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Conjugative plasmids play an important role in bacterial evolution by trans-
ferring niche-adaptive traits between lineages, thus driving adaptation and
genome diversification. It is increasingly clear, however, that in addition to
this evolutionary role, plasmids also manipulate the expression of a broad
range of bacterial phenotypes. In this review, we argue that the effects that
plasmids have on the expression of bacterial phenotypes may often represent
plasmid adaptations, rather than mere deleterious side effects. We begin by
summarizing findings from untargeted omics analyses, which give a picture
of the global effects of plasmid acquisition on host cells. Thereafter, because
many plasmids are capable of both vertical and horizontal transmission, we
distinguish plasmid-mediated phenotypic effects into two main classes
based upon their potential fitness benefit to plasmids: (i) those that promote
the competitiveness of the host cell in a given niche and thereby increase
plasmid vertical transmission, and (ii) those that promote plasmid conju-
gation and thereby increase plasmid horizontal transmission. Far from
being mere vehicles for gene exchange, we propose that plasmids often act
as sophisticated genetic parasites capable of manipulating their bacterial
hosts for their own benefit.

This article is part of the theme issue ‘The secret lives of microbial mobile
genetic elements’.

1. Introduction

Plasmids are semi-autonomous, self-replicating, non-chromosomal DNA
elements that are commonly present in bacterial genomes [1]. Many bacterial
genomes contain multiple plasmid replicons [2,3], and plasmids have been dis-
covered in the genomes of diverse bacterial taxa from a wide variety of ecological
niches, including environmental and clinical settings [4,5]. Plasmid genes can be
divided into those encoding either backbone or accessory functions [1,6]. The
backbone genes encode plasmid functions, including replication and mainten-
ance, whereas the accessory genes encode non-plasmid functions of potential
utility to the bacterial host cell [1,7].

Some plasmids enable the transfer of accessory genes between bacterial
strains and species, even between phylogenetically distant lineages [8]. Hori-
zontal gene transfer (HGT) is thus a major driving force in the evolution of
bacteria and has contributed significantly to the genomic and ecological diver-
sification of bacterial taxa [9-12]. Plasmid accessory genes encode a wide range
of ecological functions, including resistance to toxins, metabolic and catabolic
capabilities, and production of virulence factors and anticompetitor toxins
[13,14]. Plasmids thus enable their bacterial hosts to adapt to environmental
stresses, such as antibiotics and toxic metals, or to colonize new niches, for
example, through the exploitation of novel substrates or new hosts [8,15,16].
The huge number and diversity of accessory genes creates a vast pool of genetic

© 2021 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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variation, enabling bacteria to undergo rapid evolutionary
innovation [8,17]. Given this important role in HGT, it is
understandable, therefore, that most studies of the ecological
and evolutionary impact of plasmids have focused on these
accessory functions.

It is becoming increasingly clear, however, that besides the
accessory gene functions they encode, plasmid acquisition
alters the expression of a wide range of bacterial phenotypes
[11,16,18]. These effects of plasmid carriage have typically
been studied as the underlying causes of fitness costs because,
at least in the laboratory, plasmid acquisition is frequently
associated with reduced growth of plasmid-bearers compared
with plasmid-free cells [11]. Costly side effects of plasmid car-
riage are thought to include: induction of SOS responses,
cytotoxic gene products, disruption of cellular homeostasis,
and the energetic burden of replicating, transcribing and trans-
lating new genetic material [11,19].

Nonetheless, plasmids have also been shown to cause
differential expression of chromosomal genes, altering the
expression of a wide variety of bacterial traits in ways that do
not always appear straightforwardly maladaptive. Indeed,
there is growing evidence to suggest that, in some cases,
these plasmid-mediated alterations to the bacterial phenotype
may have niche-adaptive fitness consequences that may well
be missed in highly simplified laboratory environments [18].
Plasmid manipulation of bacterial gene regulation could,
therefore, play an important role in the relationship between
plasmids and their bacterial hosts and, moreover, could
mediate the fitness effects of plasmid acquisition.

In this review, we argue that the effects that plasmids have
on the expression of bacterial phenotypes may often represent
plasmid adaptations, rather than mere deleterious side effects.
As self-replicating biological entities, plasmids are capable of
evolving adaptations to increase their own fitness. A plasmid’s
fitness can be defined as the sum of its vertical and horizontal
replication (i.e. at bacterial cell division and plasmid conju-
gation events, respectively). As such, the fitness interests of
plasmids need not necessarily always be aligned to those of
the bacterial host cell. We begin by summarizing findings
from untargeted omics analyses, which give a picture of the
global effects of plasmid acquisition on host cells. Thereafter,
because many plasmids are capable of both vertical and
horizontal transmission, we distinguish plasmid-mediated
phenotypic effects into two main classes of potential fitness
benefit: (i) those that promote the competitiveness of the host
cell in a given niche and thereby increase plasmid replication
through vertical transmission, and (ii) those that promote
plasmid conjugation and thereby increase plasmid replication
through horizontal transmission.

2. What is the ‘omic’ footprint of plasmid
acquisition upon the host cell?

Omics methods can provide an untargeted global view of
the impact of plasmid acquisition on the bacterial cell.
Transcriptomics, proteomics and metabolomics have each
been used to compare plasmid-carrying cells with plasmid-
free cells. These studies reveal extensive variation between
plasmid-host pairings, in terms of both the degree of altera-
tion caused by the plasmid and the range of cellular functions
that are affected (table 1). Whereas some plasmids affect the
expression or translation of several hundreds of genes and

many diverse functions, other plasmids have much more lim-
ited effects upon their host cell [15,20,21].

In transcriptomic studies, the percentage of differentially
expressed chromosomal genes ranges from 0.59 to 20%
across diverse plasmid-host interactions [15,20]. This typi-
cally includes both up- and downregulation, and where
very large numbers of chromosomal genes are affected,
is often linked to the plasmid altering the expression of
chromosomal regulators. For example, Coulson et al. [15]
demonstrated that two plasmid-encoded transcriptional
regulators affected expression of 18% of the bacterial
genome by altering expression of 31 chromosomal regulatory
genes, including transcriptional regulators, sigma factors and
an anti-termination regulator [15]. Similarly, Shintani et al.
[22] showed that the acquisition of pCART1 affected host tran-
scriptional regulators. In a related study, pCAR1 affected the
expression of 463 (8.08%) conserved open reading frames
(ORFs) in Pseudomonas putida KT2440, several of which are
involved in translation, transcription and DNA replication
cellular processes [21]. Plasmid acquisition can also lead to
very large fold-changes in the expression of specific chromo-
somal genes. For example, in P. putida KT2440, acquisition of
the plasmid pCAR1 led to 100-200-fold upregulation of the
chromosomal gene encoding the efflux system MexEF-
OprN (161.8-fold change for MexE, 186.5-fold change for
MexF and 113.0-fold change for OprN) [21,22] resulting in a
70-fold increase in the concentration of the MexF protein in
the cell (PP_3426) [23].

Chromosomal genes differentially expressed upon plas-
mid acquisition are involved in a wide variety of bacterial
cellular functions. These most commonly include metab-
olism, respiration, secretion systems, signalling, translation
and transcription, motility, the tricarboxylic acid (TCA)
cycle and iron acquisition (table 1). While these differen-
tially expressed functions may be common across diverse
bacterium—plasmid pairings, the specific genes affected tend
to differ. Metabolic pathways altered by plasmid acquisition
include amino acid and nucleotide metabolism, and metab-
olism of energy sources, carbohydrates, nitrogen and lipids
[20-24,26]. The direction of the effect of plasmid acquisition
upon the expression of secretion systems tends to vary by
secretion system, such that Type-IIl (T3SS) and Type-IV
(T4SS) secretion systems are usually upregulated, whereas
Type-VI (T6SS) secretion systems are usually downregulated
in plasmid carriers, though not exclusively [20,23-26]. All of
these secretion systems can have a variety of functions, but
generally T3SS and T4SS contribute to bacterial virulence,
with an added functional role in conjugation for T4SS [27].
By contrast, T6SS secretion is involved in bacterium-bacter-
ium communication and interaction, including toxin-
mediated killing of competitors [27]. Downregulation of
genes required for the flagellar complex may account for
observed reduction in motility for plasmid-bearers in some
cases [21,23]. Other notable bacterial functions affected by
plasmid acquisition include surface polysaccharides (e.g.
PNAG) and adhesion-related functions involved in biofilm
formation, which, for example, in the case of Acinetobacter
baumannii and Salmonella enterica, were downregulated in
plasmid-bearers [24,25].

Comparative studies where the same plasmid is intro-
duced into diverse bacterial strains or species reveal that a
given plasmid can have very different transcriptional effects
in different host backgrounds. For example, the A/C2
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Table 1. Bacterial cellular functions differently expressed following plasmid acquisition, compiled from untargeted proteomic, transcriptomics and metabolomics n

studies.

function

metabolism

amino acid
metabolism

nucleotide
metabolism

energy
metabolism

carbohydrate
metabolism

nitrogen
metabolism
lipid metabolism

respiration

secretion systems

Type-lll

Type-VI

signalling

translation and
transcription

bacteria

Escherichia coli DH10B, Escherichia coli AR060302, Salmonella
enterica SL317, Salmonella enterica SL486, Salmonella enterica
MH16125, Shewanella oneidensis MR-1

Pseudomonas aeruginosa

Pseudomonas putida KT2440

Pseudomonas putida KT2440, Pseudomonas aeruginosa PAOT,
Pseudomonas fluorescens Pf0-1

Pseudomonas putida KT2440

Pseudomonas aeruginosa PAO1, Pseudomonas fluorescens Pf0-1

Pseudomonas aeruginosa

Pseudomonas putida KT2440, Pseudomonas aeruginosa PAO1,
Pseudomonas fluorescens Pf0-1

Pseudomonas putida KT2440, Pseudomonas aeruginosa PAQ1,
Pseudomonas fluorescens Pf0-1

Escherichia coli DH10B, Salmonella enterica SL317,

Pseudomonas aeruginosa

Pseudomonas putida KT2440, Pseudomonas aeruginosa PAQT,
Pseudomonas putida KT2440
Pseudomonas aeruginosa

Pseudomonas aeruginosa

Pseudomonas putida KT2440, Pseudomonas aeruginosa PAO1,
Pseudomonas fluorescens Pf0-1

Pseudomonas putida KT2440, Pseudomonas aeruginosa PAQ1,
Pseudomonas fluorescens Pf0-1

Salmonella enterica MH16125, Shewanella oneidensis MR-1

Pseudomonas aeruginosa

Pseudomonas aeruginosa

Salmonella enterica SL317, Salmonella enterica SL486, Salmonella
enterica MH16125
Pseudomonas aeruginosa

Acinetobacter baumannii

Pseudomonas putida KT2440

Pseudomonas putida KT2440, Pseudomonas aeruginosa PAO1,
Pseudomonas fluorescens Pf0-1

Pseudomonas aeruginosa

Pseudomonas putida KT2440, Pseudomonas aeruginosa PAO1,
Pseudomonas fluorescens Pf0-1

plasmid

A2

pBS228, Rms149, pAKD1,
pAMBL1, pAMBL2, pNUK73

pCAR1

pCAR1

pCAR1

pCAR1

pBS228, Rms149, pAKD1,
pAMBL1, pAMBL2, pNUK73

pCAR1

pCART

A/IQ2

pBS228, Rms149, pAKD1,
pAMBL1, pAMBL2, pNUK73

pCAR1

pCAR1

pBS228, Rms149, pAKD1,
pAMBL1, pAMBL2, pNUK73

pBS228, Rms149, pAKD1,
pAMBL1, pAMBL2, pNUK73

pCAR1

pCART

AQ

pBS228, Rms149, pAKD1,
pAMBL1, pAMBL2, pNUK73

pBS228, Rms149, pAKD1,
pAMBL1, pAMBL2, pNUK73

A/Q2

pBS228, Rms149, pAKD1,
pAMBL1, pAMBL2, pNUK73

pABS

pCAR1

pCAR1

pBS228, Rms149, pAKD1,
pAMBL1, pAMBL2, pNUK73
pCAR1

reference

[24]

[20]

(23]
[22]

23]
[22]
[20]
[22]

[21]

[24]
[20]

[22]

(23]

[20]

[20]

[22]

[21]

[24]
[20]

(201

[24]

(20]

[25]

[23]

[22]

[20]

[22]

(Continued.)
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Table 1. (Continued.)

function bacteria plasmid reference
motility Pseudomonas putida KT2440 pCAR1 [23]
Pseudomonas putida KT2440, Pseudomonas fluorescens Pf0-1 pCAR1 [22]
Pseudomonas putida KT2440, Pseudomonas aeruginosa PAO1, pCAR1 [21]
Pseudomonas fluorescens Pf0-1
Salmonella enterica SL317, Salmonella enterica SL486, Salmonella A2 [24]
enterica MH16125
biofilm formation Acinetobacter baumannii pABS [25]
and adherence Salmonella enterica SL317, Salmonella enterica SL486, Salmonella A2 [24]
enterica MH16125
TCA cycle Pseudomonas putida KT2440 pCAR1 [23]
Pseudomonas putida KT2440, Pseudomonas aeruginosa PAOT, pCAR1 [21]
Pseudomonas fluorescens Pf0-1
Escherichia coli DH10B, Shewanella oneidensis MR-1 AlQ [24]
iron acquisition Acinetobacter baumannii pABS [25]
Pseudomonas putida KT2440 pCAR1 [23]
Pseudomonas putida KT2440, Pseudomonas aeruginosa PAO1, pCAR1 [22]
Pseudomonas fluorescens Pf0-1
Salmonella enterica SL486, Salmonella enterica MH16125, Shewanella A/ [24]
oneidensis MR-1
transporters Acinetobacter baumannii pABS [25]
Pseudomonas aeruginosa pBS228, Rms149, pAKD1, [20]
pAMBL1, pAMBL2, pNUK73
Pseudomonas putida KT2440 pCAR1 [23]
Pseudomonas putida KT2440, Pseudomonas aeruginosa PAQT, pCAR1 [22]
Pseudomonas fluorescens Pf0-1
Salmonella enterica MH16125 A/ [24]

plasmid causes downregulation of pathogenicity islands
in Salmonella hosts, but primarily affects metabolism in Escher-
ichia coli strains and Shewanella oneidensis. Metabolic functions
affected in E. coli included: upregulation of 2-carbon and fatty
acid metabolism, glycolate metabolism and glycoxylate cycle,
amino acid degradation and downregulation of amino acid
biosynthesis [24]. Very few functions were affected consist-
ently by A/C2 acquisition across all bacterial hosts.
Upregulation of genes involved in oxidation/reduction reac-
tions, cellular metabolism and metal cofactor binding
occurred in all hosts, while only two genes were universally
downregulated, gacEA1 for a quaternary ammonium com-
pound-resistance protein and sull a sulfonamide-resistance
dihydropteroate synthase [24]. A comparative study of the
PCAR1 plasmid in three different Pseudomonas host species
(P. putida KT2440, Pseudomonas aeruginosa PAO1 and Pseudo-
monas fluorescens Pf0-1) showed large differences in the
extent of differential expression across species: 15.3% of
KT2440 genes, 2.7% of PAO1 genes and 0.7% of Pf0-1 chromo-
somal genes [21]. Only four genes were affected by plasmid
acquisition in all three host species, including one involved
in iron acquisition, and two possibly involved in acetate
metabolism that were in the same operon [21,22]. Interestingly,
the effect of pCART1 carriage on transcription was most similar

between KT2440 and PAOI, despite KT2440 being more
closely related to Pf0-1 phylogenetically, suggesting that tran-
scriptional effects do not scale straightforwardly with genetic
similarity of the host in this case.

Alternatively, changes in gene regulation have been quan-
tified for a given bacterial host carrying different plasmids: in
P. aeruginosa PAO1, a variety of plasmids altered regulation of
a few common functional groups, most prominently metab-
olism (of amino acid, energy production and nitrogen) and
secretion systems (Type-III and Type-VI) [20]. Furthermore,
38 chromosomal genes were consistently differentially tran-
scribed in plasmid-bearers carrying different plasmids [20].
The rest of the transcriptional profile varied, indicating that
despite these similarities, each plasmid also affected the
expression of distinct sets of host functions.

Metabolic analysis has shown that plasmid acquisition
can alter metabolic pathways such as glycolysis, the TCA
cycle and the pentose phosphate pathway in E. coli, corre-
sponding to transcriptomic data from other studies [27].
Untargeted metabolic analysis using mass spectrometry
showed the abundances of a large number of compounds
were affected in the same way by diverse plasmids in
P. aeruginosa PAO1. Out of the 5000 compounds that were
detected, the levels of 462 compounds were altered by

L9Y00207 :LLE § 205 "y "Subi yd  qisy/feuinof/Biobuiysiignddiaposiefos H










































































































































































































































































































































































































































































































































































































































































































































