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Abstract
The ecology of antibiotic resistance involves the interplay of a long natural history of antibiotic production in the
environment, and the modern selection of resistance in pathogens through human use of these drugs. Important components
of the resistome are intrinsic resistance genes of environmental bacteria, evolved and acquired over millennia, and their
mobilization, which drives dissemination in pathogens. Understanding the dynamics and evolution of resistance across
bacterial taxa is essential to address the current crisis in drug-resistant infections. Here we report the exploration of antibiotic
resistance in the Paenibacillaceae prompted by our discovery of an ancient intrinsic resistome in Paenibacillus sp. LC231,
recovered from the isolated Lechuguilla cave environment. Using biochemical and gene expression analysis, we have mined
the resistome of the second member of the Paenibacillaceae family, Brevibacillus brevis VM4, which produces several
antimicrobial secondary metabolites. Using phylogenomics, we show that Paenibacillaceae resistomes are in flux, evolve
mostly independent of secondary metabolite biosynthetic diversity, and are characterized by cryptic, redundant,
pseudoparalogous, and orthologous genes. We find that in contrast to pathogens, mobile genetic elements are not
significantly responsible for resistome remodeling. This offers divergent modes of resistome development in pathogens and
environmental bacteria.

Introduction

The current antibiotic crisis, where new antibiotic devel-
opment is not keeping pace with resistance in pathogens, is
driven by mobile resistance genes. The preponderance of
evidence implicates non-pathogenic environmental and
commensal bacteria as the origin and reservoir of these
genes [1–4]. Extensive genotyping of environmental bac-
teria along with metagenomic studies point to a rich and
diverse reservoir of resistance determinants in the environ-
ment that includes orthologs of well characterized mobi-
lized genes in addition to novel mechanisms not yet in the
clinic [5–12]. Antibiotics have been naturally produced by

bacteria for millions of years, which may have caused
resistance genes to become widespread in environmental
bacteria [1, 13, 14]. The movement of these genes into
pathogens is the result of stochastic capture, sometimes
before the antibiotic era, but escalated with human use over
the past 70 years [13]. While the link between resistance in
pathogenic and non-pathogenic bacteria is established, the
genetic mechanisms underlying the initial mobilization of
resistance elements remains unclear.

The modern use of antibiotics is generally agreed to have
selected for mobilizing and disseminating antibiotic resis-
tance genes across almost every type of bacterial pathogen
[13, 15]. The direct impact of the non-medical use of
antibiotics, such as in agriculture, on the clinical problem of
antibiotic resistance, is less certain but is likely significant
for disseminating resistance genes in the environment [16–
19]. Hotspots for horizontal transfer of resistance genes
include wastewater treatment plants, manureing of soils,
and other sites where waste products with prior exposure to
antibiotics are concentrated and mixed in the environment.
Metagenomic studies demonstrate that resistance diversity
in the environment is strongly linked to bacterial phylogeny,
and is generally not associated with mobile genetic elements
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[5]. In contrast, phylogenomic investigations have revealed
surprising mobility in intrinsic resistomes [9, 12, 20]. Taken
together, this suggests that mobilization events are rare, and
mobilization of some resistance elements may be linked to
the natural expansion and contraction of microbial acces-
sory genomes [21, 22].

We previously identified the edeine biosynthetic cluster
from Brevibacillus brevis VM4 and characterized a novel
edeine acetyltransferase responsible for self-resistance [23].
While attempting to develop genetic tools for studying
edeine biosynthesis, we discovered that B. brevis VM4 was
resistant to most antibiotics commonly used as selectable
markers. We recently reported an ancient and surprisingly
broad drug-resistant genotype in Paenibacillus sp. LC231
[9], which is in the Paenibacillaceae family along with
Brevibacillus. We found that resistomes of Paenibacillus
sp. LC231 and related strains did not correlate well with
species phylogeny, suggesting resistance genes may be

mobile in these isolates. In this work, we investigate the
intrinsic resistome of B. brevis VM4 using whole-genome
sequencing, in vitro enzyme assays, gene expression ana-
lysis, and comprehensive phenotype characterization, to
reveal cryptic, redundant, and pseudoparalogous genes.
Using the experimentally validated B. brevis VM4 and
Paenibacillus sp. LC231 resistance genotypes, we expan-
ded resistome predictions to all sequenced Paenibacillaceae
and used phylogenomics to study a link between taxonomic,
resistome, and secondary metabolite diversity. We ulti-
mately found a complex network of resistance genes weakly
clustered by family phylogeny, unlinked to self-produced
secondary metabolites, and sometimes associated with
mobile genetic elements. Diverse multi-drug resistant gen-
otypes are embedded in all genomes consistent with a long
history of antibiotic exposure. This contrasts with the
mobilized resistomes of most pathogens where resistance is
rapidly acquired and lacks long genomic history.

Table 1 Heterologous
expression in E. coli of
resistance genes identified in this
study

Resistance determinant Name Antibiotic class Antibiotic MIC Empty
vector
MIC

Kanamycin 4′
nucleotidyltransferase

ant(4′)
−Ic

Aminoglycoside Kanamycin > 256 8

Neomycin > 256 16

Tobramycin > 256 4

Kanamycin 6′
acetyltransferase

aac(6’)
−35

Aminoglycoside Kanamycin > 256 8

Streptomycin 6
nucleotidyltransferase

ant(6)
−Ic

Aminoglycoside Streptomycin > 256 8

Rifamycin kinase rphC Rifamycin Rifampin 512 4

Rifamycin kinase rphD Rifamycin Rifampin 256 4

TEM β-lactamase bbI β-lactam Ampicillin > 256 16

Piperacillin > 256 < 0.5

β-lactam/β-lactamase
inhibitor

Piperacillin/
Tazobactam

8 0.5

Cephalosporin Cephalexin 4–8 4

Macrolide kinase mphJ Macrolide Erythromycin 0.5 64

Clarithromycin 0.5 32

Azithromycin 0.063 8

Telithromycin 0.125 > 16

Spiramycin 2 4

Tylosin 2 512

Josamycin 2–4 2

Pikromycin 2 4

Chloramphenicol
acetyltransferase

catV Phenicol Chloramphenicol 16 4

Cfr-like ribosomal
methyltransferase

clbB Lincosamide Clindamycin 12.8 1.6

Lincomycin 256 128

Phenicol Chloramphenicol 6.4 1.6
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Results

The Brevibacillus brevis VM4 resistome is diverse
and redundant

We found that the edeine producer B. brevis VM4 (ATCC
35690) exhibited an extensive multi-drug resistance phe-
notype (Supplementary Table 1). Analysis of the draft
genome using the Comprehensive Antibiotic Resistance
Database [24] (CARD) revealed a complex and redundant
resistome. B. brevis VM4 harbors at least 10 predicted
resistance genes, including two different resistance deter-
minants for each of chloramphenicol, kanamycin, and
rifampin (Supplementary Fig. 1). Predicting the specificity
and associated resistance phenotype of efflux pumps that
share little sequence identity with related homologs remains
difficult [25]. We therefore focused on target protection and
antibiotic modification resistance mechanisms. For many
antibiotics, the sensitivity profile of B. brevis VM4 corre-
lated well with the resistome genotype. For example, B.
brevis VM4 is resistant to penicillins and streptomycin,
which correlates with CARD predictions of a TEM-type β-
lactamase (bbI) and a streptomycin 6-nucleotidyltransferase

(ant(6)-Ic). We also identified two chloramphenicol resis-
tance mechanisms; a chloramphenicol acetyltransferase
(catV) and a Cfr-like ribosome methyltransferase (clbB) that
is identical (100% at the amino acid level) to an experi-
mentally verified ortholog, ClbB, from B. brevis NBRC
100599 [26]. All of these genes conferred resistance to
their respective antibiotics when heterologously expressed
in E. coli (Table 1, Supplementary Tables 2, 3, and 4).
We also identified genes predicted to encode two 2-
deoxystreptamine (2-DOS) aminoglycoside modifying
enzymes, consistent with resistance to kanamycin and other
2-DOS aminoglycosides (Table 1). Unexpectedly, we also
identified a macrolide kinase and two rifampin phospho-
transferases despite phenotypic sensitivity to most macro-
lide and rifamycin antibiotics.

B. brevis VM4 harbors two functional 2-DOS
aminoglycoside inactivating enzymes

Genetic redundancy is a characteristic of biological systems
[27], and aminoglycoside-producing bacteria commonly
express multiple resistance mechanisms for self-protection
[28]. B. brevis VM4 harbors two different genes predicted

Fig. 1 The regulatory system for
mphJ expression is
dysfunctional in B. brevis VM4.
a Chemical structures of the
macrolides erythromycin,
pikromycin, and tylosin. b
Despite phenotypic sensitivity to
macrolides, B. brevis VM4
harbors mphJ, whose expression
is normally low, and increases in
response to ¼ MIC
erythromycin. c Comparative
expression analysis of mphI in
Paenibacillus sp. LC231 and
mphJ in B. brevis VM4 in
response to ¼ MIC tylosin. d
Comparative expression of mphI
and mphJ in response to
pikromycin. Error bars represent
one standard deviation. P-values
were determined using the
unpaired Students t-test
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to inactivate 2-DOS aminoglycosides such as kanamycin;
an acetyltransferase (aac(6′)-35) that is 54% identical to aac
(6′)-34 from Paenibacillus sp. LC231, and a nucleotidyl-
transferase (ant(4′)-Ic) that is 71% identical to ant(4′)-Ia
from Bacillus clausii [29]. B. brevis VM4 lacks genes
expected for aminoglycoside biosynthesis. Both aac(6′)-35
and ant(4′)-Ic confer kanamycin resistance when expressed
in E. coli (Table 1). Steady-state kinetic analysis of purified
enzymes confirmed the predicted activities (Supplementary
Table 4).

Using quantitative reverse-transcription PCR (qRT-
PCR), we demonstrated that both ant(4’′)-Ic and aac(6’′)-35
are constitutively expressed, but that ant(4′)-Ic is the pre-
dominantly expressed resistance determinant (Supplemen-
tary Fig. 2). These results suggest that ant(4′)-Ic is the
dominant gene responsible for kanamycin resistance in B.
brevis VM4. We then determined phenotypic sensitivity to a
panel of aminoglycosides where only one of the two
enzymes should confer resistance. B. brevis VM4 is resis-
tant to paromomycin and lividomycin, which are both
aminoglycosides lacking a 6′-NH2 site for modification by
AAC(6′) but have a 4′-OH for ANT(4′) modification
(Supplementary Table 1). Conversely, B. brevis VM4 is
much more sensitive to sisomicin and netilmicin; both are
aminoglycosides with a 6′ amino group but lack the 4′
hydroxyl required for ANT(4′) modification. The resistance
phenotype of B. brevis VM4 is consistent with weak aac
(6′)-35 expression, and that ant(4′)-Ic is the dominant gene
governing 2-DOS aminoglycoside resistance.

B. brevis VM4 is sensitive to macrolide antibiotics
despite harboring a macrolide kinase

B. brevis VM4 is sensitive to most macrolides such as
erythromycin, yet it harbors a predicted macrolide kinase
(mphJ). The most closely related ortholog to MphJ in
CARD is MphI from Paenibacillus sp. LC231 (51% iden-
tity), which has narrow substrate specificity. MphI is
restricted to 16-membered macrolides (tylosin, spiramycin)
and 14-membered ketolides (pikromycin, telithromycin),
and does not confer resistance to cladinose containing
macrolides, including erythromycin [9]. We heterologously
expressed mphJ in E. coli and demonstrated that it confers
resistance to a wide range of macrolide antibiotics, includ-
ing erythromycin (14-membered ring), tylosin (16-mem-
bered ring), and telithromycin (ketolide), provides some
decrease in sensitivity to spiramycin (16-membered ring)
and pikromycin (ketolide), and no resistance to josamycin
(16-membered ring) (Table 1). Purified MphJ modifies
macrolide antibiotics in a GTP-dependent fashion with
efficiency comparable to other characterized orthologs
(Supplementary Table 5). MphJ is a functional macrolide
kinase, and therefore, B. brevis VM4 has the genetic

potential for macrolide resistance, though remained sensi-
tive to these antibiotics.

We next investigated mphJ expression using qRT-PCR
to determine if the macrolide-sensitive phenotype is a result
of lack of gene expression. Constitutive mphJ expression is
low but increases almost six-fold when B. brevis VM4 is
challenged with ¼ MIC erythromycin (Fig. 1a, b). How-
ever, phenotypic sensitivity to erythromycin (MIC)
remained unchanged at 0.25 µg mL−1 after preincubation
with ¼ MIC erythromycin, indicating that this increase in
mphJ expression is not sufficient to confer erythromycin
resistance. We then investigated whether mphJ expression
is insufficient to confer phenotypic resistance. MphI is
actively expressed in Paenibacillus sp. LC231 and serves as
a proper calibration for correlating gene expression with
macrolide sensitivity phenotypes [9]. We compared mphI
and mphJ expression levels with and without tylosin, which
is a natural macrolide with a 16-membered ring, a mycarose
at 4′ of mycaminose, and a mycinose at position 14
(Fig. 1a). In Paenibacillus sp. LC231, mphI expression is
constitutively low but increases > 500-fold when chal-
lenged with ¼ MIC tylosin (Fig. 1c). In contrast, mphJ
expression increases only three-fold when B. brevis VM4 is
challenged with ¼ MIC tylosin. The inducible expression of
macrolide resistance genes is known to be dependent on
substrate structure [30–32], particularly the presence or
absence of sugars on the C3 position, and ring size.
Therefore, we also compared mphI and mphJ expression in
response to pikromycin, a natural ketolide similar to ery-
thromycin but without a cladinose on the C3 position
(Fig. 1a). When challenged with pikromycin, mphJ
expression in B. brevis VM4 increases almost 40-fold at ¼
MIC, while mphI expression in Paenibacillus sp. LC231
increases 86-fold at ≤ 0.063×MIC (Fig. 1a, d). Our find-
ings are consistent with an mphJ activating mechanism that
is unable to respond to erythromycin or tylosin but is
responsive to pikromycin. mphJ confers limited pikromycin
resistance when expressed in E. coli, but high resistance to
tylosin and erythromycin. Therefore, the regulation of
macrolide resistance in B. brevis VM4 is de-coupled from
the in vitro substrate specificity of MphJ, and likely reflects
the natural history of macrolide resistance in this organism,
where resistance to pikromycin may be the ecological
driver.

B. brevis VM4 has two rifampin phosphotransferase
pseudoparalogs

Rifampin phosphotransferases (Rph) transfer a phosphate to
the C21 position of rifamycins and are widespread in
environmental and some pathogenic bacteria, including
Listeria monocytogenes [11, 33]. This enzyme family is
structurally related to phosphoenolpyruvate (PEP) synthases
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but has a unique domain architecture [33]. Combinations of
different rifampin resistance elements in a single strain are
known, but not paralogs of Rphs [10, 11, 34]. CARD
analysis of the draft B. brevis VM4 genome predicted two
rifampin phosphotransferases that are 78% identical at the
amino acid level. We verified that both predicted rphs
(rphC and rphD) confer rifampin resistance when hetero-
logously expressed in E. coli (Table 1). Steady-state kinetic
analysis of RphC and RphD revealed that both are catalysts

for rifampin phosphorylation, and have a catalytic constant
similar to other Rphs [9, 11, 33] (Supplementary Table 5).
Rifampin directly interacts with RpoB by forming four
essential hydrogen bonds. Therefore, we probed the possi-
bility that one Rph acquired the ability to modify a position
other than C21 on the antibiotic by performing an in vitro
enzyme assay with both RphC and RphD in a single reac-
tion and monitoring for diphosphorylation of the antibiotic.
The inactivated rifampin product of a combined reaction is

Fig. 2 B. brevis VM4 has a
rifampin sensitive phenotype
despite two functional rifampin
phosphotransferase
pseudoparalogs. a RphC and
RphD monophosphorylate
rifampin at the same position. b
A phylogeny of Paenibacillaceae
Rphs demonstrates that RphD is
a horizontally acquired
resistance element and did not
arise from a gene duplication
event of RphC. The unrooted
Rph phylogeny is displayed as a
circular cladogram and with a
midpoint root. Branches with
low support (bootstrap value <
70) are displayed with dotted
lines. RphB, RphC, and RphD
are indicated with arrows. c B.
brevis VM4 overcomes 1x and
2x MIC rifampin when
challenged in mid-exponential
phase. Rifampin was added at
OD600 of 0.5. d rphC and rphD
are constitutively expressed.
RNA was isolated from cultures
before and after a rifampin
challenge and rph genes were
amplified using degenerate
primers. Expression of each
gene was determined after
BamHI digestion, which
specifically digests RphD.
Samples treated identically but
void of reverse transcriptase
(RT) were used as negative
controls. e and f HPLC-high-
resolution mass spectrometry
analysis of B. brevis VM4
cultured with 1x MIC rifampin
showing the degradation of
rifampin e and the presence of
rifampin phosphate (f)
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monophosphorylated (Rif-PO4
2− expected mass; 902.3715

Da, combined reaction product; 901.56 m/z in negative-
mode), which is identical to the reaction product of each
enzyme individually ((RphC product; 901.56 m/z, RphD
product; 901.56 m/z), Fig. 2a). Within the B. brevis clade,
only B. brevis VM4 and B. brevis GZDF3.1 harbor two
Rphs. RphC is conserved across the B. brevis clade, and
therefore it is likely that RphD was recently acquired. If
RphD arose by duplication of RphC, then they would be
expected to cluster together in phylogenetic analysis.
However, RphD forms an individual clade unrelated to
RphC, and accordingly, these genes should be considered
pseudoparalogs (Fig. 2b) [35]. rphD and the immediate
upstream region share 95% identity with the region adjacent
to an rph in P. lautus FSL F4-0100, which is consistent with
horizontal transfer from a Paenibacillus donor (Supple-
mentary Fig. 3a). Genetic context analysis of this locus

among B. brevis VM4 relatives reveals that rphD was
acquired by the ancestor of B. brevis GZDF3.1 and B.
brevis VM4 (Supplementary Fig. 3b).

Paradoxically, despite the presence of two rph elements,
B. brevis VM4 is very sensitive to rifampin (MIC 0.063 µg
ml−1). In Actinobacteria, rifampin phosphotransferase
expression is induced by the presence of rifampin and is
regulated by an upstream rifampin-associated element
(RAE) [11]. We therefore reasoned that rph expression in B.
brevis VM4 might also be inducible despite the absence of
an upstream RAE, and investigated this hypothesis by
challenging B. brevis VM4 with rifampin at mid-
exponential phase. B. brevis VM4 could overcome a
rifampin challenge of 1x and 2x MIC after a short lag-
phase, which may suggest an inducible resistance
mechanism [36] (Fig. 2c). We then probed for rphC and
rphD expression before and after a rifampin challenge but

Fig. 3 Paenibacillaceae
resistomes do not cluster by
phylogeny. 15 resistance
enzymes and the vanA operon
were compared across a family
phylogeny of 184
Paenibacillaceae isolates. The
tree is presented as a
dendrogram. Resistance
enzymes were identified in this
study, or in the experimental
validation of the Paenibacillus
sp. LC231 resistome [9]. The
functions of each resistance
enzymes not identified in this
study are; Llm lincosamide
resistance methyltransferase;
Vat streptogramin A
acetyltransferase, Cpa
capreomycin acetyltransferase,
AAC(2′) kasugamycin
acetyltransferase, Bah bacitracin
amidohydrolase, Vgb
streptogramin B lyase. The
complete family phylogeny is
found in Supplementary Fig. 5
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found that both genes are constitutively expressed, and are
therefore not regulated by rifampin (Fig. 2d). A lag-phase is
typically characteristic of inducible resistance, but has only
been studied for resistance determinants that do not che-
mically modify the antibiotic. Therefore, rifampin may be
inactivated during this lag phase before B. brevis VM4
returns to exponential growth. We monitored the presence
of rifampin and rifampin phosphate in conditioned media
with high-resolution mass spectrometry after challenging B.
brevis VM4 with 1x MIC rifampin and found that the
antibiotic was completely degraded by 24 h (Fig. 2e). We
also identified rifampin phosphate; however, the extracted
ion chromatogram intensity was lower than expected, con-
sistent with downstream degradation of rifampin phosphate
(Fig. 2f). To identify the rifampin degradation product, we
added 5 µg ml−1 rifampin to a culture of B. brevis VM4 in
stationary phase and monitored rifampin modification over
time using HPLC. Rifampin was completely degraded over
4 days, and we were unable to detect the appearance of a
product with absorbance at 475 nm, which is characteristic

of the naphthoquinone chromophore (Supplementary
Fig. 4). We were also unable to detect any other known
modified products of rifampin using high-resolution mass
spectrometry [10]. Some Actinobacteria are known to
degrade rifampin into unidentified products [10], and we
can now include the Firmicutes phylum among those bac-
teria with this capacity.

Paenibacillaceae resistomes are not structured by
phylogeny

To investigate whether multi-drug resistance genotypes are
common in Paenibacillaceae and if their resistomes are
vertically inherited, we performed a phylogenomic com-
parison of resistome genotypes across this family. We first
determined the evolutionary relationship between 184
Paenibacillaceae isolates by generating a family tree using
109 well-conserved genes (TIGRFAM “core bacterial pro-
tein” GenProp0799) and then comparing the presence or
absence of resistance genes in each strain (Fig. 3,

Fig. 4 Paenibacillaceae
resistomes are often associated
with nearby mobile genetic
elements. 2.5 kb, 5 kb, and 10 kb
regions upstream and
downstream from each
resistance gene or operon were
searched for annotated mobile
genetic elements. The y-axis is
the proportion of a resistance
genes within that family that has
one or more mobile genetic
element in a given range
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Supplementary Fig. 5). In general, multi-drug resistant
resistomes are common in Paenibacillaceae. Except for cpa
and edeQ, none of the resistance genes are monophyletic,
which is indicative of horizontal transfer into discrete
clades. The Paenibacillaceae resistomes are therefore not
conserved among each related strain as a result of resistance
gene gain and loss, which is consistent with environmental
selection for optimized resistomes. Redundant chlor-
amphenicol (catV and clbB) and kanamycin (ant(4′)-lc and
aac(6′)-35) resistance are common in Paenibacillaceae,
especially within Brevibacillus and Aneurinibacillus.
However, strains harboring two rph genes are rare; only 6
of 184 Paenibacillaceae strains have two rphs. We also

detected two copies of ant(6), cat, clbB, and mph genes in
single isolates, but this was also rare.

To investigate whether the resistome genotype of strains
was impacted by the isolation source, we compared the
generalized habitat (e.g., soil, water, mammalian-asso-
ciated), if known, with the family phylogeny and resistome
comparisons (Supplementary Fig. 6). Resistome genotypes
did not appear to depend on the isolation source.

Given that Paenibacillaceae resistomes are variable, we
hypothesized that resistance genes could be horizontally
transferred on mobile genetic elements (e.g., transposase,
resolvase, recombinase). We infer horizontal gene transfer
by incongruities between family phylogeny and the

Fig. 5 Paenibacillaceae
resistomes are not influenced by
self-produced secondary
metabolites. Paenibacillaceae
biosynthetic clusters were
annotated using antiSMASH,
homologous clusters were
grouped together, and the
presence or absence of each
NRPS-type a and all other
cluster types b were mapped
onto the family phylogenetic
tree, which is presented as a
dendrogram of the Brevibacillus
phylogeny
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presence or absence of resistance genes [37]. Genomic
regions that are mobile can be over 100 kb, but we focused
on the regions immediately adjacent (< 10 kb) to resistance
genes to establish direct genetic linkage and to reduce bias
from resistance determinants present near the end of contigs
in draft assemblies, similar to previous studies (Supple-
mentary Materials and Methods) [5, 38, 39]. The terms
“integrase”, “recombinase”, and “transposase” were the most
dominant. Every resistance gene family except for Vgb,
Mph, and EdeQ had at least one member within 10 kb of
mobile elements, and several had mobile elements within
2.5 kb (Fig. 4). In most cases, resistance genes appear
ancestral to genetic association with mobile elements since
resistance is more conserved than nearby mobile elements
across closely related strains (Supplementary Fig. 7). In
general, associated mobile genetic elements do not explain
resistance gene acquisition. A caveat is that many of the
available genomes are assembled from short-reads, and
plasmid detection is difficult. Nevertheless, several Paeni-
bacillus are known to have plasmids [40, 41], but none of
the resistance genes identified in this study were identified
on known plasmids from completed genomes (Supple-
mentary Fig. 8; see Supplementary Materials and Methods
for more details).

Vancomycin is reserved for serious, multi-drug resistant
infections (e.g., Methicillin-Resistant Staphylococcus aur-
eus and enterococci), and the evolution and dissemination
of vancomycin resistance in pathogenic bacteria is of sig-
nificant interest. Vancomycin resistance is the result of a
two-component regulatory system (vanRS) and a three-gene
operon (vanHAX) that remodels the peptidoglycan drug
target by converting D-alanyl-D-alanine to D-alanyl-D-lac-
tate, which is immune to vancomycin binding [42]. Two
Paenibacillus strains are known to harbor vancomycin
resistance genes that share 79–94% DNA sequence identity
with homologs in the vanA operon from vancomycin-
resistant enterococci (VRE), leading to the hypothesis that
these genes may have originated in the Paenibacillus genus
[43]. Paenibacillus sp. LC231 [9] and B. brevis VM4 (this
study) are phenotypically sensitive to vancomycin and also
to the structurally related antibiotic, teicoplanin (Supple-
mentary Table 1). We were unable to identify a vancomycin
resistance operon in either strain. We expanded our search
to the Paenibacillaceae family, and identified five vanA
operons in total; three in Paenibacillus strains and two in
Brevibacillus strains (Fig. 3, Supplementary Fig. 9). Over-
all, vancomycin resistance operons do not appear wide-
spread in Paenibacillaceae and may have been horizontally
transferred into these strains. Furthermore, the two vanA
operons identified in Brevibacillus strains are adjacent to
mobile genetic elements (transposase, resolvase) (Fig. 4 and
Supplementary Figs. 7 and 9). However, the three van
operons identified in Paenibacillus strains were not

associated with mobile genetic elements, which has been
reported previously [43]. The van operon from Paeniba-
cillus macerans was found on a single chromosome of 7.33
Mb, and not on a plasmid, consistent with transfer mediated
by an unknown mechanism. Our results support the con-
sensus [44–46] that the vanA operon was mobilized in
environmental bacteria before transferring into pathogenic
bacteria; however, Paenibacillus strains do not appear to be
the origin. The vanF operon has also been identified in
Paenibacillus popilliae [47], but it was not found in any of
the 184 Paenibacillaceae genomes included in this study.

Resistome genotypes do not correspond with
secondary metabolite diversity in Brevibacillus

B. brevis VM4 and other Brevibacillus strains are known
antibiotic producers, and we therefore investigated a
potential link between diversity of secondary metabolism
and resistance within this genus. We used antiSMASH [48]
to predict 336 biosynthetic clusters in 28 Brevibacillus
genomes (Supplementary Dataset 1). Homologous clusters
were grouped together using a custom BLASTn-based
clustering method, which generated 96 distinct cluster
groups. These groups were then mapped onto the Brevi-
bacillus species tree to compare secondary metabolism
diversity to species diversity (Fig. 5). In general, biosyn-
thetic clusters distinctly group by phylogeny. Brevibacillus
are known producers of several non-ribosomal peptides, and
our analysis reveals surprising diversity of non-ribosomal
peptide (NRPS) type clusters, most of which are not linked
to a known small molecule (Fig. 5a). Each Brevibacillus
isolate also has a number of other biosynthetic clusters,
including polyketide synthases, terpenes, and siderophores
(Fig. 5b). B. brevis VM4 produces gramicidin [49], tyr-
ocidine [50], and edeine [23], and the biosynthetic clusters
for these antibiotics are restricted to the B. brevis clade. In
Brevibacillus, biosynthetic cluster diversity is therefore a
defining feature of species diversity. In contrast, antibiotic
resistance is not defined by species diversity and demon-
strates that self-produced small molecules do not influence
resistance in the Brevibacillus genus.

The edeine self-resistance mechanism (edeQ) that acet-
ylates edeine is genetically linked within the edeine bio-
synthetic cluster [23]. edeQ is restricted to strains that have
the genetic potential to produce edeine. We further inves-
tigated the co-localization of known resistance genes and
biosynthetic clusters and uncovered a genetic link between
rphC and terpene group 89 (Supplementary Fig. 10). This
cluster contains a squalene-hopene synthase, which is a
biosynthetic determinant of polycyclic terpenoids such as
hopanoids and sporulenes [51]. These compounds are
known to play a role in membrane integrity and spore
resistance [52–54]. Indeed, several spore germination
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proteins are immediately adjacent to the squalene-hopene
synthase, and rphC, and upstream from rphC is a gene
related to known peptidoglycan-glycopolymer ligases [55]
(PF03816; LytR-cpsA-psr e-value: 1.7×10−38). RphC is
also distantly related to the prodiginine biosynthetic
enzymes PigC/RedH (28% identity to PigC), which share a
domain architecture with Rphs but catalyze the condensa-
tion between a monopyrrole and 4-methoxy-2,2′-bipyrrole-
5-carbaldehyde (MBC) by phosphorylating MBC [56, 57].
Therefore, in addition to rifamycin kinase activity, RphC
may have a role in secondary metabolite resistance or
biosynthesis.

Discussion

The intrinsic resistomes of environmental bacteria are
genetically and mechanistically diverse and contain orthologs
of resistance genes found in pathogens, indicating that
environmental bacteria may be a source of mobile resistance
genes in the clinic [2, 5, 6, 9, 13]. In this study, we have
expanded the known genetic diversity of antibiotic resistance
by eight genes, enabling immediate annotation and detection
if they emerge in pathogenic bacteria. In addition, our results
point to multi-drug resistant genotypes as being common to
members of the Paenibacillaceae family. Further investiga-
tions of the intrinsic resistomes of other bacterial families are
needed to determine if the Paenibacillaceae family is
uniquely enriched for antibiotic resistance genes. Never-
theless, Paenibacillaceae are known to inhabit the human
microbiome and other environments where antibiotic use is
high [58], and their genomes have GC content similar to
some pathogens, which may reduce potential barriers for
horizontal transfer because of shared environments and
compatible GC content. The honeybee pathogen, Paeniba-
cillus larvae, is known to acquire tetracycline resistance
genes on broad-host range plasmids [40]; however, none of
the resistance genes identified in this study were associated
with known Paenibacillaceae plasmids. Further, Paeniba-
cillus spp. and Brevibacillus spp. are sometimes used as
biocontrol agents for promoting plant growth and protection
from plant pathogens [58]. Intense antibiotic use in agri-
culture may select for rapid dissemination of resistance genes
from these genera into plant pathogens and other environ-
mental bacteria. Therefore, these organisms should be closely
monitored when studying the mobilization of resistance
genes in areas where antibiotic use is high.

A significant finding of our study is that resistance
phenotype cannot always be inferred from genotype. The
resistance phenotype of Paenibacillus sp. LC231 in our
previous study mainly correlated with its genotype [9], but
this is not true for B. brevis VM4 despite correct predictions
of resistance gene function using CARD. We systematically

explored the interplay between resistome genotype and
phenotype in B. brevis VM4, revealing four cryptic genes
(aac(6′)-35, mphJ, rphC, and rphD). These genes confer
resistance when expressed in E. coli and are functional in
in vitro enzyme assays; however, they are either weakly
expressed or are potentially involved in other metabolic
processes in B. brevis VM4. These phenomena may impact
inference of phenotype from genotype in pathogens [59–61]
and is a limitation when studying the resistomes of envir-
onmental organisms. The contribution of intrinsic antibiotic
resistance genes to the host phenotype is sometimes com-
plex and unclear. For example, in Actinobacteria the
expression of Rphs are directly regulated in response to
rifampin and involves an upstream palindromic RAE motif
[11]; however, in B. brevis VM4 rphC and rphD are con-
stitutively expressed, lack RAE motifs, and appear not to
confer a resistant phenotype. RphC is conserved in a
hopanoid/sporulene biosynthetic cluster. Therefore, RphC
and RphD may not confer rifamycin resistance because of
an alternative function in the biosynthesis or resistance of
this secondary metabolite. Further elucidation of the bio-
logical roles of resistance genes can be accomplished by
measuring gene expression, and identifying the presence or
absence of regulatory mechanisms, as done in this study.
Ultimately, new genetic tools are needed for resistance gene
deletion studies in wildtype environmental bacteria.

The impact and risk of environmental antibiotic resis-
tance on medicine remain controversial [3, 59, 62]. The
genetic diversity of resistance in pathogens represents only
a fraction of the known resistome. This reflects the different
ecology of these organisms. In environmental bacteria,
exposure to natural antibiotics over millennia has shaped a
genetically and mechanistically diverse and rich resistome.
In contrast, the resistomes of many pathogens are domi-
nated by resistance genes captured on mobile elements.
Gene mobilization from the genomes of environmental
bacteria is a primary bottleneck in the movement into the
clinic. While previous metagenomic studies have shown
that the genetic diversity of resistance genes is directly
linked to taxonomic diversity [5], our results demonstrate a
broad variation in resistomes between closely related Pae-
nibacillaceae strains. Our previous study uncovered con-
servation of resistome genotypes in Paenibacillus spp.
spatiotemporally separated for over 4 Myr [9]. Taken
together, these results suggest that resistomes are reshaped
by external factors, likely local chemical ecologies. The
apparent movement of antibiotic resistance genes is not
unique among non-essential genes; bacterial genomes are
usually plastic, and horizontal transfer generates sig-
nificantly different genetic content between closely related
strains [21, 63, 64] (e.g., E. coli [65]). What is unique about
resistance genes in a medical context is that they grant
immunity to antibiotics, thereby favoring the survival of
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resistant genotypes. Thus, once associated with mobile
elements in a native host, resistance genes rapidly dis-
seminate through bacterial populations with antibiotic
selection pressure.

Our results suggest natural movement of resistance genes
in Paenibacillaceae spp. over millennia, which does not
appear to be driven by obvious mobile elements. However,
at least one homolog of all but three of the resistance gene
families studied was positioned near genes that could
facilitate their movement. If this is also true of other bac-
terial families, then the transfer of resistance genes from
non-pathogens to pathogens may begin with their innoc-
uous co-localization with mobile genetic elements as a
result of the natural diversification and rearrangement of
bacterial genomes.

Materials and methods

Construction of a Paenibacillaceae family tree

A Paenibacillaceae family tree was generated using 109
well-conserved genes (TIGRFAM “core bacterial protein”
GenProp0799). Protein sequences were queried against
each Hidden Markov model (HMM) using hmmsearch
(HMMER3), and the top sequence from each genome was
aligned using hmmalign [66] and concatenated (summar-
ized in Supplementary Dataset 1). Complete and draft
genome sequences for all Paenibacillaceae isolates were
downloaded from GenBank, and completion was estimated
using CheckM [67]. Bacillus cereus ATCC 14579 and
Bacillus megaterium NBRC 15308 were used as outgroups.
RAxML was used to generate a maximum-likelihood tree
using GAMMA model of rate heterogeneity and LG
empirical base frequencies (PROTGAMMAAUTO flag)
with rapid bootstrap analysis on 100 replicates [68]. All
genomes were downloaded from the RefSeq database 19
August, 2016. A comparison of resistome genotypes
between habitats was performed by generalizing habitat
information found in the “isolation source” qualifier in the
respective GenBank files, or in culture collection databases
(e.g., ATCC, DSM), if such information was available. The
original habitat information was generalized into “not
available”, soil, water, endophyte, mammalian-associated,
or other. Original and generalized habitats are found in
Supplementary Dataset 1.

The rest of the “Materials and methods” section is in the
Supplementary information.

Data availability

Nucleotide sequences for Brevibacillus brevis VM4 are
deposited into the GenBank WGS database with accession

number MXAR00000000. The resistance genes investi-
gated in this study have been deposited into the GenBank
Nucleotide database with the accession numbers KY753878
and KY753886. Each resistance determinant sequence was
deposited in CARD (https://card.mcmaster.ca/).
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