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Wide application of antibiotics has contributed to the evolution of multi-drug resistant

human pathogens, resulting in poorer treatment outcomes for infections. In the marine

environment, seawater samples have been investigated as a resistance reservoir;

however, no studies have methodically examined sponges as a reservoir of antibiotic

resistance. Sponges could be important in this respect because they often contain

diverse microbial communities that have the capacity to produce bioactive metabolites.

Here, we applied functional metagenomics to study the presence and diversity of

functional resistance genes in the sponges Aplysina aerophoba, Petrosia ficiformis,

and Corticium candelabrum. We obtained 37 insert sequences facilitating resistance

to D-cycloserine (n = 6), gentamicin (n = 1), amikacin (n = 7), trimethoprim (n = 17),

chloramphenicol (n = 1), rifampicin (n = 2) and ampicillin (n = 3). Fifteen of 37 inserts

harbored resistance genes that shared <90% amino acid identity with known gene

products, whereas on 13 inserts no resistance gene could be identified with high

confidence, in which case we predicted resistance to be mainly mediated by antibiotic

efflux. One marine-specific ampicillin-resistance-conferring β-lactamase was identified in

the genus Pseudovibrio with 41% global amino acid identity to the closest β-lactamase

with demonstrated functionality, and subsequently classified into a new family termed

PSV. Taken together, our results show that sponge microbiota host diverse and novel

resistance genes that may be harnessed by phylogenetically distinct bacteria.

Keywords: antibiotic resistance, sponge, microbiota, resistance gene, functional metagenomics

INTRODUCTION

In the last decades the massive medical and veterinary use of antibiotics has contributed to
the selection of multi-drug resistant human pathogens, resulting in poorer treatment outcomes
upon infection (Arias and Murray, 2009). Bacterial pathogens can evolve resistance vertically
(Lenski, 1998) but mainly acquire resistance through horizontal gene transfer (Högberg et al.,
2010), where resistance genes are obtained either from the indigenous human microbiota or from
environmental microorganisms to which an individual is exposed (e.g., via food, water or soil).
The current complement of resistance genes encountered in the human microbiota is suggested to
have originated from natural environments, likely in part selected by prior anthropogenic antibiotic
pressure (Teuber et al., 1999; Davies and Davies, 2010; Forslund et al., 2013). However, microbiota
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from isolated human populations have also been found to carry
functional antibiotic resistance (AR) genes (Clemente et al.,
2015). Soil has been implicated to be a key environmental
reservoir of AR genes, as evidenced by the fact that AR genes with
perfect nucleotide identity to those in human pathogens have
been described in soil-dwelling bacteria (Forsberg et al., 2012).

In addition to soil, resistance genes have been found in a
broad range of environments that contain complex microbial
communities such as activated sludge (Mori et al., 2008; Munck
et al., 2015), caves (Bhullar et al., 2012), glaciers (Segawa et al.,
2013), rivers (Amos et al., 2014) and animals (Alves et al., 2014;
Wichmann et al., 2014). As a result, all these environments,
and probably many more, can act as potential reservoirs for
resistance gene dissemination. It has been shown that AR is a
natural phenomenon that predates the modern selective pressure
of clinical antibiotic use (D’Costa et al., 2011), although little
is known about the exact roles of these genes in their native
environments (Sengupta et al., 2013). The marine environment
is a major genetic reservoir of AR, which despite its tremendous
bacterial diversity has been little studied in the context of AR
gene dissemination (Yang et al., 2013). A recent study has
identified a range of unclassified resistance genes in ocean
water, thereby highlighting its importance as an environmental
reservoir (Hatosy and Martiny, 2015).

Marine sponges are an ancient lineage of sessile filter-feeding
metazoans. Many sponges harbor a dense and diverse microbiota
comprising up to 40% of the total sponge volume, and as such,
house a complex ecosystem characterized by host-microbe and
microbe-microbe interactions (Webster and Taylor, 2012). Much
sponge research has focused on the spongemicrobiota as a source
of novel bioactive compounds (Zhang et al., 2005), whereas its
role as a reservoir of AR genes has received limited attention.
Still, the fact that sponge microbiota can produce diverse
antimicrobials (Laport et al., 2009; Mehbub et al., 2014) would
suggest the presence of AR genes. An example of antimicrobials
produced by sponge bacteria are rifampicin antibiotics, which
at first were only known to be produced by soil Actinobacteria
(August et al., 1998; Schupp et al., 1998), but more recently
have also been found to be produced by a sponge-associated
Actinobacterium sp. (Kim et al., 2006).

To date, research on functional AR genes in sponge
microbiota has been limited to a Bacillus sp. isolated from the
spongeHaliclona simulans. The Bacillus sp. was found to contain
two small plasmids, one of which harbored the tetL tetracycline
resistance gene (Phelan et al., 2011) whereas the other harbored
the ermT erythromycin resistance gene (Barbosa et al., 2014).
The plasmid with the tetL gene was shown to be nearly identical
to three other tetracycline resistance plasmids identified in the
honey bee pathogen Paenibacilus larvae pMA67, in the cheese-
resident Lactobacillus sakei Rits 9, and in Sporosarcina urea pSU1
isolated from soil beneath a chicken farm (Phelan et al., 2011).
Furthermore, a TEM β-lactamase-encoding gene was detected in
a metatranscriptome dataset from the sponge Crambe crambe
(Versluis et al., 2015), and the mecA, mupA, qnrB, and tetL
resistance genes were detected in the sponge Petromica citrina
by PCR with gene-specific primers (Laport et al., 2016). Based
on these results it is tempting to speculate that the sponge

microbiota indeed might act as a reservoir of functional AR
genes.

The aim of this study was to systematically assess sponge
microbiota as a reservoir of functional AR genes. We screened
for functional resistance genes against 14 clinically relevant
antibiotics in three Mediterranean high-microbial-abundance
sponges, namely Aplysina aerophoba, Petrosia ficiformis, and
Corticium candelabrum. Small-insert libraries were prepared in
Escherichia coli with DNA isolated from sponge tissue of these
three sponges (environmental DNA libraries), as well as from
pooledDNA isolated from 31 bacterial isolates that were obtained
from these sponges (sponge isolates DNA library) The 31
bacterial isolates were obtained from agar media supplemented
with antibiotics as part of a previous high-throughput cultivation
study (Versluis et al., under review).

MATERIALS AND METHODS

Resistance Profiling of Bacterial Isolates
One small-insert library was prepared from genomic DNA
obtained from 31 bacterial strains (Table 1) isolated from
the sponges A. aerophoba, C. candelabrum and P. ficiformis
(Supplementary Materials and Methods). Resistance of these
isolates to polymyxin B, erythromycin, ciprofloxacin, cefotaxime,
tetracycline, chloramphenicol, rifampicin, ampicillin and
imipenem was investigated in a previous study (Supplementary
Materials and Methods) (Versluis et al., under review).
Additionally, in this study, resistance of the isolates was
tested to gentamicin (50 µg/ml), D-cycloserine (50 µg/ml),
chlortetracycline (50 µg/ml), amikacin (100 µg/ml) and
trimethoprim (50 µg/ml).

Preparation of Linearized Vector pZE21
An E. coli TOP10 strain harboring the plasmid pZE21 was
inoculated into 10ml LB broth with kanamycin (50 µg/ml).
The culture was incubated at 37◦C overnight. Plasmid isolation
was performed with the GeneJET Plasmid Miniprep Kit
(Thermo Fisher Scientific, Waltham, United States). The DNA
concentration was measured by Qubit R© (Thermo Fisher
Scientific), and the isolated plasmid was electrophoresed on
a 1% agarose gel for visual inspection. Next, the plasmid
was cut by HincII #R0103C (NEB, Ipswich, Massachusetts)
according to manufacturer’s instructions. Subsequently, the
plasmid ends were dephosphorylated according to the protocol
for dephosphorylation of 5′-ends of DNAby rSAP (NEB). Finally,
the linearized and dephosphorylated plasmid DNA was purified
with the Clean-up Concentrator kit (A&A Biotechnology,
Gdynia, Poland).

Preparation of Small-Insert Libraries
To prepare a small-insert library with a mixture of genomic DNA
from 31 pure culture isolates (Table 1), we individually isolated

DNA with the MasterPure
TM

DNA Purification Kit (Epicentre,
Madison, Wisconsin). The DNA concentration was measured
by Qubit R© 2.0, and DNA from the different isolates was then
pooled at equivalent mass. DNA from sponge tissue samples was
isolated with the DNeasy Blood & Tissue Kit (Qiagen, Hilden,
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Germany). DNA was fragmented by the E210 sonicator (Covaris,
Woburn, Massachusetts) where default operating conditions
were used to achieve an average fragment size of 2 kbp. The
fragmented DNA was electrophoresed on a 1% agarose gel, and
DNA ranging from 0.7 to 5 kbp was purified by using the
GeneJet Gel Extraction Kit (Thermo Fisher Scientific). In the
final gel purification step, DNA was eluted with nuclease-free
water instead of elution buffer. Subsequently the DNA ends
were repaired with the NEBNext R© End Repair Module (NEB)
according to manufacturer’s instructions. The end-repaired
DNA was cleaned with the Clean-up Concentrator kit (A&A
Biotechnology), and elution was performed with nuclease-free
water. The TaKaRa MightyMix DNA ligation kit (Clontech
Laboratories Inc., Mountain View, United States) was used for
ligation of the end-repaired fragments into the linearized pZE21
vector. Each ligationmixture consisted of 2µl LigationMix and 2
µl nuclease-free water containing 600 ng insert DNA and 120 ng
linearized vector (5:1 ratio). The resulting product was used for
two electroporation reactions at 2 µl each, thereby creating two
distinct small-insert libraries. At electroporation, 2 µl ligation
mixture was added to 50 µl One Shot R© TOP10 Electrocomp R© E.
coli cells (Thermo Fisher Scientific). The sample was transferred
to a 1mm cuvet and subjected to an electric pulse at 1.8 kV,
2.5 µF, and 200 �. To recover the E. coli cells, 1 ml SOC
medium was added, and the sample was incubated at 37◦C
for 1 h. After recovery, 2 µl of the cell suspension was ten-
fold serially diluted, and plated on LB agar media containing
kanamycin (50 µg/ml) in order to estimate library size based
on CFU counts. For each library, twelve clones were picked and
colony PCRs were performed with primers pZE21_81_104_57C
and pZE21_151_174rc_58C (Sommer et al., 2009), which flank
the insertion site. The average product size (nt), the CFU count
(in no. of colonies per µl) and the total volume (in µl) were
multiplied in order to estimate the library size. In order to achieve
library amplification, the remainder of the cell suspension after
recovery was transferred to 10 ml LB medium with kanamycin
(50 µg/ml) and incubated overnight at 37◦C. After library
amplification, another CFU count was performed. The total
number of CFUs pre- and post-amplification was divided in
order to estimate the extent of library expansion. Libraries were
mixed to contain 20% glycerol and stored in cryotubes at−80◦C.
We also verified the function of a β-lactamase resistance gene
by cloning it into the pZE21 vector as a single gene using the
methods described in this paragraph, starting from the ligation
step. The insert DNA consisted of amplicon sequences that were
obtained by gene-specific PCR.

Library Screening and Insert Sequencing
Libraries were plated at 25X (predicted) library coverage
(i.e., every clone is expected to be present 25 times) on
LB agar plates containing one of the following antibiotics:
ampicillin (20 µg/ml), ciprofloxacin (1 µg/ml), tetracycline
(20 µg/ml), chloramphenicol (20 µg/ml), polymyxin B (2
µg/ml), trimethoprim (2 µg/ml), erythromycin (200 µg/ml),
cefotaxime (25 µg/ml), rifampicin (25 µg/ml), imipenem (20
µg/ml), gentamicin (20 µg/ml), D-cycloserine (100 µg/ml),
chlortetracycline (20 µg/ml) and amikacin (50 µg/ml). E.

coli TOP10 cells without a plasmid were used as negative
control. Inserts from antibiotic resistant clones were Sanger
sequenced from both the 5′ and 3′ flanks with respectively
the pZE21_81_104_57C and pZE21_151_174rc_58C primers.
Clones were assumed to contain identical inserts if sequences
were more than 99% identical over a stretch of >400
bp. One clone per set of identical clones was selected for
further analysis. The full-length inserts of these representative
clones were sequenced by primer walking. Sanger sequencing
was performed by flanking primers custom-designed with
Primer3Plus (Untergasser et al., 2007) until GeneStudio version
2.2.0.0 could assemble a contig that spanned the entire insert.
Finally, vector sequences were removed by DNA Baser version
3.5.4.2.

Analysis of Inserts Conferring Resistance
ORFs were identified by MetaGeneMark (Zhu et al., 2010), and
the corresponding nucleotide and derived amino acid sequences
were extracted. Amino acid sequences were used for BLASTp
(Altschul et al., 1990) against the NCBI non-redundant protein
database and the CARD database (McArthur et al., 2013).
BLASTn of the sequences against the NCBI nr/nt and CARD
databases were performed as well. Resistance functions were also
predicted with HMMER (http://hmmer.org/) using the profile
hidden Markov models (pHMMs) of the Resfams database as
a reference (Gibson et al., 2014). We defined a resistance gene
to be identified with high confidence if it was detected at an
E-value of <1E-7 by either BLASTp or BLASTn against the
Comprehensive Antibiotic Resistance Database (CARD), or by
employing the pHMMs of the Resfams database. In addition,
the resistance function needed to match the observed resistance
phenotype. InterProScan (Mitchell et al., 2015) was used for
classifying proteins into families and for predicting the presence
of domains. Clustal Omega (Sievers et al., 2011) was used to

globally align resistance genes with their best hit in NCBI’s non-
redundant protein database and to calculate a global amino acid
identity value. ISfinder (Siguier et al., 2006) was used to identify
IS elements. The ACLAME server (Leplae et al., 2004) was used
to investigate if parts of the insert sequences were previously
identified on mobile genetic elements.

Assignment of Inserts Conferring
Resistance to Bacterial Isolates
Since one small-insert library was prepared with genomic DNA
from 31 different sponge-associated bacterial isolates (as opposed
to metagenomic DNA), we could use insert sequence-specific
PCRs to assign inserts to the bacterium of origin. For this
purpose, primers were designed with Primer3Plus (Untergasser
et al., 2007). The reaction mixture of a given detection PCR
consisted of: 10 µl 5X Green GoTaq Reaction Buffer (Promega,
Fitchburg,Wisconsin), 0.2 mMdNTPs (Promega), 1µM forward
primer, 1 µM reverse primer, 0.5 µl GoTaq G2 DNA polymerase
(5 U/µl, Promega), 1 µl genomic DNA (10–20 ng/µl), and 32.5
µl nuclease-free water (Promega). The PCR program consisted
of: initial denaturation of 30 s at 98◦C; 35 cycles of denaturation
at 98◦C for 10 s, annealing at 57◦C for 20 s, and extension at 72◦C
for 20 s; and final extension at 72◦C for 10 min. The PCR product
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was analyzed on a 1% agarose gel. If neither the initial PCR nor a
repetition with a 1◦C reduction in annealing temperature yielded
a product, then new primers were designed. If a detection PCR
yielded a product with genomic DNA frommultiple isolates, then
the amplification products were sequenced by Sanger sequencing.
Inserts were assigned to an isolate if the Sanger sequence was
99–100% identical to the insert sequence.

Nucleotide Sequence Accession Numbers
The metagenomic insert sequences were deposited under
accession numbers KU577908 to KU577944. The insert that
contained blaPSV-1 as a single gene was deposited under accession
KU926347.

RESULTS

Composition and Screening of
Metagenomic Libraries
In order to investigate the presence and diversity of functional AR
genes in sponge microbiota, small-insert libraries were prepared
in E. coli with a mixture of gDNA from 31 bacterial strains
isolated from the sponges A. aerophoba, P. ficiformis, and C.
candelabrum (library I-31; 0.8 Gb), and with DNA directly
isolated from the same three sponges (libraries Aa; 0.2 Gb, Cc;
0.8 Gb, Pf; 1.7 Gb). 16S ribosomal RNA (rRNA) gene amplicon
sequence analysis of the bacterial gDNA pool that was used to
prepare library I-31 confirmed that DNA from all 31 isolates was
present (data not shown). Amongst these 31 sponge-associated
bacteria, resistance to 14 out of 16 antibiotics was observed,
whereas merely intermediate resistance, signifying a reduced
growth rate, to imipenem was observed. None of the isolates
were resistant to rifampicin (Table 1). Screening of the four
different libraries for AR yielded 37 clones with unique inserts
conferring resistance to D-cycloserine (n = 6), gentamicin (n =

1), amikacin (n = 7), trimethoprim (n = 17), chloramphenicol
(n = 1), rifampicin (n = 2) and ampicillin (n = 3) (Table 2).
No clones were obtained that were resistant to chlortetracycline,
polymyxin, erythromycin, ciprofloxacin, cefotaxime, tetracycline
or imipenem. The majority of resistant clones (30 of 37) were
derived from library I-31, whereas 2 clones, 0 clones and 5 clones
were derived from libraries Aa, Cc, and Pf, respectively.

Resistance Gene Diversity and Uniqueness
The unique full-length inserts (mean insert size = 2974 bp
± 1627 [s.d.]) were sequenced by Sanger sequencing, which
occasionally required multiple iterations of primer walking. We
defined a resistance gene to be identified with high confidence
if the resistance function was assigned at an E-value of <1E-
7, and furthermore the resistance function needed to match the
observed resistance phenotype.

In total, 26 resistance genes distributed over 24 different
inserts were identified that met our confidence threshold (Table
S1). The uniqueness of the resistance genes was evaluated by
performing a global alignment at the amino acid level with the
closest BLASTp hit in NCBI’s non-redundant protein database.
The majority of confidently identified resistance genes obtained
from library I-31 (17 of 21) were predicted to code for proteins

that had >70% identity at the amino acid level with known
gene products, whereas proteins encoded by the genes (n = 5)
obtained from the metagenomic libraries of environmental
sponge DNA had <60% amino acid identity with known gene
products (Figures 1A,B). Overall, most confidently identified
resistance genes (15/26) were predicted to encode trimethoprim-
resistance-conferring dihydrofolate reductases (Figure 1C). The
confidently identified AR genes with the lowest similarity
to known genes were predicted to code for a glycerol-3-
phosphate acyltransferase and a GNAT family acetyltransferase
with respectively 32 and 36% amino acid identity with the closest
hit in NCBI’s non-redundant protein database. Both of these
amikacin-resistance-conferring genes were detected in libraries
of environmental sponge DNA.

For 13 insert sequences a resistance gene could not be
identified meeting our threshold. Those inserts conferred
resistance to amikacin (n = 4), D-cycloserine (n = 6), and
trimethoprim (n = 3) (Table 3, Table S2). In these cases,
besides BLAST searches against the CARD and NCBI nr/nt
databases and motif detection by application of Resfams
pHMMs, also protein domain and protein family predications
by InterProScan were evaluated in order to manually predict
AR gene presence. Most (12 of 13) inserts contained multiple
open reading frames (ORFs), which prevented the unequivocal
assignment of resistance functions to individual genes. For
three of four inserts that conferred resistance to amikacin,
we predicted the presence of genes encoding aminoglycoside-
modifying enzymes. On one of these inserts (clone Env_Ami3) a
gene was identified that we predicted to code for an enzyme that
putatively modifies amikacin by phosphorylation. On the other
two inserts, we predicted genes encoding an aminoglycoside
acetyltransferase (clone Iso_Ami2) and an aminoglycoside
methyltransferase (clone Iso_Ami3). The fourth insert conferring
amikacin resistance (clone Iso_Ami4) contained a single gene
that shared 93% amino acid identity with an amino acid
transporter, and as such we predicted the gene to confer
AR via antibiotic efflux. Six inserts conferred resistance to
D-cycloserine. On all of these six inserts we predicted the
presence of genes encoding proteins involved in transmembrane
transport based on high similarity to known transporters.
We predicted that three of the six D-cycloserine resistance-
conferring inserts harbored genes encoding transporters that
belong to the major facilitator superfamily. Three other inserts
on which an AR gene could not be confidently identified
conferred resistance to trimethoprim. On one of these inserts
(clone Env_Trim4), we predicted that a thymidylate synthethase
may be responsible for the resistance phenotype. The two other
inserts conferring trimethoprim resistance (clones Iso_trim13
and Iso_trim14) putatively encoded oxidoreductases that could
confer trimethoprim resistance.

Taxonomic Assignment of Inserts from the
Library of 31 Sponge Bacteria
Resistance genes that were confidently identified in library I-31
were assigned to their strain of origin by gene-specific PCRs,
where the PCR amplicon covered at least part of the predicted
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TABLE 2 | Small-insert libraries in E. coli were made with DNA isolated from 31 sponge bacteria, and with DNA isolated from A. aerophoba,

C. candelabrum and P. ficiformis tissue.

Metagenomic library Cumulative library size D-cycloserine Gentamicin Amikacin Trimethoprim Chloramphenicol Rifampicin Ampicillin

31 sponge bacteria (I-31) 0.8 Gb 6 1 4 13 1 2 3

A. aerophoba (Aa) 0.2 Gb 0 0 1 1 0 0 0

C. candelabrum (Cc) 0.8 Gb 0 0 0 0 0 0 0

P. ficiformis (Pf) 1.7 Gb 0 0 2 3 0 0 0

The libraries were screened for resistance to 14 antibiotics. This table shows the number of resistant clones with unique inserts for the different metagenomic libraries.

No clones were obtained that were resistant to chlortetracycline, polymyxin B, erythromycin, ciprofloxacine, cefotaxime, tetracycline, or imipenem.

FIGURE 1 | Characterization of the 26 antibiotic resistance genes that were identified with high confidence (E < 1.0E-7). (A) Amino acid identity

distribution of the resistance genes that were obtained from the library of 31 sponge bacteria with their best hit (bitscore sorted) in NCBI’s database. (B) Amino acid

identity distribution of the resistance genes that were obtained from libraries based on DNA from sponge tissue with their best hit (bitscore sorted) in NCBI’s database.

(C) The mechanisms of action of all 26 resistance genes. (D) The taxonomic assignments of the resistance genes that were obtained from the library of 31 sponge

bacteria.

resistance gene. Gene presence was checked in all 31 strains
used for building the library by dedicated PCR reactions, which
resulted in confidently identified AR genes being assigned to 15 of
31 bacterial strains in library I-31 (Table 1). Insert sequences for
which no resistance gene could be identified with high confidence
were assigned to a strain of origin at the loci given in Table S2.
We discovered that several inserts may contain hybrid sequences,

that is, the inserts consist of two different DNA fragments that
were ligated into the vector. For example, the insert of clone
Iso_Dcy6 was assigned to Ruegeria spp. in the region between
513 and 1372 bp and assigned to Acinetobacter radioresistens
DN138_5C8 in the region between 2240 and 2851 (Table S2).
We found that about half of the confidently identified resistance
genes (11/21) were assigned to Bacillus spp., and Bacillus was the
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TABLE 3 | Inserts that confer resistance to amikacin, D-cycloserine or trimethoprim on which no AR gene was identified with high confidence.

Clone ID Clone Library Resistance Gene Annotation best hit in NCBI nr/nt % amino Predicted resistance

accession acid identity function

Iso_Ami2 KU577920 I-31 Amikacin 2..934 Flagellar motor protein [Ruegeria sp. ANG-R] 92.3 Aminoglycoside

6′-N-acetyltransferase

1,043..1,687 Hypothetical protein [Ruegeria sp. ANG-S4] 57.9

1,808..2,197 ATP-dependent Clp protease ATP-binding

subunit ClpA [Ruegeria sp. CECT 5091]

98.5

2,293..3,741 MULTISPECIES: copper amine oxidase [Bacillus] 99.6

Iso_Ami3 KU577921 I-31 Amikacin 2..526 16S rRNA (guanine(966)-N(2))-methyltransferase

RsmD [Pseudovibrio sp. POLY-S9]

98.9 Aminoglycoside

methyltransferase

1,661..2,977 Transporter [Psychrobacter aquaticus] 86.1

Iso_Ami4 KU577922 I-31 Amikacin 1..1,329 Amino acid transporter [Pseudovibrio sp.

FO-BEG1]

92.7 Transmembrane export

Env_Ami3 KU577939 Pf Amikacin 2..73 n/a n/a

388..1,005 Non-canonical purine NTP pyrophosphatase

[Thermogemmatispora carboxidivorans]

49.1 Aminoglycoside

modification

1,086..1,382 Radical SAM protein [Deinococcus radiodurans] 59.6

Iso_Dcy1 KU577913 I-31 D-cycloserine 1..543 GntR family transcriptional regulator [Bacillus

altitudinis]

99.5

593..910 Major facilitator superfamily transporter [Bacillus

stratosphericus LAMA 585]

94.3 Antibiotic efflux

903..1,760 MFS transporter [Bacillus sp. TH007] 95.8 Antibiotic efflux

1,928..2,206 Barnase inhibitor [Bacillus aerophilus] 15.9

2,363..2,785 MULTISPECIES: iron ABC transporter permease

[Bacillus]

100

Iso_Dcy2 KU577914 I-31 D-cycloserine 2..199 N-acetylmuramic acid 6-phosphate etherase

[Bacillus manliponensis]

72.7

333..515 Hypothetical protein [Bacillus fordii] 73.7

618..1,838 Hypothetical protein [Bacillus fordii] 55.6 Antibiotic efflux

1,955..2,323 NADPH:quinone oxidoreductase [Aneurinibacillus

tyrosinisolvens]

74.0

Iso_Dcy3 KU577915 I-31 D-cycloserine 3..1,214 GntR family transcriptional regulator [Bacillus sp.

FJAT-21351]

100

1,365..1,586 EamA-like transporter family, partial [uncultured

bacterium]

82.2 Antibiotic efflux

1,637..2,284 MULTISPECIES: multidrug transporter [Bacillus] 100

Iso_Dcy4 KU577916 I-31 D-cycloserine 437..847 Transporter [Bacillus megaterium] 93.4 Antibiotic efflux

916..1,596 Transporter [Bacillus megaterium] 99.5 Antibiotic efflux

2,031..3,158 MFS transporter [Bacillus megaterium] 99.7 Antibiotic efflux

Iso_Dcy5 KU577917 I-31 D-cycloserine 15..893 Transporter [Pseudovibrio sp. POLY-S9] 99.3 Antibiotic efflux

944.1,216 Succinate dehydrogenase [Pseudovibrio sp.

POLY-S9]

98.9

1,203..1,946 Succinate dehydrogenase [Pseudovibrio sp.

POLY-S9]

91.9

Iso_Dcy6 KU577918 I-31 D-cycloserine 1..90 MULTISPECIES: hypothetical protein

[Rhodococcus]

100

95..259 MULTISPECIES: hypothetical protein

[Rhodococcus]

69.9

409..924 RTX toxin [Rhodobacteraceae bacterium KLH11] 70.9

(Continued)
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TABLE 3 | Continued

Clone ID Clone Library Resistance Gene Annotation best hit in NCBI nr/nt % amino Predicted resistance

accession acid identity function

926..1,576 RTX toxin [Ruegeria conchae] 78.7

1,752..2,105 Hypothetical protein RHECNPAF_930033

[Rhizobium etli CNPAF512]

28.2

2,102..2,362 Membrane protein [Acinetobacter baumannii] 100

2,467..3,309 Putative benzoate transporter [Acinetobacter

radioresistens DSM 6976]

99.6 Antibiotic efflux

Iso_Trim13 KU577923 I-31 Trimethoprim 3..176 Sodium:proton exchanger [Ruegeria sp.

6PALISEP08]

87.7

246..977 Short-chain dehydrogenase [Ruegeria

halocynthiae]

84.9 Oxidoreductase

1,268..3,073 Excinuclease ABC subunit C [Ruegeria sp. CECT

5091]

93.3

3,143..3,685 Membrane protein [Ruegeria halocynthiae] 74.4

3,986..4,492 Hypothetical protein [Microbulbifer variabilis] 91.1

Iso_Trim14 KU577937 I-31 Trimethoprim 3..440 Nitrous-oxide reductase [Lacinutrix himadriensis] 83.5 Oxidoreductase

379..828 Nitrous-oxide reductase [Gaetbulibacter

saemankumensis]

85.1 Oxidoreductase

800..1,279 Nitrous-oxide reductase [Gaetbulibacter

saemankumensis]

83.2 Oxidoreductase

1,858..2,130 Membrane protein [Flaviramulus ichthyoenteri] 80.2

2,096..2,410 Hypothetical protein [Mesoflavibacter

zeaxanthinifaciens]

77.8

Env_Trim4 KU577943 Aa Trimethoprim 3..521 Td thymidylate synthetase [Synechococcus

phage Syn19]

80.8 Thymidylate synthetase

586..882 Hypothetical protein SSSM7_321

[Synechococcus phage S-SSM7]

75.3

884..1,273 P-starvation inducible protein [uncultured

Mediterranean phage uvMED]

81.5

We defined a resistance gene to be identified with high confidence if it was detected at an E-value of <1E-7 by either BLASTp or BLASTn against the CARD database, or by employing

the pHMMs of the Resfams database. However, on these inserts no resistance genes were identified with high confidence. Therefore, in order to predict the presence of resistance

genes, the results from the queries against the CARD and Resfams database were supplemented with protein domain and protein family predications by InterProScan. Based on the

combined results, we predicted which genes on these inserts may be responsible for the resistance phenotype. The column “predicted resistance function” contains information about

the mechanism of action of the proteins that we predicted to be responsible for the resistance phenotype.

only taxon to which gentamicin, amikacin, chloramphenicol and
rifampicin resistance genes were assigned (Table 1, Figure 1D).
Even though gentamicin, amikacin, chloramphenicol, rifampicin
and ampicillin resistance genes were assigned to Bacillus spp.,
the strains themselves were not found to be resistant to these
antibiotics. Resistance genes that were assigned to the remaining
taxa comprised mostly trimethoprim resistance genes, with an
exception being an ampicillin resistance gene that was assigned
to Pseudovibrio spp. (Table S1). Strains to which trimethoprim
resistance genes were assigned were not trimethoprim resistant
themselves in 8 out of 9 cases.

Novel β-Lactamase Family Identified in
Pseudovibrio
The insert sequence of ampicillin-resistant clone Iso_Amp3
contained a gene predicted to encode a class A β-lactamase. The
gene was assigned to Pseudovibrio ascidiaceicola DN64_1D03
and Pseudovibrio ascidiaceicola DN64_8G1, and the predicted

protein shared 58% amino acid identity with the closest hit in the
CBMAR database (Srivastava et al., 2014). Since this predicted
protein displayed high divergence with members of known β-
lactamase families it is a candidate to be classified into a new
family (Jacoby, 2006). Therefore, we further tested the gene’s
function by cloning the gene-specific amplicon sequence that
was generated with genomic DNA of Pseudovibrio ascidiaceicola
DN64_1D03 as template into the pZE21 vector. The new clone,
PSV1 (accession KU926347), was resistant to ampicillin, which
confirmed the functionality of the β-lactamase gene. Remarkably,
the coding sequence of the gene cloned using the genome-derived
amplicon sequences was 75 bp longer than the coding sequence
of the β-lactamase gene in the original metagenomic insert.
Sanger sequencing of the genome-derived amplicon yielded
a gene sequence that shared 100% nucleotide identity with
the gene sequence in clone PSV1. Hence, we concluded that
the longer β-lactamase gene in clone PSV1 is the exact gene
that is present in the genome of Pseudovibrio ascidiaceicola
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DN64_1D03. We predict that even though a frameshift mutation
yielded a shorter gene in case of the small-insert library, the
encoded enzyme retained its function. We classified the genome-
derived (longer) gene into a novel β-lactamase family named PSV
after Pseudovibrio. The first member was designated blaPSV-1.
BLASTp of the gene against the CBMAR database showed that
LEN and SHV were the closest β-lactamase families. The best
hit from the LEN and SHV families in both cases shared 50%
amino acid identity with blaPSV-1. The best hit was blaLEN−22

(accession AM850912), with which blaPSV-1shared 41% global
amino acid identity. The best hits in the NCBI non-redundant
protein sequences database (≥76% amino acid identity) were
exclusively genes in sequenced genomes of Pseudovibrio spp.
(Figure 2). Additional resistance testing of clone PSV1 showed
that blaPSV-1 conferred resistance to penicillin (50µg/ml) but not
against cefotaxime (20 µg/ml) and imipenem (20 µg/ml).

Resistance Gene Dissemination
Horizontal gene transfer is the main mechanism through which
resistance genes are disseminated. Therefore, we investigated
our sequences for evidence of gene mobilization. Comparison
of the insert sequences with the ACLAME plasmid database
showed that they were not previously identified on plasmids.
Furthermore, ISfinder did not identify insertion sequences. We
investigated whether the resistance genes identified in this study
had been observed previously in a different genomic context by
comparing our sequences with those in the NCBI nr/nt database
(Table S3). A β-lactamase and an ADP-ribosyl transferase (those
on clones Iso_Amp2 and Iso_Rif2, respectively), both of which
were assigned to Bacillus aryabhattai DN67_5C7, shared very
high (≥99%) identity with genes previously found in the
non-marine Bacillus megaterium QM B1551, which suggests
a relatively recent dissemination event. The insert of clone
Iso_Amp2 shared 99% identity with the genome of Bacillus

megaterium QM B1551 over the full-length insert (1352 bp).
This insert produced four other significant alignments with
sequences in the NCBI nr/nt database at >90% nucleotide
identity, all of which belonged to Bacillus megaterium strains.
The insert of clone Iso_Rif2 was 6717 bp in length but only
the region from 5198 to 6717 bp aligned with the genome
of Bacillus megaterium QM B1551. Besides the rifampicin-
resistance-conferring gene, this region encodes a hypothetical
protein and a gene that putatively encodes an enzyme involved
in site specific recombination of plasmids. The gene putatively
encoding a recombination enzyme was the only gene involved in
gene mobilization that was predicted on the inserts.

DISCUSSION

Functional metagenomic analysis of sponge-associated bacteria
revealed diverse AR genes that conferred resistance to
ampicillin, D-cycloserine, gentamicin, amikacin, trimethoprim,
chloramphenicol and rifampicin. Seventeen of 26 confidently
identified AR genes shared low homology (<90% amino acid
identity) with known gene products. Therefore, these results
show that sponges, like other environments that contain complex
bacterial communities, appear to represent reservoirs of unique
AR genes. In addition, we obtained 13 inserts that did not
contain genes with significant similarity to known resistance
genes, reinforcing the notion that sponges may act as reservoirs
of yet unknown mechanisms of AR. Two resistance genes shared
≥99% nucleotide identity with AR genes detected outside the
marine environment, and hence it is tempting to speculate that
AR genes are being transmitted between sponges and non-
marine environments and as such may be exploited by bacteria
in other non-marine habitats. It has previously been shown
that AR genes can be genetically linked, leading to co-selection

FIGURE 2 | Maximum Likelihood Tree based on protein sequences of: the novel ß-lactamase (blaPSV-1) discovered in Pseudovibrio ascidiaceicola

DN64_1D03 (blue), the closest homologs of the novel ß-lactamase in the NCBI non-redundant protein sequences database (red), and the closest

homologs of the novel ß-lactamase in the CBMAR database (green) (the two closest homologs were picked for each of the two closest families:

blaLEN and blaSHV). In this figure, only the proteins in green and the novel ß-lactamase (blaPSV-1) have demonstrated functionality. The tree was constructed in

MEGA using 1000 iterations of bootstrapping. Bootstrap values <50 are not shown. The horizontal bar indicates the number of substitutions per site.
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(Galimand et al., 1997; Summers, 2006). None of our inserts
contained AR genes with different resistance functions, which
is likely in part due to the small insert size of the metagenomic
libraries.

Out of 37 inserts harboring resistance genes, 30 inserts
were obtained from the library of 31 sponge bacteria, and 7
inserts were obtained from the libraries of sponge tissue even
though their cumulative library sizes were 0.8 and 2.7 Gbp,
respectively. We expect that this discrepancy can be explained
by libraries from sponge tissue DNA containing a substantial
fraction of sponge DNA. No identical resistance genes were
obtained from individual isolates and from sponge tissue in
spite of the individual isolates being previously isolated from the
tissue samples. This result, and taking into account the high AR
gene diversity and limited scale of the experiment, suggests the
presence of a substantial number of AR genes in sponges that are
not yet identified. The number of AR genes that we identified was
also restricted to those that are compatible with the expression
system of the E. coli host, and to those that confer AR based on a
DNA sequence of at most 5 kbp. From the spongeC. candelabrum
no resistant clones were obtained, neither from the sponge tissue
nor from the individual isolates. It should be noted, however, that
the small-insert library of 31 bacteria contained only two isolates
from C. candelabrum, which reduced the chance to identify a
resistance gene from this sponge. Furthermore, the library of C.
candelabrum tissue was 0.8 Gb in size and as such is expected to
cover only a small fraction of the total unique DNA in this niche.
Therefore, absence of resistance inserts for this sponge species
should not be interpreted as an absence of AR genes.

Most confidently identified resistance genes (15/26)
conferred resistance to trimethoprim by encoding the
enzyme dihydrofolate reductase. Dihydrofolate reductase is
a housekeeping enzyme that converts dihydrofolic acid to
tetrahydrofolic acid. Tetrahydrofolic acid in turn is a required
cofactor to convert dUMP to dTMP by thymidylate synthase,
with dTMP being essential for DNA synthesis. Trimethoprim
resistance due to additional dihydrofolate reductase genes
can occur via a combination of two mechanisms: (i) the
dihydrofolate reductase is overproduced leading to higher
levels of the enzyme in the cell, and (ii) the heterologously
introduced dihydrofolate reductase has decreased trimethoprim
susceptibility due to mutations (Gibreel and Sköld, 1998; Coque
et al., 1999; Rodrigues et al., 2016). The fact that strains to which
dihydrofolate reductase genes were assigned were themselves in
most cases (8/9) not trimethoprim resistant may have resulted
from these strains having too little active dihydrofolate reductase
to compensate for the inhibition by trimethoprim. Resistance
in recombinant E. coli clones that host a plasmid-encoded
dihydrofolate reductase may result from 50 to 70 copies of pZE21
plasmid being present per cell (Lutz and Bujard, 1997), thereby
substantially increasing the concentration of active enzyme.
Expression level differences of active enzyme could also explain
other instances where the host to which an AR gene was assigned
was itself not resistant. For example, Bacillus stratosphericus
DN14_7A9 contained functional genes conferring resistance
to gentamicin, chloramphenicol, rifampicin and ampicillin,
but the strain itself was not resistant against these antibiotics.

In the natural environment, these AR genes can potentially
benefit their bacterial hosts in the presence of lower levels
of antimicrobials than those applied in this study, or even if
antimicrobials are present at sub-MIC levels (Andersson and
Hughes, 2012; Sandegren, 2014). For example, an Escherichia
coli strain harboring a single GyrA mutation was shown to
outcompete the wild-type strain at a ciprofloxacin level of 1/230
the wild-type MIC (Gullberg et al., 2011).

The most unique confidently identified (predicted) resistance
genes were those encoding a glycerol-3-phosphate acyltransferase
and a GNAT family acetyltransferase with respectively 32 and
36% amino acid identity with the closest hit in NCBI’s non-
redundant protein database. These genes were derived from
libraries Aa and Pf, respectively. Although aminoglycoside
resistance genes might serve as defense against locally or
self-produced antimicrobials (Walsh and Duffy, 2013), past
studies have ascribed to these genes various other functional
roles besides aminoglycoside modification. Aminoglycoside
modification would then be accidental. For instance, a 2′-N-
acetyltransferase was shown to be involved in the acetylation
of peptidoglycan (Macinga et al., 1998). Reeves et al. (2013)
suggested roles for aminoglycoside resistance genes in immune
modulation and alleviation of cellular stress. In addition,
aminoglycoside-3′-phosphotransferases are closely related to
protein kinases (Davies, 2006). For one amikacin-resistance
conferring insert, we predicted that resistance resulted from
antibiotic efflux. The efflux pump showed high identity with
an amino acid transporter that was not previously implicated
in amikacin resistance. For another six metagenomic inserts
from our libraries that conferred D-cycloserine resistance, we
predicted the presence of efflux pumps that were also not
previously linked to resistance. These results show that sponge-
derived bacteria carry genes that provide AR by mechanisms that
were not previously observed.

One novel β-lactamase (blaPSV-1) was discovered in P.
ascidiaceicola DN64_1D03 that provided resistance to ampicillin
and penicillin. Based on high amino acid sequence divergence
with known β-lactamase families, the gene was placed in a
novel family termed PSV, after Pseudovibrio. To date, all publicly
available sequences that share ≥76% identity with blaPSV-1 at
the amino acid level were found in Pseudovibrio spp. (Figure 2),
a genus whose members are consistently being isolated from
sponges and have never been isolated outside the marine
environment (Lafi et al., 2005; Muscholl-Silberhorn et al., 2008;
Menezes et al., 2010). The subsequent closest homologs of the
novel β-lactamase were (predicted) β-lactamases from Ruegeria,
a genus comprising marine bacteria (Wagner-Döbler and Biebl,
2006). Therefore, blaPSV-1 appears to be a marine-specific β-
lactamase, and may correspondingly have a marine-specific role
and/or substrate. In sponges, β-lactamases could serve as a
defensemolecule against β-lactam antimicrobials, and substances
containing a β-lactam ring have been identified in sponges (Aviles
and Rodriguez, 2010). On the other hand, β-lactamases have also
been predicted to serve a role in disruption of cell signaling (Allen
et al., 2009). Apart from the biological role of β-lactamases, their
evolutionary origin is also still unclear (Hall and Barlow, 2004;
Garau et al., 2005).
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The majority of confidently identified AR genes (11/21)
in library I-31 were assigned to Bacillus spp. including AR
genes conferring resistance to ampicillin, chloramphenicol,
gentamicin, amikacin and rifampicin. This is in line with the
fact that, to date, the only sponge isolate that was shown to
harbor functional resistance genes was Bacillus sp. strain HS24
(Phelan et al., 2011; Barbosa et al., 2014). These findings suggest
that in sponges, Bacillus spp. are a reservoir of AR genes.
However, sponges filter thousands of liters of water per day
(Vogel, 1977), and as a result, sponge-associated microorganisms
are not always permanent residents of the sponge holobiont.
In fact, in all three investigated sponges Bacillus spp. represent
less than 0.1% of the sponge microbiome (Versluis et al., under
review). Therefore, we speculate that the diverse AR genes
detected in the sponge-associated Bacillus spp. do not play a
sponge-specific role but rather that these genes serve a more
general role in the survival of these bacteria in the marine
environment.

A phenomenon we noticed is that in our study, several inserts
may contain hybrid sequences, that is, the inserts consist of two
different DNA fragments that were ligated into the same vector.
As a consequence, the assignment of inserts to a strain of origin
can depend on the sequence locus that is amplified by detection
PCR. We suspect that these hybrid inserts are an artifact of
the cloning strategy involving ligation of blunt end fragments.
Because in the present study, one of the libraries was prepared
fromDNA extracted from 31 bacterial isolates, and thus a defined
pool of starting DNA was used, detection of hybrid inserts was
possible. However, based on this finding, for all studies using
similar cloning methods conclusions about the genetic context
of AR genes on metagenomic inserts should be drawn carefully.
Here, to ensure that all confidently identified resistance genes
were assigned to the correct strain, we performed gene-specific
PCRs (Table S1).

In conclusion, we show that sponges constitute a reservoir
of diverse functional AR genes. We detected functional AR
genes that show little similarity to known AR genes, as well
as functional AR genes that have no similarity to known AR
genes. One ampicillin resistance gene, blaPSV-1, was placed into a
novel family of marine-specific β-lactamases. These results raise
questions as to the roles of these genes in bacteria residing in
arguably the oldest lineage of metazoans (Hentschel et al., 2006),
the sponges. Furthermore, the functionality of our observed AR
genes in E. coli shows that they can potentially be harnessed by
phylogenetically distinct bacteria in other environments.
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