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Preface

The recent breakthrough in microbial studies has applied next-generation
sequencing (NGS), a massive omics analysis, to the composition and structure
of microbial communities. NGS can identify microbes without the need for
their cultivation. Their mere presence can be ascertained and often quantitated, 
and even their metabolic capabilities of microbial constituents predicted. This
breakthrough led to an explosive growth in research on microbes.

Many important advances have been made in human health-related studies. Indeed, 
gut microbial communities have been extensively analyzed and differences between
healthy and diseased microbiomes have been determined. Studies of the effects of
changes of diet, of antibiotic treatments, and of probiotics on the gut microbiome
have been published. It was found that the human gut microbiome varies signifi-
cantly from individual to individual, and longitudinal studies have shown the major
effects of antibiotics as well as the time course of return to a “normal,” healthy
microbiome.

Ethnic and geographical influences have been analyzed. While most studies focused 
on individuals in the Western world and their corresponding diet, comparisons
with less accessible communities have been very informative. In particular, analyses
of indigenous communities, never exposed to antibiotics, have illuminated the
effects of their wide use. In other studies it was found, for example, that the
use of antibiotics in early childhood can have life-long consequences, perhaps
predisposing to allergic and atopic sequelae.

Similar microbiome studies have been performed on human skin, oral cavities, and
genitals. Different sites of the human body carry different niche-specific microbiota.
Dry, moist, sebaceous, UV-exposed, and protected regions of skin all have different
microbiota. The immense interpersonal variation precludes describing a “healthy”
skin microbiome; however, one’s skin microbiomes tend to be stable over time.
Interestingly, the effects of hygiene products, soaps and deodorants, are apparently
underwhelming and transient. Human skin and the oral cavity contain very rich
and varied microbiomes with myriad species. In contrast, vaginal microbiomes in
the posterior fornix tend to have a limited number of species, nearly monoclonal
lactobacilli environment.

Specific research has been devoted to human pathogens, their mechanisms of
causing disease, and the potentials for their management and alleviation. For
example, eczema, atopic dermatitis, is associated with overgrowth of Staphylococcus 
aureus. In contrast, psoriasis, another inflammatory skin disease, is not specifically
associated with a particular microbiome.

Interestingly, the richness and interpersonal differences in human microbiomes are
equalized by the metabolic capabilities of such microbiomes. In other words, while
the compositions of the microbiomes vary greatly, the overall metabolic processes, 
synthesis, and degradation of nutrients and other natural products do not vary
much; different assemblies of microorganism can perform similar tasks.
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Chapter 1

Biology and Physics of
Magnetotactic Bacteria
Fernanda Abreu and Daniel Acosta-Avalos

Abstract

Magnetotactic bacteria are able to align their swimming direction to the geo-
magnetic field lines because they possess a magnetic moment. These bacteria
biomineralize magnetic nanoparticles, magnetite or greigite, inside a membrane.
The membrane + nanoparticle set is known as magnetosome and intracellular
magnetosomes are disposed in a linear chain. Cytoskeleton-like filaments are
resposible for the mechanical stability of this chain. The genes responsible for the
magnetosome membrane and for the cytoskeleton proteins have been largely stud-
ied: the mam genes. The magnetosome chain also confers to the bacterial body a
magnetic moment that can be measured through different physical techniques.
Because of their response to magnetic field inversions, magnetotactic bacteria are
good models to study bacterial motion. Theoretical and experimental studies show
that magnetotactic bacteria swim following a trajectory similar to cylindrical helix.
Magnetotactic microorganisms have been observed avoiding regions with UV or
violet-blue light of high intensity. If the intensity is lower, magnetotactic
microorganims show photokinesis, increasing their velocity in the presence of red
light and decreasing their velocity in the presence of green light, both relative to the
velocity with blue light.

Keywords: magnetotactic bacteria, magnetosomes, magnetic moment, mam genes,
magnetotaxis

1. Introduction

Bacteria are one of the simplest organisms found in nature. They are distin-
guished from eukaryotes and superior organisms because their genetic material is
not contained in a nucleus but is free in the cytoplasm. However, despite their
relative simplicity, bacteria inhabit Earth for longer than many other organisms and
constitute the most abundant type of cell on our planet [1]. Magnetotactic bacteria
(MTB) are microorganisms that biomineralize magnetic nanoparticles inside their
cytoplasm. These magnetic nanoparticles are involved by a lipidic membrane, and
each“membrane + magnetic nanoparticle” set is known as magnetosome [2].
Magnetosomes are arranged in linear chains in the cytoplasm, conferring a mag-
netic moment to the bacterial body, being able to interact with the geomagnetic
field to orient its navigational direction to the geomagnetic field lines. This response
is known as magnetotaxis, resulting from the magnetic torque among the geomag-
netic field and the magnetic moment of the magnetosome chain, and for that
reason, MTB are described as“ living compasses.” MTB were discovered
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independently by Salvatore Bellini in 1963 and Richard Blakemore in 1975 [3].
The first to observe MTB was Salvatore Bellini, an Italian physician from Pavia,
Italy. In 1958, physicians from Pavia were asked to analyze the quality of water for
human consume. Bellini was part of the team that studied the water quality, and
he observed in water samples some bacteria that consistently accumulate in one side
of water drops. After trying different stimuli, he discovered that they were affected
by magnets. He called that bacteria as magnetosensitive. The first published obser-
vation of MTB was done in 1975 by Richard Blakemore in Massachusetts, USA [4].
His discovery was accidental, because his goal was to isolateSpirochaeta plicatilis
from marine marsh muds. During his observations, he noted microorganisms
migrating to one end of the drop of the mud on the microscope slide, and discover
that the presence of magnets altered their swimming direction. He called
magnetotaxis as the tactic response to magnetic fields.

2. Biology of magnetotactic bacteria

2.1 Cell biology

MTB comprise a diverse group of prokaryotes that share the ability to synthesize
magnetosomes, which are composed by a magnetic nanocrystal, magnetite (Fe3O4),
or greigite (Fe3S4), enclosed by a lipid bilayer (Figure 1; [2]). Thus, MTB has no
taxonomic meaning regarding phylogeny, morphology, and physiology. The mor-
phology of cultured and uncultured MTB described until now are cocci, spirilla,
rods, ovoids, vibrios, and multicellular spherical/ellipsoidal forms [5]. In all
morphotypes, magnetosomes are arranged in one or multiple chains along the major
axis of the cell, imparting the cell a magnetic moment, as mentioned previously [2].
However, in some uncultured MTB, apparently disorganized chains have already
been observed [6, 7]. Besides the magnetosomes, other common features are the
Gram-negative cell wall structure, motility by flagella and lipid, polyphosphate and
sulfur inclusions [2].

MTB present microaerophilic or anaerobic metabolism and all inhabit aquatic
environments characterized by vertical chemical stratification [2]. When observing
a drop of environmental sample containing MTB on a light microscope with a
magnet next to the slide, MTB tend to accumulate in one of the borders of the drop,
which correspond to a magnetic pole, North or South. In the Southern Hemisphere,
when MTB are being observed they usually accumulate at the border of the drop
of sample corresponding to the magnet’s North magnetic pole, swimming to
Geomagnetic South pole indicated by a compass. Therefore, these bacteria are

Figure 1.
Transmission electron microscopy of the magnetotactic bacteriumMagnetovibrio blakemorei strain MV-1
showing a single chain of prismatic magnetite magnetosomes.
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called South-seeking. In the Northern Hemisphere, the opposite situation occurs
and MTB presenting this behavior are called North-seeking.

The study of MTB movement in an oxygen gradient showed that MTB change
flagellar rotation and, consequently, the direction of movement depending on the
oxygen concentration, migrating to the optimal conditions [8]. These observations
were used to infer MTB dislocation along the vertical chemical gradient in the
environment, which is based on the vertical component of the magnetic field and
depends on the cellular state regarding oxygen. In the upper layers of the chemically
stratified environment, where oxygen is abundant and higher than the optimal for
MTB growth, the bacterium is on the oxidized state and rotate flagella to migrate
downward, where the environment is more reduced. While in reducing conditions,
in which oxygen is not abundant and concentrations are lower than that required
for MTB growth, bacteria rotate the flagella in the opposite direction to reach upper
layers of the gradient with optimal oxygen concentrations. Therefore, the presence
of specific cell structures in MTB, as the magnetosome chain, flagella, and storage
inclusions, represent adaptive advantages for dislocation across the chemical
gradient to explore resources in the environment. For example, during the day, the
oxygen gradient changes among the stratified layers of the environment and
microorganisms dislocate across these layers to reach regions with suitable condi-
tions for survival and growth. Because MTB are microaerophilic and/or capable
of anaerobic respiration, which means that they are sensitive to high oxygen
concentrations, an efficient mechanism to orient and migrate in the environment
guarantees species survival.

Only a few species of MTB have been isolated in axenic cultures [9], and fewer
type strains are available in cell line repositories. Many uncultured MTB species
have been characterized from environmental samples, because it is possible to
purify these cells based on their response to an applied magnetic field using a
magnet [10]. Figure 2 shows examples of cultured and uncultured species of MTB
and their characteristics according to their phylogenetic affiliation. Note that MTB
are spread among different phyla in Bacteria domain and that greigite
magnetosomes are only synthesized by MTB belonging to Deltaproteobacteria class.

Magnetospirillumspecies, which includeM. gryphiswaldensestrain MSR-1,M.
magneticumstrain AMB-1, and M. magnetotacticumstrain MS-1, among other
strains, are spirilla with flagella at each pole of the cell and represent the most
characterized MTB. Information about the biomineralization process and
magnetosome organization within the cell is mainly based on species belonging to
this genus [11]. Cryoelectron tomography studies usingM. magneticumstrain AMB-
1 have shown that the magnetosome vesicle is a result of the cytoplasmic membrane
invagination, which occurs before the synthesis of the magnetite nanocrystal
[11, 12]; forming the magnetosome membrane vesicle in which proteins related to
the biomineralization will be anchored. These proteins that are involved in all steps
of the magnetosome formation are anchored to this invaginated portion of the
membrane and will participate in the process by recruiting other proteins that
integrate the process, for example, iron transport, crystal nucleation and growth,
size and shape control, and organization of the magnetosomes [11, 13].

According to studies performed in M. gryphiswaldensestrain MSR-1, mature
magnetite magnetosomes are found already organized in a chain within the cyto-
plasm of the cell 15 min after formation has started [14]. All Magnetospirillum
species produce a single chain of cuboctahedral magnetite magnetosomes that are
40–45 nm in size [10]. Other MTB species are capable of synthesizing magnetite
magnetosomes with cuboctahedral, prismatic, or anisotropic shapes [2] and/or
greigite magnetosomes, which are usually classified as irregular. Usually, a
magnetotactic bacterium species is capable of producing magnetosomes with one
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guarantees species survival.

Only a few species of MTB have been isolated in axenic cultures [9], and fewer
type strains are available in cell line repositories. Many uncultured MTB species
have been characterized from environmental samples, because it is possible to
purify these cells based on their response to an applied magnetic field using a
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and their characteristics according to their phylogenetic affiliation. Note that MTB
are spread among different phyla in Bacteria domain and that greigite
magnetosomes are only synthesized by MTB belonging to Deltaproteobacteria class.
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strains, are spirilla with flagella at each pole of the cell and represent the most
characterized MTB. Information about the biomineralization process and
magnetosome organization within the cell is mainly based on species belonging to
this genus [11]. Cryoelectron tomography studies usingM. magneticumstrain AMB-
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invagination, which occurs before the synthesis of the magnetite nanocrystal
[11, 12]; forming the magnetosome membrane vesicle in which proteins related to
the biomineralization will be anchored. These proteins that are involved in all steps
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species produce a single chain of cuboctahedral magnetite magnetosomes that are
40–45 nm in size [10]. Other MTB species are capable of synthesizing magnetite
magnetosomes with cuboctahedral, prismatic, or anisotropic shapes [2] and/or
greigite magnetosomes, which are usually classified as irregular. Usually, a
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mineral composition and regular size and shape [15]. Rarely, a magnetotactic bac-
terium is capable of producing both magnetite and greigite magnetosomes; when it
occurs, these magnetosomes with different composition and shape are arranged in
the same chain(s) [16, 17]. Although differences have been observed in the forma-
tion of magnetosomes in MTB species [12, 18], the process described for bacteria
belonging to Magnetospirillumgenus is considered the model of magnetite biomin-
eralization in MTB.

In the environment, magnetotactic cocci are the most abundant morphotype of
MTB and present high phylogenetic diversity and variety of size, shape, and orga-
nization of magnetosomes [10, 19]. For example, magnetotactic cocci have been
found in marine sediments from Antarctica, suggesting the existence of psychro-
philic MTB [7]. Interestingly, these samples presented at least three types of
magnetotactic cocci based on the magnetosomes crystal size, shape, and organiza-
tion [7]. Ultrastructure characterization of cultured magnetotactic cocci showed
that these cells present two bundles of flagella and can achieve speed of approxi-
mately 300 � m/s, which is extremely high if we consider that the bacterium has
nearly 1 � m. Each flagellar apparatus ofMagnetococcus massaliastrain MO-1 is
formed by seven flagellar filaments surrounded by a sheath that might interact with
the bundle of flagella to decrease the friction of the high-speed rotation of

Figure 2.
Phylogenetic tree based on the 16S rRNA gene showing the distribution of some cultured and uncultured MTB in
Nitrospirae and Proteobacteria phylum of Bacteria domain. White lines separate morphotypes of MTB in
Proteobacteria phylum, showing the distribution of spirilla, vibrios, cocci, including ovoid andfava-like cells,
rods, and multicellular microorganisms. The shape of magnetosomes found in each morphotypes also displayed
next to the cells. However, it is important to remember that each MTB species is usually capable of producing
only one type of magnetosome (composition and shape). Morphotypes labeled with an asterisk (*) are the only
capable of producing greigite magnetosomes; some of them, for example,Desulfamplus magnetovallimortis
strain BW-1 produces both types of magnetosomes, irregular greigite and bullet-shaped magnetite
magnetosomes.
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individual flagella and promote efficient swimming at high speed [20]. One of the
most peculiar morphotype of MTB are the multicellular forms, named
magnetotactic multicellular prokaryotes (MMP), which can be divided into spheri-
cal and ellipsoidal. MMP are formed by Gram-negative magnetotactic cells orga-
nized in a sphere that swims as a unit [21]. Cellular organization in MMP is not
random and represents the best configuration to optimize the magnetic response of
the microorganism [22]. These microorganisms present an exclusive multicellular
life cycle in which cells of the microorganisms grow, divide, and rearrange before
splitting into two identical multicellular microorganisms [23]. Individual cells of
this type of MTB have never been observed and viability assays suggest that when a
cell disaggregates from the multicellular structures, it does not remain viable [24].
MMPs are capable of synthesizing irregular greigite or bullet-shaped magnetosomes
[21]. MMPs with both types of magnetosomes have already been reported [25].

2.2 Genetics

The origin of magnetotaxis and its distribution among the different phyla of the
Bacteria domain are not well understood. Despite the great phylogenetic diversity,
MTB have unique genes related to biomineralization, which are located in a gener-
ally unstable region in the genome [26]. The genomic and ultrastructure character-
izations of nonmagnetotactic spontaneous mutants ofM. gryphiswaldensestrain
MSR-1 showed the absence of 130 kb genomic region and complete lack of
magnetosomes within these cells [27]. Genomic comparison among MTB affiliated
to different phyla showed that genes in this region are conserved within MTB
group, even when magnetite- and greigite-producing MTB were analyzed [11]. This
region containing the genes responsible for the synthesis of magnetosomes was
named magnetosome island and the genes are referred to asmam (magnetosome
membrane), mms(magnetosome membrane specific), andmtx (magnetotaxis) genes
because proteins encoded by these genes are localized on the magnetosome mem-
brane or participate on the magnetotaxis motility behavior.

The genes for biomineralization are grouped into four operons inM.
gryphiswaldensestrain MSR-1 and other freshwater spirilla, calledmamAB,
mamGFDC, mms6,and mamXYin the magnetosome island [28]. Although species
of MTB have different sizes in the region that encompasses the genes involved in
biomineralization, some genes are conserved in all species. The content and organi-
zation of genes on the magnetosome island vary between magnetotactic species,
and often, some genes are deleted or inserted without any change in the formation
of the magnetosomes [27]. In general, proteins encoded bymam genes are involved
in four major steps of magnetosome formation. These steps include: (1) formation
of the magnetosome membrane (MamI, MamL, and MamAB); (2) formation of
magnetite crystal (MamE, Mms6, MamB, and MamM); (3) maturation of the mag-
netite crystal (MamE, MmsF, MamGFDC, and Mam P, S, T); and (4) alignment of
the chain magnetosome (MamJ and MamK) [29]. The mechanism by which these
genes were and can be transferred between species of bacteria is unknown till date.
In the past years, hypotheses were elaborated to explain the evolution of
magnetotaxis. One of them was based on the observation that the evolution and
divergence of the conserved Mam proteins and the 16S rRNA gene among MTB are
congruent and support the monophyletic origin, in which all MTB would present a
single common ancestor [9]. The other hypothesis states that the present diversity
of MTB and magnetotaxis-related gene distribution is a result of multiple events of
horizontal gene transfer, possibly with a common ancestral, gene modification and/
or loss in different cell lines [26]. Functional analysis of the magnetosome island
based on deletion of genes inMs. gryphiswaldensestrain MSR-1 indicated that genes
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in the mamAB operon are sufficient for magnetosome biomineralization [30].
Examples of genes found in this operon and their functions are listed inTable 1.
Interestingly, the transference of genes from themamAB operon from M.
gryphiswaldensestrain MSR-1 toRhodospirillum rubrumresulted in magnetite
magnetosome production within the photosynthetic cell [39]. Because of the mag-
netic properties of magnetosomes, which will be discussed on the following topic,
these nanometric magnetic structures have great importance for the development
of new applications and processes in Biotechnology. However, one of the limitations
of their use in biotechnological applications is the fastidiousness of MTB, which
makes the production of magnetosomes in bioreactors expensive and with low
yield. The transference of the ability to synthesize magnetosomes from MTB to

Protein Function Effect on cell upon deletion Reference/
strain used
on the study

MamA Activation of biomineralization Decrease in the number of
magnetosomes

[31] Strain
AMB-1

MamB Transport of iron into the
magnetosome vesicle; interacts with
PDZ domains (MamE)

Magnetosomes are not produced; no
magnetic response

[29] Strain
AMB-1; [32]
strain MSR-1

MamE Crystal maturation Synthesis of magnetosomes smaller
than < 20 nm; cells without
magnetic response

[29, 33]
Strain AMB-1

MamH Balance in the redox state of iron on
the magnetosome membrane

Decrease in magnetosome number
and size; less efficient magnetic
response

[29] Strain
AMB-1; [34]
strain MSR-1

MamI Synthesis of the magnetosome
membrane

Magnetosomes are not produced; no
magnetic response

[29] Strain
AMB-1

MamJ Alignment of the magnetosome chain:
it interacts with the surface of the
magnetosome and with a structure
similar to the cytoskeleton (MamK
filament)

Magnetosomes are not aligned in
chains; reduced magnetic
orientation

[35] Strain
MSR-1

MamK Controls the assembly, segregation,
and positioning of the magnetosome
chain inside the cell

Alignment of the magnetosomes in
short chains and decrease in the
number of magnetosomes

[36] Strain
MSR-1

MamM Transport of iron into the
magnetosome: magnetite nucleation,
crystal growth, and stabilization of
MamB

Increase in the formation of
polycrystalline particles of
magnetite; formation of crystals of
hematite; no magnetic response

[29] Strain
AMB-1; [32]
strain MSR-1

MamO Nucleation of the magnetite crystal Magnetosomes are not produced;
cells without magnetic response

[29] Strain
AMB-1; [37]
strain MSR-1

MamP Magnetite crystal size control Decrease in the size of
magnetosomes; less efficient
magnetic response

[29, 38]
Strain AMB-1

MamR
MamT

Magnetite crystal size control Decrease in the size of
magnetosomes; less efficient
magnetic response

[29, 38]
Strain AMB-1

MamU Possibly lipid metabolism No changes were observed [29] Strain
AMB-1

Table 1.
Proteins encoded by genes withinmamAB operon inMagnetospirillum and their function.
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other cells represents a new frontier in Microbiology and greatly expands the use of
magnetosomes in nanotechnological and biomedical applications [39].

3. Physical characteristics of magnetosomes

Two different processes of mineral formation by living beings have been recog-
nized. One process of mineral formation is known as biologically induced mineral-
ization (BIM), and is characterized by bulk extracellular and/or intercellular
mineral formation, without the elaboration of organic matrices. It produces min-
erals having crystal habits similar to those produced by precipitation from inorganic
solutions. BIM processes are less controlled than organic matrix-mediated mineral-
ization, and looks like a primitive stage in the evolution of biogenic mineral forma-
tion. The other process is known as biologically controlled mineralization (BCM). In
general, the organism constructs an organic mold into which the appropriate ions
are actively introduced to crystallize a mineral. The mineral type, orientation of
crystallographic axes, and microarchitectures are under genetic control [40].

Magnetotactic bacteria distinguish from other bacteria because they
biomineralize, through BCM, magnetic nanoparticles of magnetite, or greigite.
Magnetite is a very interesting iron oxide because it is magnetic and a good con-
ductor. Its free charge density is similar to that of some metals [41]. It is also a hard
mineral, being used by chitons for tooth hardening [42]. Several studies show that
greigite has similar electrical [43] and hardening use [44] as magnetite. The mag-
netic properties of nanoparticles have a strong dependence on the size: very small
particles have a magnetic moment nonstable in the body, changing randomly its
orientation and producing a null average magnetic moment. Those particles are
known as superparamagnetic. If the size increases, the anisotropic energy also
increases and creates an energy barrier that maintains the magnetic moment in a
fixed direction. In that case, the nanoparticles behave as stable magnets and are
known as single domains [45]. Magnetosomes are in the size range of magnetic
single domains. The magnetic flux lines created by the magnetosome in the chain
can be observed using the magnetic electron holography technique [46], showing
the flux lines entirely aligned to the chain as corresponds with a dipolar field created
by a single magnetic moment. So, it is appropriate to say that the magnetosome
chain behaves as a compass needle. The linear arrange of magnetosomes is not
energetically stable, because after some number of magnetosomes the best config-
uration is a ring. To maintain the linear configuration, magnetosomes are attached
to the cytoskeletal filaments [47].

The first analysis done in magnetosomes was energy-dispersive X-ray micro-
analysis (EDS or EDX), showing that they are composed mainly by iron and oxygen
[4]. To show that they are the iron oxide magnetite, the Mossbauer technique was
used [48], showing that the Mossbauer spectra behave as a mixture of magnetite
and maghemite. Also, electron diffraction shows the diffraction patterns
corresponding to magnetite [49]. Several studies with EDS show that this magnetite
is highly pure. However, in some cases, some metallic ions can be absorbed in the
magnetosome structure, depending on the ambient pollution [50]. Studies done
with high-resolution electron microscopy show that magnetosomes are produced in
specific geometric morphologies [51]. Those morphologies are truncated
cuboctahedron, elongated cuboctahedron, and hexagonal prisms. In the case of
greigite, the crystalline morphologies are truncated cuboctahedrons and elongated
rectangular prisms [51]. This iron sulfide was discovered in magnetosomes of
multicellular magnetotactic prokaryotes, and identified through EDX spectroscopy
and electron diffraction [52].
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in the mamAB operon are sufficient for magnetosome biomineralization [30].
Examples of genes found in this operon and their functions are listed inTable 1.
Interestingly, the transference of genes from themamAB operon from M.
gryphiswaldensestrain MSR-1 toRhodospirillum rubrumresulted in magnetite
magnetosome production within the photosynthetic cell [39]. Because of the mag-
netic properties of magnetosomes, which will be discussed on the following topic,
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Magnetosomes are not produced; no
magnetic response

[29] Strain
AMB-1; [32]
strain MSR-1

MamE Crystal maturation Synthesis of magnetosomes smaller
than < 20 nm; cells without
magnetic response

[29, 33]
Strain AMB-1
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Increase in the formation of
polycrystalline particles of
magnetite; formation of crystals of
hematite; no magnetic response

[29] Strain
AMB-1; [32]
strain MSR-1

MamO Nucleation of the magnetite crystal Magnetosomes are not produced;
cells without magnetic response

[29] Strain
AMB-1; [37]
strain MSR-1

MamP Magnetite crystal size control Decrease in the size of
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Table 1.
Proteins encoded by genes withinmamAB operon inMagnetospirillum and their function.
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other cells represents a new frontier in Microbiology and greatly expands the use of
magnetosomes in nanotechnological and biomedical applications [39].

3. Physical characteristics of magnetosomes
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and maghemite. Also, electron diffraction shows the diffraction patterns
corresponding to magnetite [49]. Several studies with EDS show that this magnetite
is highly pure. However, in some cases, some metallic ions can be absorbed in the
magnetosome structure, depending on the ambient pollution [50]. Studies done
with high-resolution electron microscopy show that magnetosomes are produced in
specific geometric morphologies [51]. Those morphologies are truncated
cuboctahedron, elongated cuboctahedron, and hexagonal prisms. In the case of
greigite, the crystalline morphologies are truncated cuboctahedrons and elongated
rectangular prisms [51]. This iron sulfide was discovered in magnetosomes of
multicellular magnetotactic prokaryotes, and identified through EDX spectroscopy
and electron diffraction [52].
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4. Determination of bacterial magnetic moment

As the magnetosome chain determines a magnetic moment to MTB, let us talk
about the different techniques used to estimate that magnetic moment. The first
theoretical estimate for the magnetic moment was done counting the contribution
of several nanoparticles arranged in a chain [53]. For a magnetosome chain com-
posed of 22 particles of magnetite with every nanoparticle having 1.25� 10� 16 cm3

of volume, it is possible to calculate the total magnetic moment as M = nVindMV,
where n is the number of particles in the chain, Vind is the volume of each particle
(assuming that all are equal), and MV is the magnetic moment per unit volume of
the magnetic material. For magnetite, MV = 480 � 10� 3 Am2/cm3. In this way, a
magnetic moment of 1.3� 10� 15Am2 is obtained. This magnetic moment value
means a magnetic to thermal energy rate of about 16 (assuming a temperature of
300 K). This method can be used whenever is possible to observe and count the
number of magnetosomes in the chain. This method is not applied in the case of live
bacteria and for bigger microorganisms with lots of magnetosomes, as is the case for
“CandidatusMagnetobacterium bavaricum” and “CandidatusMagnetoglobus
multicellularis. ”

A statistical analysis of the swimming orientation of magnetotactic bacteria,
assuming that they behave as paramagnetic particles, produces the orientation to be
equivalent to the average of cos� ( < cos�>), being � the angle among the bacterial
velocity and the magnetic field. Kalmijn showed that < cos�> is function of the
magnetic to thermal energy ratio [54]: < cos�> = L (MH/kT) = coth(MH/kT) � kT/
MH, where M is the bacterium magnetic moment, H is the magnetic field intensity,
k is the Boltzmann constant, T is the absolute temperature, and L(x) is the Langevin
function: coth(x) —1/x. For MH/kT � 10, the Langevin function is about 0.9, which
means that the bacterial trajectory is well oriented to the magnetic field direction.
The analysis of the velocity as function of the magnetic field [54] or of the orienta-
tion as function of the magnetic field [55] permits the estimative of the bacterial
magnetic moment. Kalmijn stressed the fact that this kind of study is valid only for
the orientation of a single bacterium and not for the average orientation of several
bacteria [54]. Using this method, it has been shown that“ Candidatus
Magnetoglobus multicellularis” shows values of L(x) lower than 0.9 in the presence
of the geomagnetic field. A measuring method for the magnetic moment of indi-
vidual MTB was developed in [56] and consists in the analysis of the U-turn trajec-
tory, which is the form of the trajectory followed by an MTB when the sense of the
external magnetic field vector is inverted. The theoretical analysis assumes that the
bacteria and the magnetosome chain forms a rigid body, the bacteria following the
movement of the magnetic moment. In the low Reynolds number regime and
ignoring the flagellar forces, the sum of the magnetic torque and the viscous torque
is equal to zero. From that equation, mathematical expressions are obtained for the
time � and diameter L of the reversal trajectory: L = 8�� R3v/(MH) and � = [8�� R3/
(MH)]ln[2MH/(kT)], where M is the bacterium magnetic moment, H is the mag-
netic field intensity, k is the Boltzmann constant, T is the absolute temperature, R is
the bacterium radius (assuming it is a coccus), v is the velocity,� is the viscosity,
and ln is the natural logarithm function. The measurement of those parameters for
the U-turn trajectory makes possible to calculate the value of the magnetic moment
of magnetotactic bacteria. The experimental measurement of the magnetic moment
of bacteria with different sizes and shapes, done by Esquivel and Lins de Barros
[56], showed that the magnetic moment can have values from 0.3� 10� 15 to
54 � 10� 15Am2, generating magnetic to thermal energy ratios from 3 to 326. Those
results challenge the idea that the magnetosome contains the sufficient magnetic
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nanoparticles, arranged in the proper configuration, to efficiently orient the bacte-
ria in the geomagnetic field direction. A problem with this method is that the U-
turn trajectory must be in the focal plane for a good measurement of L, but that is
not the case in the general. An alternative is to use only the U-turn time� because it
can be determined well for any U-turn trajectory [57]. The U-turn analysis done by
Esquivel and Lins de Barros [56] also assumes that bacteria have spherical geome-
try, that it is not the general case. When the bacterium is enlarged, as a small
cylinder, another approximation must be done. So, assuming that this small cylin-
der behaves as a set of attached spheres, the contribution to the total torque can be
calculated. Doing the experimental analysis in that way, Bahaj et al. [58] calculated a
value of 6.1� 10� 16 Am2 for the magnetotactic spirillum Magnetospirillum
magnetotacticum. They also calculated the variation of magnetic moment with the
growth time, and observed that it grows from 2.8 � 10� 16 Am2 at 35 h to
6.5 � 10� 16 Am2 at 240 h [59]. Another technique widely used to determine the
magnetic moment of magnetotactic bacteria is the analysis of the movement in a
rotating magnetic field [60]. In that method, a set of four coils (two crossed pairs) is
adapted to an optical microscope stage to generate a rotating magnetic field with
frequency f. That experimental setup is known as bacteriodrome. The resultant
trajectory is a circle, observed clearly by dark-field images. Again, ignoring the
flagellar movement and in the low Reynolds number regime, the magnetic torque
must be equal to the viscous torque. The magnetic torque depends on the angle
among the bacterial magnetic moment and the external magnetic field. That angle
increases when the frequency f increases, and its upper limit is 90° meaning that
there is a critical value of fc. For values of f higher than fc, the trajectory is not more
a circle. The determination of fc permits to calculate the magnetic moment as:
M � c� 2� fc l3/H, where M is the bacterium magnetic moment, H is the magnetic
field intensity, c is a shape factor, � is the viscosity, and l is the bacterium length. It
is difficult to determine the shape factor, and Petersen et al. [60] proposed an
approximated value of 8� . Using this technique, Petersen et al. [60] determined the
magnetic moment of magnetotactic bacteria, of natural samples from Southern
Germany, of about 4 � 10� 15Am2, and Pan et al. [61] calculated a value of about
1.8 � 10� 15Am2 for MYC-1, an uncultivated magnetotactic coccus from China.

Other techniques have been used for measuring the magnetic moment of
magnetotactic bacteria. Using a SQUID magnetometer, an average magnetic
moment of 1.8 � 0.4 � 10� 12 emu for bacteria from natural sediments had been
determined [62]. This method is interesting because it is a direct measurement and
does not need to assume unknown values for parameters from the studied cell.
There are two interesting physical techniques involving light for measuring the
magnetic moment of magnetic bacteria. One is the analysis of the birefringence
arising in a pull of magnetotactic bacteria when in presence of an external magnetic
field [63]. The birefringence transforms an input linear polarized light beam in an
output elliptically polarized light beam, with a phase shift between the fast and slow
components. This phase shift is measured and it depends on the intensity of the
external magnetic field and on the magnetic moment. Experiments were done with
live and dead bacteria, killed with drops of formalin. The measured values, at
normal concentration conditions, for live bacteria were about 1.21� 10� 13 emu and
for dead bacteria about 1.33� 10� 13 emu. Apparently, for dead bacteria, the mea-
sured values are higher than for live bacteria. It was assumed that this difference
could be an effect of motile behavior in live bacteria and the concept of“ effective
temperature” Teff was introduced, meaning that live bacteria feels a disorienting
thermal energy kTeff higher than the ambient thermal energy in 10–20%. The other
technique is the analysis of the light scattered by a pull of magnetic bacteria [64],
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based on the fact that the presence of an external magnetic field determines an
angular distribution in the orientation of bacteria. This angular distribution affects
the structure factor in the scattered light intensity. With this method, the average
length and average magnetic moment can be determined. For two different cultures
of Aquaspirillum magnetotacticumwere determined values of (2.2� 0.2) � 10� 13emu
and (4.3 � 0.5) � 10� 13 emu, which are in good agreement with the value obtained
by electron microscopy, or about 4.4 � 10� 13 emu. Using a similar experimental
approach in [65] was determined the magnetic moment of a wild-type Magnetos-
pirillum gryphiswaldensestrain and obtained a value of about 25.3
( � 1.6) � 10� 13 emu. Other methods found in literature are based basically in the
analysis of the bacterial body rotation caused by the magnetic torque and in the
analysis of the equation magnetic torque = viscous torque. For example, in Ref.
[66], it was measured the magnetic moment of singleMagnetospirillum
gryphiswaldensecells using magnetic tweezers, observing and analyzing the rotation
of the bacterial body after a magnetic field reversion. They observed that the
measured magnetic moment has a dependence on the magnetic field intensity, as
occurs in magnetization measurements of magnetic materials, starting from a rem-
anence magnetization at zero magnetic field and progressively increasing until the
magnetization saturates at higher magnetic fields. They measured for 6 mT< H
< 23 mT a magnetic moment of 2.4 (� 1.1) � 10� 13 emu and for 90 mT < H
< 130 mT a magnetic moment of 7.7 (� 3.4) � 10� 13 emu. Table 2 resumes the
magnetic moment measured with the different techniques, remembering that
1 emu = 10� 3 Am2. It can be observed that the magnetic moment obtained by the
direct measurement from the magnetosome chain is always bigger than that
obtained from indirect physical methods. In the study by Zahn et al. [66], this fact is
explained identifying the direct measurement in the magnetosome chain as the
saturation magnetization, that is only observed for higher magnetic fields.

Technique Organism Magnetic moment
(Am 2)

References

Electron
microscopy

Magnetotactic spirillum MS1 1.3� 10� 15 [53]

U-turn analysis Several microorganisms from fresh to
marine water

0.3 � 10� 15 to
54 � 10� 15

[56]

U-turn modified Magnetospirillum magnetotacticum 6.1 � 10� 16 [58]

SQUID Fresh water uncultured bacteria 1.8 � 10� 15 [62]

Light scattering Aquaspirillum magnetotacticum (live) 2.2 � 10� 16

(dead) 4.3 � 10� 16
[64]

Light scattering Magnetospirillum gryphiswaldense 25.3� 1.6 � 10� 16 [65]

Birefringence Aquaspirillum magnetotacticum 1.21� 10� 16 [63]

Rotating magnetic
field

Natural samples 4 � 10� 15 [60]

Rotating magnetic
field

Uncultivated coccus MYC-1 1.8 � 10� 15 [61]

Magnetic tweezers Magnetospirillum gryphiswaldense (low H)
2.4 � 1.1� 10� 16

(high H)
7.7� 3.4 � 10� 16

[66]

Table 2.
Magnetic moment value for MTB using different physical techniques.
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5. The movement of magnetotactic bacteria

Several experimental observations show that magnetotaxis functions together
with aerotaxis, determining the so-called magneto-aerotaxis [8, 67]. Basically, two
different behaviors have been identified in magneto-aerotaxis: polar magnetotaxis,
that consists in the North-seeking or South-seeking behaviors in the search for the
better oxygen concentrations; and axial magnetotaxis, in that case, MTB move in
the magnetic field direction but without preferential sense. MTB from natural
samples always present polar magnetotaxis. Axial magnetotaxis has been observed
only in cultured MTB.

MTB are easily identified because of their response to the inversion of the local
magnetic field direction: after the inversion bacteria swim following the new mag-
netic field direction. It can be stated that magnetic field inversions stimulate MTB to
swim, making them a model for the study of microorganism swimming. Bacteria
swim in the low Reynolds number regime, where viscous forces and torques act to
null the resultant force and torque [68]. In that regime, microorganisms swim
following an helical trajectory [69] whose parameterization in Cartesian coordinates
(x, y, z), considering the helix axis as the z axis, can be written as (Rcos(� t), Rsin
( � t), Vt), where R is the helix radius, V is the axial velocity, and � = 2� f being f the
helix frequency. In the case of magnetotactic microorganisms, the helical trajectory
of the multicellular magnetotactic prokaryote “CandidatusMagnetoglobus
multicellularis ” has been studied for two different applied magnetic fields (3.9 and
20 Oe) [70] and for magnetic fields from 0.9 to 32 Oe [55]. Those studies show that
for spherical multicellular magnetotactic prokaryotes, the axial velocity V is about
90 � m/s, the radius R is about 8� m for lower magnetic fields, and the helix
frequency f is about 1.1 Hz. For uncultured magnetotactic coccus, the helical move-
ment has been studied recently (data not published), in the presence of magnetic
fields of about 0.7 Oe, and the helical parameters measured were: axial velocity of
about 90 � m/s, radius of about 2.5� m, and helix frequency of about 1 Hz. For other
magnetotactic microorganisms, it has been observed that the 2D trajectory is similar
to the projection of a 3D helix in the microscope focal plane (for example, see
[19, 68, 71].

For the theoretical study of microorganisms, motion in the low Reynolds num-
ber regime is necessary to know all the forces and torques acting on the microor-
ganism. Nogueira and Lins de Barros [68] developed a model in that regime,
considering a spherical MTB with a single flagellum and a magnetosome chain
aligned to the flagellum line. The equations to be considered areFflagella + Fviscous= 0
and � flagella + � viscous+ � magnetic + � body = 0. Using the appropriate expressions for the
forces and torques in that model, they were able to calculate numerically the
temporal evolution of the center of mass coordinates (x, y, z) and of the Euler’s
angles for the rigid body (�, � , � ), being the trajectory similar to a cylindrical helix.
In the other hand, Refs. [72, 73] studied the motion of nonspherical MTB, to include
the effect of the bacterial body geometry on the viscous forces. Also, Yang et al. [73]
studied MTB with two flagellar bundles. To do that, they calculated numerically the
motion using the second Newton’s law, considering all the forces and torques and
calculating the appropriate inertial terms for the geometrical body form. They also
studied the effect of the relative inclination � between the magnetosome chain and
the flagella. Those studies showed that when� �� 0, the velocity decreases when the
magnetic field increases, effect also observed experimentally in the work by Pan
et al. [74] when studying the circular movement of the MYC-1 strain. In that case, it
was measured the velocity in the circular trajectory obtained in a bacteriodrome as
function of the applied magnetic field, in the hope to obtain a growing Langevin
curve as predicted by Kalmijn [54]. But they observed that the velocity decreases as
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( � 1.6) � 10� 13 emu. Other methods found in literature are based basically in the
analysis of the bacterial body rotation caused by the magnetic torque and in the
analysis of the equation magnetic torque = viscous torque. For example, in Ref.
[66], it was measured the magnetic moment of singleMagnetospirillum
gryphiswaldensecells using magnetic tweezers, observing and analyzing the rotation
of the bacterial body after a magnetic field reversion. They observed that the
measured magnetic moment has a dependence on the magnetic field intensity, as
occurs in magnetization measurements of magnetic materials, starting from a rem-
anence magnetization at zero magnetic field and progressively increasing until the
magnetization saturates at higher magnetic fields. They measured for 6 mT< H
< 23 mT a magnetic moment of 2.4 (� 1.1) � 10� 13 emu and for 90 mT < H
< 130 mT a magnetic moment of 7.7 (� 3.4) � 10� 13 emu. Table 2 resumes the
magnetic moment measured with the different techniques, remembering that
1 emu = 10� 3 Am2. It can be observed that the magnetic moment obtained by the
direct measurement from the magnetosome chain is always bigger than that
obtained from indirect physical methods. In the study by Zahn et al. [66], this fact is
explained identifying the direct measurement in the magnetosome chain as the
saturation magnetization, that is only observed for higher magnetic fields.

Technique Organism Magnetic moment
(Am 2)

References

Electron
microscopy

Magnetotactic spirillum MS1 1.3� 10� 15 [53]

U-turn analysis Several microorganisms from fresh to
marine water

0.3 � 10� 15 to
54 � 10� 15

[56]

U-turn modified Magnetospirillum magnetotacticum 6.1 � 10� 16 [58]

SQUID Fresh water uncultured bacteria 1.8 � 10� 15 [62]

Light scattering Aquaspirillum magnetotacticum (live) 2.2 � 10� 16

(dead) 4.3 � 10� 16
[64]

Light scattering Magnetospirillum gryphiswaldense 25.3� 1.6 � 10� 16 [65]

Birefringence Aquaspirillum magnetotacticum 1.21� 10� 16 [63]

Rotating magnetic
field

Natural samples 4 � 10� 15 [60]

Rotating magnetic
field

Uncultivated coccus MYC-1 1.8 � 10� 15 [61]

Magnetic tweezers Magnetospirillum gryphiswaldense (low H)
2.4 � 1.1� 10� 16

(high H)
7.7� 3.4 � 10� 16

[66]

Table 2.
Magnetic moment value for MTB using different physical techniques.
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5. The movement of magnetotactic bacteria

Several experimental observations show that magnetotaxis functions together
with aerotaxis, determining the so-called magneto-aerotaxis [8, 67]. Basically, two
different behaviors have been identified in magneto-aerotaxis: polar magnetotaxis,
that consists in the North-seeking or South-seeking behaviors in the search for the
better oxygen concentrations; and axial magnetotaxis, in that case, MTB move in
the magnetic field direction but without preferential sense. MTB from natural
samples always present polar magnetotaxis. Axial magnetotaxis has been observed
only in cultured MTB.

MTB are easily identified because of their response to the inversion of the local
magnetic field direction: after the inversion bacteria swim following the new mag-
netic field direction. It can be stated that magnetic field inversions stimulate MTB to
swim, making them a model for the study of microorganism swimming. Bacteria
swim in the low Reynolds number regime, where viscous forces and torques act to
null the resultant force and torque [68]. In that regime, microorganisms swim
following an helical trajectory [69] whose parameterization in Cartesian coordinates
(x, y, z), considering the helix axis as the z axis, can be written as (Rcos(� t), Rsin
( � t), Vt), where R is the helix radius, V is the axial velocity, and � = 2� f being f the
helix frequency. In the case of magnetotactic microorganisms, the helical trajectory
of the multicellular magnetotactic prokaryote “CandidatusMagnetoglobus
multicellularis ” has been studied for two different applied magnetic fields (3.9 and
20 Oe) [70] and for magnetic fields from 0.9 to 32 Oe [55]. Those studies show that
for spherical multicellular magnetotactic prokaryotes, the axial velocity V is about
90 � m/s, the radius R is about 8� m for lower magnetic fields, and the helix
frequency f is about 1.1 Hz. For uncultured magnetotactic coccus, the helical move-
ment has been studied recently (data not published), in the presence of magnetic
fields of about 0.7 Oe, and the helical parameters measured were: axial velocity of
about 90 � m/s, radius of about 2.5� m, and helix frequency of about 1 Hz. For other
magnetotactic microorganisms, it has been observed that the 2D trajectory is similar
to the projection of a 3D helix in the microscope focal plane (for example, see
[19, 68, 71].

For the theoretical study of microorganisms, motion in the low Reynolds num-
ber regime is necessary to know all the forces and torques acting on the microor-
ganism. Nogueira and Lins de Barros [68] developed a model in that regime,
considering a spherical MTB with a single flagellum and a magnetosome chain
aligned to the flagellum line. The equations to be considered areFflagella + Fviscous= 0
and � flagella + � viscous+ � magnetic + � body = 0. Using the appropriate expressions for the
forces and torques in that model, they were able to calculate numerically the
temporal evolution of the center of mass coordinates (x, y, z) and of the Euler’s
angles for the rigid body (�, � , � ), being the trajectory similar to a cylindrical helix.
In the other hand, Refs. [72, 73] studied the motion of nonspherical MTB, to include
the effect of the bacterial body geometry on the viscous forces. Also, Yang et al. [73]
studied MTB with two flagellar bundles. To do that, they calculated numerically the
motion using the second Newton’s law, considering all the forces and torques and
calculating the appropriate inertial terms for the geometrical body form. They also
studied the effect of the relative inclination � between the magnetosome chain and
the flagella. Those studies showed that when� �� 0, the velocity decreases when the
magnetic field increases, effect also observed experimentally in the work by Pan
et al. [74] when studying the circular movement of the MYC-1 strain. In that case, it
was measured the velocity in the circular trajectory obtained in a bacteriodrome as
function of the applied magnetic field, in the hope to obtain a growing Langevin
curve as predicted by Kalmijn [54]. But they observed that the velocity decreases as
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the magnetic field increases, in the contrary of a Langevin curve. To explain this,
they assumed that the magnetosome chain has an inclination relative to the flagellar
bundle. Interestingly, it has been observed that some MTB strains have the
magnetosome chain with different inclinations relative to the flagellar bundle, in
some cases being almost perpendicular to it, not orienting the magnetic moment to
the magnetic field direction during their swimming [73].

The movement of magnetotactic microorganisms also depends on the presence
of light, and the response depends on the wavelength and the intensity. This
behavior has been studied mainly in multicellular magnetotactic prokaryotes.
Negative photo response has been observed when they are illuminated with
high-intensity UV light (365 nm), violet-blue light (395 –440 nm filter) of about
80 W m � 2 of intensity, and blue light (450 –490 nm filter) of about 200 W m � 2 of
intensity. For longer wavelengths, no photo response was observed, and apparently
long exposure to green light is lethal [70, 75]. That negative photo response is not
observed when very low intensities are used. Photokinesis has been observed in
multicellular magnetotactic prokaryotes, decreasing the velocity when illuminated
with green light (517 nm, 0.46 W m � 2) and increasing the velocity when illumi-
nated with red light (628 nm, 0.16 W m � 2), both respectively to the velocity
observed when illuminated with blue light (469 nm, 0.8 W m � 2) [76, 77]. Recently,
De Melo and Acosta-Avalos [78] showed that the photokinesis in multicellular
magnetotactic prokaryotes is related to the combined presence of monochromatic
light and a constant magnetic field, and that it can be canceled in the presence of
radio-frequency electromagnetic fields oscillating at the Zeeman resonance fre-
quency associated to the constant magnetic field, showing the involvement of a
radical pair mechanism, a very well-known magnetoreception mechanism used by
migratory birds. Interestingly, magnetotactic microorganisms have the proper
physical tools to sense the geomagnetic field with light. Perhaps, magnetotaxis
and the radical pair mechanism are involved in a more elaborate magnetic sensing
in MTB.

6. Conclusions

Since the discovery of MTB, they attracted the attention of the scientific com-
munity for several reasons. Firstly, they show clearly that living beings can interact
with the geomagnetic field through magnetic nanoparticles and became a model
that has been extensively used in magnetoreception research. The study of the
magnetosome synthesis process within MTB is being used to develop new strategies
to produce magnetic nanoparticles with potential use in Biotechnology. For exam-
ple, genes responsible for magnetosome synthesis could be transferred and
expressed in a host cell to increase the yield of magnetosomes production in bio-
reactors. If high amounts of magnetosomes were achieved at low cost,
magnetosome use as biotechnological tools would be possible. For physicists, MTB
are interesting to apply models of magnetism, used in solid-state theory, in living
beings behavior. The different techniques developed to measure the MTB magnetic
moment have shown that considering MTB as paramagnetic particles is as insuffi-
cient model, defying previous models about MTB magnetotaxis. The study of
motion is also giving support to new understandings about magnetotaxis, because
new characteristics of the interaction among MTB and the geomagnetic field are
arising through the study of the movement as function of the applied magnetic
field. There are some evidences that MTB use more than one mechanism to detect
the magnetic field direction, and not only through the magnetic torque. So, a new
magnetoreception mechanism shall be discovered in MTB in the near future.
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Chapter 3

First Insights into the Resilience of
the Soil Microbiome of a Tropical
Dry Forest in Puerto Rico
Michelle Jovanne Rivera-Rivera and Elvira Cuevas

Abstract

This study evaluated the effect that tree species traits and wet/dry periods
display on soil microbial communities in a tropical dry forest in Puerto Rico.
Understanding the ecological role of soil microorganisms in tropical dry forests and
how they relate to different tree species is necessary to protect these fragile forest
ecosystems. Thus, by using 454 pyrosequencing, we explored how microbial
diversity was affected by dominant tree species during the wettest and driest
periods at the Guánica Dry Forest. We found that 9 out of 17 phyla were more
abundant during the dry period demonstrating that soil communities have adapted
to historically low rainfall patterns. The most abundant phyla during both periods
were Proteobacteria, Actinobacteria, and Bacteroidetes. During the dry period,
Actinobacteria increased significantly (p < 0.0001), whereas Proteobacteria and
Bacteroidetes decreased significantly (p< 0.0001; p < 0.001). Canonical corre-
spondence analysis (CCA) also demonstrated that soil microbes are shaped by wet
and dry periods, thus axis 1 of CCA explained 80% of the variation. This study
offers baseline information in order to help elucidate how microbial diversity is
affected by climate change in tropical areas and extrapolate this information to
agricultural areas in order to develop better management practices.

Keywords: historical rainfall patterns, bacterial resilience, soil microbiome,
soil microbial ecology, soil enzyme activity, Guánica Dry Forest, Puerto Rico,
bacterial diversity, DNA sequencing

1. Introduction

Arid and semiarid ecosystems comprise almost 1/3 of the Earth’s surface, and it
is expected that these ecosystems will increase their total coverage area due to
anthropogenic activities and climate change [1]. In tropical dry forests, seasonality
and rainfall distribution fluctuate more often than in other ecosystems. Dry periods
can extend for many months, and in some cases, they are accompanied by pulsed
rainfall that can last from hours to days. These fluctuations control temporal growth
patterns, productivity, turnover of organic matter, and other forest soil functional
traits [2]. After a dry period, the first pulse of rainfall causes abrupt changes in
soil moisture and water potential leading to microbial physiological stress and the
reawakening of soil microbial communities. Seasonally tropical dry forests are
already towards the extreme of water availability. Climate model predictions for
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were Proteobacteria, Actinobacteria, and Bacteroidetes. During the dry period,
Actinobacteria increased significantly (p < 0.0001), whereas Proteobacteria and
Bacteroidetes decreased significantly (p< 0.0001; p < 0.001). Canonical corre-
spondence analysis (CCA) also demonstrated that soil microbes are shaped by wet
and dry periods, thus axis 1 of CCA explained 80% of the variation. This study
offers baseline information in order to help elucidate how microbial diversity is
affected by climate change in tropical areas and extrapolate this information to
agricultural areas in order to develop better management practices.
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1. Introduction

Arid and semiarid ecosystems comprise almost 1/3 of the Earth’s surface, and it
is expected that these ecosystems will increase their total coverage area due to
anthropogenic activities and climate change [1]. In tropical dry forests, seasonality
and rainfall distribution fluctuate more often than in other ecosystems. Dry periods
can extend for many months, and in some cases, they are accompanied by pulsed
rainfall that can last from hours to days. These fluctuations control temporal growth
patterns, productivity, turnover of organic matter, and other forest soil functional
traits [2]. After a dry period, the first pulse of rainfall causes abrupt changes in
soil moisture and water potential leading to microbial physiological stress and the
reawakening of soil microbial communities. Seasonally tropical dry forests are
already towards the extreme of water availability. Climate model predictions for
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the Caribbean point towards progressively drier periods, with precipitation loss
between � 10 and � 50% [3]. There is limited information regarding the diversity of
soil microbial communities in these ecosystems, and it needs to be assessed in order
to establish baseline information that is crucial to help elucidate the degree of the
ecosystems resilience to the proposed precipitation changes that are affecting these
ecosystems.

The intrinsic effects of vegetation are strong influencers of soil properties. Due
to the confounding factor of plant species and plant roots sharing the same area,
there is very little information on the effect of specific plant species on microbial
diversity and soil enzymatic activities [4, 5]. Seasonally dry ecosystem, such as the
Guánica Dry Forest, can serve as a model system to better understand the impact of
seasonal variations and tree species effect on microbial community composition
and activity. In this forest the trees are growing in the cracks of the calcareous
platform, forming individual islands of leaf litter and organic matter under similar
climatic conditions [5, 6]. The canopies of the trees are close to ground level
limiting the transfer of leaf litter between neighboring trees, thus forming individ-
ual islands of fertility. These individual islands of fertility prevent belowground
competition for resources [6]. Given that plant species vary in their effects on soil
properties [7–9], one of our objectives was to determine how responsive the soil
microbial diversity is to plant species effects. Our second objective was to under-
stand to what degree the soil microbial diversity shows resilience to rainfall vari-
ability and dry periods. The study was conducted during the rainiest period of 2011
(August) and the driest period of 2012 (January). We selected three tree species
(a pantropical species and two native species) that are highly distributed in the
forest [10]. We hypothesize that both rainfall and plant species will regulate of
modify the soil microbiome.

2. Materials and methods

2.1 Study site and sampling

The study was carried out at the Guánica Dry Forest which is situated in the
semiarid region of Southwestern Puerto Rico (Figure 1A–C). Trees in this area are
dwarfed, and the vegetation is located between 0 and 150 m from the coastline. The
mean annual precipitation of this zone is 750 mm and exhibits a bimodal distribu-
tion. Even though monthly rainfall is highly erratic, most studies have documented
that almost 50% of the annual precipitation occurs between September and
November [11, 12]. Historical data also demonstrates that the forest also exhibits
two periods of predominant drought that start in January and June. The data
presented here correspond to samples that were taken during July 2011 (wet) and
January 2012 (dry) representing the months of higher (wet) and lower (dry) rain-
fall [13], therefore allowing us to measure maximum and minimum response of the
substrates microbiome.

The soils of the area are described as isohyperthermic Calcic Lithic Petrocalcids of
the Pitahaya-Limestone outcrop-La Covana Association which consist of shallow,
well-drained, very slowly permeable soils that formed or were deposited in material
that weathered from limestone bedrock (USDA NRCS 2008). The depth of the
substrate varies according to ground relief and among seasons [14]. The low stature
woody vegetation grows on a rocky calcareous substrate where plants establish their
roots in the holes, cracks, and crevices, of the rocky material accumulating water and
very shallow soil substrates. Due to the high variability of the surface area soil
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sampling depth was not fixed; it ranged from 0 to 8 cm. We selected three (3) trees
from three species, previously tagged and studied, that grow from 100 m to approx-
imately 300 m from the coast. The tree species selected complied with the following
characteristics: (a) they were interspersed within the study area, (b) each tree
formed an island that was isolated from other trees by exposed rock, and (c) that
their litter and belowground substrate originated from their own residue decompo-
sition [14]. The three species selected wereTabebuia heterophylla (DC.)Briton
(facultative deciduous), Pisonia albida(Heimerl) Briton ex Standal, (obligate decid-
uous) and Ficus citrifoliaMill., (facultative deciduous) ( Figure 1D).

Each tree was used as a sampling unit supported by the very high heterogeneity
in the vegetation structure of the site and the actual physical separation of the trees.

Figure 1.
Location and description of the study site. (A) The Island of San Juan Puerto Rico forms part of the Greater
Antilles and is bordered by the Caribbean Sea. (B) The Guánica Dry Forest Biosphere Reserve found in the
southwestern area of Puerto Rico. (C) Picture of the landscape of the study site. Here we observe the coastal area
of the forest where trees are dwarfed and have established their growth in the cracks and crevices of the rocky
substrate. (D) Representation of tree species used in this study.
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the Caribbean point towards progressively drier periods, with precipitation loss
between � 10 and � 50% [3]. There is limited information regarding the diversity of
soil microbial communities in these ecosystems, and it needs to be assessed in order
to establish baseline information that is crucial to help elucidate the degree of the
ecosystems resilience to the proposed precipitation changes that are affecting these
ecosystems.

The intrinsic effects of vegetation are strong influencers of soil properties. Due
to the confounding factor of plant species and plant roots sharing the same area,
there is very little information on the effect of specific plant species on microbial
diversity and soil enzymatic activities [4, 5]. Seasonally dry ecosystem, such as the
Guánica Dry Forest, can serve as a model system to better understand the impact of
seasonal variations and tree species effect on microbial community composition
and activity. In this forest the trees are growing in the cracks of the calcareous
platform, forming individual islands of leaf litter and organic matter under similar
climatic conditions [5, 6]. The canopies of the trees are close to ground level
limiting the transfer of leaf litter between neighboring trees, thus forming individ-
ual islands of fertility. These individual islands of fertility prevent belowground
competition for resources [6]. Given that plant species vary in their effects on soil
properties [7–9], one of our objectives was to determine how responsive the soil
microbial diversity is to plant species effects. Our second objective was to under-
stand to what degree the soil microbial diversity shows resilience to rainfall vari-
ability and dry periods. The study was conducted during the rainiest period of 2011
(August) and the driest period of 2012 (January). We selected three tree species
(a pantropical species and two native species) that are highly distributed in the
forest [10]. We hypothesize that both rainfall and plant species will regulate of
modify the soil microbiome.

2. Materials and methods

2.1 Study site and sampling

The study was carried out at the Guánica Dry Forest which is situated in the
semiarid region of Southwestern Puerto Rico (Figure 1A–C). Trees in this area are
dwarfed, and the vegetation is located between 0 and 150 m from the coastline. The
mean annual precipitation of this zone is 750 mm and exhibits a bimodal distribu-
tion. Even though monthly rainfall is highly erratic, most studies have documented
that almost 50% of the annual precipitation occurs between September and
November [11, 12]. Historical data also demonstrates that the forest also exhibits
two periods of predominant drought that start in January and June. The data
presented here correspond to samples that were taken during July 2011 (wet) and
January 2012 (dry) representing the months of higher (wet) and lower (dry) rain-
fall [13], therefore allowing us to measure maximum and minimum response of the
substrates microbiome.

The soils of the area are described as isohyperthermic Calcic Lithic Petrocalcids of
the Pitahaya-Limestone outcrop-La Covana Association which consist of shallow,
well-drained, very slowly permeable soils that formed or were deposited in material
that weathered from limestone bedrock (USDA NRCS 2008). The depth of the
substrate varies according to ground relief and among seasons [14]. The low stature
woody vegetation grows on a rocky calcareous substrate where plants establish their
roots in the holes, cracks, and crevices, of the rocky material accumulating water and
very shallow soil substrates. Due to the high variability of the surface area soil
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sampling depth was not fixed; it ranged from 0 to 8 cm. We selected three (3) trees
from three species, previously tagged and studied, that grow from 100 m to approx-
imately 300 m from the coast. The tree species selected complied with the following
characteristics: (a) they were interspersed within the study area, (b) each tree
formed an island that was isolated from other trees by exposed rock, and (c) that
their litter and belowground substrate originated from their own residue decompo-
sition [14]. The three species selected wereTabebuia heterophylla (DC.)Briton
(facultative deciduous), Pisonia albida(Heimerl) Briton ex Standal, (obligate decid-
uous) and Ficus citrifoliaMill., (facultative deciduous) ( Figure 1D).

Each tree was used as a sampling unit supported by the very high heterogeneity
in the vegetation structure of the site and the actual physical separation of the trees.
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Location and description of the study site. (A) The Island of San Juan Puerto Rico forms part of the Greater
Antilles and is bordered by the Caribbean Sea. (B) The Guánica Dry Forest Biosphere Reserve found in the
southwestern area of Puerto Rico. (C) Picture of the landscape of the study site. Here we observe the coastal area
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The minimum distance between any two trees was about 1 m, and the maximum
was approximately 30 m. We collected one soil sample of each sampling unit (tree)
during the months of the study. Soil samples were sieved in the field with a 2 mm
mesh and placed in plastic bags. Samples were then placed on ice, taken to the
laboratory, and frozen until they were sent to the Molecular Research Facility at
Lubbock Texas. Total soil DNA extraction and 454 pyrosequencing were completed
at the Molecular Research Facility. The molecular research facility reported all
results as OUT tables.

2.2 Soil enzyme activities

Enzyme activities were performed as described in [5, 15]. The activities of
enzymes relevant in C cycling (�-glucosidase), C and N cycling (�-
glucosaminidase), P cycling (alkaline phosphatase, acid phosphatase, phospho-
diesterase), and the S cycle (arylsulfatase) were assayed using 0.5 g of air-dried soil
( < 2 mm). Duplicate replicates and one control were used for all the soils that were
tested; furthermore, the appropriate substrate was used for each assay, and reac-
tions were incubated for 1 h at 37°C at their optimal pH as described in [5]. For the
controls, the substrate was added after the 1 h incubation period and subtracted
from a sample control value. Enzyme activity is expressed in mg p-nitrophenol
(PN) released in kg� 1 soil h� 1.

2.3 Pyrosequencing data processing and analysis

Amplicon pyrosequencing (bTEFAP) was originally described by Dowd et al.
(2008) and has been utilized in describing a wide range of environmental and
health-related microbiomes including the intestinal populations of a variety of
sample types and environments, including cattle [16–18]. The 16S universal eubac-
terial primers (F = AGRGTTTGATCMTGGCTCAG, R = GTNTTACNGCGGCKGC
TGG) were used for PCR amplification. A single-step 30 cycle PCR using
HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA) was used under the fol-
lowing conditions: 94°C for 3 minutes, followed by 28 cycles of 94°C for 30 seconds;
53°C for 40 seconds and 72°C for 1 minute; and after which a final elongation step at
72°C for 5 minutes was performed. Following PCR, all amplicon products from
different samples were mixed in equal concentrations and purified using Agencourt
AMPure beads (Agencourt Bioscience Corporation, MA, USA). Samples were
sequenced utilizing Roche 454 FLX titanium instruments and reagents and follow-
ing manufacturer’s guidelines.

The sequence data derived from the sequencing analysis was processed using a
proprietary analysis pipeline (www.mrdnalab.com, MR DNA, Shallowater, TX).
Sequences were depleted of barcodes and primers, and all sequences shorter than
< 200 bp were removed. Sequences with ambiguous base calls were removed, and
sequences with homopolymer runs exceeding 6 bp were also removed. All
sequences were then denoised and chimeras were removed. Operational taxonomic
units were defined after the removal of singleton sequences, clustering at 3%
divergence (97% similarity) [16–20]. OTUs were then taxonomically classified
using BLASTn against a curated Greengenes database [20] and compiled into each
taxonomic level into both “ counts” and “percentage” files. Operational taxonomic
unit tables (OTU) tables reported by the Molecular Research Facility were used to
complete all statistical analysis. Bacterial diversity was estimated by using the
Shannon-Wiener (H�) and Equitability (J �) indexes; both were calculated using the
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PAST3 statistical program [22]. Nonparametric Kruskal-Wallis was calculated using
the JMP10 statistical software to evaluate differences between diversity indexes as
affected by tree species and rainfall. In the book“Microbial Source Tracking:
Methods applications and case studies,” Cao et al. (2011), page 278, discusses that
“ common multivariate techniques used for the examination of microbial commu-
nity structure include cluster analysis, principle components analysis (PCA), corre-
spondence analysis (CA), and nonmetric multidimensional scaling (NMDS). All of
these techniques belong to a group called indirect gradient analysis, which aims to
reveal community similarities among sites or samples through grouping or ordering
the sites or samples into either dendrograms or on a two (2D) or three-dimensional
(3D) plot. ” On the other hand, they also mention that “direct gradient analysis such
as canonical correspondence analysis (CCA), aims to correlate the overall multivar-
iate community profile with environmental variables. ” To identify the influence of
soil physicochemical characteristics on the bacterial community, canonical corre-
spondence analysis (CCA) was performed using the OTU tables of each community
and the soil physicochemical characteristics. Canonical correspondence analysis is a
site/species matrix where each site has given values for one or more environmental
variables. The ordination axes are linear combinations of the 169 environmental
variables. It is a gradient analysis that shows species abundances as a response to an
environmental gradient. Environmental variables are plotted as correlations with
site scores. I reported two types of scaling. Type 1 emphasizes the relationship
between sampling sites and environmental variables, and Type 2 emphasizes rela-
tionships between species and environmental variables [21, 22]. Indicator species
analysis (ISA) was performed to identify the bacterial species responsible for
changes in soil microbial communities between tree species and sampling periods.
ISA analysis was completed in R using the IndVal script, where R calculates the
indicator value d of species as the product of the relative frequency and relative
average abundance [23].

3. Results

3.1 OTU abundance at the Guánica Dry Forest as affected by sampling period
and tree species

Sequencing data revealed 17 predominant bacterial phyla for this forest (Table 1
and Figure 2). The phyla with the highest relative abundance wereProteobacteria

Phyla Dry S.D. Wet S.D. p value

Bacterial phyla

Bacteroidetes 2.80 0.94 7.60 23.26 0.01

Chloroflexi 2.60 0.99 0.75 0.58 0.01

Cyanobacteria 0.08 0.15 0.00 0.00 0.47

Actinobacteria 37.65 6.57 16.93 6.77 < 0.0001

Verrucomicrobia 0.32 0.30 0.08 0.15 0.02

Spam (candidate division) 0.07 0.15 0.00 0.00 0.47

Planctomycetes 2.26 0.68 0.68 0.40 0.01

Nitrospirae 0.56 0.39 0.18 0.21 0.03
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The minimum distance between any two trees was about 1 m, and the maximum
was approximately 30 m. We collected one soil sample of each sampling unit (tree)
during the months of the study. Soil samples were sieved in the field with a 2 mm
mesh and placed in plastic bags. Samples were then placed on ice, taken to the
laboratory, and frozen until they were sent to the Molecular Research Facility at
Lubbock Texas. Total soil DNA extraction and 454 pyrosequencing were completed
at the Molecular Research Facility. The molecular research facility reported all
results as OUT tables.

2.2 Soil enzyme activities

Enzyme activities were performed as described in [5, 15]. The activities of
enzymes relevant in C cycling (�-glucosidase), C and N cycling (�-
glucosaminidase), P cycling (alkaline phosphatase, acid phosphatase, phospho-
diesterase), and the S cycle (arylsulfatase) were assayed using 0.5 g of air-dried soil
( < 2 mm). Duplicate replicates and one control were used for all the soils that were
tested; furthermore, the appropriate substrate was used for each assay, and reac-
tions were incubated for 1 h at 37°C at their optimal pH as described in [5]. For the
controls, the substrate was added after the 1 h incubation period and subtracted
from a sample control value. Enzyme activity is expressed in mg p-nitrophenol
(PN) released in kg� 1 soil h� 1.

2.3 Pyrosequencing data processing and analysis

Amplicon pyrosequencing (bTEFAP) was originally described by Dowd et al.
(2008) and has been utilized in describing a wide range of environmental and
health-related microbiomes including the intestinal populations of a variety of
sample types and environments, including cattle [16–18]. The 16S universal eubac-
terial primers (F = AGRGTTTGATCMTGGCTCAG, R = GTNTTACNGCGGCKGC
TGG) were used for PCR amplification. A single-step 30 cycle PCR using
HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA) was used under the fol-
lowing conditions: 94°C for 3 minutes, followed by 28 cycles of 94°C for 30 seconds;
53°C for 40 seconds and 72°C for 1 minute; and after which a final elongation step at
72°C for 5 minutes was performed. Following PCR, all amplicon products from
different samples were mixed in equal concentrations and purified using Agencourt
AMPure beads (Agencourt Bioscience Corporation, MA, USA). Samples were
sequenced utilizing Roche 454 FLX titanium instruments and reagents and follow-
ing manufacturer’s guidelines.

The sequence data derived from the sequencing analysis was processed using a
proprietary analysis pipeline (www.mrdnalab.com, MR DNA, Shallowater, TX).
Sequences were depleted of barcodes and primers, and all sequences shorter than
< 200 bp were removed. Sequences with ambiguous base calls were removed, and
sequences with homopolymer runs exceeding 6 bp were also removed. All
sequences were then denoised and chimeras were removed. Operational taxonomic
units were defined after the removal of singleton sequences, clustering at 3%
divergence (97% similarity) [16–20]. OTUs were then taxonomically classified
using BLASTn against a curated Greengenes database [20] and compiled into each
taxonomic level into both “ counts” and “percentage” files. Operational taxonomic
unit tables (OTU) tables reported by the Molecular Research Facility were used to
complete all statistical analysis. Bacterial diversity was estimated by using the
Shannon-Wiener (H�) and Equitability (J �) indexes; both were calculated using the
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PAST3 statistical program [22]. Nonparametric Kruskal-Wallis was calculated using
the JMP10 statistical software to evaluate differences between diversity indexes as
affected by tree species and rainfall. In the book“ Microbial Source Tracking:
Methods applications and case studies,” Cao et al. (2011), page 278, discusses that
“ common multivariate techniques used for the examination of microbial commu-
nity structure include cluster analysis, principle components analysis (PCA), corre-
spondence analysis (CA), and nonmetric multidimensional scaling (NMDS). All of
these techniques belong to a group called indirect gradient analysis, which aims to
reveal community similarities among sites or samples through grouping or ordering
the sites or samples into either dendrograms or on a two (2D) or three-dimensional
(3D) plot. ” On the other hand, they also mention that “direct gradient analysis such
as canonical correspondence analysis (CCA), aims to correlate the overall multivar-
iate community profile with environmental variables. ” To identify the influence of
soil physicochemical characteristics on the bacterial community, canonical corre-
spondence analysis (CCA) was performed using the OTU tables of each community
and the soil physicochemical characteristics. Canonical correspondence analysis is a
site/species matrix where each site has given values for one or more environmental
variables. The ordination axes are linear combinations of the 169 environmental
variables. It is a gradient analysis that shows species abundances as a response to an
environmental gradient. Environmental variables are plotted as correlations with
site scores. I reported two types of scaling. Type 1 emphasizes the relationship
between sampling sites and environmental variables, and Type 2 emphasizes rela-
tionships between species and environmental variables [21, 22]. Indicator species
analysis (ISA) was performed to identify the bacterial species responsible for
changes in soil microbial communities between tree species and sampling periods.
ISA analysis was completed in R using the IndVal script, where R calculates the
indicator value d of species as the product of the relative frequency and relative
average abundance [23].

3. Results

3.1 OTU abundance at the Guánica Dry Forest as affected by sampling period
and tree species

Sequencing data revealed 17 predominant bacterial phyla for this forest (Table 1
and Figure 2). The phyla with the highest relative abundance wereProteobacteria

Phyla Dry S.D. Wet S.D. p value

Bacterial phyla

Bacteroidetes 2.80 0.94 7.60 23.26 0.01

Chloroflexi 2.60 0.99 0.75 0.58 0.01

Cyanobacteria 0.08 0.15 0.00 0.00 0.47

Actinobacteria 37.65 6.57 16.93 6.77 < 0.0001

Verrucomicrobia 0.32 0.30 0.08 0.15 0.02

Spam (candidate division) 0.07 0.15 0.00 0.00 0.47

Planctomycetes 2.26 0.68 0.68 0.40 0.01

Nitrospirae 0.56 0.39 0.18 0.21 0.03
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Figure 2.
Relative abundance (%) of bacterial phyla at the Guánica Dry Forest during the wet (W) and dry (D) period
under three different tree species (F =Ficus citrifolia , P = Pisonia albida,T = Tabebuia heterophylla) .

Phyla Dry S.D. Wet S.D. p value

Bacterial phyla

Acidobacteria 2.28 1.18 0.73 0.60 0.01

Gemmatimonadetes 1.48 0.75 0.45 0.44 0.01

Firmicutes 5.32 2.86 2.49 1.37 0.01

Tenericutes 0.00 0.00 0.02 0.07 >0.9999

ws3 (candidate division) 0.11 0.24 0.00 0.00 0.47

Proteobacteria 44.35 5.87 69.99 7.78 < 0.0001

op3 (candidate division) 0.04 0.12 0.00 0.00 >0.9999

tm6 (candidate division) 0.02 0.07 0.01 0.02 >0.9999

tm7 (candidate division) 0.05 0.10 0.08 0.13 0.86

Bold numbers represent significant differences (p< 0.05).

Table 1.
Kruskal-Wallis analysis of the relative abundance (%) of bacteria at the Guánica Dry Forest as affected by wet
and dry periods (n = 9).

50

Microorganisms

(44%) and Actinobacteria(37%). These dominant bacterial phyla presented the
same pattern during the wet and dry period. During the wet period, relative abun-
dance ofActinobacteriadecreased almost four times when compared to the dry
period, and the relative abundance ofProteobacteriaalmost duplicated (Table 1 and
Figure 2). Relative abundance ofPlanctomycetes, Acidobacteria, Gemmatimonadetes,
and Firmicuteswas 1–2 orders of magnitude higher during the dry period when
compared to wet period, whereas onlyProteobacteriaand Bacteroideteswere 1–2
orders of magnitude higher during the wet period when compared to the dry
period. The most predominant bacterial phyla for all tree species during the wet and
dry periods were Proteobacteria, Actinobacteria, and Bacteroidetes(Table 2).
Kruskal-Wallis test did not demonstrate significant differences in bacterial relative

Bacterial phyla F. citri. S.D. P. albida S.D. T. heter. S.D. p

Tree Species

Bacteroidetes 3.71 1.27 4.97 3.45 6.92 4.89 0.69

Chloroflexi 1.91 1.39 1.29 1.24 1.84 1.19 0.70

Cyanobacteria 0.05 0.13 0.06 0.15 0.00 0.00 0.59

Actinobacteria 27.95 11.7 29.16 14.5 24.77 13.07 0.85

Verrucomicrobia 0.30 0.39 0.25 0.17 0.07 0.14 0.18

Spam (candidate division) 0.00 0.00 0.07 0.17 0.04 0.10 0.59

Planctomycetes 1.46 1.00 1.65 1.12 1.30 0.96 0.85

Nitrospirae 0.53 0.49 0.22 0.17 0.36 0.35 0.65

Acidobacteria 1.65 1.39 1.67 1.40 1.20 0.96 0.85

Gemmatimonadetes 1.03 0.91 0.59 0.63 1.28 0.80 0.20

Firmicutes 3.97 1.75 2.24 1.87 5.51 3.22 0.17

Tenericutes 0.04 0.09 0.00 0.00 0.00 0.00 0.37

ws3 (candidate division) 0.00 0.00 0.00 0.00 0.16 0.29 0.12

Proteobacteria 57.23 17 57.77 15.4 56.51 14.77 0.98

op3 (candidate division) 0.06 0.14 0.00 0.00 0.00 0.00 0.37

tm6 (candidate division) 0.04 0.09 0.00 0.00 0.01 0.03 0.59

tm7 (candidate division) 0.09 0.15 0.07 0.11 0.03 0.07 0.77

Bold numbers represent significant differences (p< 0.05).

Table 2.
Kruskal-Wallis analysis of the relative abundance (%) of bacteria phyla at the Guánica Dry Forest as affected
by tree species (Ficus citrifolia, Pisonia albida, and Tabebuia heterophylla).

Significant differences are found in bold.

Table 3.
Nonparametric ANOVA for bacterial alpha diversity in soils as affected by tree species and sampling period at
the Guánica Dry Forest.
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(44%) and Actinobacteria(37%). These dominant bacterial phyla presented the
same pattern during the wet and dry period. During the wet period, relative abun-
dance ofActinobacteriadecreased almost four times when compared to the dry
period, and the relative abundance ofProteobacteriaalmost duplicated (Table 1 and
Figure 2). Relative abundance ofPlanctomycetes, Acidobacteria, Gemmatimonadetes,
and Firmicuteswas 1–2 orders of magnitude higher during the dry period when
compared to wet period, whereas onlyProteobacteriaand Bacteroideteswere 1–2
orders of magnitude higher during the wet period when compared to the dry
period. The most predominant bacterial phyla for all tree species during the wet and
dry periods were Proteobacteria, Actinobacteria, and Bacteroidetes(Table 2).
Kruskal-Wallis test did not demonstrate significant differences in bacterial relative

Bacterial phyla F. citri. S.D. P. albida S.D. T. heter. S.D. p

Tree Species

Bacteroidetes 3.71 1.27 4.97 3.45 6.92 4.89 0.69

Chloroflexi 1.91 1.39 1.29 1.24 1.84 1.19 0.70

Cyanobacteria 0.05 0.13 0.06 0.15 0.00 0.00 0.59

Actinobacteria 27.95 11.7 29.16 14.5 24.77 13.07 0.85

Verrucomicrobia 0.30 0.39 0.25 0.17 0.07 0.14 0.18

Spam (candidate division) 0.00 0.00 0.07 0.17 0.04 0.10 0.59
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Proteobacteria 57.23 17 57.77 15.4 56.51 14.77 0.98

op3 (candidate division) 0.06 0.14 0.00 0.00 0.00 0.00 0.37
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Table 2.
Kruskal-Wallis analysis of the relative abundance (%) of bacteria phyla at the Guánica Dry Forest as affected
by tree species (Ficus citrifolia, Pisonia albida, and Tabebuia heterophylla).

Significant differences are found in bold.

Table 3.
Nonparametric ANOVA for bacterial alpha diversity in soils as affected by tree species and sampling period at
the Guánica Dry Forest.
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abundance due to tree species (Table 2). There were no significant differences in
any of the diversity indexes with regard to tree species (Table 3). Sampling period
exhibited an effect on bacterial species richness (P = 0.05) and on equitability
(P = 0.0243). but not on the Shannon index. We found higher bacterial species
richness during the wet period and higher equitability during the dry period
(Table 3).

3.2 Evaluation of indicator species analysis (ISA) for this forest ecosystem

The identification of species associated or indicative of groups of samples is a
common aspect of ecological research [24]. Indicator species analysis (ISA) identi-
fied several bacterial (Table 4 ) species responsible for changes in soil microbial
communities. Out of 185 bacterial OTUs, 10 served as indicator species forFicus
citrifolia during the wet period ( Table 4 ). A total of 31 bacterial OTUs were identi-
fied as indicator species forPisonia albidaduring the wet period. No bacterial
indicator species were found for the dry period (Table 4 ).

Table 4.
Bacterial indicator species analysis (ISA) at the Guánica Dry Forest.
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3.3 Relationship between the relative abundance of taxa and enzyme activities

Axis 1 of the canonical correspondence analysis for bacterial community
explained 80% of the variation (Figure 3). Two groups were segregated with regard

Figure 3.
Canonical correspondence analysis (CCA) of bacterial phyla demonstrating the effect of wet/dry periods at the
Guánica Dry Forest. Blue symbols represent wet periods and red symbols represent dry periods. Triangles, circles
and plus sign represent tree species (Tabebuia heterophylla, Ficus citrifolia and Pisonia albida), respectively.

Figure 4.
Canonical correspondence analysis (CCA) of bacterial phyla and soil enzyme activities
(Phosdi = phosphodiesterasae, ArylSul = aryl sulphatase, APho = alkaline phosphatase, AcidPho = acid
phosphatase, Bcosi =� -glucosaminidase, and Bglu =� -glucosidase). Vectors represent enzyme activities.
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to dry and wet periods (Figure 3). Samples that correspond to the wet period
were associated with acid phosphatase, alkaline phosphatase,�-glucosaminidase,
�-glucosidase, and arylsulfatase (Figure 4 ), whereas samples corresponding to
the dry period are associated with phosphodiesterase (Figure 4 ). Microbial taxa
associated with wet samples were Bacteroidetes, Proteobacteria, and
Tenericutes. Microbial taxa associated with dry sampling points were
Actinobacteria, Planctomycetes, Acidobacteria, Verrucomicrobia, Cyanobacteria,
and Chloroflexi.

4. Discussion

4.1 Response of microbial diversity to wet and dry periods at the Guánica Dry
Forest

Historical rainfall patterns contribute to the acclimatization and resilience of soil
bacterial communities to low and high rainfall events. Bacterial Shannon index (3.9)
was similar to values reported by� if � áková et al. (2016) for a Norway spruce forest
(S = 3.5) and lower than the one reported for a hardwood forest (S = 6–6.5) or dry
heath in a tundra (S = 7.5) [25]. Our study demonstrates that soil bacterial richness,
diversity, and equitability were impacted by rainfall patterns and not by tree spe-
cies. Both bacterial richness and equitability were higher during the dry period, but
bacterial diversity was not impacted by rainfall regime. Our trends imply that a total
number of bacterial species do not change during low rainfall events in this forest,
but changes occur in the quantity of each species and in their distribution, indicat-
ing that soil bacterial communities have adapted to low rainfall at the Guánica Dry
Forest. There is indirect evidence that microbial communities do become resistant
and function optimally under their historical rainfall regime [26 –28]. Cruz-Mart-
ínez et al. (2009) [29] found that soil microbial communities were more resilient to
long-term changes in rainfall after a 7-year rainfall amendment study. They stated
that after 7 years soil microbial communities developed a degree of robustness or
acclimatization to the rainfall amendments. Additionally, other studies have
reported acclimatization of soil heterotrophic communities to experimental
warming and seasonal variation [30]. Compositional changes exhibit historical leg-
acy with regard to moisture regimes [27] suggesting that microbial communities
will be shaped in part by the historical climate to which they are exposed [30].

In this study the bacterial communities under all tree species were dominated by
Proteobacteria(57%), Actinobacteria(24–29%), and Bacteroidetes(4–7%). All of
these bacterial phyla are ubiquitous and have been identified in desert soils [31],
agroecosystems, and other types of forest environments [32–35]. Proteobacteriaare
one of the largest bacterial divisions within the prokaryotes and account for most of
the known Gram-negative bacteria [36]. Although Proteobacteriaare one of the top
bacterial phyla that are found colonizing many soil types their high predominance
at the GDF could be associated with high accumulation of litter and SOM that is
reported in these soils. An interesting detail is that Proteobacteria dominated during
both periods, with the exception that during the dry period they reduced their
relative abundance, suggestion there association with soil moisture as found in
other studies [28].

Actinobacteria, one of the largest bacterial phyla known, was the second most
abundant phylum found in this study. This group is mainly composed of Gram-
positive bacteria [32–35] and are known to withstand in harsh environments, due to
their metabolic, physiologic, and morphological diversity [36]. Soils of the area

54

Microorganisms

under study have an accumulation of organic matter mainly composed of new and
old leaf litter due to the harsh environmental conditions; this bacterial phylum is
associated with the degradation of more complex substrates of SOM including
lignin, which could explain their predominance in this forest soils [37–39]. Our data
suggest thatActinobacteriawere highly associated with phosphodiesterase at the
Guánica forest. Other studies have also found thatActinobacteriapopulations
(characterized by TRLFP) correlated with P content in semiarid environments [40].
Other studies have also demonstrated the production of phosphatases by cultivable
soil Actinobacteria[41–43] serving as a further evidence of the trend observed in
this study. I also found that Actinobacteria were the most abundant phyla during
the dry period which is consistent with other reports. A similar trend was also found
for a semiarid, high desert grassland north of Flagstaff, Arizona [44] and in another
study, which evaluated African tropical forest soils and Chinese forest soils [45].

Bacteroidetes, the third most abundant phylum in this forest, are widely distrib-
uted in different habitats ranging from Antarctic ice, lakes, the gut of animals, and
terrestrial environments [46]. Additionally, this phylum has the ability to withstand
extreme desiccation conditions including droughts and UV light [47]. They have
been found in fine dust traveling thousands of kilometers [48] and inside
microaggregates; authors explain that in semiarid agroecosystems this could be a
protection strategy employed by these microbes to endure extreme environmental
conditions [48]. I found that Bacteroideteswere highly associated with the activities
of two soil enzymes evaluated (acid phosphatase and alkaline phosphatase). These
enzymes mineralize organic P forms into inorganic P forms. Another study pro-
vided evidence suggesting that environmentalBacteroidetesspecialize in the miner-
alization of high molecular weight organic matter making them a key compartment
for carbon fluxes and budgets in ecosystems [49].Bacteroidetesare oligotrophic and
are commonly associated with substrates rich in organic matter [50] as is the forest
area where I based my study. The high abundance ofBacteroidetescould be associ-
ated with the rich organic matter present in the sampling area.

4.2 Influence of tree species on the bacterial populations in this forest

Even though the most abundant bacterial phyla identified under all tree species
were the same (Proteobacteria, Actinobacteria, and Bacteroidetes), some were specific
for each tree species. Indicator species analysis (ISA) revealed that specific bacterial
species were present underFicus citrifoliaand Pisonia albidaonly during the wet
period. This trend suggests that these species assemblages may play an important
role in the soil ecosystem processes under these specific tree species. One species
wasDevosiaspp. whose OUT frequency was 14 (ind val = 0.62; p = 0.009) in soils
collected underFicus citrifolia. Devosiaspp. forms part of the �- Proteobacteria; this
genus is a non-rhizobia nodulating, nitrogen fixer [51]. Three different species of
Brevundimonasspp. also occurred in high frequency underFicus citrifoliaduring the
wet period as indicated by ISA. This genus is actually known to produce phospho-
diesterase, a group of enzymes involved in the degradation of organophosphorus
[52]. During the wet period, 32 different OTUs were identified exclusively for
Pisonia albida, and at least 7 of them had a frequency of 18. This high frequency
suggests that indicator species may be playing an important role in the soil dynam-
ics of Pisonia albida. For instance, three of the most frequent species are nitrogen
fixers ( Microlunatussp., Rhodospirillaceasespp., and Paenibacillus), and Pisonia
albida was the tree species with the highest total available nitrogen in this study
(data not shown here). Even though we did not cultivate the indicator species nor
have information regarding the physiology of the indicator species identified for
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warming and seasonal variation [30]. Compositional changes exhibit historical leg-
acy with regard to moisture regimes [27] suggesting that microbial communities
will be shaped in part by the historical climate to which they are exposed [30].

In this study the bacterial communities under all tree species were dominated by
Proteobacteria(57%), Actinobacteria(24–29%), and Bacteroidetes(4–7%). All of
these bacterial phyla are ubiquitous and have been identified in desert soils [31],
agroecosystems, and other types of forest environments [32–35]. Proteobacteriaare
one of the largest bacterial divisions within the prokaryotes and account for most of
the known Gram-negative bacteria [36]. Although Proteobacteriaare one of the top
bacterial phyla that are found colonizing many soil types their high predominance
at the GDF could be associated with high accumulation of litter and SOM that is
reported in these soils. An interesting detail is that Proteobacteria dominated during
both periods, with the exception that during the dry period they reduced their
relative abundance, suggestion there association with soil moisture as found in
other studies [28].

Actinobacteria, one of the largest bacterial phyla known, was the second most
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Ficus citrifoliaand Pisonia albida, we can infer that they contribute with relevant
functions in this soil system. The dwarfed tree species selected for this study
influenced the structure and diversity of specific bacterial populations.

4.3 Potential disadvantages and bias with 454-pyrosequencing

Amplicon-based pyrosequencing methods have major advantages over the tools
that have been used in the past to study microbial community structure. Although
the results presented in this chapter have a similar pattern as the results presented
Rivera et al. (2018), it important to acknowledge certain biases that have been
described for amplicon-based pyrosequencing. Even though 454 pyrosequencing
has a higher resolving power than Sanger sequencing or EL-FAME analysis in 454
pyrosequencing, there are some sequencing errors and chimeras that can be
retained in the datasets that can inflate the estimated richness of the sample. Bias
can also occur with primer selection as the primers used can select for the most
predominant DNA present in the sample underestimating the rare DNA in the
sample [53]. Using inappropriate primers consequently can lead to questionable
biological conclusions. Another concern is that the techniques used for processing
amplicon pyrosequencing data can result in the detection of several hundred“ false”
OTUs, mostly at low abundance, rising the concern that species abundance can be
overestimated [54]. More stringent techniques such as shotgun sequencing, Ion
Torrent sequencing, and Illumina platforms have been developed that help mitigate
some of the concerns with pyrosequencing, but these stringent technologies have
biases of their own.

5. Conclusions

Soil bacterial communities have adapted to low rainfall at the Guánica Dry
Forest; this could be a response to historical rainfall patterns encountered at the
Guánica Dry Forest. The fact that 9 out of the 17 bacterial phyla identified were
higher during the dry period supports this conclusion. For this forest, bacterial
diversity did not change as a response to rainfall; however, equitability and richness
changed demonstrating bacterial resilience. We are seeing how the same three
bacterial phyla (Proteobacteria, Actinobacteria, and Bacteroidetes) are predominant
during both dry and rainfall periods. Even though predominant bacterial phyla
were the same during both periods under all tree species, differences were found at
a finer scale. For instance,Pisonia albidahad the soil with the most bacterial
indicator species present. It is evident that this tree is shaping the soil microbiome in
different ways. The general trend for predominant phyla found for Guánica is
similar to the predominant phyla found in other terrestrial ecosystems even though
the conditions of Guánica are unique. In the future, it would be nice to compare the
sequences obtained in this study with other terrestrial environments but to the
species level. This will help elucidate which are the species that could be playing
important roles in ecosystem function and resilience.
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Chapter 14

Microorganisms as Biocatalysts
and Enzyme Sources
Arturo Cano-Flores, Javier Gómez,
Iker S. Escalona-Torres and Benjamín Velasco-Bejarano

Abstract

Microbial-catalyzed biotransformations have considerable potential for the gen-
eration of an enormous variety of structurally diversified organic compounds,
especially natural products with complex structures like triterpenoids, flavonoids,
steroids, steroidal saponins, and sesquiterpenoids. They offer efficient and eco-
nomical ways to produce semisynthetic analogues and novel lead molecules. Micro-
organisms such as bacteria and fungi could catalyze chemo-, regio-, and stereospecific
hydroxylations of diverse substrates that are extremely difficult to produce by
chemical routes. During recent years, considerable research has been performed on
the microbial transformation of bioactive compounds, in order to obtain biologi-
cally active molecules with diverse structural features. In green chemistry,
biotransformations are an important chemical methodology toward more
sustainable industrial processes.

Keywords: microorganisms, fungi, bacteria, microbial transformation,
natural products, enzymes

1. Introduction

Microbial transformation is regarded as an enzymatic reaction by using the
metabolic activities of microorganisms to modify the chemical structures of bioac-
tive substrates for finding the new chemical derivatives with the potent bioactivities
and physical-chemical characteristics. It has a number of advantages over chemical
synthesis such as higher stereo- and regioselectivity but is also enantiospecific,
allowing the production of chiral products from racemic mixtures. The conditions
for biotransformations are mild, and in the majority of cases, they do not require the
protection of pre-existing functional groups. Furthermore, some reactions that do
not occur when using chemical approaches are easily carried out by microbial
transformation. Microbial factories show advantages, for instance, growing rapidly
and ease of large-scale production [1–3].

The use of microorganisms may be a highly efficient method of production of
these compounds. The reactions involved in biotransformation of organic com-
pounds by whole cells of various microorganisms include oxidation, reduction,
hydroxylation, esterification, methylation, demethylation, isomerization, hydroly-
sis, glycosylation, and hydrogenation [4, 5].

Biotransformation may be carried out with isolated enzyme systems or with
intact organism. Although isolated enzyme systems may be more specific and
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