
L I N K  TO  O R I G I N A L  A RT I C L E
L I N K  TO  I N I T I A L  C O R R E S P O N D E N C E

We have read with interest the 
Correspondence on our Opinion article 
(What is a resistance gene? Ranking risks 
in resistomes. Nature Rev. Microbiol. 13, 
116–123 (2015))1 by Bengtsson-Palme and 
Larsson (Antibiotic resistance genes in the 
environment: prioritizing risks Nature Rev. 
Microbiol. http://dx.doi.org/10.1038/ 
nrmicro3399-c1)2 and appreciate the 
observations raised by the authors. As they 
acknowledge, our article proposes the first 
framework (termed resistance readiness 
condition (RESCon)) for evaluating the risks 
associated with the presence of antibiotic 
resistance genes in bacterial metagenomes. 
Here, we wish to clarify and refine some of the 
arguments that this framework is based on.

The framework we propose relies on 
two fundamental principles: the likeli-
hood of a known antibiotic resistance gene 
having a harmful effect on human health 
(during antibiotic therapy) and whether or 
not it is likely to transfer to human patho-
gens (the probability of which increases if 
it is located on a mobile genetic element). 
Following this scheme, we consider those 
resistance genes that are present on mobile 
elements and for which a role in resistance 
in human pathogens has been demonstrated 
to represent the highest risk (defined as 
RESCon 1). Novel resistance genes are 
ascribed a lower risk category in our frame-
work if there is no evidence that they have 
a detrimental influence on the outcome of 
antibiotic therapy (RESCon 3), whereas the 
risk is scored higher (RESCon 2) if they are 
associated with mobile elements. In their 
Correspondence, Bengtsson-Palme and 
Larsson suggest that risk order should be 
reversed in our scheme, such that novel 
resistance genes present a higher risk 
because known resistance determinants 
are likely to be widespread and thus, their 
propensity to transfer to a pathogen would 
be minimal. Although this seems like a 
reasonable argument, in our view, current 
knowledge of the ecology of antibiotic 
resistance does not support a change in our 
risk-assessment scheme.

First, our framework does not only con-
sider environmental ecosystems, as the rank-
ing system also applies to resistance genes in 

human and animal microbiomes, in which 
transfer of resistance genes among patho-
gens and commensals is likely to occur2,3. 
In the case of genes that are present in the 
microbiomes of animals, the risk may be 
quite high as the transfer of genes via mobile 
genetic elements has been documented 
between human and animal bacteria4.

Second, the authors propose that 
horizontal gene transfer (HGT) of resist-
ance genes among pathogens is rarer in 
environ mental ecosystems than in humans. 
However, polybacterial infections are not 
frequent5, and the acquisition of resistance 
genes during infection has been described 
in just a few cases6,7. By contrast, in non-
clinical settings, such as wastewater treat-
ment plants, pathogenic and non-pathogenic 
bacteria are present at high densities and 
the likelihood of HGT of resistance genes is 
expected to be high, particularly if the waste 
contains antibiotics that provide selective 
pressure for the maintenance of resistance8. 
In this scenario, although the first step in 
the acquisition of a resistance gene is likely 
to occur in a non-clinical setting, with the 
donor and recipient being environmental 
strains9, crucial secondary transfer events can 
subsequently occur in these ecosystems that 
may result in the transfer of the resistance 
gene to pathogens.

Third, Bengtsson-Palme and Larsson 
focus on the risks for gene transfer to a patho-
gen but, to clarify, the framework we propose 
concerns the risks for human health that are 
associated with the detection of these genes 
in metagenomic datasets, not just the transfer 
of these genes. For example, the presence of 
blaNDM1 (which encodes New Delhi metallo-
β-lactamase) in drinking water distribution 
networks equates to a risk for human health, 
irrespective of whether the gene is transferred 
to a novel host in this habitat10.

Fourth, the detection of a novel resistance 
gene does not necessarily mean that it will 
be transferred to a human pathogen. The 
principles used to predict the emergence of 
resistance distinguish between the potential 
for transfer and whether transfer actually 
occurs, which is an important distinction as 
only the latter scenario would be considered 
a risk for human health11. Transfer requires 

the connectivity of bacterial populations12, 
and the probability of transmission and sub-
sequent fixation depends on the bottlenecks 
discussed in our Opinion article1. There is 
a lack of robust tools to predict which gene 
among the several thousand characterized 
genes in bacterial communities13 — includ-
ing relevant antibiotic resistance genes (such 
as those encoding carbapenemases)14 — will 
transfer to a pathogen. Considering this 
large degree of unpredictability15, we believe 
resistance genes that are known to consti-
tute a health risk should be ranked higher 
than novel resistance genes in our scheme. 
Nevertheless, we agree that novel resistance 
genes are also relevant, and as such they 
are ranked immediately below those genes 
already known to constitute a health risk.

We also agree that identifying hotspots 
for the emergence and dissemination of 
resistance is highly relevant15–18, and envi-
ronments containing waste from antibiotic 
production facilities are chief among these, 
particularly if these sites also harbour poten-
tial recipients for transfer. Studying the 
correlations between antibiotic resistance, 
the presence of antibiotics and the composi-
tion of microbial populations might help in 
identifying these hotspots. These analyses 
should distinguish between genes that are 
present on mobile genetic elements and 
intrinsic genes, which are simply markers 
of the presence of a given microorganism in 
an ecosystem and not necessarily a risk for 
human health.

All new classification schemes require the 
input of the community. As such, we thank 
Bengtsson-Palme and Larsson for their 
observations, which have raised interesting 
discussion points that we believe have  
clarified our proposed framework.
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