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Hot Topic 

The living croquet theory: The Staphylococcus aureus paradigm 
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Some time ago, we proposed the hypothesis of living croquet,

which postulates that when three different living beings are con-

stitutive elements of a multifactorial phenomenon [1] , it is impos-

sible to predict their future. This is illustrated in the novel Alice in

Wonderland by the fact that Alice, a little girl, plays croquet with

a mallet that is a pink flamingo moving by itself in all directions,

and the ball is a hedgehog that has its own destiny and makes

its own choices. The chance that Alice, by using the mallet and

this ball, can direct it through the hoop as she wants or predict

in what direction it will go is simply unreasonable. This is true for

all predictive models in which the elements are multiple, from our

point of view. This illustrates the Yiddish proverb ‘man predicts,

God laughs’ [2] . 

Thus, in the evolution of bacterial resistance to antimicrobials,

most of the evolutionary elements have been incomprehensible

because the partners are of different nature. An example of in-

terest is that of Staphylococcus aureus ( Fig. 1 A). The restriction of

our field of vision led us to believe that there are only two part-

ners for selection of resistance in S. aureus , i.e. the bacterium it-

self and humans, and that only the use of drugs invented by hu-

mans (extended-spectrum penicillins) would have selected resis-

tance. Such resistance would be the direct result of human activity.

This reflection is part of a fear common to all mankind called

Anthropocene, that is to say the modification of our ecosystem

by the human species. In fact, antibiotics have extremely diverse

and natural sources. They are mainly derived from non-ribosomal

peptide synthetases, which are themselves non-ribosomal proteins

made from a combination of typical and atypical amino acids (not

assembled by ribosomes). These secondary metabolites were cre-

ated probably more than 4 billion years ago [3] in an intermicro-

bial conflict. Traces of genes that code for antibiotics and genes

that encode for enzymes such as β-lactamases have been found in

archaic samples in various ecosystems, including vertebrates and

humans [3–6] . Indeed, antibiotics are natural products, especially

β-lactams, as well as resistance to β-lactam antibiotics, whether it

is resistance to β-lactams by β-lactamases or antibiotic resistance

by genes pre-dating the use by humans of antibiotic molecules and

probably the very appearance of man. It should be noted that peni-

cillin can be secreted by an arthropod [7] . Therefore, the purely

human vision that only use of antibiotics by humans is respon-

sible for antimicrobial resistance is false and needs to be revis-

ited, because staphylococci are not only human commensals. A

great evolution of recent knowledge shows that many wild ani-

mals are infected, including birds (perhaps the flamingos of Al-

ice in Wonderland ), and therefore human carriage of S. aureus is

rather banal. Finally, to complete the picture, it has recently been

shown that S. aureus is present in wildlife, including mecC -MRSA
https://doi.org/10.1016/j.ijantimicag.2019.04.005 

0924-8579/© 2019 Published by Elsevier B.V. 
methicillin resistance gene mecC -positive methicillin-resistant S.

ureus ) in wild hedgehogs (the croquet ball in Alice in Wonderland )

n Sweden, with similar spa types of such isolates with human iso-

ates likely suggesting possible zoonotic transmission [8] . 

The time has come to understand that areas including multifac-

orial data in complex ecosystems are not predictable. It is naïve to

hink that simply establishing a doctor in charge of antimicrobial

tewardship will change the story of a fight that has lasted for mil-

ions of years between different microbes. In fact, there are several

ey examples of predictable and unpredictable evidence linked to

ntimicrobial resistance in S. aureus as well as evidence of adapta-

ion in humans. Although the role of humans and prescription of

ntibiotics is undeniable and predictable in specific and restricted

cosystems where antibiotic selection pressure is high (e.g. farm

nimals), the results are unpredictable in larger ecosystems such

s the environment or in human beings in the community. 

For example, although it was predicted that MRSA will spread

orldwide owing to the acquisition of various mobile staphylococ-

al cassette chromosome mec (SCC mec ) elements, the worldwide

ecrease of MRSA over the last 15 years could not be predicted

9] . Similarly, the first description of a plasmid containing the van-

omycin resistance gene vanA transferred from Enterococcus fae-

alis to S. aureus was believed to become a nightmare scenario

hen it was reported in the USA in 2002 [10] . However because

f plasmid instability, such vancomycin-resistant S. aureus has not

een successful, and this was fortunate but also unpredictable.

mergence of different clones with heteroresistant vancomycin-

ntermediate S. aureus (hVISA) and vancomycin-intermediate S. au-

eus (VISA) phenotypes by genome adaptation was predictable and

orrying, however the clinical implications remain unclear since

hese strains are usually not associated with an increase mortal-

ty [11] . Conversely, there is scientific evidence that the human

icrobiome can contain many microbes able to synthesise sec-

ndary metabolites that could help humans to adapt to and fight

gainst other microbes, and this dynamic process is also unpre-

ictable since it depends on many different factors including our

iet and/or genetic predisposition [12] . In this perspective, the liv-

ng croquet theory ( Fig. 1 B) is a new way of thinking of the evolu-

ion of antimicrobial resistance as a complex set of living beings

ith each having its own destiny and that the consequences of

his complex dynamic process cannot be solved taking into account

nly the microbe itself and the use of antibiotics by humans. Thus,

ased on this theory of complexity of living cells, we believe that

e need to continue to survey not only resistance to antibiotics

t local, national and international levels but also the emergence

f new clones that could be more invasive but less resistant. A

etter understanding of the complexity of the different ecosystems
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Fig. 1. (A) Electron microscopy image of Staphylococcus aureus (TM40 0 0 microscope; Hitachi, Tokyo, Japan). (B) The theory of Alice’s living croquet is to explain that S. aureus 

from human nasal carriage and those from faecal flamingo or hedgehog have their own biological evolution and it is impossible to predict the future of resistance because 

some clones and/or genetic exchanges between S. aureus may lead to an unexpected new clone. By analogy, the outcome of this game is also unpredictable because each of 

the partners (Alice, the flamingo and the hedgehog) in this game are biological entities with their own behaviour. 
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nvolved (animals, food, environment, our microbiome, etc.) in this

ynamic process may help in the future to adapt our strategies for

he treatment of infectious diseases to the reality and not to pre-

iction and fantasies. 
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