, and may provide the local and worldwide
industrial sphere with an arsenal of microorganisms and/or
molecules resistant to the extreme conditions characteristic of
these sites, such as pH, salinity, and redox potential.

For a long time, evaluation of microdiversity was limited
to the study of microorganisms that could be cultured in the
laboratory. However, in recent years, knowledge about the mi-
crobial diversity in complex communities had a marked devel-
opment, due to the use of molecular methods which dispense
with the need to culture the microorganisms in artificial, de-
fined media. New molecular techniques have changed our view
on microdiversity by enabling us to describe, monitor, and even
control microbial communities. This allows us to obtain reli-
able data on the taxonomic identity of the microorganisms that
colonize specific niches (Muyzer & Smalla, 1998; Sunnucks
et al., 2000), to understand their spatial distribution (Cocolin
et al., 2004), and to obtain quantitative data on the changes in
the populations that result from accidental or external factors.
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Microbial diversity as a source of wealth

For millennia, man has used microorganisms for his ben-
efit in the preparation and/or conservation of products for
human consumption. At the beginning, basic knowledge
about many fermentative processes for the conservation and
transformation of foodstuffs was acquired empirically and,
certainly, in many instances by chance. As microbiological
methods and artificial growth media developed, the use of
microorganisms became simpler, and it became possible to
standardize and understand many of the processes in which
they were used. This spread the preparation of fermented
products and other uses of microorganisms to areas beyond
the food industry; they were used in the medical-pharma-
ceutical field, in the production of fine chemicals, in the
treatment of residues, in biomining, in bioremediation, in
agriculture, in biofuels, etc.

In 1990, Torsvik et al. published a pioneering work in
which they showed, by DNA reassociation tests of single-
stranded DNA, that the major part of the bacterial DNA
in soil (in a deciduous forest in Norway) was highly het-
erogeneous, with a C t,  value of 4600, which corresponds
roughly to 4000 completely different bacterial genomes.
Their results showed that the diversity of the bacterial popu-
lation in the sample was so large that diversity indices could
scarcely be determined by methods based on the heteroge-
neity of DNA. They concluded that the major fraction of
the bacterial diversity resides in that part of the bacterial
community which cannot be isolated and cultured with the
standard techniques.

Nowadays, it is known that less than 1% of all of the mi-
croorganisms contained in an environmental sample can be
found with the available culture methods; this situation is es-
pecially pronounced in complex ecosystems, where one gram
may hold up to 10” prokaryotic cells, with an average of 2000
different genomes (Torsvik et al., 1990). The most plausible
strategy to benefit from this wealth is to study specific ecosys-
tems which could harbor microbial species or consortia with
interesting activities, especially those which might form the
basis for the development of clean bioprocesses (Langer et
al., 2006). In order to advocate the conservation of such eco-
systems it is necessary to present data which argue their im-
portance; therefore it becomes imperative to determine their
microbial diversity.

Many attempts have been made to improve microbial re-
covery in culture, mainly by a careful handling of the media
and by increasing the number of species in the same culture
(Kaeberlein et al., 2002); however, this has achieved only
moderate success and the problem still remains an impor-
tant challenge to microbiology. Kaeberlein and his cowork-
ers (2002) attempted to grow non-cultivable organisms by
supplying them with the chemical components of their nat-
ural habitat; they placed the microorganisms in diffusion
chambers incubated under conditions resembling the native
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environment of these organisms to provide access to these
components. In this manner they were able to recover about
40% of the original inoculums. This represents an important
achievement when compared to attempts using established
culture methodologies. In addition to this extraordinary
“primary” recovery in culture, they attempted to isolate
colonies from the cultivable community. However, the iso-
lates did not grow in most cases (86%), and those which did
grow proved to be mixed cultures. Only a few, fast grow-
ing colonies were pure, and they represented only 0.054%
of the original inoculums. These data lead to interesting
conclusions on the ecology of microorganisms, emphasiz-
ing the possible importance of specific signals coming from
neighboring organisms, which might convey the notion of a
familiar environment. This would underline the importance
of the total community or consortium for the success of any
individual member of the community. This implies that the
microorganisms will not grow in an unfamiliar environment
(lacking their usual neighbors), even in the presence of the
appropriate nutrients. It may be possible that such nutrients
may not be directly available for certain microorganisms,
and may require some type of prior transformation (oxi-
dation/reduction, unfolding) by another group of micro-
organisms. For these reasons, lack of knowledge about the
current microorganisms, and the poor understanding of the
requirements for their successful cultivation may combine
to constitute a vicious circle, frustrating any progress in this
area (Fig. 1).

The aquifer of Yucatin peninsula

This peninsula contains the most extensive system of un-
derground rivers in the world. The great biological diversity
of the region is based on this reserve of hidden water, whose
special characteristics and importance can only be understood
based on its geological history. Geologically speaking, the Yu-
catdn peninsula is one of the youngest regions of Mexico; its
present shape dates back only ten-thousand years. During the
Mesozoic era it was part of the ocean floor; as a result, it was
made up largely from limestone and evaporite rocks. During
the glacial and interglacial periods of the Pleistocene it arose
from the sea. During this process, the chemical dissolution of
the limestone at the boundary between the fresh (from rain)
and salty waters (from the sea) led to the formation of an ex-
tensive system of caverns, which constitute a highly permeable
medium (Rebolledo-Vieyra, 2005). As underwater limestone
continually dissolves in the passing flow, and as calcium car-
bonate in air-free conditions precipitates, an additional feature
is that the shape of the caverns behaves as a dynamic system.

Sixty-five million years ago, the impact of the meteorite
that caused one of the most massive extinctions of species in
the history of life, marked the Yucatdn peninsula with a very
extensive system of semi-circular fault lines. This gave rise to
the formation of one of the most uncommon hydrological sys-
tems in the world, the so-called “cenotes-ring of Chicxulub”.
Cenotes are originally underground caverns filled with water,
which then opened up to the earth’s surface when their roof
partially collapsed. The water in these cenotes can be at differ-

Fig. 1. The vicious circle of the impossibility to cultivate most microorganisms.
Fig. 1. El circulo vicioso de la imposibilidad de cultivar la mayoria de los microorganismos.

Lack of knowledge about the 4 —- Recalcitrance, stress, damage
ecology of microorganisms
IMPOSSIBILITY TO
CULTURE
MICROORGANISMS
Unavailability of appropiate Lack of knowledge about the
culture media 4 —- physiology of microorganisms
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ent levels, and, as in the rest of the aquifer, it usually has two
layers: an upper layer of fresh water fed by rain, and a deeper
layer of salt water, fed from the sea, which is termed “saline
intrusion”.

There is evidence for the existence of cenotes and portions
of the aquifer that can still be considered pristine, in the sense
of not having had any significant contact with human beings,
or with their waste or other products. There are very few stud-
ies of the flora and fauna of the aquifer, and virtually nothing
has been published on its microflora. Nonetheless, there have
been reports on endemic species, mainly on fish and arthro-
pods.

The unique composition and conformation of the subsoil,
the rich biological diversity of the region in general, the lack
of study of this biodiversity (of the aquifer in particular), and
the highly isolated nature of some of its areas, make this an
environment of great interest for metagenomic analyses.

The microorganisms and the sea

The fresh water of the aquifer flows toward the sea and
emerges, either on the coast or offshore, in locations where
it creates areas of unique physical, chemical, and biological
characteristics. The lagoons which are formed and the areas of
offshore discharge also contain a highly interesting microflora.

It is known that the evolutionary history of the microor-
ganisms goes back more than three-and-a-half billion years,
and that it has taken place to an important extent in a marine
medium. Since then, the microorganisms are an essential part
of the trophic networks in oceanic ecosystems. A wealth of
information about them has been uncovered in recent years
by metagenomics, such as an incredible diversity, vast swathes
of uncharacterized metabolism, increased complexity of bio-
geochemical pathways, and even some paradigm shifts in our
understanding of marine microbial ecology (Gilbert & Du-
pont, 2011).

The oceanic environment covers 70% of the planet’s surface,
and the average depth of the oceans is 4000 m; it is therefore
obvious that the study of prokaryote communities resident in
the oceans is of outstanding importance for our knowledge of
(1) biodiversity on a global scale, and (2) the biogeochemical
cycles. One can estimate that the oceans contain more pro-
karyotic cells than any other aqueous environment, and that
they are, by biomass, the most productive ecosystems in our
planet; nonetheless, to date, they have not been subjected to
the study they deserve as an extraordinary source of new com-
pounds.

In 2007, Rusch et al. reported a metagenomic study of
the marine planktonic microbiota in which surface (mostly
marine) water samples were analyzed as part of the so called
“Sorcerer II Global Ocean Sampling (GOS) expedition”. Their
samples, collected across a several-thousand km transect from
the North Atlantic through the Panama Canal, and ending in
the South Pacific, yielded an extensive dataset. It consisted of
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7.7 million sequencing reads (6.3 billion bp). They found that
although a few major microbial clades dominated the plank-
tonic marine niche, the dataset contained great diversity, with
85% of the assembled sequence and 57% of the unassembled
data being unique at a 98% sequence identity cutoff. Using
the metadata associated with each sample and sequencing li-
brary, they developed new comparative genomic and assembly
methods. One comparative genomic method, termed “frag-
ment recruitment”, addressed questions of genome structure,
evolution, and taxonomic or phylogenetic diversity, as well as
the biochemical diversity of genes and gene families. A second
method, termed “extreme assembly,” made possible the as-
sembly and reconstruction of large segments of abundant but
clearly nonclonal organisms. Within all abundant populations
analyzed, they found extensive intra-ribotype diversity in sev-
eral forms: (1) extensive sequence variation within ortholo-
gous regions throughout a given genome; despite coverage of
individual ribotypes approaching 500-fold, most individual
sequencing reads were unique; (2) numerous changes in gene
content, some with direct adaptive implications; and (3) hy-
pervariable genomic islands that are too variable to assemble.
The intra-ribotype diversity is organized into genetically iso-
lated populations that have overlapping but independent dis-
tributions, implying distinct environmental preferences. They
presented novel methods for measuring the genomic similar-
ity between metagenomic samples, and showed how they may
be grouped into several community types. Specific functional
adaptations were identified both within individual ribotypes
and across the entire community, including proteorhodopsin
spectral tuning and the presence or absence of the phosphate-
binding gene PstS.

In the same year, Yooseph et al. (2007) reported the use of
sequence similarity clustering to explore proteins with a com-
prehensive dataset consisting of sequences from databases, to-
gether with 6.12 million proteins predicted from an assembly
of 7.7 million GOS sequences. They found that the GOS da-
taset covered nearly all known prokaryotic protein families. A
total of 3995 medium- and large-sized clusters consisting of
only GOS sequences were identified, out of which 1,700 had
no detectable homology to known families. The GOS-only
clusters contained a higher than expected proportion of se-
quences of viral origin, thus reflecting a poor sampling of viral
diversity to date. Protein domain distributions in the GOS
dataset, and protein databases showed distinct biases. Several
protein domains that were previously categorized as kingdom
specific were shown to have GOS examples in other king-
doms. About 6000 sequences (ORFans) from the literature
lacked similarity to known proteins. Their analysis indicated
that new families were discovered at a rate that was linear or
almost linear to the addition of new sequences, implying that
we are still far from discovering all protein families in nature.

From all this, it is presumable that the oceans are a reser-
voir of molecules and compounds with potential use in basic
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research, in industry, in biomedicine, in bioremediation, etc.
This is because they are environments of great chemical di-
versity which has hardly been studied, with unique conditions
quite distinct from land environments.

In this environment, several interesting examples of food
chains have been found, in which bacteria play important
roles both at the beginning and end (Duffy, 2002). This is be-
cause they contribute to the production of foodstuffs starting
from organic substrates dissolved in the water, and also carry
out the mineralization of the organic matter, thereby return-
ing the nutrients to the medium (Azam & Worden, 2004).
On the seafloor, they also perform tasks which we are only
starting to understand, forming part of chains which entail
oxidation/reduction of inorganic molecules. These discoveries
have been surprising, as the sea is an environment which has
barely been studied by microbiologists because it was thought
to hold little bacterial diversity at its coasts, and hardly any
bacteria in deeper regions offshore, as a result of high salin-
ity, weak or absent light and drastic shortage of oxygen and
nutrients. Nevertheless, a great biodiversity has been found at
the coasts, because oxygen is highly available near the surface,
and the proximity of the land assures a wealth of nutrients
coming from the organic matter in the coastal vegetation. In
these ecosystems, photosynthetic and aerobic microorganisms
predominate, e.g. microalgae and cyanobacteria.

Other prokaryotes found in oceanic environments be-
long to the domain Archaea, which were known to reside
exclusively in very special environments; for instance, some
Archaea, thought to be found only in extremely hot environ-
ments (Cenarchaeum symbiosum) have closely related species
inhabiting Antarctic waters, at -1.5 °C (DeLong, 1997). In
the absence of currents, on the seafloor close to the coast, wa-
ter is less rich in oxygen; consequently, in this environment
mainly anaerobic photosynthetic bacteria can be found. This
is particularly marked in coastal wetlands such as those found
along the coast of the Yucatdn peninsula.

Culture-independent microbiology

Metagenomics can be defined as the analysis, usually by
sequencing and/or cloning, of DNA extracted directly from
the environment, without passing through a stage of culturing
of the organisms contained in a sample. It is also sometimes
referred to as “environmental genomics”.

The use of the methodologies of Genomics has led to a
better and deeper knowledge of both basic microbial ecol-
ogy (i.e., the relations between the microorganisms and the
environment) and applied microbial ecology (public health,
agriculture, aquaculture, industry, etc). As a result, the study of
microbial ecology has expanded very rapidly in recent years,
mainly describing microbial diversity and characterizing mi-
crobial activities ( Luna et al., 2002; Bouillon et al., 2004).
These studies have provided important information in vari-
ous areas of microbiology and biotechnology, and have set the

bases for (1) the control of undesirable microorganisms, and
(2) the use of microorganisms and their products for human
benefits, in bioprocesses which provide goods and services
(Melcher et al., 2002; Lors et al., 2004) .

The description of the microorganisms present in environ-
mental samples has seen great advances thanks to the use of
the gene sequences coding for ribosomal RNA, above all of
the gene coding for the minor subunit of the bacterial ribo-
some. This molecule is present in all organisms, and performs
the same function in all of them. The method can be used
to perform comparisons at different levels of resolution, even
though different regions of the 16S rRNA molecule have dif-
ferent sequence variability between different taxa. Sequence
analysis of these genes makes it possible to define the phy-
logenetic relationships between the microorganisms. This
has led to a restructuring of modern taxonomy (Woese et al.,
1990; Woese, 1998).

DGGE and TGGE

The use of molecular tools such as DGGE (denaturing-
gradient gel electrophoresis), TGGE (temperature-gradient
gel electrophoresis), and FISH (fluorescent iz situ hybridiza-
tion) has greatly expanded in taxonomic studies. This allowed
to gain greater knowledge of bacterial diversity and of the
structure of bacterial communities in different environments.,
During the last decade, these techniques have also allowed the
use of functional genes as molecular markers to relate them
with the structure and function of microbial communities
(Muyzer & Smalla, 1998).

The DGGE technique generates precise taxonomic and
phylogenetic information, which allows the study of the
structure of bacterial communities and biofilms based on the
denaturalization of short (200-700bp) fragments of genomic
DNA collected from the environment (Muyzer & Smalla,
1998). The DNA is extracted from environmental samples,
and segments of the 16S rRNA gene are amplified by PCR.
The resulting products are all of the same size, but they have
different sequences; this is because they come from all the dif-
ferent bacteria which were present in the sample. The double-
stranded DNA amplicons are then resolved by electrophoresis
through a polyacrylamide gel containing a denaturing gradi-
ent, which produces a pattern that reflects the genetic diver-
sity of the bacterial community in the original sample (LaPara
et al., 2002). Furthermore, it is possible to identify taxa on the
basis of this electrophoresis, by recovering each band from the
gel and sequencing it, for a correlation with known sequences
in data bases.

TRFLP

Methods to generate genetic fingerprints of entire com-
munities, such as the analysis of terminal transcription frag-
ment length polymorphisms [TRFLP, Liu et al. (1997)] have
been used frequently to compare microbial communities. This
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has been because the techniques involved are relatively rapid,
of low cost, and can be used in a massively parallel manner.
TRFLP is a technique used to study complex communities
based on variations in the 16S rRNA genes (Osborn et al.,
2000). It can be used to study either the structure of com-
munities, or their dynamic response to changes in their envi-
ronment. The technique has been applied to the study of mi-
crobial communities in various environments, such as the soil
(Derakshani et al., 2001) and wastewater systems (Eschen-
hagen et al., 2003), and the characterization of the bacterial
mouth flora of healthy persons and of patients suffering from
periodontitis (Sakamoto et al., 2003).

TRFLP analysis has the advantages of being a culture-
independent method, relatively fast, of low cost, and useful
for sampling the diversity of complex communities without
requiring knowledge of the genomic sequences involved. The
disadvantages of this method are mainly that it may produce
different results when applied to communities with very high
diversity (Orcutt et al., 2009), and that it may fail to detect
taxa at low or rare organism abundance (Engebretson &
Moyer, 2003; Bent et al., 2007).

Pyrosequencing

Another molecular technique that is being used ever more
frequently in microbial diversity studies is pyrosequencing,
also known as 454 sequencing. This technology provides an
ultra-massive DNA sequencing system based on chemilumi-
nescence. With this system, genomes and metagenomes can
be sequenced or resequenced, and tagging of DNA sequences
of special interest is also possible, all in record time. The pres-
ent model of the instrument, named “Genome Sequencer
FLX - GS FLX Titanium” generates 400 million bases of se-
quence in only 10 hours. This technology has set off hundreds
of scientific studies of the highest level, not only in microbiol-
ogy, but also in various other fields of knowledge, such as can-
cer research, infectious diseases, drug discovery anthropology,
and paleontology.

To give an idea of how recently this sequencing tech-
nology was introduced, we need only state that “454 Life
Sciences” was founded in the year 2000. October 2005 saw
the release to market of the “Genome Sequencer 20”, which
was the first system of the next generation. In November
2006, the first million base pairs of the sequence of Homo
neanderthalensis, obtained by this method, were published in
Nature, in collaboration with Svante Piibo. The next model,
“Genome Sequencer FLX Titanium”, released in October
2008, can produce one million 400-base-pair reads in one
run (www.454.com). One of the main goals of metagenomic
studies is to gain an unbiased picture of the phylogenetic
composition and the functional diversity within a given mi-
crobial community. Even though technical and economic
limitations still preclude the full depth which may be desir-
able in some analyses, especially in the study of metabol-
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ic profiles and adaptive dynamics, at present the Genome
Sequencer FLX stands for the most advanced technology
available to overcome these barriers.

Metagenomic samples can be taken from virtually any
site; this includes microenvironments of the human body,
extreme environments, highly contaminated environments,
different locations in the water column of the ocean, etc.
Some of the possible applications of the 454 technology
include: (i) calculate the relative abundance of microbial
species under different environmental conditions; one can
count the gene tags (sequences that are specific for one spe-
cies or one gene), dispensing cloning steps; (ii) determine
the genetic content, detect genes more quickly and make
predictions as to function, as long and precise reads are pos-
sible; (iii) analyze the regulation and expression dynamics of
genes in various environments, metatranscriptomic expres-
sion profiling and functional annotation can be performed;
(iv) analyze viral infections quickly and precisely; one can
sequence RNA fragments amplified from material obtained
from infected individuals, and (v) establish the “signature” or
profile that characterizes a microbial community; one can
identify its members and predict their functions and relative
abundance, all in one run.

The recent publications on metagenomes and bacterial
genomes have started to show the immense diversity of the
microbial world. For instance, a sampling of marine viral
genomes at 68 sites indicated that the global diversity of
viruses could be of the order of hundreds of thousands of
species (Angly et al., 2006). In another sampling, it was
found that two deep-mine samples held widely different
communities, with different metabolisms, even when the
samples had been collected at very closely neighboring
sites. In addition, it is interesting to note that the metage-
nomes of the two sites were completely different from
those of other communities which had been sequenced
carlier (Edwards et al., 2006). A third publication, deal-
ing with marine microbial diversity, described an approach
using ribosomal RNA sequence tags and estimated a di-
versity three orders of magnitude greater than the earlier
calculation of 10° species (Sogin et al., 2006).

While in the majority of the cases the role played by most
of the microorganisms has not been elucidated, several recent
publications have shown that they maintain mutual interac-
tions of competence and synergy, and that these interactions
can be altered in response to changes in the environment.
For instance, a study of the human digestive tract showed the
presence of two main populations of bacteria, the Bacteroide-
tes and the Firmicutes, whose relative abundance fluctuates
as the body fat of the individual changes (Turnbaugh et al.,
2009).

Some examples of recent metagenomic work performed
with the 454 technology are (1) the exploration of the deepest
phreatic trough in the world (Sahl et al., 2010), and (2) studies
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on the structure of microbial communities in soil and hyper-
saline sediment gradients (Hollister et al., 2010) on bacterial
communities of the Arctic Ocean (Kirchman et al., 2010) and
on the seasonal dynamics of bacterio-plankton in the Baltic
Sea (Andersson et al., 2010).

Access to microbial resources

The advances made in molecular biology and genomics,
and their application to prokaryote biology have set the bases
not only for sequencing, but also for cloning and the func-
tional analysis of metagenomes (Rondon et al., 1999). This
allows not only to study those microorganisms which could
heretofore not be cloned, but also to clone segments of their
DNA sufficiently long as to contain complete operons, which
are able to direct the synthesis of complex molecules (Rondon
et al., 2000; Schloss & Handelsman, 2003); in prokaryotes the
genes which relate to a given metabolic pathway are usually
grouped in clusters. Also, in cases where the end product of
a given route may be potentially toxic to the host cell, this
methodology enables the simultaneous cloning (on one and
the same DNA segment) of the resistance genes, which are
usually located close to the genes for the metabolic pathway.

Ever since streptomycin was discovered as a bioproduct of
actynomycetes, in the first half of last century, microorgan-
isms have been frequently studied in the soil, in search of ac-
tive principles. These studies always suffered from difficulties
in culturing the microorganisms, which has led to numerous
repeated reisolations (Handelsman et al., 1998). Nowadays,
soils, bodies of water, and extreme environments are seen as
a rich and largely unexplored source in the search for new
products (Daniel, 2004); therefore, the methodologies which
aim at their metagenomic exploration are important strategies
for accessing the functional diversity of their as yet uncultured
microorganisms (Courtois et al., 2003).

Recent years have seen a growing activity in the metage-
nomics of marine microorganisms (Martin-Cuadrado et
al., 2007) and of extreme environments (extremophiles), as
well as on the metabolic adjustments which they must have
undergone to survive in such environments. Rothschild &
Mancinelli (2001) have made them the subject of numerous
studies, because of the potential usefulness of the organisms
themselves or of their enzymes in biotechnological or indus-
trial processes. A classical example is the isolation of Zhermus
aquaticus, a hyperthermophilic organism which lives in hot
springs at temperatures above 70 °C. Its thermostable DNA
polymerase (7ag) has revolutionized biotechnology, medicine,
and other life sciences, as it is a main actor in the amplifica-
tion of DNA by PCR (polymerase chain reaction) (Saiki et
al., 1985, 1988).

Constructing metagenomic gene libraries requires DNA
fragments of relatively large size (30-50 kb), as this improves
the likelihood to clone the genes necessary for the synthesis
of a given product. This is especially important in the case

of complex samples such as those collected from soil, sedi-
ments or other environments containing a large concentration
of decomposing organic matter, as many of the compounds
present in such samples may copurify with the DNA (e.g., hu-
mic acids or fulvic acids) and may be inhibitory to the various
enzymes which are used in cloning (Wilson, 1997).

Two methods of analysis have been proposed to screen
metagenomic libraries: (1) functional analysis, which relies
on the identification of clones that express specific traits
(enzymatic activities, antimicrobial activity, presence of cer-
tain metabolites, etc.), and (ii) analysis based on nucleotide
sequence, which uses conserved sequences to design hybrid-
ization probes. Both approaches have been used successfully
(Handelsman, 2004; Grant & Heaphy, 2010; Kapardar et al.,
2010; Lee et al., 2010).

It is also possible to screen the genomic library searching
for sequences which contain philogenetic information (such
as the 16S rRNA gene) and which afford data on the origin
of the heterologous DNA. This allows to establish the relation
between the phylogeny of the as yet uncultured microorgan-
isms and their genetic and physiologic activities coded in their
inserts (Rondon et al., 2000; Beja et al., 2000; Béja, 2004).

Although metagenomics is a very young science, it has to
date provided results that justify the intense effort which is
now being expended in this field. For instance, the year 2002
saw the isolation of turbominin A and turbominin B starting
from a metagenomic soil library built in a BAC vector. These
two compounds proved to be wide-spectrum antibiotics, active
against gram-positive and gram-negative bacteria (Rondon et
al., 2000; Gillespie et al., 2002). This, together with the iso-
lation of the operon for biotin biosynthesis (Entcheva et al.,
2001), showed the usefulness of metagenomic studies in the
search for new natural products of benefit for mankind. It was
also demonstrated that it is possible to clone entire metabolic
pathways starting from a metagenome and its expression in
heterologous systems. Other authors have reported the isola-
tion of enzymes with different activities of biotechnological in-
terest: chitinases, identified in metagenomic libraries of coastal
and estuarine waters (Cottrell et al., 1999); 4-hydroxybutyrate
dehydrogenase, isolated from a metagenomic E. co/i clone able
to grow in a medium containing 4-hydroxybutyrate as the only
carbon source (Henne et al., 1999); clones with lipolytic activ-
ity isolated from a soil metabolic library, one of which genes
turned out to be a lipase and other two showed homology with
esterases (Henne et al., 2000); polyketide synthase (an enzyme
involved in the synthesis of a compound with antitumor activ-
ity) from a soil metagenome and from microorganisms associ-
ated with the sea sponge Discodermia dissoluta (Schirmer et al.,
2005); an amylase with a pH optimum of 9.0 from the soil
metagenome (Yun et al., 2004), and a thermostable esterase
isolated from a metagenomic library obtained from the DNA
in sediments and muds from a hot spring, which proved to be
active from 30 °C to 95 °C (Rhee et al., 2005).

PYTON ISSN 0031 9457, (2011) 80: 231-240



238

Rojas-Herrera R et al., DYTON 80 (2011)

Obtaining hydrolytic enzymes of microbial origin is very
important for industrial applications, especially in the case of
those enzymes which may be a useful adjunct in the transfor-
mation of agricultural residues for purposes of energy pro-
duction and/or synthesis of high value-added chemicals. For
instance, the treatment of this type of residue in bioconver-
sion processes may require the degradation of the lignocel-
lulosic materials contained in the plant material. Degradation
of lignin is an oxidative process involving enzymes such as
lignin peroxidases (LiP), manganese peroxidases (MnP), and
laccases. These enzymes have been widely studied in different
microorganisms; however, their hydrolytic activities are sub-
ject to a number of physical and chemical factors that limit
their application in the industrial sphere. There is thus a need
to find new enzymes with increased stability for (1) extreme
pH values, (2) the presence of organic solvents or of ionic de-
tergents, or (3) elevated salt content or temperatures. Proteo-
lytic and amylolytic enzymes are also widely used in the food
industry, as well as in bioconversion and refineries.

Outlook and potential for microbial diversity

Recent years have seen a growing interest in marine mi-
croorganisms and extremophiles, and the adjustments that
these species had to undergo in their metabolism to survive
in these environments (Rothschild & Mancinelli, 2001). This
makes them interesting subjects for studying because of
their potential application in biotechnological and industrial
processes. The results obtained to date from metagenomic
studies show that we have barely started to understand the
enormous metabolic diversity which is present in the envi-
ronment (Béja, 2004). This diversity can be a source of new
products, genes and enzymes of biotechnological impor-
tance (Courtois et al., 2003; Venter et al., 2004; DeLong &
Karl, 2005; Foti et al., 2007). Nevertheless, many of these
enzymes, while detectable in environmental samples, could
not be used as attempts to culture the species producing
them were unsuccessful. The use of microbial consortia has
emerged as a possible biotechnological strategy (Manonmani
et al., 2000, Schlotelburg et al., 2002), but microbiology still
needs to solve the problem of how to culture such consortia
in a way that they maintain the necessary structure and dy-
namics. Knowledge of the taxonomic structure and popula-
tion dynamics of these consortia, obtained by metagenomic
techniques, sets the basis for understanding the mechanisms
which control their function, and for designing strategies for
their exploitation.

Given the richness of ecosystems in Mexico, the microbial
diversity resident in these niches may hold the solution for
many of the problems that we face today, both on a national
and on a global level. The study and exploitation of these re-
sources should be a primary aim of the scientific policies of
our country (Mexico), as well as of other countries with which
synergic collaborations would be advantageous.
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