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Evolution of antimicrobial resistance: what will happen 
next in the bugs?

If there is one lesson in 75 years of antimicrobial use – from the sulphonamides of the 1930s to 
the present– it is that resistance always emerges, ever when it is least expected.    It was argued 
that vancomycin resistance was impossible, ‘Because vancomycin binds to a conserved cell 
wall fragment’; that ciprofloxacin resistance was impossible in Escherichia coli and gonococci, 
‘Because you’d need 3-4 mutations and the statistical chance of these emerging simultaneously 
is <10,-21 and that transferable resistance to synthetic antimicrobials was impossible ‘Because 
bacteria won’t have had the chance to evolve modifying enzymes.’  

All these supposition proved ill-found.   Transferable vancomycin resistance, involving genes 
recruited from Paenibacillus spp., emerged and spread among enterococci, with occasional 
transmission to  Staphylococcus aureus, although the encoding plasmids mostly are unstable 
in the latter species(1); E. coli and gonococci have accumulated successive mutations 
compromising quinolones, with >50% of isolates resistant in parts of East Asia(2) and, 
although most resistance to synthetic antimicrobials depends on target or uptake  mechanisms, 
an aminoglycoside acetyltransferase, AAC(6’)-Ib-cr , has evolved so that in can also recognise and 
detoxify some fluoroquinolones, including ciprofloxacin (3).  

So, what happens next?  The old adage, variously attributed, is that ‘Prediction is very hard, 
especially when it concerns the future’ and it applies here:  surprises are certain. Nevertheless, a 
few predictions can be made with reasonable confidence:

First: new resistance genes will continue to be recruited by plasmids.  The diversity both 
between and within acquired metallo carbapenemase families –IMP vs. VIM vs. SPM, vs. NDM, 
suggests that there has been repeated acquisition from unknown source organisms, presumably 
environmental bacteria (4).  Similarly, many plasmid-mediated aminoglycoside modifying 

enzymes and ribosome-methylating enzymes originated in soli organisms, notably including 
those that make the corresponding antibiotics (5).  A study of the soil ‘resistome’ found bacteria 
able to inactivate daptomycin (6), and it is reasonable to fear that the genes responsible will find 
their way to mobile DNA that spreads to human pathogens.

Second: resistance encoded by plasmid- or transposon- mediated ribosome methylating enzymes 
will become more prevalent.  These are important because they have very broad spectra.  MLSB 
(erm-gene) -mediated resistance is well known, causing  methlyation of adenine 2058 in the 23S 
rRNA and leading to resistance to macrolides, lincosamides and streptogramin B antibiotics. 
Enzymes to watch for the future include the Arm and RmtA-C methylases that modify G1405 in 
the 16S rRNA of the 30 S subunit so that it no longer binds the great majority of aminoglycoside 
antibiotics (7). The few analogues that escape are either unsuitable for human systemic use 
(apramycin) or vulnerable to common modifying enzymes (neomycin and streptomycin).   
Unlike most aminoglycoside drug-modifying enzymes, the methylases confer resistance even 
to the new ACHN-490 analogue (8). Another to watch is the Cfr methyltransferase, which 
affects  Adenosine 2503 in the 23S rRNA, impeding binding of linezolid, pleuromutilins, 
chloramphenicol, clindamycin and streptogramin A antibiotics, which have overlapping targets 
(9).  ArmA and Rmt genes are already widespread in East Asia, though less so elsewhere whilst 
staphylococci with Cfr genes are already causing outbreaks in Spain and the USA and, although 
still rare, seem likely to spread elsewhere.

Third, the worldwide accumulation of resistance will continue to crucially depend on a few 
super-successful strains and plasmids. Escherichia coli ST (sequence type) 131, for example, 
was successful and widespread prior to its acquisition of cephalosporin resistance, perhaps 
because of uropathogenicity traits along with quinolone resistance.  More recently it has 
proved to be adept at acquiring plasmids encoding extended-spectrum β-lactamases (ESBLs), 
principally CTX-M-15, CTX-M-3 or CTX-M-14 (10).     Similarly, the success of KPC 
carbapenemase partly reflects their association with Klebsiella  pneumoniae ST258, a lineage 
that has been found in at least 10 of the 17 KPC-affected States in the USA. and which has 
proliferated also in Israel and Greece, with repeated export and more limited spread in Western 
Europe(11).  The success of particular MRSA lineages across Europe is also apparent, with 
many strains recorded in multiple countries(12).  It is near certain that new, successful strains 
will emerge and play a major role in the proliferation of resistance.
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to aztreonam, the sole β-lactam spared by the metallo β-lactamases themselves.  These large 
plasmids commonly also carry multiple aminoglycoside, tetracycline and antifolates resistance 
genes along with those augmenting resistance to drugs –for example macrolides (e.g. mphA) 
and rifamycins (e.g. arr genes) that anyway lack anti-gram-negative activity.  This carriage 
of ‘unnecessary’ genes, as well as the common duplication of resistance determinants within 
plasmids or chromosomal ‘resistance islands (e.g. multiple alternative dihydopteroate synthetase 
and streptomycin-modifying enzyme genes) (18) belies any notion that we have reached the 
genetic limit of what a successful pathogen can carry.

In short, the prospects are for more resistance, not less.  And herein perhaps lays the biggest 
risk: that a combination of advanced medicine, unregulated antibiotic use and poor sanitation in 
high-population developing countries provides the jet fuel for a faster proliferation of resistance 
than ever before.
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Fourth.  There has been a big shift towards the use of β-lactamase inhibitor combinations.  
Piperacillin-tazobactam is now one of the world’s biggest-selling injectible antibiotics and, in the 
UK, is replacing cephalosporins and quinolones, which are widely blamed not only for selecting 
Enterobacteriaceae with extended-spectrum β-lactamases but also, more especially, Clostridium 
difficile.  Moreover, the number of inhibitor combinations is set to expand, with CXA-201 
(CXA-101+tazobactam), ceftazidime+NXL104 and ceftaroline-NXL104 all about to enter 
Phase III and with further compounds from Merck (MK-7655) in earlier-stage development.  
More generally, inhibitors are reasonably seen as the best answer to the proliferation of diverse 
β-lactamase types (13).  Growing use will , of course,  exert selection for resistance, though 
it is unpredictable as to what will become the predominant source – (i) selection of inherently 
resistant enzymes, for example metallo-carbapenemases, which are not affected by any inhibitor 
in advanced development(13); (ii) selection of strains that hyperproduce susceptible enzymes 
–overwhelming the inhibitor – as seen, for example with ceftazidime-NXL-104 in KPC+ 
Enterobacter strains that also hyperproduce AmpC enzymes (14); (iii) selection of mutant 
enzymes that no longer bind the inhibitor or (iv) mutants with increased impermeability and or 
efflux activity.

Fifth.  Two very specific predictions.  One: the upward MICs creep of cephalosporins vs. 
gonococci -already well established (15)- will continue, and strains expressing frank resistance 
will proliferate among sexual networks and, Two, high-level azithromycin resistance will spread 
in the species (16). The result will be that gonorrhoea will become a harder disease to treat than 
at any time since the Second World War.

Last, and above all else, bacterial resistance will continue to become more complex.  When I 
entered this field, 30 years ago, 11 different plasmid-mediated β-lactamases were known and, 
from a single isoelectic focusing, you could identify the enzyme present in any isolate with 
>90% certainty.  It was rare then for an isolate to have more than one acquired β-lactamase.  
Nowadays, over 250 acquired β-lactamases are known and it is commonplace for an isolate 
to have multiple enzymes or, confusingly, multiple variants of the same enzyme.  Widespread 
IncFII plasmids encode CTX-M-15 ESBL along with TEM-1 and OXA-1 enzymes, with the last 
of these contributing significantly to resistance to penicillin-β-lactamase inhibitor combinations 
(17).  Isolates with NDM-1 and other metallo-carbapenemases commonly co-produce both  
ESBLs and acquired AmpC enzymes (4). with the two latter enzymes conferring resistance 
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