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ABSTRACT

Bacterial resistance to antibiotics is a global public
health problem. Its association with bloodstream in-
fections is even more severe and may easily evolve
to sepsis. To improve our response to these bacteria,
it is essential to gather thorough knowledge on the
main pathogens along with the main mechanisms of
resistance they carry. In this paper, we performed a
large meta-analysis of 3872 bacterial genomes iso-
lated from blood samples, from which we identi-
fied 71 745 antibiotic resistance genes (ARGs). Tax-
onomic analysis showed that Proteobacteria and Fir-
micutes phyla, and the species Klebsiella pneumo-
niae and Staphylococcus aureus were the most rep-
resented. Comparison of ARGs with the Resfams
database showed that the main mechanism of antibi-
otic resistance is mediated by efflux pumps. Clus-
tering analysis between resistome of blood and soil-
isolated bacteria showed that there is low identity be-
tween transport and efflux proteins between bacteria
from these environments. Furthermore, a correlation
analysis among all features showed that K. pneumo-
niae and S. aureus formed two well-defined clusters
related to the resistance mechanisms, proteins and
antibiotics. A retrospective analysis has shown that
the average number of ARGs per genome has grad-
ually increased. The results demonstrate the impor-
tance of comprehensive studies to understand the
antibiotic resistance phenomenon.

INTRODUCTION

Antibiotics revolutionized medicine in the 1930s and 1940s,
saving millions of lives. However, their indiscriminate use
quickly led to the emergence of the first strains of penicillin-

resistant bacteria in 1950 (1) and, over the subsequent 40
years, to the emergence of bacteria resistant to all available
antibiotics, becoming a worldwide problem (2). In general,
bacterial resistance arises when a change in the genome,
which may result from a spontaneous mutation and/or gene
acquisition, causes biochemical changes that modify the in-
tracellular antimicrobial concentration or the affinity of the
target for the antimicrobial. These changes in the genome
create the genetic variability upon which natural selection
acts, giving advantages to the fittest organisms. Drugs act as
selective agents, favoring the rare resistant bacteria present
in the population (3). There are different classes of antibi-
otic resistance mechanisms (4); however, they can be divided
into three main categories: (i) antibiotic inactivation-based
mechanisms; (ii) antibiotic efflux-based mechanisms; and
(iii) target-based mechanisms.

Antibiotic-inactivating or antibiotic-modifying enzymes
are considered the main resistance mechanisms and have al-
ready been described for most antibiotics. Antibiotic inacti-
vation can occur by transferring chemical groups to the an-
tibiotic molecule, which reduces its affinity for the target, or
by degradation involving hydrolases. In the latter case, beta-
lactamases are the most studied enzymes, mainly because
they are the main mechanism of resistance to beta-lactam
antibiotics, the most widely used class of antimicrobials in
clinical practice (5).

Changes in the expression of efflux pumps, which are
membrane proteins that export antibiotics out of the cell
and keep intracellular antibiotic concentrations low, are
responsible for the increased clearance of antimicrobials
(6,7). In gram-positive bacteria, efflux pumps consist of
a single component that transfers its substrate across
the cytoplasmic membrane. Multicomponent efflux pumps
have been found in gram-negative bacteria; these trans-
porters contain a periplasmic membrane fusion protein
and an outer membrane protein responsible for the trans-
fer of substrates through the cell wall. Antibiotics of all
classes, except polymyxins, are susceptible to efflux sys-
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tems. Efflux pumps may be drug- or class-specific and
are capable of causing resistance to several different com-
pounds (macrolides, tetracyclines and fluoroquinolones).
Multidrug resistance efflux pumps are categorized into five
super families based on amino acid sequence identity, the
energy source used to export substances and the substrate
specificities of the different pumps. These pumps include
adenosine triphosphate-binding cassette (ABC), major fa-
cilitator superfamily (MFS), resistance-nodulation-division
family (RND), small multidrug resistance (SMR) and the
superfamily multidrug and toxic compounds extrusion (8).
The target-based mechanisms occur due to mutations that
lead to a reduction in the affinity of the drug; for example,
quinolone and fluoroquinolone resistance due to modifica-
tions in topoisomerase II (gyrA and gyrB) and IV (parC and
parE) (9,10).

Resistant microorganism infections may be responsible
for common community infections such as respiratory in-
fections and diarrhea, but resistant microorganism infec-
tions are more worrying in the hospital environment. The
combination of susceptible patients with prolonged and in-
tensive use of antimicrobials has resulted in highly resis-
tant nosocomial infections. Resistant hospital-acquired in-
fections are extremely difficult to treat and costly to eradi-
cate or even control. The consequences of this scenario are
severe, leading to higher morbidity, mortality and length of
stay in the hospital, as well as a direct increase in hospital
costs (11).

In particular, the presence of multidrug resistant bacte-
ria in intensive care units (ICUs) not only is a frequently
occurring situation but also is the most worrying situation,
especially due to the high-selective pressure of antibiotics in
these environments. Bloodstream infections caused by resis-
tant gram-negative organisms can reach a mortality rate of
80 to 85%. In the EPIC II study, which included over 13 000
patients in 1200 ICUs from 75 countries, the overall preva-
lence of infections in ICUs was analyzed. These authors
found that 51% of patients admitted to these units were di-
agnosed with infection and 71% were receiving antimicro-
bials, with the majority using two or more antibiotics (12).
Currently, the rates of infections caused by resistant bacte-
ria have been steadily increasing. In the United States, at
least 23 000 deaths from multidrug resistant bacterial infec-
tions are reported each year, and the number of people af-
fected by these infections annually is estimated at 2 million
(13,14). Unfortunately, forecasts suggest that the number of
deaths from these infections will grow even higher, reaching
∼10 million deaths by 2050, with a cumulative cost of US
$100 trillion (14).

In this work, we performed a meta-analysis of thousands
of bacterial genomes isolated from the blood of patients to
identify the main mechanisms of antibiotic resistance in this
state.

METHODOLOGY

Dataset for analysis

The organisms for the analysis were selected with the
Pathosystems Resource Integration Center v3.5.34
(PATRIC) database (15). We selected bacteria that were

isolated from humans (Host name = Homo sapiens) and
had the word ‘blood’ in their database records. From the
total genomes deposited in the PATRIC database (227 568
genomes), this search returned a record table containing
7586 entries distributed in 6733 whole genome sequencing
(WGS), 436 complete genomes and 394 plasmid sequences.
This table was then filtered by python scripts so that
only sequences that had blood isolation information in
at least one of the following fields remained: ‘Isolation
site’, ‘Isolation source’, ‘Body sample site’ or ‘Body sample
subsite’. After this filtering, the results were manually
reviewed to ensure that no false positive sequences were
obtained in the analysis. Sequences that did not have
‘NCBI taxon id’ and ‘Genome Status’, and plasmids that
did not link to any genome or WGS sequence through the
same ‘Assembly accession’ were filtered out, resulting in
a total of 4028 final sequences (3616 WGS, 256 complete
genomes and 156 plasmids). Finally, the proteomes of
these genomes and plasmids were downloaded from the
PATRIC database in fasta format. Due to a lack of stan-
dardization in the date format accepted by the database
in the ‘Collection Date’ field, the data in this field were
manually standardized to represent the correct date. As
a control group for our analysis, we used 877 genomes
of soil bacteria obtained from the RefSoil database (16).
The genomes of soil bacteria were analyzed using the same
methodology.

Taxonomic distribution

To estimate the taxonomic diversity of the sample, the
‘NCBI taxon id’ field of the WGS sequences and complete
genomes was used, thus excluding the plasmid sequences.
To this end, we used a python script, which searched
through the Taxonomy database HTML–NCBI (17). Taxo-
nomic information regarding the phylum, class, order, fam-
ily, genus and species levels for each of the sequences was
recovered.

Identification of antibiotic resistance genes (ARGs)

The identification of antibiotic resistance genes (ARGs) was
performed using the hmmsearch algorithm (18) with the –
cut-ga option against the hmm Resfams core v1.2 model
(19), which has only protein data with experimentally val-
idated antibiotic resistance functions. The results were fil-
tered, and only the ARGs with hits that had an e-value <
10e-5 were retained. Nonhomologous proteins that had suf-
ficient e-values to pass the cut off were removed whenever
the bias value (bv) was in the same magnitude order as the
sequence bit score (bs) (bv > bs / 10). In cases where two
or more hits were obtained for the same gene, only the hit
with the lowest e-value was considered. The families of re-
sistance genes provided by Resfams were classified using
the information available in the Comprehensive Antibiotic
Resistance Database (CARD) (20) according to their re-
sistance mechanisms, type of proteins involved and classes
of antibiotics to which they confer resistance. Through
this classification, we categorized the genes found in our
analysis and calculated the occurrence of genes for each
category.
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Cluster analysis of ARGs

To verify the identity between proteins of blood and soil iso-
lates, we performed a cluster analysis using the cd-hit pro-
gram (21) with 90% identity. A composition cluster analy-
sis was performed normalizing the number of proteins from
soil through the multiplication of its occurrences by the ra-
tio of total number of blood environment proteins by the to-
tal number of soil environment proteins in the cluster. Then,
the normalized number of proteins in both conditions of
each cluster was then compared to verify the proximity be-
tween proteins found in blood and soil environment and its
diversity.

Statistical analysis

Tests for independence between two features were per-
formed based on the Chi-square test or Fisher’s exact test
for independence and/or homogeneity between the cate-
gorical variables in the contingency tables. In all cases, P-
values < 0.05 were considered statistically significant. All
tests were performed in R. The packages gplots (22) and
vcd (23) were used to better visualize the contingency tables
for each figure.

RESULTS

Diversity of isolated blood bacteria

Mining of the PATRIC database for blood-isolated bacte-
rial genomes resulted in the identification of 3872 genomes,
including complete genomes and WGS. This number rep-
resents approximately 1.6% of the total genomes deposited
in PATRIC, which had 227 568 genome sequences in the
version used. Diversity analysis of the selected genomes re-
vealed that they were distributed into 7 phyla, 14 classes,
105 genera and 214 species. Of this total, 56.2% of the
genomes belonged to the Proteobacteria phylum, fol-
lowed by the Firmicutes phylum, with 41.2% (Figure 1A).
The other phyla identified (Actinobacteria, Bacteroidetes,
Spirochaetes, Tenericutes and Fusobacteria) represented
between 1.3 and 0.05% of the genomes. Among the most
represented bacterial classes, two taxa (Gammaproteobac-
teria and Bacilli) accounted for 90% of the blood isolate
genomes with 49 and 41%, respectively (Figure 1C and D).
At the genus level, Staphylococcus (Firmicutes) appeared
to be the most represented among blood isolate genomes,
with 18.2% of the total genomes, followed by Klebsiella
(Proteobacteria), with 15.2% (Figure 1C and D). Of the
105 genera identified, the 4 most represented contributed
∼57% of the total; with two genera of gram-positive bacte-
ria, Staphylococcus and Streptococcus, and with two genera
of gram-negative bacteria, Klebsiella and Escherichia. The
distribution between the different genera of the Gammapro-
teobacteria class in the blood isolates was more homoge-
neous than within the Firmicutes phylum; 44.1% of the Fir-
micutes genomes belonged to the genus Staphylococcus. Of
the 214 bacterial species identified, the 8 most abundant
represented more than 80% of the identified and analyzed
genomes: Staphylococcus aureus, Klebsiella pneumoniae, Es-
cherichia coli, Streptococcus pneumoniae, Listeria monocy-
togenes, Pseudomonas aeruginosa, Acinetobacter baumannii

and Salmonella enterica. Among these species, S. aureus was
the most identified with 603 genomes, while K. pneumoniae
had 536 genomes (Supplementary Figure S1).

The genomes of soil bacteria were distributed in 22 phyla,
38 classes, 282 genera and 470 species, showing a higher di-
versity compared to blood isolates (Figure 1B). The most
representative phyla in the soil database were also Pro-
teobacteria (53%) and Firmicutes (24%) followed by Acti-
nobacteria (13%), Cyanobacteria (2%), Bacteroidetes (2%)
and Spirochaetia (2%). Unlike the distribution of taxa
found among blood isolates, there is no dominance of a spe-
cific group. While Gammaproteobacteria represented 87%
of Proteobacteria among blood isolates, among soil isolates
this representativeness dropped to 43%. The other classes,
Alpha, Beta and Deltaproteobacteria, also showed a ho-
mogeneous distribution. The Bacilli class also showed a
decrease among blood and soil isolates, going from 99 to
74% of representativeness of the phylum Firmicutes, respec-
tively. However, the most drastic change has occurred at
the genus level. The representativeness of the genera Kleb-
siella and Staphylococcus decreased from 15.2 and 18.2%
of the total genomes of blood isolates to 0.9 and 0.6%
among genomes of soil isolates, respectively. The genera
Pseudomonas (6%) and Bacillus (11%) were the most rep-
resented in soil genomes. These data suggest that there is a
trend for some specific groups in blood samples and indi-
cates potential emerging isolates.

Main mechanisms of antibiotic resistance identified in blood
isolates

The identification of ARGs present in blood-isolated bacte-
rial genomes was performed by comparison with the HMM
model obtained from Resfams. To this end, the amino acid
sequences of all encoded proteins were retrieved from the
original PATRIC files. From the 3872 genomes, a total of
15 796 644 protein sequences were obtained. Of this to-
tal, 71 745 sequences (0.45%) were matched against Res-
fams in accordance with the cut off. These sequences were
distributed among 10 major antibiotic resistance mecha-
nisms: antibiotic inactivation, ABC transporter, MFS ef-
flux, SMR efflux, RND efflux, other antibiotic efflux, tar-
get protection, target replacement, target overexpression
and target alteration. However, these 10 mechanisms can
be grouped into three broader categories: (i) antibiotic
inactivation-based mechanism; (ii) antibiotic efflux-based
mechanisms; and (iii) target-based mechanisms. Consid-
ering this distribution, the vast majority of the identified
genes were within the antibiotic efflux-based category with
72.07% of the sequences, while antibiotic inactivation-based
and target-based mechanisms made up 19.57 and 3.36%,
respectively. A similar distribution was found when con-
sidering the amount of ARGs normalized by the num-
ber of analyzed genomes: 72.06% efflux-based, 19.57%
inactivation-based and 8.36% target-based mechanisms. In
our method, no genes related to the target overexpression
mechanism were found. Among the mechanisms identified
in blood-isolated bacterial genomes, those with the most
genes assigned were RND efflux (33.74%), ABC transporter
(25.18%) and antibiotic inactivation (19.57%) (Figure 2A).
The same methodology was applied to the soil-isolate bacte-
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Figure 1. Genome diversity of blood isolates. Taxonomic classification was obtained from the NCBI TaxonID. (A) Phylum-level distribution of blood-
isolated bacterial genomes. (B) Phylum-level distribution of soil-isolated bacterial genomes. (C) Taxonomic distribution within the phylum Proteobacteria
of blood isolate genomes. (D) Taxonomic distribution within the Firmicutes phylum of blood isolate genomes.

rial genomes. Of the 877 genomes, 3 633 861 proteins were
extracted and compared with Resfams. A total of 11 325
(0.31%) found a match in the Resfams database. The distri-
bution of ARGs within the established classes showed that
there are similarities and differences between the values ob-
tained for blood and soil bacterial genomes. The propor-
tion of ARGs identified as RND efflux was similar to that
found for the soil (34.17%). On the other hand, the pro-
portion of ARGs identified as ABC transporter is higher
in soil-isolated bacterial genomes (34.99%). The proportion
of other antibiotic efflux proteins and inactivating antibiotic

proteins is higher in the genomes of blood isolates (1.90 and
17.56%) (Figure 2A). However, when we consider the nor-
malized value of ARGs by genome, we find that all classes of
resistance mechanisms are higher in blood-isolated bacte-
ria. With the exception of antibiotic inactivation and RND
efflux, all other classes had a P-value < 0.05 in t-test for two
samples (Figure 2B).

The comparison between the mechanisms identified in
the two most represented bacterial phyla, Proteobacte-
ria and Firmicutes, showed a discrepancy between gram-
negative (Proteobacteria) and gram-positive bacteria (Fir-
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Figure 2. ARGs distribution and characterization: A total of 71 745 and 11 325 ARGs from blood and soil isolates, respectively, were identified after
comparison with the Resfams database using the HMM model. The ARG-encoding proteins were classified according to their mechanism (A and B),
their function described in the Resfams databases (C and D) and to the antibiotic that they confer resistance to (E and F). (A) Proportions and (B) value
normalized by the number of genomes of the different mechanisms of resistance to antibiotics. (C) Proportions and (D) value normalized by the number
of genomes of the different proteins related to antibiotic resistance. (E) Proportions and (F) value normalized by the number of genomes of the target
antibiotics. Normalized values with significant differences in t-test for two samples (P-value < 0.05) were identified with the symbol *.

micutes) (Supplementary Figure S2). Considering the
efflux-based resistance category, 46.06 and 18.7% of the
ARGs in Proteobacteria were from RND efflux and ABC
transporter classes, respectively. On the other hand, in Fir-
micutes, these classes represented 3.42 and 40.91% of the
ARGs, respectively. A similar proportion was found for soil
genomes (Supplementary Figure S2). Searching for ARGs
in the soil-isolated bacterial genomes, we verified that there
are differences in the distribution of the transporters consid-
ering the blood and soil environments and the Proteobacte-
ria and Firmicutes phyla. The efflux mechanisms identified
as MFS efflux, SMR efflux and other efflux showed higher
proportions in blood isolates. RND efflux showed simi-
lar proportions between soil and blood bacterial genomes
while ABC transporter showed a higher proportion in soil
bacterial genomes. However, when we consider the normal-
ized values of ARGs per genome, blood-isolated bacterial
genomes showed higher values in all transport and efflux
mechanisms. In the specific case of Firmicutes and Pro-
teobacteria, the comparative analysis with the soil-isolated

bacterial genomes showed that there is a small difference
in proportion between Firmicutes and Proteobacteria of
soil and blood in the ABC and RND transporters. Blood-
isolated Firmicutes have a lower proportion of ABC trans-
porters, but a higher proportion of MFS and RND trans-
porters. Blood-isolated Proteobacteria, in turn, have a lower
proportion of RND transporters, but a higher proportion
of MFS, SMR and Other efflux (Supplementary Figure S2).

To specifically compare the distribution of ARGs in the
genomes of blood and soil-isolated bacterial genomes, we
evaluated the degree of identity between the proteins and
Resfams, as well as the degree of identity between the pro-
teins in the two samples to each other. The scores ob-
tained for all proteins from blood and soil isolates were
compared. We observed that the scores of all antibiotic re-
sistance mechanisms of blood-isolated bacterial genomes
are higher than those of soil isolates (Supplementary Fig-
ure S3). This result suggests that there is a higher identity
among proteins from blood isolates in relation to Resfams
than proteins from soil isolates. To specific compare the
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proteins from blood isolates to proteins from soil isolates
in the ABC transporter and RND efflux we clustered all
sequences. Through this analysis we note a clear distinc-
tion between blood and soil proteins in RND efflux and
ABC transporter, with a little number of clusters containing
proteins from both environments. Most of the groups were
formed by proteins from the same environment. Overall, the
clusters formed mainly by the blood isolates proteins were
bigger than the clusters formed by the soil isolated proteins,
however the soil groups presented a greater number of clus-
ters (Supplementary Figure S4). Together, these two results
suggest that, although we find similar proportions of these
transporters in blood and soil-isolated bacterial genomes,
these transporters correspond to different proteins.

We also found discrepancies between blood and soil-
isolated bacterial genomes the two phyla in the target-
based and antibiotic inactivation-based mechanisms cate-
gory (Figure 2A and B). Despite the small number of genes
identified within the target replacement (n = 564) and tar-
get protection mechanisms (n = 232), it was possible to de-
termine that these genes were exclusive to the blood iso-
lated Firmicutes and Proteobacteria phyla, respectively. The
target-protection based mechanism was not identified in
soil Firmicutes. ARGs within the antibiotic inactivation cat-
egory were higher in proportion and in ARGs per genomes
in the blood-isolated bacterial genomes (Figure 2A and B).

The distribution of resistance mechanisms within the first
10 genera with over 1000 identified ARGs each allowed us
to verify the differences between gram-positive and gram-
negative bacteria in more detail (Figure 3A and Supplemen-
tary Figure S5). Of these 10 genera, 6 were gram-negative
bacteria and 4 were gram-positive bacteria. The genera
of gram-negative bacteria had a very similar ARG pro-
file, dominated by genes from the other antibiotic efflux,
RND efflux and antibiotic inactivation categories. The gen-
era of gram-positive bacteria, in turn, had two different pro-
files. Staphylococcus and Enterococcus presented a profile
dominated by ABC transporters, target alterations and an-
tibiotic inactivation genes. Streptococcus and Listeria pre-
sented a profile strongly dominated by ABC transporters
with a smaller number of target alterations and antibiotic
inactivation genes. Independence tests between antibiotic
resistance mechanisms and gram type showed a significant
dependence (P < 2.2e-16) between these two factors (Fig-
ure 3A).

Functional characterization of ARGs in blood isolates

Using the functional categorization of Resfams results, we
classified all ARGs by function (Figure 2C). The major
protein-related function involved in antibiotic resistance
was transport, with 64.74% of the sequences. Within this
function were all types of transporters previously identified
in this work (ABC, RDN, MFS, SMR and efflux pump).
Following the transporters, we found the modifying en-
zymes, with 14% of the sequences, and hydrolases, with
9.47%. These values were close to those identified in the
mechanisms of antibiotic inactivation. Interestingly, imme-
diately after identifying hydrolases, we found two classes
of proteins that, at first, did not have a canonical function
in antibiotic resistance: gene modulating resistance pro-

teins (5.4%) and two-component regulatory system proteins
(5.09%). The proportions of these functions, in general, are
higher in soil genomes when compared to blood genomes.
The normalized analysis by number of genomes showed
that the amount of ARGs related to transport proteins,
gene modulating and modifying enzymes is higher in blood
genomes (P-value < 0.05) (Figure 2D). As observed for the
resistance mechanisms, we detected a significant functional
discrepancy (P < 2.2e-16) between the distribution of pro-
teins from gram-positive and gram-negative bacteria (Fig-
ure 3B). The same dominance of transport proteins was ob-
served at the genus level (Supplementary Figure S6).

When we looked at the major classes of antibiotics to
which these proteins confer resistance, proteins capable of
attacking various classes of antibiotics (various substrates
and multidrug) represented 58.38% of sequences (Figure
2E). Proteins that confer resistance to beta-lactam antibi-
otics appeared second (10.9%), followed by proteins that
confer resistance to aminoglycosides (8.19%). The compar-
ison of the proportions found for blood and soil-isolated
bacterial genomes showed some discrepancies. The class
various substrates, responsible for the transport of antibi-
otics and other molecules, is higher in soil genomes. The
normalized analysis, however, showed similar values, but
not significant. The multidrug class has a higher proportion
in blood genomes when compared to soil genomes, both for
proportions and for normalized analysis (P-value < 0.05)
(Figure 2F). Prediction of target antibiotics in the 10 gen-
era with the highest number of identified genes showed, as
in the previous analyses, a significant discrepancy (P < 2.2e-
16) between gram-positive and gram-negative bacterial gen-
era (Figure 3C and Supplementary Figure S7).

Correlation of ARG features of blood isolates.

We also tested the overall Pearson correlation between all
types of antibiotic resistance mechanisms, protein functions
and target antibiotics to identify possible coupled factors
(Figure 4). Confirming our previous results, we found two
very well-defined clusters: one related to K. pneumoniae
(Kp-cluster) and the other related to S. aureus (Sa-cluster).
Concerning the efflux mechanisms, we detected a positive
correlation among K. pneumoniae, RND efflux, SMR ef-
flux and other antibiotic efflux and a negative correlation
with MFS efflux. For S. aureus, the opposite occurred: a
strong positive correlation with ABC transporters and MFS
efflux and a negative correlation for RND and other an-
tibiotic efflux systems. ABC transporters are very general
transporters. For this reason, the CARD database does not
identify which antibiotics they provide resistance to and as-
sociates these proteins with ‘various substrates’ class more
than ‘multidrug’. In the target-based category, Kp had a
weak correlation with target protection and antibiotic in-
activation, while Sa had a positive correlation with target
replacement and alteration. Within protein function, we
found a strong correlation among Kp, transport protein,
hydrolase and, interestingly, a two-component regulatory
system. In the Sa cluster, we found a strong correlation
with target mutations, modifying enzymes and gene mod-
ulation. Finally, for the antibiotic target, we found a strong
positive correlation between Kp, various substrates, mul-
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Figure 3. Association plot among antibiotic resistance features and taxonomy: association plot showing possible correlations between gram type or genera
and the proportion of each resistance mechanism (A), protein function (B) and target antibiotics (C). Significant Pearson’s residuals are shown as positive
and negative whenever the genes in each category were enriched (blue) or depleted (red) compared to what would be expected by chance, respectively.
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Figure 4. Correlation plot between Klebsiella pneumoniae, Staphylococcus aureus and all ARG features. The ARG occurrences in K. pneumoniae and S.
aureus were distributed among antibiotic resistance mechanisms, protein functions and target antibiotics, and the correlation between terms was tested
with the package gplots from R.

tidrug, Beta-lactam, aminoglycoside and macrolide. For Sa,
we found a strong correlation with fluoroquinolones, ni-
troimidazoles and antimicrobial peptides. Based on these
results, we can infer that the multiple resistance condition
is a phenomenon more related to K. pneumoniae than S. au-
reus.

To check if there is a relationship between our results and
experimentally measured phenotypic data, we identified,
among the genomes of blood isolates, those who had infor-
mation on the antibiotic to which they were resistant with
the associated minimum inhibitory concentration (MIC)
value. Of 3872 genomes, 84 had the necessary data. The cor-
relation analysis between mechanisms and resistance phe-
notype revealed that the transporters are associated with al-
most all antibiotics for which experimental data were avail-
able (18 of 24, P < 0.05). No relationship was found be-
tween transporters and cefotaxime, nitrofurantoin, tigecy-
cline, minocycline, piperacillin and levofloxacin. Minocy-
cline and levofloxacin correlate with antibiotic inactivation;
nitrofurantoin and minocycline with target alteration; cefo-

taxime and tigecycline did not correlate with the analyzed
mechanisms (Figure 5).

A strong correlation between beta-lactam and target al-
teration mechanism has also been identified. Although re-
sistance to beta-lactam antibiotics has already been associ-
ated with the target alteration mechanism, the most com-
mon mechanism related to the beta-lactam antibiotic is en-
zymatic inactivation. To further investigate this correlation,
we performed the same previous analysis for each species
with five or more representatives with phenotypic resistance
data. Only three species met the criteria: E. coli (n = 47), A.
baumannii (n = 16) and K. pneumoniae (n = 5). The corre-
lation analysis carried out for the available blood-isolated
K. pneumoniae genomes revealed that the main mechanism
of resistance to beta-lactam is, indeed, antibiotic inactiva-
tion. Transport mechanisms were related to other class of
antibiotics. Interestingly, these mechanisms were not com-
plementary, that is, positive correlations for antibiotic in-
activation had negative correlation for transporters for the
same antibiotic (Supplementary Table S1). It was also pos-
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Figure 5. Correlation plot between antibiotic resistance mechanisms and
phenotypic features. Phenotypic antibiotic resistance (MIC) data were re-
trieved for 84 genomes of blood isolates and correlated with the ARGs
identified in the respective genomes. Significant Pearson’s residuals are
shown as positive and negative whenever the genes in each category were
enriched (blue) or depleted (red) compared to what would be expected by
chance, respectively.

sible to verify in K. pneumoniae had a strong correlation be-
tween the antibiotics colistin and polymyxin B and the ABC
transporter and RND efflux mechanisms. The same corre-
lation was observed in A. baumannii. Cheng et al., working
with random insertion mutants of K. pneumoniae found that
inactivating an RND efflux pump was able to increase sen-
sitivity to colistin by 8-fold. We found that the correlation
between carbapenems and target alteration was caused by
the presence of genes related to this mechanism in all strains

of A. baumannii and in one strain of E. coli. For E. coli, the
only strain capable of resisting concentrations of 16 mg/l
of meropenem had one ARG related to target alteration.
These features resulted in a strong positive correlation be-
tween meropenem and target alteration mechanism (Sup-
plementary Table S1).

Distribution of ARGs per genome per year

Among the two main phyla of bacteria isolated from blood
(Proteobacteria and Firmicutes), it was possible to ob-
serve a large difference in the average number of ARGs per
genome. While Proteobacteria (2177 genomes analyzed) av-
eraged 23 ARGs per genome, Firmicutes (1594 genomes
analyzed) averaged 12 ARGs per genome, a reduction of
∼50%. For genus-level analysis, we limited the analysis to
genera with at least 10 sequenced genomes (Table 1). Thus,
the genus Acinetobacter appeared first with an average of
33 ARGs per genome. Within the phylum Proteobacteria,
following the genus Acinetobacter, were the genera Pseu-
domonas (30 genes), Escherichia (26 genes), Klebsiella (26
genes), Enterobacter (25 genes) and Serratia (21 genes).
Representatives of the Firmicutes phylum soon appeared
with Enterococcus (21 genes) and Staphylococcus (18 genes).
Interestingly, the next genus with the highest average of
ARGs by genome was Elizabethkingia, from the phylum
Bacteroides, with 17 genes. For comparison, the average
number of ARGs per genomes in soil isolates was 12.9.

Information available in the PATRIC database also in-
cludes the year in which the samples were collected. From
this information, it was possible to perform an ARG analy-
sis over time (Figure 6). The earliest culture collection sam-
ples date from the early twentieth century, from the pre-
antibiotic era and provide a rich source of information for
understanding the evolution of the resistance phenomenon.
Unfortunately, there are few records of this period for blood
isolates. Overall, the number of ARGs per genome in blood
isolates was very variable. However, a trend for the number
of ARGs per genome to increase over time was observed
(Figure 4). The number of deposited and analyzed genomes
also increased over time, probably reflecting the evolution
and decreased cost of DNA sequencing technologies, which
contributes to more reliable analyses. The oldest S. aureus
genome found with our search parameters dates back to
1963. When we plotted S. aureus data over time, we detected
a large dispersion in the number of ARGs by genomes, and
the values were close to the global average over the same pe-
riod. In the case of K. pneumoniae, the oldest genome found
dates back to 1997. This species shows a smaller dispersion,
and the average of ARGs per genome was well above the
global average over the same period (Figure 6).

DISCUSSION

Bacterial infections in the blood are a serious health prob-
lem due to their potential for rapidly developing sepsis.
An additional complication to this condition arises when
the bacteria causing this infection are resistant to antibi-
otics (24). The combination of these two factors constitutes
one of the main threats to human health, as evidenced by
the high mortality rate (24). In this paper, we conducted
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Table 1. ARGs per genome

Phylum Genus #Genomes #Total genes #ARGs ARGs/genomes ARGs/total genes

Proteobacteria 2177 11 205 839 50 786 23.33 0.45
Acinetobacter 226 881 493 7483 33.11 0.85
Pseudomonas 212 1 429 075 6478 30.56 0.45
Escherichia 422 2 230 964 11 342 26.88 0.51
Klebsiella 588 3 493 634 15 667 26.64 0.45
Enterobacter 60 322 658 1548 25.80 0.48
Serratia 27 148 719 573 21.22 0.39
Burkholderia 48 361 501 875 18.23 0.24
Stenotrophomonas 24 117 04 416 17.33 0.36
Salmonella 192 994 796 3124 16.27 0.31
Bordetella 10 39 345 140 14.00 0.36
Yersinia 28 124 305 361 12.89 0.29
Brucella 39 136 372 339 8.69 0.25
Vibrio 24 111 493 205 8.54 0.18
Bartonella 25 37 315 149 5.96 0.40
Neisseria 72 19 459 360 5.00 0.19
Haemophilus 26 49 726 130 5.00 0.26
Helicobacter 34 82 958 65 1.91 0.08

Firmicutes 1594 4 262 984 20 280 12.72 0.48
Enterococcus 132 422 063 2770 20.98 0.66
Staphylococcus 703 1 923 577 12 580 17.89 0.65
Listeria 216 642 244 1950 9.03 0.30
Lactobacillus 25 75 222 127 5.08 0.17
Streptococcus 490 1 081 587 2424 4.95 0.22

Bacteroides 27 100 892 297 11.00 0.29
Elizabethkingia 10 39 325 175 17.50 0.45

Actinobacteria 50 174 838 219 4.38 0.13
Corynebacterium 18 45 239 62 3.44 0.14

All genera with more than 10 sequenced genomes were analyzed for the average number of ARGs per genome and the relation between ARGs and the
total number of genes.

Figure 6. Historical distribution of the average number of ARGs in blood isolates. The average number of ARGs per year was obtained by dividing the
total number of ARGs found in a given year by the total number of genomes available in the same year. The category ‘all genera’ does not include the
genera Staphylococcus and Klebsiella. On the right axis, the total number of genomes, including Staphylococcus and Klebsiella, identified each year was
plotted.

a broad analysis of publicly available data to profile taxo-
nomic diversity, ARGs and resistance mechanisms in bac-
terial genomes isolated from human blood.

Taxonomic diversity analysis revealed that the two ma-
jor bacterial phyla isolated from blood samples were
Proteobacteria and Firmicutes, gram-negative and gram-
positive bacteria, respectively. At the genus level, the main

genera listed were Staphylococcus and Klebsiella and, at the
species level, S. aureus and K. pneumoniae. While infections
caused by gram-positive bacteria were concentrated in the
genus Staphylococcus, gram-negative bacteria, there was a
broader distribution in different genera. Staphylococcus is
a genus widely associated with blood infections, with S. au-
reus being the most related to clinical cases (25,26). Staphy-
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lococcus aureus is a commensal bacterium commonly found
in the skin and upper airways and a pathogen responsible
for ∼20% of bloodstream infections (27,28). Other stud-
ies showed that S. aureus is the main bacterial species in-
volved in sepsis (29). The emergence of methicillin-resistant
S. aureus (MRSA), in turn, seriously aggravated sepsis, fur-
ther increasing the mortality from blood infections caused
by this bacterium (25). The classical mechanism of methi-
cillin resistance in S. aureus occurs by the expression of an
additional penicillin-binding protein (PBP2a) (30), but re-
sistance by drug efflux also plays an important role, and
several efflux pumps along with their transcriptional reg-
ulators have been identified (31). Similarly, the genus Kleb-
siella is widely associated with bloodstream infections. The
main species involved in this context is K. pneumoniae, an
enterobacteria naturally found in the environment on plant
surfaces, soil and in the integument and mucosa of animals
(32). In humans, this is a commensal organism that com-
monly inhabits the gastrointestinal microbiome (33). His-
torically, K. pneumoniae has been associated with nosoco-
mial infections, being an opportunistic agent that primarily
affects people undergoing treatment, immunocompromised
patients, newborns and the elderly (34). A survey of the
ICU found that K. pneumoniae was responsible for ∼15%
of bacterial infections between 1993 and 2004 (35). Since
their identification, strains with high potential for virulence
and/or resistance to antibiotics have been described, includ-
ing carbapenemase-producing K. pneumoniae (KPC). The
resistance of KPC is due to the production of enzymes that
degrade broad-spectrum carbapenem antibiotics, a beta-
lactam drug (36). The analysis of a database of soil-isolated
bacterial genomes showed a more diverse taxonomic distri-
bution with a very small proportion of K. pneumoniae and
S. aureus indicating that there is, in fact, an enrichment for
these species in cases of blood infection.

At the species level, we were able to detect bacteria of
the group called ‘ESKAPE’ (formed by Enterococcus fae-
cium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa
and Enterobacter species). This group of bacteria is strongly
related to nosocomial infections and is becoming increas-
ingly resistant and prevalent in hospital environments (37).
In our analysis they stand out when considering the num-
ber of resistance genes per genome (Table 1), with at least 20
ARGs on average each (except for S. aureus). Other bacte-
ria ranked higher in terms of the number of occurrences had
less than 10 average ARGs per genome, as was the case for
Streptococcus pneumoniae, L. monocytogenes and Neisseria
meningitidis. This number is smaller than that found for
soil-isolated bacterial genomes (12.9 ARGs per genomes).
Escherichia coli is also highly prevalent in nosocomial infec-
tions (38) and resembles the other pathogens of this group,
with an average of 26.9 resistance genes per genome. The
S. enterica species also had a large number of occurrences
in the sample (n = 192), but it did not have as many ARGs
as the ESKAPE nor as low as Streptococcus, Listeria and
Neisseria, appearing to be intermediate among them.

In addition to the bacterial genera commonly found in
blood infections, we also identified potential emerging bac-
teria that may become a problem in the future. Among
these, one genus worth mentioning is Elizabethkingia.
Unlike Klebsiella and Staphylococcus, the genus Eliza-

bethkingia belongs to the phylum Bacteroidetes, mostly
consisting of environmental and commensal bacteria. This
genus was created in 2005 with the transfer of the species
Chryseobacterium meningosepticum and Chryseobacterium
miricola (39). The former is known to cause nosocomial in-
fections, especially in immunocompromised patients (40),
whereas the latter was originally isolated from condensed
water from the Russian space station (41) and rarely causes
infections in humans (42). Later, Elizabethkingia endophyt-
ica, initially isolated from maize (43) and Elizabethkingia
anopheles, isolated from Anopheles gambiae midgut (44),
were added to this genus (45,46). Cases of bacterial in-
fections of this genus are both hospital-acquired and
community-acquired and usually have multidrug resistance
phenotypes (45,47). In our study, we identified 10 genomes
from the genus Elizabethkingia from blood isolates. In to-
tal representativeness, this number is not abnormal, but the
number of ARGs per genome, 17 on average, was striking.
This number is comparable to the average number of ARGs
found in species such as S. enterica (16.39) and S. aureus
(18.54), which are found in a large number of nosocomial
infections. Resistance genes common to all genomes of this
genus are related to antibiotic resistance to the phenicol and
tetracycline classes of antibiotics and have at least four beta-
lactam resistance genes and other multidrug-resistance ef-
flux pump genes. The high incidence of beta-lactam resis-
tance genes in Elizabethkingia anophelis has been described
in other studies, which considered this species as a potential
reservoir of new beta-lactamases (48).

Concerning the antibiotic resistance mechanisms, we
found differences in the distribution of ARGs between
gram-positive and gram-negative bacterial phyla. The
target-based category had a prevalence of gram-positive
bacteria. Most genes in this category belong to the class of
target alteration genes in which the antibiotic target pro-
teins are altered, preventing the antibiotic from binding to
the protein. This modification can occur in two different
ways, namely, amino acid point mutations in the protein
(49) and enzymatic modification of the target antibiotic. Al-
though a wide range of resistance is caused by point muta-
tions in bacterial genes, the method used in this study for
large scale analyzes, the HMM profiles, is not able to de-
tect such mechanisms. Therefore, the influence, location and
quantification of SNPs in ARGs has not been evaluated. On
the other hand, it is possible to identify enzymes capable of
target modification. An example of this case is the emr re-
sistance gene (erythromycin ribosome methylation), which
adds methyl groups to the adenine residue A2058 of the 23S
rRNA, preventing macrolide antibiotics from binding to
their site of action (50). We also found two resistance mech-
anisms specific to phyla, namely, target protection, found
only in Proteobacteria, and target replacement, found only
in Firmicutes. The target protection mechanism encodes
proteins that remove the antibiotic from its target site or
prevent its binding. Classic examples of this mechanism are
the TetO proteins, which interact with domain IV of the 16S
rRNA, changing the ribosome conformation and removing
tetracycline from its target site, and TetM, which competes
for the binding site of tetracycline (50,51). In the target re-
placement mechanism, the bacterium encodes proteins that
have biochemical functions similar to those of proteins af-
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fected by antibiotics, but are not affected by them (52). The
antibiotic inactivation-based mechanism, in which antibi-
otics are degraded or modified, losing their action on cell,
had a fairly balanced proportion of ARGs among the dif-
ferent phyla in blood isolates, but a large difference between
blood and soil-isolated bacterial genomes.

Efflux systems were the most represented resistance
mechanism in this dataset of blood isolates, as more than
half of the ARGs of all phyla belonged to the different
drug efflux class. The normalized comparative analysis be-
tween blood and soil genomes showed that there is an en-
richment of ARGs related to antibiotic transport in the first
group, mainly in RND efflux, MFS efflux, SMR efflux and
other efflux proteins. Nevertheless, the efflux-based mech-
anisms RND and ABC transporters being found in large
numbers in our analysis in both soil and blood-isolated bac-
teria, the proteins found in each group are completely dif-
ferent. Clustering of proteins classified as RND efflux and
ABC transporters showed a clear division between blood
and soil-isolated genomes. Clusters formed mostly by pro-
teins from blood isolates are larger than those found for
soil isolates proteins. This smaller diversity of blood-isolate
proteins suggests a potential specialized function for this
environment. Proteins from soil-isolated bacteria showed
a larger number of clusters, however smaller in size, sug-
gesting a higher diversity due to its complex environment.
This feature also explains a reduced number of these genes
in blood compared to the soil-isolated genomes. Although
overshadowed by other resistance mechanisms, drug efflux
has been shown to be an important element in the emer-
gence of multi-resistant bacteria and has gained the interest
of the scientific community in recent years. These mecha-
nisms, which are also used for the elimination of other ele-
ments, such as metabolites and virulence factors, may also
be specific for carrying an antibiotic, class of antibiotics or
even various drugs. These efflux pumps are believed to act
as a first line of bacterial defense, promoting antibiotic re-
sistance at lower levels, but efficient for cell survival, allow-
ing the expression of more stable resistance mechanisms ca-
pable of withstanding higher concentrations of antibiotics
(31). Studies show that efflux-related genes undergo an in-
creased gene expression due to the acquisition of plasmids
with multiple resistance genes, even if the efflux coding gene
were allocated on the chromosome (53). In addition, the
overexpression of efflux pumps alone was related to mul-
tidrug resistance phenotypes (54) suggesting an importance
of these genes in the multidrug resistance phenotype. Dele-
tions and mutations in these genes also may result in an
increase of susceptibility to various antibiotics like, beta-
lactams, aminoglycosides, hospital-based disinfectants and
even the last-resort antibiotic colistin (55,56). In S. aureus,
several efflux proteins have already been described as being
involved in antibiotic resistance mechanisms, such as those
encoded by the norABC genes, which may confer resistance
to fluoroquinolones and tetracyclines and lmrS, which is ca-
pable of eliminating various substances, including trimetho-
prim, erythromycin, kanamycin and phenicols (31). In K.
pneumoniae, efflux genes such as acrAB are involved in in-
creasing resistance to various antibiotics, such as fluoro-
quinolones, aminoglycosides and erythromycin (57). Fur-
thermore, a recently discovered RND-efflux can increase
the resistance to colistin up to 8-fold (56).

Despite the large dispersion of the average number of
ARGs per genome as a function of time, the number of
ARGs from K. pneumoniae isolates was constant, and above
the general average. The isolates of S. aureus also had a con-
stant average number of ARGs per genome over time, al-
though these data were more dispersed. However, the aver-
age number of ARGs in S. aureus genomes, which was at one
point above the general average, fell below the average by
the mid 2010s. Unfortunately, this was not because of a re-
duction in the number of ARGs in S. aureus but an increase
in the gain of ARGs in other species. This general increase
in the average number of ARGs began mainly in the 1940s,
when penicillin was introduced into clinical treatments and
could be a result of selective pressure caused by antibiotic
use (58).

Understanding the resistance phenomenon more deeply
will help optimize treatments, reduce the use of antimicro-
bials and their consequences, such as selection of resistant
microorganisms, lessen the side effects on patients and lower
the cost of treatment. Consequently, this study strongly con-
tributes to the search for more assertive empirical antimi-
crobials directly impacting patient improvement and sur-
vival (8).

CONCLUSION

In this work, we performed a meta-analysis of 3872
genomes of bacteria isolated from blood infections and
showed that 0.45% of the total translatable genes encode
antibiotic-resistant proteins. Staphylococcus aureus and K.
pneumoniae were by far the most represented bacteria in the
blood samples; however, there were differences in antibiotic
resistance mechanisms of these two bacteria. The compar-
ison between genomes of blood-isolated and soil-isolated
bacteria revealed a wide difference between the two com-
munities, both in taxonomic and functional levels. Even the
ABC and RND transporters, which appear in similar pro-
portions in the two groups, showed a high divergence of se-
quences. On the other hand, other proteins more closely re-
lated to antibiotic resistance were enriched in genomes of
bacteria isolated from blood. Still, the amount of ARGs
identified in soil bacterial genomes was notable (0.31% of
all proteins). Currently there is a lot of research and in-
vestment in the area of artificial intelligence in order to
develop algorithms capable of assisting doctors who work
in point-of-care medicine to decide which antibiotic to use
(59,60). Some of these algorithms are based on the pathogen
genome sequence, called sequence-based diagnosis. An im-
portant point on the way to achieving this goal is the avail-
ability of more genomes with reliable phenotypic resistance
data. We believe that understanding the particularities of
the host-pathogen relationship and the prevalent resistances
associated with infections in specific sites of the body can
help designing more efficient treatment strategies for each
type of infection, saving time in treatment and increasing
the patient survival rates.
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Seq (release 74), and have been manually screened to include
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implements methods using probabilistic models called pro-
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Blood resistome

The data set used in this study includes all genomes avail-
able in PATRIC version v3.5.34.

SUPPLEMENTARY DATA

Supplementary Data are available at NARGAB Online.

ACKNOWLEDGEMENTS

We thank the Coordination of Superior Level Staff Im-
provement (CAPES) and Carlos Chagas Institute (ICC),
Fiocruz-PR, for their support.

FUNDING

InovaFiocruz/Fundação Oswaldo Cruz [Grant num-
ber VPPCB-07-FIO-18-2-38]; CNPq [Grant num-
ber 424410/2018-4]
Conflict of interest statement. None declared.

REFERENCES
1. Sengupta,S., Chattopadhyay,M.K. and Grossart,H.P. (2013) The

multifaceted roles of antibiotics and antibiotic resistance in nature.
Front. Microbiol., 4, 47.

2. Lewis,K. (2013) Platforms for antibiotic discovery. Nat. Rev. Drug
Discov., 12, 371–387.

3. Alekshun,M.N. and Levy,SB. (2007) Molecular mechanisms of
antibacterial multidrug resistance. Cell. 128, 1037–1050.

4. Martins,A., Hunyadi,A. and Amaral,L. (2013) Mechanisms of
resistance in bacteria: an evolutionary approach. Open Microbiol. J.,
7, 53–58.

5. Bush,K. and Jacoby,GA. (2010) Updated functional classification of
beta-lactamases. Antimicrob Agents Chemother, 54, 969–976.

6. Li,X.Z. and Nikaido,H. (2009) Efflux-mediated drug resistance in
bacteria: an update. Drugs, 69, 1555–1623.

7. Li,X.-.Z., Plésiat,P. and Nikaido,H. (2015) The challenge of
efflux-mediated antibiotic resistance in Gram-negative bacteria. Clin.
Microbiol. Rev., 28, 337–418.

8. Bookstaver,P.B., Nimmich,E.B., Smith,T.J., Justo,J.A., Kohn,J.,
Hammer,K.L., Troficanto,C., Albrecht,H.A. and Al-Hasan,M.N.
(2017) Cumulative effect of an antimicrobial stewardship and rapid
diagnostic testing bundle on early streamlining of antimicrobial
therapy in Gram-negative bloodstream infections. Antimicrob Agents
Chemother, 61, e00189-17.
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