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Abstract The strong selective pressure exerted by excessive use of antibiotics in the last decades has increased the
acquisition of resistance genes by horizontal gene transfer. Horizontal gene transfer contributed to the diversification
of microorganisms by influencing traits such as metabolic potential of a bacterial cell, antibiotic resistance,
symbiosis, fitness, and adaptation. The study of biotic relationships helped to examine how they may contribute to
virulence such as transfer of toxin genes, antibiotic resistance genes. The current study examines the pattern of
distribution of Ambler (molecular) classes of β-lactamases (A, B, C, D) that provides a basic understanding and an
initial assessment of resistance genes that may have a different role in the natural environment in free living and
symbiotic nosocomial pathogens. The distribution of the four different Ambler (molecular) classes of β-lactamases
(A, B, C, and D) differs among different bacterial species. The results from absolute abundance data showed
prevalence of class B β-lactamases was highest in free living and lowest in symbiotic bacterial species. Interestingly,
class D β-lactamases was absent in symbiotic bacterial species. However, relative abundance class D β-lactamases
was lowest for free-living bacterial species. The prevalence of class B β-lactamases based upon the total number of
sequences checked predominated in pathogens that are free living when compared to other Ambler classes of βlactamases. The study of biotic relationships helps to understand what selective or stimulatory pressures are driving
the spread of antibiotic resistance genes. In the future, this may help to design effective strategies for preventing
further increases in the incidence of antibiotic-resistant bacteria.
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1. Introduction
In nature, bacterial species rarely exist in isolation.
They form commensal and symbiotic relationships with
other microbes that may promote transfer of genes via
horizontal gene transfer [1]. Horizontal gene transfer
facilitates transfer of genes via mobile genetic elements
such as plasmids, transposons and phages that can
influence the traits such as metabolic potential of a
bacterial cell, antibiotic resistance, biotic relationships and
adaptation [2].
The bacterial species that produce antibiotics have
antibiotic resistance genes that are mainly chromosomally
encoded and are responsible for various physiological
functions
such
as
self-protection,
metabolism,
biosynthesis and signaling [3]. The mobility of antibiotic
resistance genes from the natural environment to human
pathogens is due to selective pressure exerted by excessive
use of antibiotics in the last decades. Thus, acquisition of
antibiotic resistant genes by horizontal gene transfer is one
of the important mechanisms in the subsequent
development and spread of antibiotic resistance [4,5,6,7,8].
For instance, the ddl gene from Streptomyces toyocaensis

produces a glycopeptide while the partial ddl gene from
Amycolatopsis orientalis produces vancomycin. They
encode proteins that show a high degree of homology to
the vanA and vanB genes that are present in clinical
isolates that are resistant to vancomycin [9]. The emrG
gene (macrolide resistance) present in Bacteroides human
colonic bacteria are also found in Bacillus soil bacteria.
There is 98% homology of DNA sequence of emrG genes
between the two species that suggest its origin in Bacillus
soil bacterial species [10].
The multidrug-resistant bacteria have been discovered
to contain newer β-lactamases, extended-spectrum βlactamases (ESBLs) that are capable of breaking up
penicillin,
broad-spectrum
cephalosporin
and
monobactams [11,12]. Beta (β) lactamases evolved from
transpeptidases, and they have a role in cell wall synthesis
[13,14,15]. They were probably housekeeping genes and
their activity against antibiotics is a secondary response to
their current environments [5,6,16]. Interestingly, biotic
relationships such as symbiosis may promote the
movement of antibiotic resistance elements from antibiotic
producers to commensal and pathogenic bacteria via
horizontal gene transfer.
The excessive usage of antibiotics in hospitals,
agriculture, aquaculture, and livestock has resulted in the
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selection of resistant bacteria in most human-impacted
habitats [17,18,19]. As a result, there are now fewer drugs
effective against such pathogens. The mortality rate is
high among persons with prolonged hospitalization that
are critically ill and exposed to invasive devices such as
ventilators or central venous catheters [12,20-26]. The
current classification for β- lactamases includes four
molecular classes A, B, C and D based on the amino acid
sequence. Molecular classes A, C, and D comprises the
serine β-lactamases and class B contains the zincdependent metalloenzymes [27,28].
The common six pathogen that cause the majority of
hospital-acquired infections in the United States are
Acinetobacter
baumanii,
Enterobacter
species,
Enterococcus
faecium,
Klebsiella
pneumonia,
Pseudomonas aeruginosa and Staphylococcus aureus [29].
The current study examines the natural pattern of
distribution of Ambler (molecular) classes of β-lactamases
(A, B, C, and D) in common free-living and symbiotic
nosocomial pathogens. The study provides a basic
understanding and an initial assessment of resistance
genes that may help to understand the selective or
stimulatory pressures that are driving the spread of
antibiotic resistance genes. In the future, this may help to
design effective strategies for preventing further increases
in the incidence of antibiotic-resistant bacteria.

2. Material and Methods
2.1. Database
The databases used in the study are National Center for
Biotechnology
Information
(NCBI)
[http://www.ncbi.nlm.nih.gov/], the Department of Energy
(DOE)
and
Joint
Genome
Institute
(JGI)
[http://www.jgi.doe.gov/] [30]. The bacterial species

Acinetobacter baumannii, Escherichia coli, Enterobacter
cloacae, Haemophilus influenza, Klebsiella pneumonia,
Pseudomonas
aeruginosa,
Clostridium
difficile,
Enterococcus faecalis, Streptococcus pneumonia and
Staphylococcus aureus were evaluated for free living,
symbiosis and presence of the four different Ambler
classes of β-lactamase genes (A, B, C and D).

2.2. Data Acquisition and Organization
The data was organized on the basis of biotic
relationships, free living, symbiosis and occurrence of
four different molecular classes of β-lactamases. The
bacterial species A. baumannii, E. coli, E. cloacae, H.
influenza, K. pneumonia, P. aeruginosa, C. difficile, E.
faecalis, S. pneumonia and S. aureus with positive βlactamases status were evaluated for the presence of four
different Ambler classes of β-lactamase genes (A, B, C
and D).

2.3. Data Analysis
The absolute numbers of species with positive βlactamase status were examined. The relative abundances
of the β-lactamases were calculated to correct for
differences in the total number of bacteria sequenced
within a particular group. The calculation of absolute
abundance was done by looking at the total number of
bacteria that were shown to have β-lactamase sequences
within a taxonomic group. In order to calculate the
proportional abundance, total numbers of bacteria that
have β-lactamase sequences were divided by the total
number of bacteria within a taxonomic group. The relative
abundance was further calculated by the total number of
bacteria that have β-lactamase sequences divided by the
total number of bacteria for each Ambler class within a
taxonomic group.

Figure 1. Distribution of the total β-lactamase occurrences by molecular class and by biotic relationships for bacterial species. Class stands for the
Ambler classification of β-lactamases

3. Results
The data included bacterial species A. baumannii, E.
coli, E. cloacae, H. influenza, K. pneumonia, P.
aeruginosa, C. difficile, E. faecalis, S. pneumonia and S.
aureus with positive β-lactamases status. The study
examined the distributions of four different Ambler
(molecular) classes of β-lactamases (A, B, C, and D)

among bacterial species that are known to cause
nosocomial infection. The pattern of distribution of the
four different Ambler (molecular) classes of β-lactamases
(A, B, C, and D) differs among different bacterial species.
The absolute abundance data suggested prevalence of
class B β-lactamases was highest in free living (Figure 1).
The class D β-lactamases was absent in symbiotic
bacterial species (Figure 1). The relative abundance of
class B β-lactamases was highest when compared to
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different classes of β-lactamases within section of free
living bacteria species (Figure 3). However, relative
abundance class D β-lactamases was lowest for free-living
bacterial species (Figure 3). Based upon the total number
of sequences checked, the prevalence of class B βlactamases predominated in pathogens that are free living
when compared to other Ambler classes of β-lactamases

120

(Figure 1). The proportional abundance data provided
evidence of the occurrence of three molecular classes (A,
B and C) of β-lactamases across free living and symbiotic
bacterial pathogens (Figure 2). The proportional
abundance of class D β-lactamases was highest in free
living bacteria when compared to the other molecular
classes of β-lactamases individually (Figure 2).

Figure 2. Proportional abundances of the total β-lactamase occurrences by molecular class and by biotic relationships for all bacterial species. Classes
are defined as in Figure 1

Figure 3. Relative abundances of the total β-lactamase occurrences by molecular class and by biotic relationships for all bacterial species. Classes are
defined as in Figure 1

4. Discussion
The widespread use of β-lactam antibiotics in the
treatment of human disease, animals and agriculture has
resulted in the emergence of antibiotic-resistant bacterial
strains globally [6,31]. The prevalence of antibioticresistance genes in non-antibiotic-producing bacteria may
suggest that these genes probably have different
physiological role as they are not under constant antibiotic
selective pressure in the environment. With the high level
of bacterial diversity, there is a possibility of naturally
occurring bacterial species to contain a large number of
antibiotic-resistance genes. The distribution pattern of βlactamases may reflect the bacterial diversity as well as
flexibility to adapt to the current changes and responses of
the organisms to their environments. The evaluation of
natural patterns of occurrences of β-lactamase-resistant
traits will be a significant step toward understanding the
distribution of β-lactamases in the environmental isolates.
The pattern of β-lactamase distributions with
consideration to biotic relationships provides a basic

understanding and an initial assessment of resistance
genes that may have a different role in the natural
environment. The data further suggest that they have
indirect and direct linkages to their occurrences in the
clinical environment. The study of evolution of serine βlactamases has shown that the most prevalent molecular
Ambler class are Class A β-lactamases. However, the
recent research has shown that cephalosporinases
(pAmpCs) are emerging a class of β-lactamases. There has
been evidence that they have been moving via plasmids
[15,32,33]. With the help of the plasmids, they move into
chromosomes and spread among species and can even
move across bacterial phyla. The Class D β-lactamases are
a diverse group of enzymes whose genes are located both
on plasmids and the chromosomes of a wide range of
Gram-negative bacteria [34,35]. The class B metallo-βlactamases (MBLs) have gained clinical significance
because of their mobility and associated with integrons or
transposons [36,37,38,39]. Interestingly, this has
promoted spread of class B β-lactamase genes to other
nosocomial pathogens in the hospital setting. The long
history of evolution of β-lactamases also suggested the
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role in important physiological roles such as self
protection that could dictate specific habitat. In this study,
high occurrence of class B β-lactamases in free living
bacteria may suggest that these genes could be involved in
different physiological roles besides antibiotic-resistance
mechanisms that appear to respond to environmental
heterogeneity. The mobility of class B β-lactamase via
horizontal transfer could have an effect on bacteria
phenotype. However, if the selection pressure continues
and once these new genes are amplified in a population,
there is likely a high probability that they will be moved
into clinical settings simply by random events. This data
may suggest that the gain of β-lactamases genes during the
course of their evolution may even contribute to their
virulence.
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