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Article Addendum

Increasing evidence has accumulated 
to support that the human gut is a 

reservoir for antibiotic resistance genes. 
We previously identified more than 
1000 genes displaying high similarity 
with known antibiotic resistance genes 
in the human gut gene set generated 
from the Chinese, Danish, and Spanish 
populations. Here, first, we add our new 
understanding of antibiotic resistance 
genes in the US and the Japanese 
populations; next, we describe the 
structure of a vancomycin-resistant 
operon in a Danish sample; and finally, 
we provide discussions on the correlation 
of the abundance of resistance genes 
in human gut with the antibiotic 
consumption in human medicine and 
in animal husbandry. These results, 
combined with those we published 
previously, provide comprehensive 
insights into the antibiotic resistance 
genes in the human gut microbiota at a 
population level.

Antibiotic resistance has been 
regarded as a serious worldwide public 
health problem for many years. Until 
recently, studies were focused mainly 
on the antibiotic resistance genes and 
their dissemination in drug-resistant 
pathogens. Now, more attention is being 
paid to the antibiotic resistance genes in 
the human gut commensal bacteria: the 
gut microbiota.1-4

The human gut microbiota was 
considered to be a reservoir for antibiotic 
resistance genes.5 Resistance genes 
harbored by the native gut bacteria could 
be transferred among the residents, which 

will be a problem when the commensal 
opportunistic pathogens cause post-
surgical infections. The transfer can even 
occur when the bacteria, e.g., swallowed 
ones, just pass through the intestine; these 
passersby might return to the mouth or 
skin by contamination with excreted 
bacteria. Evidence has accumulated to 
support the reservoir hypothesis, and 
the antibiotic resistance gene transfer 
events had been observed both in vivo 
and in vitro models.6,7 In fact, due to 
the dense microbial population in the 
gut environment, the potential for gene 
transfer might be higher than expected.8 
This situation represents a high risk with 
regard to the spread of antibiotic resistance 
genes and to the increased emergence of 
antibiotic-resistant human pathogenic 
bacteria.

Along with the developments of 
molecular biology and sequencing 
technologies, the focus of research on 
antibiotic resistance genes in the human 
gut is gradually changing from a single 
isolation to a bacterial community level. A 
study using microarray analysis targeting 
healthy volunteers from six European 
countries indicated that TetM and 
TetW are the most prevalent tetracycline 
resistance gene types in their oral and 
fecal metagenomes, respectively.9 Another 
study applied metagenomic expression 
library to functionally characterize 
antibiotic resistance genes from saliva 
and fecal samples of two healthy humans 
and identified a total of 210 antibiotic 
resistance genes.4 Though these studies 
have helped us to better understand the 
antibiotic resistance gene reservoir in 
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human gut, the story of the whole profile 
of these resistance genes—especially 
at a human population level—is just 
beginning.

We previously analyzed the diversity 
and abundance of the antibiotic 
resistance genes in gut microbiota of 162 
individuals belonging to three different 
countries, China, Denmark, and Spain.10 
From about 4 million human gut non-
redundant common gene, we identified a 
total of 1093 antibiotic resistance genes, 
displaying more than 80% similarity at 
protein level with those in the Antibiotic 
Resistance Genes Database (ARDB).11 
We found that the microbial origin of 
the antibiotic resistance genes was not 
consistent with other gut genes at the 
phylum level. In fact, among these 1093 
antibiotic resistance genes, 298 could be 
assigned to 106 specific strains at species 
and subspecies level by using the MEGAN 
program, and approximately 51%, 59%, 
79%, and 90% of these assigned genes 
were affiliated to gram positive, host-
associated, anaerobic, and mesophilic 
organisms, respectively (Fig. 1).

The 1093 antibiotic resistance genes 
were further classified into 149 gene 
types according to ARDB. We found 

both the Chinese and Danish population 
harbored 133 resistance gene types, and 
the Spanish population harbored 128 
gene types.10 Here, we further analyzed 
the metagenomic sequencing data from 
18 US adults12,13 and 13 Japanese adults 
and infants.14 By using the same searching 
method we used previously, we identified 
a total of 98 antibiotic resistance gene 
types in the US samples and 63 types 
in the Japanese (Table  S1). The widely 
distributed gene type in the US population 
was TetW, existing in 19 out of 20 samples, 
followed by MacB (18 samples) and 
BacA (17 samples), while in the Japanese 
population were BacA (12 samples), TetO 
(10 samples), and TetQ and TetW (both 
in 9 samples). Interestingly, among the 
13 Japanese individuals, a 7 month old 
female child F1-U contained 26 resistance 
gene types, which was the highest in the 
cohort; only 11 and 14 gene types were 
found in her mother and father’s guts, 
respectively. Further analysis shown that, 
among the 26 gene types in this child, only 
7 were the same as either her mother’s, her 
father’s, or both. Another child who was  
4 months old contained the second highest 
number of gene types (20 types). As 
neither subject encountered antibiotics for 

at least 4 weeks prior to sampling, neither 
had a history of gastrointestinal disorder 
or unusual eating behaviors.14 The reason 
and means by which so many antibiotic 
resistance genes were acquired in these 
children’s guts are interesting.

As these data were generated by 
using Roche/454 and Sanger sequencing 
methods (Roche/454 data for 18 US 
samples, Sanger data for two US samples, 
and 13 Japanese samples) and the 
sequencing depth was limited (on average, 
0.11 Gb and 0.057 Gb data per sample 
for US and Japan, respectively, while 
2.31, 3.32, and 3.19 Gb data for China, 
Denmark, and Spain, respectively), 
the results here were not compared 
with our previous publication. In other 
words, variance (batch effect15) will be 
undoubtedly introduced when conducting 
comparative analysis. We therefore merely 
give a short glimpse into the profile of the 
antibiotic resistance genes in the American 
and Japanese samples, instead of providing 
a comparative result.

Previously, we used a method similar 
to RPKM (reads per kilo bases per 
million reads) to determine the relative 
abundance of each antibiotic resistance 
gene identified. Interestingly, the Danish 
female individuals have higher abundance 
of resistance genes than male (P = 0.002), 
but no obvious differences were observed 
in the Chinese and Spanish populations 
(Fig. 2). Further, we found the TetQ gene 
type was the most abundant in all three 
countries, and the abundance of other gene 
types differs from country to country. It is 

Figure  1. The distribution of 298 antibiotic resistance genes assigned to specific strains. The 
classification of the strains was according to the NCBI taxonomy feature: (A) gram positive or gram 
negative; (B) environment/host/reservoir; (C) anaerobic/aerobic/facultative; and (D) temperature 
growth characteristics, e.g., mesophilic, psychrophilic, etc. The taxonomic affiliation analysis was 
based on the use of the MEtaGenome Analyzer (MEGAN, version 3.9) (LCA parameters: mini-score 
35, top percentage 10%).

Figure  2. Comparison of the relative 
abundance of antibiotic resistance genes 
between female and male individuals in 
different populations. China: female, n = 18; 
male, n = 20. Denmark: female, n = 45; male, n 
= 40. Spain: female, n = 24; male, n = 15.
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noteworthy that several genes belonging 
to vancomycin-resistant operons, VanRG 
for example, are also very common 
in each country. As not all structural 
gene sequences of individual Van-type 
operons (at least five genes for each Van 
operon) can be assembled together, we 
cannot estimate the real abundance of 
the vancomycin resistance determinants. 
However, we found a complete VanB 
operon sequence containing seven 
structural genes on the scaffold of a 
Danish sample, MH0012. Detailed 
analysis indicated that the sequence of the 
VanB operon in this sample was consistent 
with that carried on Enterococcus faecalis 
transposon Tn1549; this transposon was 
also found to be harbored by E. faecalis 
plasmid pMG2200 and by E. faecalis 
TX0104 genome (Fig.  3), suggesting 
that the VanB operon is frequently 
horizontally transferred. Interestingly, 
in E. faecalis TX0104, the VanB operon-
carrying transposon was inserted exactly 
into its pathogenecity island. So, whether 
the acquisition of a vancomycin resistance 
at the cost of reducing the virulence in E. 
faecalis TX0104 is unclear and is deserved 
to be further investigated.

It is recognized that antibiotic 
consumption is the main cause of the 
emerging resistance, and antibiotics used 
in animals have been shown to contribute 
to the emergence of antibiotic resistance 
in humans. Therefore, to correlate the 
abundance of antibiotic resistance genes 
in human gut microbiota with antibiotic 
consumption, we first reviewed the 
total outpatient antibacterial use in 20 
European countries from 1999 to 2008 
(Fig.  4A). On average, in this ten-year 
period, the highest antibiotic consumption 
rate was found in Greece (34.6 Defined 
Daily Dose [DDD] per 1000 inhabitants 
daily) and the lowest in the Netherlands 
(10.3 DDD per 1000 inhabitants daily). 
Spain exhibited a 1.4 times higher 
consumption rate than Denmark (19.0 vs. 
14.0 DDD per 1000 inhabitants daily). 
The different consumption rates in these 
two countries seems to be responsible for 
the different antibiotic resistance gene 
abundances in the two populations, for 
the relative abundance of resistance genes 
in Spain was nearly 1.8 times higher than 
in Denmark.10 However, both in Denmark 
and Spain, β-lactam antibiotics were 
the most commonly prescribed agents 

for ambulatory care, but tetracycline 
resistance genes were the most abundant 
resistance genes in their gut microbiota, 
accounting for nearly 50% of all resistance 
genes in each country.

Next, we surveyed the estimated total 
consumption of prescribed antimicrobials 
for production animals from 2000 to 
2008 (data available only for Denmark). 
Among six major classes of antimicrobial 
agents, tetracyclines were the most 
commonly used in production animals, 
and their consumption increased from 24 
000 kg (in 2000) to 38 200 kg (in 2007) 
in Denmark (Fig.  4B). These results 
give an indication that the abundance 
of tetracycline resistance genes in the 
Danish population could be, to a large 
extent, related to the consumption of 
tetracyclines in animals, which may 
also be the case for China and Spain. 
Data also shown that, in Demark, from 
2000 to 2008, the average veterinary 
consumption of antimicrobial substances 
was 30 206 kg per year; in contrast, only 
1662 kg of antibacterial agents were 
used in humans. In addition, previously 
we found antibiotic resistance genes of 
tetracyclines, MLSs, and beta-lactams or 

Figure 3. Schematic representations of the vancomycin-resistant VanB operon and comparison of the operon with representative counterparts in NCBI 
database. The VanB operon (red ORFs) was identified in a scaffold of Danish sample MH0012. The accession numbers of E. faecalis plasmid pMG2200, 
E. faecalis transposon Tn1549, E. faecalis TX0104 genome, and E. faecalis MMH594 pathogenecity island are AB374546, AF192329, ACGL00000000, and 
AF454824, respectively.
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their analogs accounted for >75% of the 
total antibiotic resistance genes in each of 
the three countries. It happened that these 
antibiotic classes were the most commonly 
used antimicrobials in animal (Fig. 4B). 
Taken together, we presumed that animal 
use antibiotics make greater contribution 
to the enrichment of antibiotic resistance 
genes in human guts. This view is also 
supported by another study where the 
authors use the metagenomic data sets of 
human gut microbiota from individuals of 
Spain, Denmark, and the United States, 
and find that antibiotics used in animal 
husbandry and the long-term use of 
antibiotics are the strongest determinants 
of the antibiotic resistance genes repertoire 
in the human gut microbiome.16

Summary

The results presented here and in 
our previously publication provide 
a comprehensive view of antibiotic 
resistance genes in human gut microbiota 

at a population level. The source of the 
resistance genes in human gut is complex, 
but antibiotic usage is undoubtedly 
a major factor.17-19 We suggest that, 
compared with human medicine use, 
antibiotics used in animal husbandry 
exert greater impact on the enrichment 
of antibiotic resistance genes in human; 
some evidence of antibiotic-resistant 
bacteria and antibiotic resistance genes 
spread from animals, even from soil, to 
humans have been provided.20,21 However, 
all our analysis and the suggestions are 
based on the available data to date; the 
source of antibiotic resistance genes in 
human gut microbiota would be more 
complicated than we now expected. 
Many other questions are still need to be 
answered—for example, which genes are 
intrinsic and which are acquired; to what 
extent the difference of resistance genes 
in different population was affected by 
the structure of the bacterial community; 
and how other factors, such as diet, 
compounds and heavy metal ions we 
encountered daily, and so on contributed 

to the enrichment of antibiotic resistance 
genes in our gut. All in all, future efforts 
on large scale and paralleled sampling of a 
reasonable selection of subjects (age, race, 
sex, antibiotic use history, etc.), should 
be made to fully profile the antibiotic 
resistance gene reservoir in human gut 
microbiota.
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Figure 4. (A) The total outpatient antibacterial use in 20 European countries from 1999 to 2008 (cumulative annual average). DDD, defined daily dose. 
Data obtained from the ESAC (European Surveillance of Antimicrobial Consumption) project (now ESAC-Net) (http://www.ecdc.europa.eu/en/activities/
surveillance/ESAC-Net/). (B) The estimated total consumption (kg active compound) of prescribed antimicrobials for production animals from 2000 to 
2008 in Denmark. Data obtained from DANMAP 2008 (http://www.danmap.org/).
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