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Abstract The majority of bacteria live and evolve in surface biofilms. Both growth in biofilms and
horizontal transfer of DNA are regulated by quorum-sensing pheromone signals. The common
regulation of bacterial surface growth and DNA transfers illustrates how physiology contributes
to bacterial evolution.
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Abstract figure legend from Patterson et al. (2016) with permission from Creative Commons Attribution (CC BY
4.0). The bacterium Serratia marcescens regulates the expression of its CRISPR-Cas adaptive anti-viral defence systems
by SmaR repressors, which can be overcome by a density-dependent autoactivator system based on emission of an
acyl homoserine lactone (AHL) quorum sensing pheromone (green arrows). Thus, transcription of CRISPR-Cas is
repressed at low cell density by SmaR, and the bacteria are quite sensitive to lethal bacteriophage infections. At higher cell
concentrations, the AHL pheromone is strongly expressed, and it overcomes SmaR repression to facilitate the expression
of the CRISPR-Cas RNA-directed defence molecules (blue blobs attached to the viral DNA). These defence molecules
cleave the viral DNA and rescue the infected cells so that they survive the phage attack and can accept any other DNA
that may be packaged in phage particles to complete a horizontal gene/DNA transfer (HGT). It has been known since the
earliest days of bacterial genetics that a subset of virus particles carry host DNA and are capable of the genetic exchange
process known as ‘transduction’ (Zinder 1958). In this example, the quorum sensing system controls not only bacterial
growth but also the potential for evolutionary change by regulating CRISPR-based adaptive bacterial immunity in a way
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that favours phage-mediated transduction.

When we consider the subject of bacterial evolution, it
is commonplace to think about planktonic suspension
cultures accumulating mutations that alter the cells’
metabolic  capabilities. The ongoing Long-Term
Evolution project led by Richard Lenski is the paradigm
experimental set-up for this way of envisioning how
bacteria evolve (Barrick & Lenski 2013; Consuegra et al.,
2021). There seems to be little role for physiology in
such an evolutionary scenario. However, there are two
features of bacterial (and indeed all prokaryotic) life and
evolution that indicate the key roles that physiology can
play in altering the course of forming novel genomic
configurations:

(1) Some of the most important bacterial proliferation
occurs in multicellular biofilm populations that form
on solid surfaces. Biofilms have been estimated to
hold 80% of the planet’s bacteria (Penesyan et al.,
2021). Therefore, most bacteria have the capacity to
alter their physiology to adapt to surface growth, often
in mixed populations (Claessen et al.,, 2014; Mitri
et al. 2011; Wang et al., 2020). A significant portion
of human microbiome exists as biofilm populations
(Macfarlane et al., 2011). Notable among the physio-
logical adaptations to surface growth is the bacterial
use of so-called quorum sensing (QS). In QS, bacteria
release pheromones that regulate transcription into
the environment, and this allows them to assess their
population size and density to adjust multiple features
of their physiology accordingly (Striednig & Hilbi
2021). Many QS systems have positive feedback ‘auto-
inducer’ characteristics that increase their sensitivity
to population changes, but this property is not
universal (Dogsa et al., 2021). QS pheromones have
a wide diversity of chemical structures, so that some
are species specific, whereas others like AHLs are

shared by many different kinds of bacteria (Aguilar
et al., 2021; Mukherjee & Bassler 2019; Spangler et al.,
2019). Thus, these physiological tools can stimulate
the formation of either single species or multispecies
surface populations (Aframian & Eldar 2020; Yi et al.,
2021). Multispecies biofilms provide opportunities for
horizontal interspecific DNA transfer (Antonova &
Hammer 2011).

(2) Contemporary bacteria do not have fixed genetic
complements. Instead, they share components of
a distributed bacterial ‘pan-genome’ assembling
various DNA components opportunistically to adapt
themselves to a given ecological niche (Mira et al.,
2010; Rosconi et al., 2022; Sherman & Salzberg
2020; Sonea & Paniset 1976; Sonea & Panisset
1983). In bacteria, therefore, evolution to adapt
to a novel environment is largely the process of
acquiring the necessary DNA from the pan-genome
by horizontal DNA transfer (Banuelos-Vazquez et al.,
2017). For example, one recent analysis attributed
3323 ‘metabolic innovations’ of Escherichia coli
bacteria to acquisition by distinct horizontal transfer
events (Pang & Lercher 2019). The same processes
of horizontal DNA transfer account for the rapid
evolution of antibiotic resistance in pathogenic
bacteria (Koraimann 2018; Michaelis & Grohmann
2023; von Wintersdorff et al., 2016).

In addition to transduction, horizontal DNA transfer
frequently involves the elaboration of intricate bacterial
cell surface structures, most frequently belonging to
the type IV secretion system (T4SS) of complex trans-
membrane molecular export structures (Costa et al,
2021; Le et al, 2014; Pena et al, 2019; Waksman
2019; Christie et al., 2017). T4SS bacterial cell surface
appendages are required for most cell-cell direct
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Table 1. Examples of bacterial DNA transfer systems regulated by quorum sensing

Organism

DNA transfer system

Reference

Rhizobium

Entereococcus faecalis,
Staphylococcus

Agrobacterium
tumefaciens

Vibrio cholera

Bacillus subtilis

B. subtilis

Acinetobacter baumannii
Activated carbon biofilm
Multiple species (review)
Multiple species (review)

Multiple species (review)
Multiple species (review)

Plasmid transfer initiation, tra (transfer) gene
expression
Plasmid transfer in biofilms

QS regulates transfer of pAt megaplasmid

Competence for DNA uptake, transformation
Short-range horizontal DNA transfer in biofilms
Mosaic life-cycle evolution in biofilm populations

Rapid microevolution of antibiotic resistance in
biofilms

QS-dependent plasmid-mediated antibiotic resistance
transfer

Horizontal transfer of antibiotic resistance in mixed
biofilms

Experimental evolution in biofilms

eDNA release

Relationship between quorum sensing and secretion

(He et al., 2003; McAnulla et al., 2007;
Wetzel et al., 2015)

(Cook et al., 2011) (Cook & Federle 2013)
(Clewell 2011; Hirt et al., 2018)

(Mhedbi-Hajri et al., 2016)

(Blokesch 2012)

(van Gestel et al., 2021)

(Staps et al., 2019; van Gestel & Nowak 2016;
van Gestel et al., 2019)

(Penesyan et al., 2019)

(Zhu et al., 2020)
(Michaelis & Grohmann 2023)
(Steenackers et al., 2016)

(Ibarez de Aldecoa et al., 2017)
(Pena et al., 2019)

systems (including type IV)

Abbreviations: eDNA, environmental DNA; QS, quorum sensing.

transfer of chromosomal DNA and autonomously
replicating plasmids (Hu, Khara, & Christie 2019).
A type 4 pilus structure is also required for the
‘competence’ of bacteria to incorporate DNA directly
from the environment (Blokesch 2012; Costa et al., 2021;
Waksman 2019). This competence for DNA acquisition
is particularly useful because many biofilm populations
are stabilized by release of extracellular environmental
DNA (eDNA) from some of the component bacteria
(Montanaro et al., 2011; Peterson et al., 2013; Vorkapic
2016), thereby providing readily accessible substrate for
horizontal DNA transfers in multispecies biofilms. In
addition to their roles in DNA transfers, T4SS surface
appendages involved in DNA transfer provide additional
stability to the biofilm structure (Patkowski et al., 2023).

Table 1 provides references for the effects of QS
pheromones to stimulate horizontal DNA transfer and
related processes in bacteria. The role of QS signals
in eDNA release and DNA transfers illustrates how
deeply intertwined bacterial surface growth and cell
physiology are with bacterial acquisition of outside
genomic DNA (van Gestel et al., 2021). Without physio-
logy, bacteria’s ability to alter cellular DNA would be
limited to changes in existing cellular DNA. Actual
evolutionary change in bacteria by horizontal DNA trans-
fers engages the full range of growth processes as well
as access to phylogenetically distant species. That is,
DNA modification in bacteria occurs by fully organic
processes subject to physiological regulation. That is the
basic message of this brief note.

References

Aframian, N., & Eldar, A. (2020). A bacterial tower of Babel:
Quorum-sensing signaling diversity and its evolution.
Annual Review of Microbiology, 74(1), 587-606.

Aguilar, E. J., Barbosa, V. C., Donangelo, R., & Souza, S. R.
(2021). Interspecies evolutionary dynamics mediated by
public goods in bacterial quorum sensing. Physical Review
E, 103(1), 012403.

Antonova, E. S., & Hammer, B. K. (2011). Quorum-sensing
autoinducer molecules produced by members of a
multispecies biofilm promote horizontal gene transfer
to vibrio cholerae. FEMS Microbiology Letters, 322(1),
68-76.

Banuelos-Vazquez, L. A,, Tejerizo, G. T., & Brom, S. (2017).
Regulation of conjugative transfer of plasmids and
integrative conjugative elements. Plasmid, 91, 82-89.

Barrick, J. E., & Lenski, R. E. (2013). Genome dynamics
during experimental evolution. Nature Reviews Genetics,
14(12), 827-839.

Blokesch, M. (2012). A quorum sensing-mediated switch
contributes to natural transformation of vibrio cholerae.
Mobile Genetic Elements, 2(5), 224-227.

Christie, P. ]., Valero, L. G., & Buchrieser, C. (2017). Biological
diversity and evolution of type Iv secretion systems. Current
Topics in Microbiology and Immunology, 413, 1-30.

Claessen, D., Rozen, D. E., Kuipers, O. P, Sogaard-Andersen,
L., & van Wezel, G. P. (2014). Bacterial solutions to
multicellularity: A tale of biofilms, filaments and fruiting
bodies. Nature Reviews Microbiology, 12(2), 115-124.

Clewell, D. B. (2011). Tales of conjugation and sex
pheromones: A plasmid and enterococcal odyssey. Mob
Genet Elements, 1(1), 38-54.

© 2023 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOWLIOD A1) 8|qeo! [dde aup Aq peuenob ae Sappiie YO ‘8Sn JO el 10} Aeiq18UIUO 48] 1M UO (SUORIPUOD-PUR-SLUBI/LI0O" A3 1M Ae.q | Ul [UO//:SdnL) SUORIPUOD pue Sswie | 8y} 89S *[£202/80/62] U0 Ariqiauliuo A8|im ‘Ariqi 0Bealyd JO AsieAlun AQ 60t782dr/STTT OT/I0P/W0 A8 | imArelq 1 jpuljuo-oesAuydy/:sdny wouy pepeojumoa ‘0 ‘€669 T



4 J. A. Shapiro

Consuegra, J., Gafté, J., Lenski, R. E., Hindré, T.,

Barrick, J. E., Tenaillon, O., & Schneider, D. (2021).
Insertion-sequence-mediated mutations both promote and
constrain evolvability during a long-term experiment with
bacteria. Nature Communications, 12(1), 980.

Cook, L., Chatterjee, A., Barnes, A., Yarwood, J., Hu, W. S,,

& Dunny, G. (2011). Biofilm growth alters regulation of
conjugation by a bacterial pheromone. Molecular Micro-
biology, 81(6), 1499-1510.

Cook, L. C., & Federle, M. J. (2013). Peptide pheromone
signaling in streptococcus and enterococcus. FEMS Micro-
biology Review, 38(3), 473-492.

Costa, T. R. D, Harb, L., Khara, P,, Zeng, L., Hu, B., &
Christie, P. J. (2021). Type Iv secretion systems: Advances in
structure, function, and activation. Molecular Microbiology,
115(3), 436-452.

Dogsa, L., Spacapan, M., Dragos, A., Danev¢i¢, T., Pandur,

7., & Mandic-Mulec, 1. (2021). Peptide signaling without
feedback in signal production operates as a true quorum
sensing communication system in bacillus subtilis.
Communications Biology, 4(1), 58.

He, X., Chang, W,, Pierce, D. L., Seib, L. O., Wagner, J., &
Fuqua, C. (2003). Quorum sensing in Rhizobium Sp. Strain
Ngr234 regulates conjugal transfer (tra) gene expression
and influences growth rate. Journal of Bacteriology, 185(3),
809-822.

Hirt, H., Greenwood-Quaintance, K. E., Karau, M. J., Till,

L. M., Kashyap, P. C,, Patel, R., & Dunny, G. M. (2018).
Enterococcus faecalis sex pheromone Ccf10 enhances
conjugative plasmid transfer in vivo. MBio, 9(1), €00037-18.

Hu, B., Khara, P, & Christie, P. J. (2019). Structural bases for
F plasmid conjugation and f pilus biogenesis in Escherichia
Coli. The Proceedings of the National Academy of Sciences,
116(28), 14222-14227.

Ibanez de Aldecoa, A. L., Zafra, O., & Gonzalez-Pastor, J. E.
(2017). Mechanisms and regulation of extracellular DNA
release and its biological roles in microbial communities.
Frontiers in Microbiology, 8, 1390.

Koraimann, G. (2018). Spread and Persistence of virulence
and antibiotic resistance genes: A ride on the F plasmid
conjugation module. Ecosal Plus, 8(1). Advance online
publication. https://doi.org/10.1128/ecosalplus.ESP-
0003-2018

Le, P. T., Pontarotti, P., & Raoult, D. (2014).
Alphaproteobacteria species as a source and target of lateral
sequence transfers. Trends in Microbiology, 22(3), 147-156.

Macfarlane, S., Bahrami, B., & Macfarlane, G. T. (2011).
Mucosal biofilm communities in the human intestinal tract.
Advances in Applied Microbiology, 75, 111-143.

McAnulla, C., Edwards, A., Sanchez-Contreras, M., Sawers,
R. G., & Downie, J. A. (2007). Quorum-sensing-regulated
transcriptional initiation of plasmid transfer and replication
genes in rhizobium leguminosarum biovar viciae. Micro-
biology (N YReading), 153(7), 2074-2082.

Mhedbi-Hajri, N., Yahiaoui, N., Mondy, S., Hue, N., Pélissier,
E, Faure, D., & Dessaux, Y. (2016). Transcriptome analysis
revealed that a quorum sensing system regulates the trans-
fer of the pat megaplasmid in agrobacterium tumefaciens.
BMC Genomics [Electronic Resource], 17(1), 661.

J Physiol 0.0

Michaelis, C., & Grohmann, E. (2023). Horizontal gene trans-
fer of antibiotic resistance genes in biofilms. Antibiotics
(Basel), 12(2), 328.

Mira, A., Martin-Cuadrado, A. B., D’Auria, G., &
Rodriguez-Valera, F. (2010). The bacterial pan-genome: A
new paradigm in microbiology. International Microbiology,
13(2), 45-57.

Mitri, S., Xavier, J. B., & Foster, K. R. (2011). Social evolution
in multispecies biofilms. The Proceedings of the National
Academy of Sciences, 108(supplement_2), 10839-10846.

Montanaro, L., Poggi, A., Visai, L., Ravaioli, S., Campoccia,
D., Speziale, P, & Arciola, C. R. (2011). Extracellular DNA
in biofilms. International Journal of Artificial Organs, 34(9),
824-831.

Mukherjee, S., & Bassler, B. L. (2019). Bacterial quorum
sensing in complex and dynamically changing
environments. Nature Reviews Microbiology, 17(6),
371-382.

Pang, T. Y., & Lercher, M. J. (2019). Each of 3,323 metabolic
innovations in the evolution of E. Coli arose through
the horizontal transfer of a single DNA Segment. The
Proceedings of the National Academy of Sciences, 116(1),
187-192.

Patkowski, J. B., Dahlberg, T., Amin, H., Gahlot, D. K.,
Vijayrajratnam, S., Vogel, J. P, Francis, M. S., Baker, J.

L., Andersson, M., & Costa, T. R. D. (2023). The F-pilus
biomechanical adaptability accelerates conjugative
dissemination of antimicrobial resistance and biofilm
formation. Nature Communications, 14(1), 1879.

Patterson, A. G., Jackson, S. A., Taylor, C., Evans, G. B,,
Salmond, G. P. C,, Przybilski, R., Staals, R. H. J., & Fineran,
P. C. (2016). Quorum sensing controls adaptive immunity
through the regulation of multiple Crispr-Cas systems.
Molecular Cell, 64(6), 1102-1108.

Pena, R. T., Blasco, L., Ambroa, A., Gonzalez-Pedrajo, B.,
Fernandez-Garcia, L., Lopez, M., Bleriot, I, Bou, G.,
Garcia-Contreras, R., Wood, T. K., & Tomds, M. (2019).
Relationship between Quorum sensing and secretion
systems. Frontiers in Microbiology, 10, 1100.

Penesyan, A., Nagy, S. S., Kjelleberg, S., Gillings, M. R., &
Paulsen, I. T. (2019). Rapid microevolution of biofilm cells
in response to antibiotics. NPJ Biofilms and Microbiomes,
5(1), 34.

Penesyan, A., Paulsen, I. T., Kjelleberg, S., & Gillings, M.

R. (2021). Three faces of biofilms: A microbial lifestyle,
a nascent multicellular organism, and an incubator for
diversity. NPJ Biofilms and Microbiomes, 7(1), 80.

Peterson, B. W,, van der Mei, H. C,, Sjollema, J., Busscher,
H.J., & Sharma, P. K. (2013). A distinguishable role of
edna in the viscoelastic relaxation of biofilms. MBio, 4(5),
€00497-00413.

Rosconi, F.,, Rudmann, E,, Li, J., Surujon, D., Anthony, J.,
Frank, M., Jones, D. S., Rock, C., Rosch, J. W,, Johnston,
C. D., & van Opijnen, T. (2022). A bacterial pan-genome
makes gene essentiality strain-dependent and evolvable.
Nature Microbiology, 7(10), 1580-1592.

Sherman, R. M., & Salzberg, S. L. (2020). Pan-genomics in
the human genome era. Nature Reviews Genetics, 21(4),
243-254.

© 2023 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOWLIOD A1) 8|qeo! [dde aup Aq peuenob ae Sappiie YO ‘8Sn JO el 10} Aeiq18UIUO 48] 1M UO (SUORIPUOD-PUR-SLUBI/LI0O" A3 1M Ae.q | Ul [UO//:SdnL) SUORIPUOD pue Sswie | 8y} 89S *[£202/80/62] U0 Ariqiauliuo A8|im ‘Ariqi 0Bealyd JO AsieAlun AQ 60t782dr/STTT OT/I0P/W0 A8 | imArelq 1 jpuljuo-oesAuydy/:sdny wouy pepeojumoa ‘0 ‘€669 T


https://doi.org/10.1128/ecosalplus.ESP-0003-2018
https://doi.org/10.1128/ecosalplus.ESP-0003-2018

J Physiol 0.0

Sonea, S., & Paniset, M. (1976). [Towards a new bacteriology].
Revue Canadienne De Biologie, 35(3), 103-167.

Sonea, S., & Panisset, M. (1983). A New Bacteriology. Boston:
Jones and Batlett.

Spangler, J. R, Dean, S. N., Leary, D. H., & Walper, S. A.
(2019). Response of lactobacillus plantarum wcfsl to
the gram-negative pathogen-associated quorum sensing
molecule N-3-oxododecanoyl homoserine lactone. Frontiers
in Microbiology, 10, 715.

Staps, M., van Gestel, J., & Tarnita, C. E. (2019). Emergence
of diverse life cycles and life histories at the origin
of multicellularity. Nature Ecology & Evolution, 3(8),
1197-1205.

Steenackers, H. P, Parijs, L., Foster, K. R., & Vanderleyden,

J. (2016). Experimental evolution in biofilm populations.
FEMS Microbiology Review, 40(3), 373-397.

Striednig, B., & Hilbi, H. (2021). Bacterial quorum sensing and
phenotypic heterogeneity: How the collective shapes the
individual. Trends in Microbiology, 30(4), 379-389.

van Gestel, ]., & Nowak, M. A. (2016). Phenotypic
heterogeneity and the evolution of bacterial life cycles. PloS
Computational Biology, 12(2), e1004764.

van Gestel, ]., Ackermann, M., & Wagner, A. (2019). Microbial
life cycles link global modularity in regulation to mosaic
evolution. Nature Ecology ¢ Evolution, 3(8), 1184-1196.

van Gestel, J., Bareia, T., Tenennbaum, B., Dal Co, A., Guler,
P, Aframian, N., Puyesky, S., Grinberg, L., D’Souza, G. G.,
Erez, Z., Ackermann, M., & Eldar, A. (2021). Short-range
quorum sensing controls horizontal gene transfer at micron
scale in bacterial communities. Nature Communications,
12(1), 2324

von Wintersdorft, C. J., Penders, J., van Niekerk, J. M., Mills,
N. D., Majumder, S., van Alphen, L. B., Savelkoul, P. H.,

& Wolffs, P. E. (2016). Dissemination of antimicrobial
resistance in microbial ecosystems through horizontal gene
transfer. Frontiers in Microbiology, 7, 173.

Vorkapic, D., Pressler, K., & Schild, S. (2016). Multifaceted
roles of extracellular DNA in bacterial physiology. Current
Genetics, 62(1), 71-79.

Waksman, G. (2019). From conjugation to T4s systems in
gram-negative bacteria: A mechanistic biology perspective.
EMBO Reports, 20(2), e47012.

Wang, C., van der Mei, H. C., Busscher, H. J., & Ren, Y.
(2020). Streptococcus mutans adhesion force sensing in
multi-species oral biofilms. NPJ Biofilms and Microbiomes,
6(1), 25.

Physiology of bacterial evolution 5

Wetzel, M. E., Olsen, G. J., Chakravartty, V., & Farrand, S.

K. (2015). The repabc plasmids with quorum-regulated
transfer systems in members of the rhizobiales divide into
two structurally and separately evolving groups. Genome
Biology and Evolution, 7(12), 3337-3357.

Yi, L., Dong, X., Grenier, D., Wang, K., & Wang, Y. (2021).
Research progress of bacterial quorum sensing receptors:
classification, structure, function and characteristics. Science
of the Total Environment, 763, 143031.

Zhu, L., Chen, T., Xu, L., Zhou, Z., Feng, W,, Liu, Y., & Chen,
H. (2020). Effect and mechanism of quorum sensing on
horizontal transfer of multidrug plasmid rp4 in bac biofilm.
Science of the Total Environment, 698, 134236.

Zinder, N. D. (1958). Transduction in bacteria. Scientific
American, 199(5), 38-43.

Additional information

Competing interests

The author declares that there are no competing interests.

Author contributions

J.A.S. is the sole author of this article and approves the final
version of the manuscript.

Funding

No outside funding has been used to support this article.

Keywords

biofilms, competence, conjugal DNA transfer , quorum sensing,
transduction, transformation, type IV secretion system

Supporting information

Additional supporting information can be found online in the
Supporting Information section at the end of the HTML view of
the article. Supporting information files available:

Peer Review History

© 2023 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOWLIOD A1) 8|qeo! [dde aup Aq peuenob ae Sappiie YO ‘8Sn JO el 10} Aeiq18UIUO 48] 1M UO (SUORIPUOD-PUR-SLUBI/LI0O" A3 1M Ae.q | Ul [UO//:SdnL) SUORIPUOD pue Sswie | 8y} 89S *[£202/80/62] U0 Ariqiauliuo A8|im ‘Ariqi 0Bealyd JO AsieAlun AQ 60t782dr/STTT OT/I0P/W0 A8 | imArelq 1 jpuljuo-oesAuydy/:sdny wouy pepeojumoa ‘0 ‘€669 T



