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Introduction
Antibiotics are essential for the treatment of bacterial infections in 

humans and animals [1]. The excessive use and misuse of antibiotics 
has resulted in economic losses to the consumer, hospital, and society, 
due to use of more expensive drugs for a second-line treatment, more 
tests and much longer stays in the hospital [2]. The excessive use of 
antimicrobial agents in a hospital setting has resulted in continued 
evolution of pathogens with multi-drug resistance. The several 
commensal organisms that commonly existed on the skin and the 
alimentary tract have now emerged as nosocomial pathogens [3-5]. 
This has seriously compromised ability to treat nosocomial infections. 
The common six pathogen that cause the majority of hospital-acquired 
infections in the United States, and are resistant to antibacterial drugs 
[6-9] are Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumonia, Acinetobacter baumanii, Pseudomonas aeruginosa, and 
Enterobacter species [7] . 

Multi-drug resistance is considered to reflect multiple mechanisms 
operating simultaneously in a bacterial cell [10]. The multidrug-resistant 
bacteria have been discovered to contain newer β-lactamases, extended-
spectrum β-lactamases (ESBLs), which are capable of hydrolyzing 
penicillin, broad-spectrum cephalosporin and monobactams [11] . 
With fewer drugs effective against such pathogens, the mortality rate 
is exceptionally high among persons with prolonged hospitalization 
and those who are critically ill and exposed to invasive devices such 
as ventilators or central venous catheters [12,13]. Motility has been 
counted as an important virulence factor and is often closely linked by 
complex regulatory networks [14]. The consequent loss of motility is 
mostly associated with decrease in virulence. The study by Gooderham 
et al. [15] have shown that single polar flagellum of Pseudomonas 
aeruginosa is an important and highly regulated virulence factor 
involved in both motility and surface attachment [15]. P. aeruginosa 
is known to cause serious antibiotic resistant infections such as cystic 
fibrosis [15]. The study by Kim et al. [16] have shown that swarming 
motility in Salmonella may bring in a unique physiological state that 
could equip cells to withstand high levels of antimicrobial compounds 
generated by the hosts [16]. The pili and flagella are important for the 

early stages of biofilm formation that further contribute to multi-drug 
resistance. The study by Gallant et al. [17] have shown that class A and 
D β-lactamases inhibit biofilm formation. However, the class B or C 
β-lactamases do not decrease biofilm formation. There was a proposed 
model that β-lactamases may interfere with correct assembly of large 
macromolecular complexes participating in surface attachment and 
subsequent biofilm development [17].

Currently, we do not have any information on distribution of 
β-lactamases in motile and non-motile bacterial species. The evaluation 
of natural pattern of occurrences of β-lactamases will be a significant 
step toward understanding the distribution of β-lactamases in these 
isolates. Future study could further exploit the association of bacterial 
motility to a specific class of β-lactamases. This could further help to 
engineer a specific therapeutic antibacterial target to cure or prevent 
diseases.

Material and Methods
Databases

All information evaluated for this study was obtained from the 
National Center for Biotechnology Information (NCBI) Database 
[http://www.ncbi.nlm.nih.gov/] [18,19], and the Department of Energy 
(DOE), Joint Genome Institute (JGI) database [http://www.jgi.doe.
gov/]. The bacterial species were further evaluated for motility and 
presence of the four different Ambler classes of β-lactamase genes (A, 
B, C and D).
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Abstract
The widespread use of β-lactam antibiotics has resulted in the global emergence of antibiotic-resistant bacterial strains. 
Multidrug resistant isolates are now more difficult to treat due to multiple intrinsic and acquired mechanisms of drug 
resistance that operate simultaneously in a bacterial cell. Motility is associated with virulence that contributes to multi-
drug resistance. The current analysis has shown that natural pattern of distribution of Ambler (molecular) classes 
of β-lactamases (A, B, C, D) varied among motile and non-motile nosocomial pathogens. Our results revealed that 
the relative abundance of class A β-lactamases was highest in bacterial species that are non-motile. However, the 
relative abundance of class C β-lactamases was mostly same for both motile and non-motile bacterial species. The 
class D β-lactamases was found highest in bacterial species that are non-motile. However, based upon the total 
number of sequences checked, the prevalence of class B β-lactamases dominated in pathogens that are motile when 
compared to other Ambler classes of β-lactamases. Our results imply that occurrence of class B β-lactamases may 
prove advantageous to motile bacterial species. This may also suggest that the gain of class B β-lactamases genes 
during the course of their evolution may have contributed to their virulence.
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Data acquisition and organization: The genome browser using 
JGI database [http://img.jgi.doe.gov/cgi-bin/w/main.cgi] provides a 
list of all sequenced genomes under the categories domain: B=Bacteria, 
A=Archaea, E=Eukarya, P=Plasmids, G=Genome, Fragment, 
V=Viruses; and Genome Completion: F=Finished, P=Permanent 
Draft, D=Draft. The genomes that were under Domain Bacteria were 
selected for analysis. Once the list was compiled, bacterial information 
was organized on the basis of Gram stain reaction. The list was further 
organized by phylum, class, NCBI ID and occurrence of four different 
molecular classes of β-lactamases. The NCBI and JGI databases 
were used to compile the list of bacterial species whose complete 
genomes have been sequenced to date. The bacterial species that have 
β-lactamases were further evaluated for presence of the four different 
Ambler classes of β-lactamase genes (A, B, C and D).

Data analysis

The absolute numbers of species with positive β-lactamase status 
of Gram-negative bacteria were determined. To correct for differences 
in the total number of bacteria sequenced within a particular group 
relative abundances of the β-lactamases were calculated. The absolute 
abundance was calculated as per the total number of bacteria that were 
shown to have β-lactamase sequences within a taxonomic group. The 
proportional abundance was calculated by the total number of bacteria 
that were shown to have β-lactamase sequences divided by the total 
number of bacteria within a taxonomic group. The relative abundance 
was calculated by the total number of bacteria that were shown to have 
β-lactamase sequences divided by the total number of bacteria in for 
each Ambler class within a taxonomic group. 

Results
The analysis included bacterial species that are known to cause 

nosocomial infection (Appendix-A). The list available for analysis was 
compiled with a definitive NCBI Taxon ID. The distribution of the 
four different Ambler (molecular) classes of β-lactamases (A, B, C, and 
D) varied among different bacterial species. The absolute abundance 
data showed that the prevalence of all the classes of β-lactamases was 
highest in non-motile as compared to motile bacterial species. The 
relative abundance of class A β-lactamases was highest in bacterial 
species that are non-motile (Figure 1) in comparison to non-motile 
bacterial species. However, class C β-lactamases was same for both 
motile and non-motile bacterial species (Figure 1). The relative 
abundance of class D β-lactamases was highest in bacterial species that 
are non-motile (Figure 1) in comparison to motile bacterial species. 
Based upon the total number of sequences checked, the prevalence 
of class B β-lactamases dominated in pathogens that are motile when 
compared to other Ambler classes of β-lactamases (Figure 3) within 
motile bacterial species. However, absolute abundance of class C 
β-lactamases was highest among non-motile bacterial species (Figure 
3). The absolute abundance of class D β-lactamases was prevalent 
among non-motile pathogens (Figure 3). The proportional abundance 
data provided evidence of occurrence of all four molecular classes of 
β-lactamases across motile and non-motile pathogens (Figure 2). The 
relative abundance of class B β-lactamases was highest in both motile 
and non-motile pathogens when compared to the other molecular 
classes of β-lactamases individually (Figure 1). 

Discussion
The current distribution of β-lactamases may reflect on-going 

adaptation of ecological traits that could arise by recent adaptive 
responses of the organisms to the current environments. In addition 
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Figure 1: Relative abundances of the total β-lactamase occurrences by 
molecular class and by motility for all bacterial species. Molecular classes are 
defined as in figure 3.

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Class A

Class B

Class C

Class D

Motile                                       Non-Motile

Relative Abundance

Motility

Pe
rc

en
ta

ge

Figure 2: Proportional abundances of the total β-lactamase occurrences by 
molecular class and by motility for all bacterial species. Molecular classes are 
defined as in figure 3.
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Figure 3: Distribution of the total β-lactamase occurrences by molecular 
class and by motility for bacterial species (Appendix-A). Class stands for the 
Ambler classification of β-lactamases, which divides these enzymes into four 
molecular classes, A, B, C, and D, based on their conserved and unique amino 
acid motifs. Class A, C, and D are serine β-lactamases and Class B is metallo-
β-lactamases.
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to understanding the basic patterns of β-lactamase distributions 
according to motility, the data presented in this investigation have 
real importance as it provides an assessment of the possible roles of 
resistance genes in natural microbial communities and their indirect 
and direct linkages to their occurrences in clinical settings. The past 
evolution of serine β-lactamases has shown that the Class A β-lactamases 
has been around for a very long time. They have been moving onto 
plasmids, from plasmids into chromosomes, moving among species 
and even across bacterial phyla [20,21]. The Class D β-lactamases are 
a diverse group of enzymes whose genes are located both on plasmids 
and on the chromosomes of a wide range of Gram-negative bacteria 
[22]. Metallo-β-lactamases (MBLs), Class B β-lactamases, have gained 
clinical significance because of their mobility. They can be found as 
gene cassettes carried by integrons or transposons. The presence of 
Class B β-lactamase genes on integrons has resulted in their spread to 
other nosocomial pathogens in the hospital setting such as Klebsiella 
species [23]. The presence of β-lactamases can be identified as an 
important trait as they may play vital physiological roles such as self-
protection that may dictate whether a bacterial species can occur in 
a specific habitat [24]. In the current investigation high occurrence 
of class B β-lactamases suggests that these genes support functions 
other than antibiotic-resistance mechanisms which appear to respond 
to environmental heterogeneity. The studies have shown that class 
A and D β-lactamases from plasmid vectors can negatively impact 
biofilm formation by Gram-negative bacteria [17] and at the same 
time conjugative resistance plasmids can enhance biofilm formation 
[25]. The studies have shown that bacteria may gain resistance to some 
antibiotics at the expense of other protective phenotypes such as the 
ability to form biofilms. The occurrence of β-lactamases may prove 
advantageous to bacterial species. However, this may also imply that 
horizontal acquisition of class B β-lactamase could have an effect on 
bacteria phenotype. Though, once these new genes are amplified in 
a population and selection pressure continues, there is likely a high 
probability that they will be moved into clinical settings simply by 
random events. This further suggests that the gain of β-lactamases 
genes during the course of their evolution may have contributed to 
their virulence.
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