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Pseudomonads is a versatile and cosmopolitan bacterial group that can occur in metal contaminated as well as
clinical environment and many of them possess the ability to proliferate resistance to bacteria from their own or
other group. Antibiotic resistance in clinical bacteria is a growing concern for mankind. Various reports have shown
dual resistance of pseudomonads to metal and antibiotic involving different inheritable or non-inheritable
mechanisms like co-resistance, cross-resistance, co-regulation, biofilm production, persistence and swarming.
Increasing rate of metal pollutant in environment contributed by various anthropogenic activities may constantly
provide a selective pressure in proliferation of antibiotic resistance among bacteria.
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INTRODUCTION

Metal pollutants pose a severe threat to ecological system
due to their negative impact on most life forms. Though
some heavy metals are essential trace elements, most can
be, at high concentrations, toxic to all Forms of life, including
microbes, by forming complex compounds within the cell.
Although, higher organisms readily succumb to the toxic
influence of metals, microbes are known to possess a wide
array of genetic composition that allows them to circumvent
metallic stress (Appanna et al., 1996; Valdman et al., 2001).
Since heavy metals are increasingly found in microbial
habitats due to natural and environmental processes,
microbes have evolved several mechanisms to tolerate the
presence of heavy metals (Adarsh et al.,, 2007). This
increasing heavy metal tolerance has another implication in
the environment as it may contribute to the maintenance of
antibiotic resistance genes by increasing the selective
pressure of the environment. The occurrence of multiple
metal and antibiotic resistance property in microbial
community poses a potential threat towards human and
environmental health. There is concern that metal
contamination functions as a selective agent in the
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proliferation of antibiotic resistance (Baker-Austin et al., 2006).
Many have speculated and have even shown that a correlation
exists between metal tolerance and antibiotic resistance in
bacteria (Spain, 2003; Nostrand et al., 2007; Timoney et al.,
1978; Oyetibo et al., 2009; Calomiris et al., 1984). Documented
associations between the types and levels of metal
contamination and specific patterns of antibiotic resistance
suggest that several mechanisms underline this co-tolerance
process. These co-tolerance mechanisms include co-
resistance (different resistance determinants present on the
same genetic element) and cross- resistance (the same genetic
determinant responsible for resistance to antibiotics and
metals). Indirect but shared regulatory responses to metal and
antibiotic exposure such as biofilm induction also represent
potential co-tolerance mechanisms used by prokaryotes (Baker-
Austin et al., 2006).

Microorganisms change/reduce the toxicity of metallic
contaminants through permeability barriers, intra- and extra-
cellular  sequestration, efflux ~ pumps, enzymatic
detoxification, reduction, pH changes and are capable of
accumulating toxic metal ions by two well defined processes
viz: (i) biosorption: an energy- independent binding of metal
ions to cell walls and (ii) bioaccumu-lation: energy-
dependent process of metal uptake into the cells (Nies,
1999; Al-Shahwani et al., 1984; Vesper et al., 1996; Volesky,
1994; Karna et al., 1996; Li et al., 2004).



Resistance to antibiotic is achieved through four main
strategies: (i) reduction of membrane permeability to
antibiotics; (ii) drug inactivation; (iii) rapid efflux of the
antibiotic and (iv) mutation of cellular target(s). Biofilm
production also has potential contribution in metal and
antibiotic tolerance (Krulwich, 2005; Baker-Austin et al.,
2006; Thakur et al., 2007).

Among bacteria, Gram-negative species in general,
appear to be more metal tolerant than Gram-positive
ones (Duxbury, 1981; Abbas and Edwards, 1989).
Pseudomonad represent a versatile group of Gram-
negative motile, rod bacteria of the genus Pseudomonas
and considered to be cosmopolitan in the environment
(Johansen et al., 1996) having multiple metal and
antibiotic resistance (Timoney et al., 1978; Calomiris et
al., 1984; Appanna et al., 1996; Nostrand et al., 2007,
Oyetibo et al., 2009). However, in this review, we focus
on the metal and antibiotic resistance mechanisms
prevalent in pseudomonads.

DUAL RESISTANCE IN PSEUDOMONADS

Various studies have reported dual resistance in this
bacterial group from different environments (Timoney et
al., 1978; Marques et al., 1979; Calomiris et al., 1984; De
Vicente et al., 1990; Perron et al., 2005; Akinbowale et
al., 2007; Kumar et al., 2008; Oyetibo et al., 2009; Sarma
et al., 2009; Matyar et al.,, 2010). Being Gram-negative
bacteria, pseudomonad cells have an intrinsic capacity to
restrict the entry of small molecules whose outer
membrane provide an effective barrier and constitute a
first line defence against any antimicrobial challenge.
Gram- positive organisms lack the outer membrane and
hence lack this front-line defence. Besides this, several
chromosome- and plasmid-encoded metal and antibiotic
resistance genetic systems have been studied in
Pseudomonas and related bacteria belonging to
pseudomonads. Marques et al. (1979) reported antibiotic
and heavy metal resistance of Pseudomonas aeruginosa
from soils of Catalonia (Spain). Matyar et al. (2010), in
their study with 6 heavy metals and 15 antibiotics,
reported metal and antibiotic resistant Pseudomonas
from Iskenderun Bay, Turkey, Northeast Mediterranean
Sea. The Bay received domestic wastes, including
hospital wastes in addition to factories, like iron and steel,
a fertiliser factory, a refinery and a coal- fired power plant
which discharged a high amount of processed and
unprocessed wastes.

De Vicente et al. (1990) studied the resistance patterns
of P. aeruginosa strains isolated from freshwater and
seawater to different antimicrobial agents and heavy
metals. They found that a close relationship occurs
between the degree of pollution and the frequency of
heavy metal resistant strains of P. aeruginosa. The
highest frequencies of resistance to mercury and arsenic
were obtained from marine environments with little faecal
pollution, where the highest incidence of multi-resistant

strains was also observed. Oyetibo et al. (2009) in their
study found different pseudomonads showing dual
resistance to metal and antibiotics. Heavy metals can be
taken up into foods, particularly fish and shellfish, and
these contaminants may be introduced into the
aquaculture system through use of fish-based meal that
can bring in fat-soluble contaminants such as heavy
metals and polychlorinated biphenyls into the aquaculture
diet (Erickson, 2002). Though different studies have
reported the incidence of occurrence of antibiotic and
heavy metal resistant bacteria in fish from various metal-
contaminated environments (Miranda et al., 1998;
Karbasizaed et al., 2003; Akinbowale et al., 2007)
isolated dual resistant Pseudomonas sp. from
commercial aquaculture systems. To study the
association of metal and antibiotic resistance in bacteria
and to reveal the hypothesis that bacteria are more
tolerant to metal and antibiotic found in metal exposed
environment than those isolated from metal unexposed
environment, Calomiris et al. (1984) did an experiment on
bacterial populations isolated from drinking water system
and from raw water system. In their study along with
other bacterial groups, a group of Pseudomonas
alcaligenes bacteria were found to be associated with
multiple metal and antibiotic resistance.

Sundin et al. (1994) reported natural population of
Pseudomonas syningae showing resistance to copper
and streptomycin. Raja and Selvum (2006) isolated a P.
aeruginosa strain from treated oil mill industry effluent
wastewater samples, showing resistance towards heavy
metals such as cadmium, chromium, nickel and lead as
well as towards antibiotics viz. ampicillin, tetracycline,
streptomycin, chloramphenicol, kanamycin and
erythromycin . Dual tolerant pseudomonads were isolated
from soil and water samples of uranium rich Domiasiat
area of Meghalaya, India by Kumar et al. (2008) and
Sarma et al. (2009), respectively. In both the studies
metal enriched plates were used to isolate metal tolerant
bacteria and the isolates were found to be multiple

antibiotic resistant showing resistance to different
common  antibiotics  viz.  ampicillin, kanamycin,
chloramphenicol, aztreonam, tetracycline, piperacillin,

amikacin etc. Though various reports of dual tolerant
pseudomonads from different environments are there,
only few studied the actual mechanisms behind this
phenomenon. Different shared functional characteristics
of metal and antibiotic resistance systems in
pseudomonads and other prokaryotes are shown in Table
1.

DUAL RESISTANCE
PSEUDOMONADS

MECHANISMS IN

Inheritable resistance mechanisms in pseudomonads

Inheritable resistance to antibiotics and metals can be
conferred by chromosomal or mobile genetic elements



Table 1. Different inheritable shared mechanisms of metal and antibiotic resistance systems in pseudomonads and other prokaryotes.

Resistance mechanisms Metals Antibiotics References
Conejo et al. (2003),
Alteration of cellular target(s) to lower its Carbapenem, ciprofloxacin, R-lactams, ) ( )
sensitivity to drug and metal Hg, Zn, Cu trimethoprim, rifampicin Barkay et al. (2003),
ylodrg ' prim, ritamp Roberts (2005).
Ipipenem, tetracycline .
. Zn, Co, Cd, . Levy (2002), Nies (2003),
Rapid effl fd d metal f Il. hi h |
apid efflux of drug and metal from ce Cu. Ni, As chloramphenicol, Perron et al. (2004)
R-lactams
Jacoby (1974),
Alteration of drug and metal by - v ( )
. . e As, Hg Gentamicin, B-lactams Mukhopadhyay and
enzymatic degradation or modification. }
Rosen (2002), Wright (2005)
Cefsulodin, cefpirome, cefozopran,
Reduction in membrane permeabilityto  Co, Ni, Cu, aztreonam, imipenem, panipenem, Angus et al. (1982),
metal and antibiotic Zn, Al, Pb meropenem, ofloxacin, tetracycline, Silver (1996).

chloramphenicol, gentamicin

viz., plasmids, transposons etc. (Krulwich et al., 2005).
Nickel-resistant microorganisms are often tolerant to
other metals as well, either because the Ni resistance
mechanism confers resistance to other metals or
because the resistance determinants are linked. Stoppel
and Schlegel (1995) found that tolerance to Co, Zn, and
Cd was frequently observed with Ni tolerance for a variety
of microorganisms, including strains of Cupriavidus
(Alcaligenes) sp., Burkholderia sp., Acinetobacter sp.,
Pseudomonas sp. and Arthrobacter sp., isolated from
sites containing high concentrations of Ni and/or other
metals. Various studies have revealed from plasmid
curing experiments, that metal and antibiotic resistance
are inherited with extra-chromosomal factors (Mergeay et
al., 1978; Raja and Selvam, 2009).

According to Lawrence (2000), in discussion of the
‘selfish operon theory’, clustering of genes on a plasmid,
if both or all genes clustered are useful to the organism,
is beneficial to the survival of that organism and its
species because those genes are more likely to be
transferred together in the event of conjugation. Thus, in
an environment with multiple stresses, for example,
antibiotics and heavy metals, it would be more
ecologically favourable, in terms of survival, for a
bacterium to acquire resistance to both stresses. If the
resistance is plasmid mediated, those bacteria with
clustered resistance genes are more likely to
simultaneously pass on those genes to other bacteria,
and those bacteria would then have a better chance of
survival. In such a situation, one may suggest an
association with antibiotic resistance and metal tolerance.
From available literature, there are three general
conditions of occurrence of dual resistance towards metal
and antibiotic by inheritance viz., co-resistance, cross-
resistance and co-regulation.

Co- resistance

Co-resistance is a potential mechanism of dual resistance
that occurs when the genes specifying resistant
phenotypes are located together on the same genetic
element such as a plasmid, transposon or integron
(Chapman, 2003). This physical linkage results in the co-
selection for other genes located on the same element. It
has been known for several decades that metal- and
antibiotic resistance genes are linked, particularly on
plasmids, because the evidence for co-resistance as a
mechanism of antibiotic-metal co-selection came from
studies that used transformation, plasmid curing and
plasmid sequencing approaches (Novick and Roth, 1968;
Foster, 1983). Jacoby (1974) studied properties of R-
plasmids determining gentamicin  resistance by
acetylation in P. aeruginosa. They found that plasmids
also determine a number of other properties not
previously known to be associated with Pseudomonas R-
factors, such as resistance to ultraviolet (UV) light, to

HgZ+, and to organic mercurials. Mindlin et al. (2005)
suggested that the emergence of integron-carrying
transposons that contain both antibiotic-resistance and
mercury-resistance determinants is a relatively recent
phenomenon because permafrost-derived Pseudomonas
(15000-40000 years old) contained closely related
transposons found in many present-day bacteria, albeit
devoid of antibiotic-resistance cassettes. Ryan et al.
(2005) isolated multiple metal resistant pseudomonads
from metal contaminated soil that were able to transfer its
resistance. Raja and Selvam(2009) carried out plasmid
curing experiment on a multiple metal and antibiotic
resistant P. aeruginosa strain and found that Ni and
ampicilin resistance factors were linked on the plasmid
pBC15 (Figure 1).



N LV el

I\GIIG\IIYLIID
erythromycin
novobiocin

e

rd \? " Ni

[ pBCis L o
A y L - ampicithin
\_/

chioramphenicol

,,,,,, 1 quinolone
mex operon
. . ’ trimethoprim
— N—RN——— n
IMipencm W | <
_/q A A A B D Cd
< / v 3 v V¥ Co
czc operon
ini. A—
| e |
el
Cd Zn
Co

Figure 1. Model showing examples of three major molecular mechanisms responsible for dual tolerance
in pseudomonads. (i) Co-resistance towards Ni and ampicilin due to physical linkage of resistance
determinants for the two antimicrobial factors on pBC15 plasmid (Raja and Selvam, 2009). (ii) Cross-
resistance due to presence of a membrane-bound DsbA-DsbB disulfide bond formation system that

confers resistance to five antibiotics accompanied by two metals (Hayashi et al.,

2000), (i) Co- regulatory

resistance due to the linkage of mex and czc operons leads to expression of metal efflux and imipenem

resistance (Perron et al., 2004).

Cross- resistance

Cross-resistance is another mechanism involved in the
selection and proliferation of antibiotic resistance and it
can occur when different antimicrobial agents attack the
same target, initiate a common pathway to cell death or
share a common route of access to their respective
targets. The end result is the same, the development of
resistance to one antibacterial agent is accompanied by
resistance to another agent (Chapman, 2003). Because
of the importance of this association, large-scale genomic
sequencing of these mobile genetic systems involved in
horizontal gene transfer is necessary and should provide
further insights into the ubiquity of environmental metal—
antibiotic co-selection (Baker-Austin et al, 2006).
Multidrug resistance pumps (MDRs) are responsible for
the extrusion of chemically unrelated antimicrobials from
the bacterial cell (Brooun et al., 2000) and cross
resistances are mainly gained through efflux pumps
where irrespective of the structure of the compounds,
bacteria can efflux out non-related chemicals from cell
(Aendekerk et al., 2002).

Characterization of the MexGHI-OpmD efflux pump of
P. aeruginosa showed that the presence of the entire
pump operon in trans resulted in increased resistance to
vanadium, ticarcillin and clavulanic acid compared with

mutants that lack MexGHI-OpmD (Aendekerk et al.,
2002). Hayashi et al. (2000) reported in Burkholderia
cepacia by mutational analysis of a membrane-bound
DsbA-DsbB disulfide bond formation system, followed by
phenotypic analysis and suggested that the DsbA-DsbB
system is involved in the formation of a metal-efflux
system and a multi-drug resistance system with some
other activities (Figure 1).

Co-regulation

Recent studies have provided insights into co-regulated
resistance to metal and antibiotics in bacteria like
pseudomonads (Conejo et al., 2003; Perron et al., 2004).
Perron et al. (2004) tackled the case of metal and
antibiotic co-regulatory resistance in P. aeruginosa.
Isolates exposed to zinc were also found to be resistant
to other heavy metals (cadmium and cobalt) and the
carbapenem- class antibiotic imipenem. Analysis of the
mechanisms that underline cross-resistance to both zinc
and imipenem revealed co-regulation of imipenem influx
with heavy metal efflux. They correlated heavy metal
resistance in the mutants by quantitative real time
polymerase chain reaction (PCR) with increased
expression of the heavy metal efflux pump CzcCBA and



its cognate two-component regulator genes czcR-czcS.
The P. aeruginosa of two component sensor protein
CzcS was subsequently found to be responsible for
resistance to both zinc and Imipenem (Figure 1). Another
study in P. aeruginosa by Conejo et al. (2003) showed
that zinc eluted from silicone latex urinary catheters
exerted a negative effect on the expression of OprD2, a
membrane porin responsible for carbapenem resistance,
which subsequently increased the overall resistance to
this class of antibiotic.

NON-INHERITABLE
PSEUDOMONADS

DUAL RESISTANCE IN

There are some physiological states that render bacteria
insensitive to antibiotics and other stress factors like
metals. In general, slow growing or non-growing bacteria
are less sensitive to antibiotics than actively growing
cells. This property has been called drug indifference. It is
a property shown by the whole population and so far no
specific mechanism has been attributed to it. However,
there are some specific physiological states in which
bacteria show high resistance towards antibiotics and
metals. As these states are transient, reversible and non-
heritable, it is not correct to describe such states as
resistance; instead, it would be more appropriate to call
them stress -tolerant states. Three such stress-tolerant
states have been described in previous studies (Brooun
et al., 2000; Hayashi et al., 2000; Stewart and Costerton,
2001; Lewis, 2008; Jayaraman, 2008) namely biofilms,
persistence and swarming.

Biofilm

Some bacteria have the ability to encase themselves in a
hydrated matrix of polysaccharide and protein, forming a
slimy layer known as a biofilm. P. aeruginosa is one of
the best studied and well known biofilm producing
organisms (Stewart and Costerton, 2001). Nichols et al.
(1989) gave the opinion that cells of mucoid and non-
mucoid P. aeruginosa in colonies were at least one
thousand fold less sensitive to the antibiotics tobramycin
or cefsulodin than were cells of the same bacteria in
dispersed suspension. According to the CDC, 65% of all
infections in developed countries are caused by biofilms,
bacterial communities that settle on a surface and are
covered by an exopolymer matrix (Hall-Stoodley et al.,
2004). These include common diseases such as
childhood middle ear infection and gingivitis; infections of
all known indwelling devices such as -catheters,
orthopedic prostheses, and heart valves; and the
incurable disease of cystic fibrosis. Biofilms are produced
by most, if not all pathogens.

P. aeruginosa is reported to cause an incurable
infection in cystic fibrosis patients (Singh et al., 2000).

Stewart and Costerton (2001) in their study on
contribution of the MDR-mediated efflux to antibiotic
resistance of P. aeruginosa biofilms by using strains over
expressing and lacking the MexAB-OprM pump,
observed that though MDRs are responsible for the
extrusion of chemically unrelated antimicrobials from the
bacterial cell, P. aeruginosa biofilm resistance to
ciprofloxacin, a substrate of MexAB-OprM pump, did not
depend on the presence of this pump. Resistance of P.
aeruginosa biofilms to ofloxacin was dependent on the
expression of MexAB-OprM but only in the low
concentration range. Unexpectedly dose-dependent
killing indicated the presence of a small “super-resistant”
cell fraction. This fraction was primarily responsible for
very high resistance of P. aeruginosa biofiims to
quinolones. Biofilms are considered to be the
predominant growth phenotype of bacteria in industrial,
clinical and environmental ecosystems and account for a
number of recalcitrant infections in clinical settings,
including P. aeruginosa (Costerton et al., 2003).

Teitzel and Parsek (2003) studied on biofilm and
planktonic P. aeruginosa to examine the effects of the
heavy metals copper, lead, and zinc. It was determined
that biofilms were 2 to 600 times more resistant to heavy
metal stress than free-swimming cells. Harrison et al.
(2005) studied planktonic cells as well as biofilms of
different bacterla mcIudln% a Pseudomonas type strain.
Six metals- Co?* , Ni° , Cu A”** and Pb**- were
tested at different exposure t|me to biofilm and planktonic
cultures grown in rich or minimal media. During their
experiment they found that at 2 or 4 h of exposure,
biofilms were approximately 2-25 times more tolerant to
killing by metal cations than the corresponding planktonic
cultures. Pseudomonad biofilms are also known for their
ability to trap charged compounds in their extracellular
polymeric substance matrix (Harrison et al., 2005).
Harrison et al. (2007) also proposed a multi-factorial
model by which biofilm populations can withstand metal
toxicity by a process of cellular diversification.

Persistence

Bigger (1944) was the first to note that a culture of
growing bacteria cannot be ‘sterilized’ by penicillin and
named the surviving cells ‘persisters’. Little is known
about persister bacteria (Lewis, 2000; 2001) and the
underlying molecular mechanisms are still obscure.
Antibiotic-sensitive bacterial populations have a small

fraction (~10_6) of slow or non-growing, antibiotic-tolerant
cells called persisters. How antibiotic-tolerant persisters
arise only in a small fraction of the population while the
majority of cells remain antibiotic- sensitive has been the
subject of intense investigation for the last few decades
(Jayaraman, 2009). While measuring a dose response of
a P. aeruginosa biofilm to ofloxacin. Brooun et al. (2000)
noticed that a small fraction of cells was not eliminated



even by very high levels of the antibiotic. Bagge et al.
(2000) inferred that conventional antibiotic resistance can
develop in biofilms treated repeatedly or for a long time.
Stable de-repression of chromosomal -lactamase
contributes to the persistence of P. aeruginosa biofilm
infections. Harrison et al. (2005) suggested that the
tolerance of P. aeruginosa to six metal cations viz. C02+,
2+ 2+ _ 2+ _3F 2+

Ni©, Cu” ,zZn" , AI" and Pb~ was due to the presence of
a small population of ‘persister’ cells along with metal
sequestration in the biofilm matrix.

Swarming

Swarming is a state of multi-cellularity in many bacteria
including pseudomonads, characterized by the migration
of highly differentiated cells (swarm cells) on semi-solid
surfaces. When swarm cells are subcultured in liquid
media, they revert to the planktonic state. Planktonic cells
first differentiate into long, multi- flagellated swarm cells,
remain in close contact with one another and migrate as
a raft (Harshey, 1994; 2003). Recently, Lai et al. (2009)
have shown that swarm cells of Escherichia coli, P.
aeruginosa, Bacillus subtilis, Burkholderia thailandensis
and Serratia marcescens tolerate exposure to very high
concentrations of antimicrobial elements like triclosan,
arsenite and 13 different antibiotics.

CONCLUSION

It is well documented that there is a correlation between
heavy antimicrobial stresses in an environment and
recovery of antimicrobial resistant bacteria from that
environment. Due to various anthropogenic activities,
different metals are found in bulk in different
environments. Pseudomonad is a versatile and
cosmopolitan group of bacteria and many species of
pseudomonad are clinically important pathogen. If metal
gives a selective pressure in bacteria, it will generate
dangerous trend because with that selective pressure of
metal, antibiotics resistance also will spread in
environment and will be a major challenge to medical
science.

Though different reports are there in pseudomonads
showing the ability of transferring resistance into
members of same or other group through R-plasmid, still
proper molecular mechanism behind the association is
very obscure. Therefore, to understand this complex
relationship between the resistance of metal and
antibiotic, meticulous study is needed so that the
proliferation and persistence of antibiotic resistance in
environment can be precisely comprehended.
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