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Heavy metal resistance is more than the tolerance one has towards a particular music genera.
The study of metal resistance mechanisms in bacteria traces back to the 1970s and through to the mid
1990s. During these early days, specific metal or metalloid ion resistance determinants, consisting of
single metal(loid) resistance genes (MRGs) to large complex operons, were being identified on large
conjugative plasmids and other mobile genetic elements. These determinants were often used to
classify these accessory plasmid components of genomes. Thinking back to a conference on this topic
with speakers from our ancestors of this field, such as Simon Silver, Ann Summers, Barry Rosen,
Diane Taylor, Geoff Gadd, Dietrich Nies, and Max Mergeay, who were presenting their work of cloning,
sequencing, and characterizing metal resistance in microbes at this time. This early work performed in
the pre-omics’ era made great strides in exploring bacteria response to silver, nickel, cadmium, mercury,
copper, arsenite/arsenate, and tellurite. It was not that long before it was realized that metal resistance
in bacteria essentially follows a limited number of biochemical processes [1–3], e.g., prevention of
metals’ uptake; if it gets in; efflux it back out again; sequestration through metal binding proteins
or chelating metabolites; oxidation-reduction to change redox state or other chemical modification
(either removal or addition of organic constituents) to change the metal’s speciation; sequestration
through precipitation to metal crystal form or the production of metal binding proteins or chelating
metabolites. These seem like trivial statements to say today, but a remarkable amount of work has
been put forward to understand such processes at the genetic, biochemical, and structural biology
levels. Yet, even with the power of omics approaches, there are still many metal-microbe interaction
puzzles left to solve.

The work exploring specific metal-resistance determinants has been complemented by those
researchers exploring the ability of various bacterial species to respire using different metal(loids)
as electron donors or acceptors [4,5]. Additionally, the studies on metal resistance over the past
50 years, derived primarily from the clinical environment, are complemented by the work evaluating
the microbiology of extreme environments, from deep sea vents to mine drainage/tailings and
industrial sites, evaluating bacteria’s role in geochemistry. This work gave us the multi-metal
resistant Cupriavidus metallidurans, which has become an important model organism in this regard [6].
The genomics of this species strains have provided us amazing insight into how bacteria can survive
high metal loads and how bacteria can survive anthropogenically abused environments. It would
be impossible to deny the advances in knowledge that the genomic revolution has given our field.
Even as early as the late 2000s, it took 3 years of work to sequence a strain to obtain a rough draft of an
aluminum resistant polychlorinated biphenyl (PCBs) degrading strain [7]. At the time, getting this
information was remarkable, and this sequenced genome sparked new hypothesis and important
findings. On reflection, it could take 6 months to sequence an operon in 1990. Now, of course,
sequencing and assembling a genome can be done in a week. Multiple strains can be sequenced
and their genomes compared for unique single nucleotide polymorphisms (SNPs) and gene operon
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changes. Bioinformatic mining of genomes allows for an understanding of specific genetic traits related
to metals [8]. Beyond sequencing, other omic approaches have evolved and been applied to the field of
metal resistance in bacteria, including proteomic (example [9]), metabolomic [10,11], and comparative
genomics approaches [12], methods of chemical genomics [13], or the comprehensive approach of
resistance metalloproteomics [14]. Combining various omics together to look at the response of the
transcriptome, proteome, and metabolome by metals is referred to as metallomics [15].

So why do we care, or why should we care, about metal-resistance in bacteria? The research
directions described above still continue in labs around the world, but now more often focus on
the advent of biotechnological or bioremediation advances. Over the past decade, we have seen the
knowledge of metal resistance in bacteria be used in the eco-friendly production of a wide variety of
metal nanomaterials [16]. The appreciation of the normal sensitivity of most bacteria to several metals
has led to a resurgence of their use as metal(loid)-based antimicrobials [17,18] as a result of moving into
the antimicrobial resistance era and the need for new and novel antimicrobials. As such, we have also
seen an exponential use of metal(loid)-based nanoparticles used as antimicrobial agents [19]. Of course,
resistance has already started to develop against different metal nanomaterial formulations [20].

Through the journey from the 1970s, we have obtained a good view of the acquired MRGs.
It is now reasonably well established that many are found on mobile genetic elements and genomic
islands similar to antibiotic resistant genes (ARGs). Using modern day genomics, we can see beyond
the specific gene determinants and toward the full system responses of metal challenges to bacteria.
We have begun to see various global regulator systems, such as MarR [21], providing regulated
tolerance to both antibiotics and metals. Similarly, we see multidrug resistance efflux pumps providing
co-resistance to metals, antiseptics, and antibiotics [22]. This also helps us to understand the link
between the use of metal ions in agriculture practices and its influence on the world’s antimicrobial
resistance challenges [23].

It was through the variety of genomic approaches that we found the genes, metabolic pathways,
and key enzymes involved in resistance and tolerance mechanisms in bacteria. Yet knowledge gaps
exist in our understanding of bacterial sensitivity to metal challenges. How do naïve bacterial species
respond to metal stress? Can we see metal resistance develop in real-time? Our various anthropogenic
activities have led to metal resistance bacteria in aquatic and marine environments [24]. This is
beginning to allow us to understand how bacteria survive acute metal ion challenges as well as
chronically living under constant metal exposed aggression.

We have learned a lot about metal-resistance to date. What does the future hold in this field
that genomics tools will feed? As metabolic modeling of microbes improves [25], how will our
view and use of metal-resistance in bacteria change? Pontification here gives possibilities of novel
metal(loid) respiring species, bioremediation strategies for the many metal polluted sites world-wide,
novel metal-based antimicrobial treatments, biocatalysts in green chemistry, understanding of bacterial
evolution in relationship to the Earth’s geological history, and modelling natural selection of microbial
communities and microbial strains.

The present Special Issue, which includes two reviews [26,27], two featured papers [28,29],
and eight original manuscripts [30–37] covers many of the above-mentioned aspects of genomics
in bacteria resistance. The review papers discuss the knowledge and perspective of heavy-metal
resistance in human pathogens and in the challenge of plant symbiotic microbiome exploitation in
phytoremediation of heavy-metal polluted soils. The research papers present novel data on the genetics
of resistance in model and pathogenic species and in biotechnologically relevant strains. Witnessing
the need to still fully understand the genetics and evolution of heavy-metal resistance novel work on
the previously mentioned model bacterium C. metallidurans is also presented.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Cupriavidus metallidurans has been mostly studied because of its resistance to numerous
heavy metals and is increasingly being recovered from other environments not typified by metal
contamination. They host a large and diverse mobile gene pool, next to their native megaplasmids.
Here, we used comparative genomics and global metabolic comparison to assess the impact of the
mobilome on growth capabilities, nutrient utilization, and sensitivity to chemicals of type strain
CH34 and three isolates (NA1, NA4 and H1130). The latter were isolated from water sources aboard
the International Space Station (NA1 and NA4) and from an invasive human infection (H1130).
The mobilome was expanded as prophages were predicted in NA4 and H1130, and a genomic
island putatively involved in abietane diterpenoids metabolism was identified in H1130. An active
CRISPR-Cas system was identified in strain NA4, providing immunity to a plasmid that integrated
in CH34 and NA1. No correlation between the mobilome and isolation environment was found.
In addition, our comparison indicated that the metal resistance determinants and properties are
conserved among these strains and thus maintained in these environments. Furthermore, all strains
were highly resistant to a wide variety of chemicals, much broader than metals. Only minor
differences were observed in the phenomes (measured by phenotype microarrays), despite the large
difference in mobilomes and the variable (shared by two or three strains) and strain-specific genomes.

Keywords: phenotype microarray; mobile genetic elements; Cupriavidus; metal; resistance

1. Introduction

Cupriavidus metallidurans type strain CH34, which was isolated from a decantation basin in the
non-ferrous metallurgical factory at Engis, Belgium [1], has been mostly studied because of its resistance
to numerous heavy metals [2]. It tolerates high concentrations of metal (oxyan)ions, including Cu+,
Cu2+, Ni2+, Zn2+, Co2+, Cd2+, CrO4

2−, Pb2+, Ag+, Au+, Au3+, HAsO4
2−, AsO2−, Hg2+, Cs+, Bi3+, Tl+,

SeO3
2−, SeO4

2− and Sr2+ [2,3]. Metal detoxification is encoded by at least 24 gene clusters and many
of them are carried by its two megaplasmids pMOL28 and pMOL30 [4]. Resistance to metal ions
is mediated by multiple systems, including transporters belonging to the resistance nodulation cell
division (RND), the cation diffusion facilitator (CDF) and the P-type ATPase families [2,5].

Cupriavidus metallidurans strains have characteristically been isolated from metal-contaminated
industrial environments such as soils around metallurgical factories in the Congo (Katanga) and
North-Eastern Belgium [6,7], as well as from contaminated soils in Japan [8] and gold mining sites in
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Queensland (Australia) [9]. Other environments include sewage plants [10], laboratory wastewater
(Okayama University, Okayama, Japan) [11] and spacecraft assembly cleanrooms [12]. In addition,
C. metallidurans strains were also found in the drinking water and dust collected from the International
Space Station (ISS) [12,13].

Remarkably, more and more reports describe the isolation of C. metallidurans strains from
medically-relevant settings and sources such as the pharmaceutical industry, human cerebrospinal
fluid and cystic fibrosis patients [14]. It remains to be elucidated if the isolates caused the active
infection or only intruded as secondary opportunistic pathogens [14]. Nevertheless, an invasive
human infection and four cases of catheter-related infections caused by C. metallidurans were recently
reported [15,16].

All Cupriavidus genomes characteristically carry, next to their chromosome, a second large
replicon. This 2 to 3 Mb-sized replicon has recently been coined chromid as it neither fully fits
the term chromosome nor plasmid [17,18]. In addition to the chromid, most Cupriavidus strains
harbor one or more megaplasmids (100 kb or larger in size), which probably mediate the adaptation
to certain ecological niches by the particular functions they encode (see [19] for detailed review).
For instance, pMOL28 and pMOL30 from C. metallidurans CH34 are pivotal in metal ion resistance [4];
hydrogenotrophic and chemolithotrophic metabolism are encoded by pHG1 from Cupriavidus necator
H16 [20], and pRALTA from Cupriavidus taiwanensis LMG19424 codes for nitrogen fixation and legume
symbiosis functions [21]. Next to these megaplasmids, other plasmids (mostly broad host range) can
be present. One example is pJP4 from Cupriavidus pinatubonensis JMP134, which is a broad host range
IncP-1β plasmid involved in the degradation of substituted aromatic pollutants [22].

The C. metallidurans mobilome is completed with a large diversity of genomic islands (GIs),
integrative and conjugative elements, transposons and insertion sequence (IS) elements [7,23–25].
Many mobile genetic elements (MGEs) carry accessory genes beneficial for adaptation to particular
niches (resistance, virulence, catabolic genes), but acquired genes may also impact the host by cross-talk
to host global regulatory networks [26]. In addition, without accessory genes, MGEs such as IS elements
can have an impact on genome plasticity and concomitant adaptability of phenotypic traits, including
resistance to antibacterial agents, virulence, pathogenicity and catabolism [27]. Finally, the presence of
prophages, until now not identified in C. metallidurans, may also affect many different traits and lead
to phenotypic changes in the host [28,29].

Recently, we showed that C. metallidurans strains share most metal resistance determinants
irrespective of their isolation type and place [7]. In contrast, significant differences in the size and
diversity of their mobilome was observed. However, our comparison was based on whole-genome
hybridization to microarrays containing oligonucleotide probes present on the CH34 microarray.
These observations triggered us to further study the diversity of the mobilome, its relation to the
environment and impact on the host’s global phenome. Therefore, we inventoried the mobilomes and
compared the global metabolic capabilities of type strain CH34, strains NA1 and NA4 isolated from
water sources aboard ISS [12], and H1130 isolated from an invasive human infection [15]. The global
metabolic activities were assessed by employing phenotype microarrays (PMs), which highlight
differences in growth requirements, nutrient utilization and sensitivity to chemicals [30].

2. Materials and Methods

2.1. Strains, Media and Culture Conditions

Bacterial strains and plasmids used in this study are summarized in Table 1. Cupriavidus
metallidurans strains were routinely cultured at 30 ◦C in lysogeny broth (LB) or tris-buffered
mineral medium (MM284) supplemented with 0.2% (w/v) gluconate [1]. Escherichia coli strains
were routinely cultured at 37 ◦C in LB. Liquid cultures were grown in the dark on a rotary
shaker at 150 rpm. For culturing on agar plates, 1.5% agar (Thermo Scientific, Oxoid, Hampshire,
UK) was added. When appropriate, the following chemicals (Sigma-Aldrich (Overijse, Belgium)
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or Fisher Scientific (Merelbeke, Belgium)) were added to the growth medium at the indicated
final concentrations: kanamycin (50 μg/mL for E. coli or 1500 μg/mL for C. metallidurans),
tetracycline (20 μg/mL), 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal; 40 μg/mL),
isopropyl-β-D-thiogalactopyranoside (IPTG; 0.1 mM) and diaminopimelic acid (DAP; 1 mM).

Table 1. Strains and plasmids used in this study.

Strain or Plasmid Genotype/Relevant Characteristics Reference

STRAIN

Cupriavidus metallidurans

CH34T Type strain [31]

NA1 Isolated from a water sample, ISS [12]

NA4 Isolated from a water sample, ISS [12]

NA4 ΔCRISPR ΔCRISPR::tet, TcR This study

H1130 Isolated from invasive human infection [15]

Escherichia coli

DG1 mcrA Δmrr-hsdRMS-mcrBC (rB
−mB

−) Φ80lacZΔM15 ΔlacX74
recA1 araD139 Δ(ara-leu)7697 galU galK rpsL endA1 nupG Eurogentec

MFDpir MG1655 RP4-2-Tc::[ΔMu1::aac(3)IV-ΔaphA-Δnic35-ΔMu2::zeo]
ΔdapA::(erm-pir) ΔrecA [32]

PLASMID

pK18mob pMB1 ori, mob+, lacZ, KmR [33]

pK18mob-CRISPR CRISPR region of NA4 in pK18mob, KmR This study

pK18mob-CRISPR::tet pK18mob-CRISPR derivative, CRISPR::tet, KmR, TcR This study

pACYC184 p15A ori, CmR, TcR [34]

pJB3kan1 RK2 minimal replicon; ApR, KmR [35]

pJB3kan1_Rmet2825 Rmet_2825 of CH34 in pJB3kan1; KmR This study

Eurogentec: Seraing, Belgium, KmR: kanamycine resistant, TcR: tetracycline resistant, CmR: chloramphenicol
resistant, ApR: ampicillin resistant.

2.2. Growth in the Presence of Metals

Cupriavidus metallidurans CH34, NA1, NA4 and H1130 were cultivated in MM284 at 30 ◦C up to
stationary phase (109 CFU/mL) and 10 μL of a ten-fold serial dilution in 10 mM MgSO4 were spotted
on MM284 agar plates containing various metal concentrations (Table S1). Colony forming units (CFU)
were counted after 4–5 days. Data are presented as log(N)/log(N0) in function of metal concentration,
with N and N0 CFUs in the presence and absence (control) of metal, respectively.

2.3. NA4 CRISPR Deletion Construction

The CRISPR region of C. metallidurans NA4 was amplified by PCR (Phusion High-Fidelity DNA
polymerase) (Fisher Scientific, Merelbeke, Belgium) with primer pairs CRSPR_Fw-Rv (Table S2),
providing XbaI/HindIII restriction sites. Afterwards, this PCR product was cloned as a XbaI/HindIII
fragment into the mobilizable suicide vector pK18mob. The resulting pK18mob_CRISPR plasmid
from an E. coli DG1 transformant selected on LB Km50 was further confirmed by sequencing prior to
amplifying of the flanking CRISPR sequences by inverse PCR (Phusion High-Fidelity DNA polymerase)
with primer pair CRISPR_tet_Fw-Rv (Table S2), providing BcuI/BspTI restriction sites. At the same
time, the tet gene from pACYC184 (Table 1 [34]) was amplified by PCR (Phusion High-Fidelity DNA
polymerase) with primer pair Tet_Fw-Rv (Supplementary Table S1), providing BcuI/BspTI restriction
sites. Afterwards, this PCR product was cloned as a BcuI/BspTI fragment into the former inverse PCR
product. The resulting pK18mob-CRISPR::tet plasmid from an E. coli DG1 transformant selected on LB
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Tc20 Km50 was further confirmed by sequencing prior to conjugation (with E. coli MFDpir as donor
host [32]) to C. metallidurans NA4. The resulting transformants selected on LB Tc20 were replica plated
on LB Tc20 and LB Km1500. NA4 ΔCRISPR::tet cells resistant to Tc20 but sensitive to Km1500 were
further confirmed by sequencing.

2.4. Construction of Plasmids

PCR amplification of C. metallidurans CH34 Rmet_2825 was performed on genomic DNA from
C. metallidurans CH34 with primer pair Rmet2825_Fw-Rv (Table S2). This amplicon was subsequently
cloned into pJB3kan1, which was linearized by PCR amplification with the primers pJB3kan1_Fw-Rv
(Table S2), using the GeneArt™ Seamless Cloning and Assembly Enzyme Mix (Fisher Scientific,
Merelbeke, Belgium). The resulting pJB3kan1-Rmet2825 plasmid from E. coli DG1 transformants
selected on LB Km50 was further confirmed by sequencing prior to transformation to E. coli MFDpir.

2.5. Conjugation Assay for Testing CRISPR-Cas

Donor (E. coli MFDpir pJB3kan1-Rmet2825) and recipient (C. metallidurans NA4 or NA4
ΔCRISPR::tet) were grown overnight at 37◦ in LB Km50 DAP, and at 30◦ in LB, respectively. Fifty μL
of donor and recipient were spotted on a 0.45 μm Supor® membrane disc filter (Pall Life Sciences,
Hoegaarden, Belgium) that was put on a LB DAP plate. After overnight incubation at 30 ◦C, cells were
resuspended in 1 mL of 10 mM MgSO4 and 10-fold serial diluted on LB Km50 DAP (37 ◦C), LB (30 ◦C)
and LB Km1500 plates (30 ◦C) to count CFU of donors, recipients and transconjugants, respectively.
Conjugation frequency was measured as the number of transconjugants per donor cell (T/D) and per
recipient cell (T/R).

2.6. Plasmid Profiling

The extraction of megaplasmids was based on the method proposed by Andrup et al. [36].
Extracted plasmid DNA was separated by horizontal gel electrophoresis (0.5% Certified Megabase
agarose gel (Bio-Rad, Temse, Belgium) in 1X TBE buffer, 100 V, 20 h) in a precooled (4 ◦C) electrophoresis
chamber. After GelRed staining (30 min + overnight destaining at 4 ◦C in ultrapure water), DNA
was visualized and images captured under UV light transillumination (Fusion Fx, Vilber Lourmat,
Collégien, France).

2.7. Phenotype Microarray Analysis

Phenotype microarray (PM) analysis was performed using the OmniLog® automated
incubator/reader (Biolog Inc., Hayward, CA, USA) following manufacturer’s instruction (PM
procedures for E. coli and other GN Bacteria version 16-Jan-06 with slight modifications). Briefly,
cells were suspended in Biolog’s inoculation fluid IF-0a (1x) until an optical density (600 nm) of 0.2
was reached. Subsequently, a 1:50 dilution was made in IF-0a (1x) containing dye mix A. Furthermore,
2 mM sodium succinate and 2 μM ferric citrate (Sigma-Aldrich, Overijse, Belgium) were used as carbon
sources in PM 3 till 8. All 20 plates (PM-1 through PM-20) inoculated with bacterial cell suspensions,
were incubated at 30 ◦C and cell respiration was measured every 30 min for 144 h. Raw kinetic
data were retrieved using the OmniLog—OL_PM_FM/Kin 1.30-: File Management/Kinetic Plot
Version software of Biolog. Analysis was carried out with the R-library OPM (version 1.3.64) [37,38].
The area under the curve (AUC) threshold to decide whether a strain is or is not growing in a
specific well of the PM, was derived by plotting the AUC values of all PM reactions for each strain,
showing in all conditions an almost bimodal distribution. The AUC threshold (one value for all four
strains) was determined as the value separating both major peaks (threshold value of 8000) (Figure S1).
Negative control wells that contained the inoculated Omnilog™ growth medium without any substrate
were measured to normalize differences in inocula and redox dye oxidation between samples.
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2.8. Computational Methods

The pan-genome analysis was performed via the MaGe platform [39], which uses MicroScope
gene families (MICFAM) that are computed with an algorithm implemented in the SiLiX software [40].
The alignment constraints to compute the MICFAM families were 80% amino-acid identity and 80%
amino-acid alignment coverage. The MICFAM is part of the core-genome if associated with at least
one gene from every compared genome (see Table S3 for complete data set).

A phylogenetic tree of the genomes was constructed via the MaGe platform from the pairwise
genome distances using a neighbor-joining algorithm. The pairwise genome distance was calculated
with Mash [41].

The CARD (comprehensive antibiotic resistance database) [42] implementation within the
MaGe platform [39] was used to identify known resistance determinants and associated antibiotics.
All predictions were strict as defined by CARD, meaning a match above the CARD curated bitscore
cut-offs [42–44].

A BLAST search against BacMet (antibacterial biocide and metal resistance genes database) was
used to inventory genes predicted to confer resistance to metals and/or antibacterial biocides [45].
The alignment constraints were 35% amino-acid identity and 80% amino-acid alignment coverage.

The different constraints used to compute the MICFAM families and CARD/BacMet BLAST hits
can result in minor differences in the number of core genome genes from a particular strain that results
in a positive CARD/BacMet hit.

3. Results and Discussion

Four C. metallidurans strains were selected: type strain CH34 [3], strain NA1 and NA4 isolated
from the drinking water systems onboard the International Space Station that were analyzed previously
and had mobilomes divergent from that of CH34 [7], and strain H1130, recently isolated from an
invasive human infection [15]. This selection allows comparing the type strain with two strains
isolated from a similar environment but with different mobilomes (at least based on elements known
in CH34 [7]) and an isolate from a human infection.

3.1. Comparison of General Genome Features

The genome of C. metallidurans NA1, NA4 and H1130 was previously sequenced [46,47] and
estimated to be 6,833,318 bp, 7,370,364 bp and 7,225,099 bp, respectively (with type strain CH34 being
6,913,352 bp [3]). The G + C content of the genomes are very similar to each other, with 63.76%,
63.27%, 63.50% and 63.82% for NA1, NA4, H1130 and CH34, respectively. NA4 contained the most
coding sequences (CDSs) (7467), followed by H1130 (7032), NA1 (6815) and CH34 (6757). All strains
contained multiple replicons, namely, one chromosome, one chromid and megaplasmids (>100 kb [19]).
Strain NA1 carries two megaplasmids. Strain NA4 carries three megaplasmids and one plasmid.
Strain H1130 carries only one megaplasmid (Figure 1).

The core genome contains 4697 MICFAM gene families shared by all four strains, which relates
to 70.9%, 70.2%, 65.4% and 69.9% of the total CDSs of CH34, NA1, NA4 and H1130, respectively.
This means that roughly 30% to 35% of the CDSs belong to the variable (shared by two or three strains)
or strain-specific genome (Figure 2). Strains CH34 and NA4 shared the most gene families (Figure 3).
Furthermore, the Mash-distance-based phylogeny (Figure 4) indicated that NA4 and CH34 were the
most closely related. In addition, NA4 shared more gene families with H1130 and CH34 than with
NA1, which corresponded with the phylogenetic distance. These data indicated that NA1 and NA4
were not the two most similar strains, despite their isolation from the same environment.
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Figure 1. Agarose gel electrophoresis of Cupriavidus metallidurans CH34, NA1, NA4 and H1130
(mega)plasmid DNA. The characterized CH34 megaplasmids pMOL30 (234 kb) and pMOL28 (171 kb)
serve as reference.

Figure 2. Percentage of coding sequences (CDSs) belonging to the core, variable (shared by two or
three strains) and strain-specific genome of Cupriavidus metallidurans CH34, NA1, NA4 and H1130.

 

Figure 3. Venn diagram displaying the distribution of shared MicroScope gene families (MICFAM)
among C. metallidurans CH34, NA1, NA4 and H1130.
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Figure 4. Neighbor-joining phylogenetic tree of C. metallidurans CH34, NA1, NA4 and H1130, based on
the genome pairwise distance matrix calculated with Mash. Cupriavidus basilensis: OR16, Cupriavidus
pinatubonensis: JMP134, Cupriavidus necator: H16 and N-1, and Cupriavidus taiwanensis: LMG19424 were
included for comparison.

Evidently, with 1827 Microscope gene families shared with Cupriavidus taiwanensis LMG19424,
Cupriavidus necator H16, Cupriavidus pinatubonensis JMP134, Cupriavidus basilensis OR16 and Cupriavidus
necator N-1, the C. metallidurans strains share more gene families among each other than with strains of
different Cupriavidus species. Strains CH34, NA1, NA4 and H1130 shared 1977 gene families unique to
the C. metallidurans species.

The COGnitor module [48] implemented in the MaGe platform was used to compare the CDSs of
the core, variable and specific genome assigned to a COG (clusters of orthologous groups) functional
category (Figure 5). The latter indicated that for all four strains, COG L (replication, recombination and
repair) and U (intracellular trafficking and secretion) are overrepresented on the variable plus specific
genome. Other COGs were also significantly overrepresented on the variable plus specific genome
for particular strains. For instance, COG D (cell cycle control, division and partitioning) for CH34,
NA4 and H1130, and COG V (defense mechanisms) for NA1 and NA4 (see Figure 5 for all significant
overrepresentations).

Figure 5. Percentage of CDSs assigned to a COG (clusters of orthologous groups) functional class
(general categories: cellular processes and signaling: D, M, N, O, T, U, V; information storage and
processing: A, B, J, K, L; metabolism; C, E, F, G, H, I, P, Q; poorly characterized: R, S) belonging to the
core, variable of strain-specific genome of C. metallidurans CH34, NA1, NA4 and H1130. * Significant
(p < 0.05; based on hypergeometric distribution) overrepresentation of COG on variable + specific
compared to the core genome.
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3.2. The Mobilome

Recently, we showed that C. metallidurans strains have substantial differences in the diversity
and size of their mobile gene pool [7]. However, since this comparison was based on whole-genome
hybridization to microarrays containing type strain CH34 oligonucleotide probes, the presence of
MGEs other than those in CH34 could not be assessed. Here, the mobilomes of NA1, NA4 and
H1130 (including IS elements, transposons, genomic islands and prophages) as well as the presence of
CRISPR-Cas systems were scrutinized.

3.2.1. Insertion Sequence Elements and Transposons

ISFinder [49] and ISSaga [50] (+ manual curation) were used to create an inventory of the IS elements,
which identified 57, 25, 33 and 91 putative IS elements in CH34 [24], NA1, NA4 and H1130, respectively.
It must be noted that this list is based on a draft genome assembly for NA1, NA4 and H1130, which could
have an impact on the actual number. Possible identical IS elements present in multiple copies will
only be represented as one contig in the genome assembly, as such leading to an underestimation
of the number of IS elements in the respective genome [51]. Active IS transposition in CH34 was
already observed for ISRme1, ISRme3, ISRme5, ISRme15, IS1086, IS1087B, IS1088 and IS1090 [24,52–58].
Transposition activity of ISRme5 > IS1088 > ISRme3 > IS1087B > IS1090 > IS1086 > ISRme15, at least into
the cnr target after exposure of AE126, a derivative of CH34 cured from plasmid pMOL30 carrying
the main zinc resistance determinant, to 0.8 mM Zn2+ [58]. Some of these active IS elements are
also carried by NA1 (2 ISRme3 copies), NA4 (1 ISRme1, 4 ISRme4 and 1 ISRme5 copy) and H1130
(16 ISRme3 copies) (based on 98% DNA sequence identity cut-off). Next to transposition, IS elements
can also cause more extensive/general loss of genetic information by recombination events between
identical individual IS copies, e.g., loss of the CH34 genes involved in autotrophy by IS1071-mediated
excision [24]. Similar observations of IS1071-mediated rearrangements affecting the metabolic potential
of the host have been described for Comamonas sp. strain JS46 [59] and Cupriavidus pinatubonensis
JMP134 [60]. Thus, these IS elements in CH34, NA1, NA4 and H1130 can play a multifaceted, pivotal
role in the adaptation to stress conditions (as shown for CH34) [27,58].

The CH34 genome harbors five distinct transposon families totaling 19 intact transposons.
The transposition modules of four transposons are related to those of mercury transposons with
Tn4378, Tn4380 and Tn6050 belonging to the Tn21/Tn501 family, and Tn6048 to the Tn5053 family [61].
The transposition module of Tn6049 could not be categorized. Tn6048, Tn6049 and mercury
transposons are also conserved in NA1 (one Tn6048 copy, one Tn6049 copy), NA4 (3 mercury
transposons, 3 Tn6049 copies) and H1130 (4 mercury transposons). Tn6050 appeared to be only
present in CH34. No other transposons were identified.

3.2.2. Genomic Islands

The MaGe platform was used to scrutinize the presence of genomic islands (GIs), including those
previously identified in CH34. The largest island (109 kb) on the chromosome of CH34 belongs
to the large pKLC102/PAGI-2 family of elements that share a core gene set and are integrated
downstream of tRNA genes [62,63]. A similar element is present in NA1 (2 copies), NA4 and
H1130 as shown by progressive Mauve alignment [64] (Figure S2). The Tn4371-family of integrative
and conjugative elements CMGI-2, CMGI-3 and CMGI-4 of CH34 were previously designated
ICETn43716054, ICETn43716055 and ΔICETn43716056, respectively [65]. CMGI-2 (ICETn43716054) and
CMGI-3 (ICETn43716055) are responsible for CH34’s ability to grow on aromatic compounds and to
fix carbon dioxide, respectively [7,24]. No Tn4371-family genomic island was identified in NA4.
One Tn4731-family element was identified in NA1, which is highly similar to previously identified
elements in Delftia acidovorans SPH-1 (DAGI-1; ICETn437160370), Comamonas testosteroni KF-1 (CTGI-1;
ICETn43716038) and the partial CMGI-4 (ΔICETn43716056) of CH34 [25,65]. The island carries an
RND-driven efflux system. In H1130, two Tn4371-family genomic islands were identified, one carrying
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12 genes (putatively involved in ion transport), while the second could not be correctly defined
as the integration/excision and stabilization/maintenance module up to rlxS (encoding a relaxase
protein) are not located on the same contig as the transfer module (starting from traR coding for
a transcriptional regulator). Therefore, the accessory genes that are typically located between rlxS
and traR in Tn4371-family members could not be properly assessed [65]. All other GIs on CH34’s
chromosome were not found in the other strains, except CMGI-5 in NA1. CMGI-C and CMGI-E,
previously identified on CH34’s chromid, are absent in all strains. CMGI-A, -B and -D are conserved
in NA4 and H1130, but show limited synteny with NA1. No other genomic islands could be clearly
identified in NA1 or NA4. One other genomic island was clearly noticeable in H1130. This 87
kb region, which is absent in CH34, NA1 and NA4, is syntenic with an 80-kb cluster located on the
1.47-Mbp megaplasmid of Burkholderia xenovorans LB400. In B. xenovorans LB400, this Dit island encodes
proteins of abietane diterpenoids metabolism and mediates growth on abietic acid, dehydroabietic
acid, palustric acid and 7-oxo-dehydroabietic acid [66] (not included in the phenotypic microarray).
Abietane diterpenoids are tricyclic, C-20, carboxylic acid-containing compounds produced by plants
and are a key component of the defense systems of coniferous trees [66,67]. This observation also
adds evidence to the mobility of this cluster and its distribution among proteobacterial genomes [66].
In addition, two smaller regions (13.6 and 10.3 kb) carrying genes coding for unknown functions and a
tyrosine-based site-specific recombinase were identified.

3.2.3. Prophages

The presence of prophages was scrutinized via PHASTER [68] and showed no prophages in type
strain CH34 (which was already known) and the presence of intact prophages in NA4 and H1130 as
well as incomplete/remnants in H1130, NA1 and NA4 (Table 2). Although mitomycin C exposure did
not result in prophage induction (data not shown), a derivative of NA4 exposed to uranium lost the
43.6 kb region predicted as an intact prophage (unpublished data).

Table 2. Prophage detected in C. metallidurans NA1, NA4 and H1130.

Strain Size a Completeness b Score c # d Position Most Common Phage e GC %

NA1 27.9 questionable 90 32 528,474–556,451 Ralsto_RS138 (NC_029107; 7) 65.35
17.7 incomplete 20 21 554,542–572,263 Pseudo_NP1 (NC_031058; 3) 64.23

NA4 43.6 intact 100 50 1,706,628–1,750,233 Bordet_BPP_1 (NC_005357; 18) 64.94
6.1 intact 100 10 1,941,664–1,947,835 Ralsto_PE226 (NC_015297; 6) 60.08
45.2 intact 150 41 2,145,854–2,191,126 Burkho_Bcep176 (NC_007497; 11) 61.83

8 incomplete 30 10 2,181,367–2,189,450 Gordon_Nymphadora (NC_031061; 2) 62.44
120.5 intact 130 125 2,248,504–2,369,042 Salmon_118970_sal3 (NC_031940; 14) 61.84
44.5 incomplete 30 39 2,545,435–2,589,959 Pseudo_JBD44 (NC_030929; 5) 63.89

H1130 19.3 incomplete 30 21 1,470,543–1,489,908 Burkho_phiE125 (NC_003309; 3) 61.27
12.7 incomplete 40 19 1,505,965–1,518,710 Bacill_SP_15 (NC_031245; 5) 63.39
7.9 incomplete 30 9 2,763,200–2,771,108 Entero_phi92 (NC_023693; 4) 58.60
48.4 intact 110 73 6,748,679–6,797,173 Salmon_SEN34 (NC_028699; 22) 62.09
16 incomplete 50 29 7,110,429–7,126,525 Clostr_phiCT453B (NC_029004; 4) 61.04

a Size in kb; b Prediction of whether the region contains an intact or incomplete prophage and c score based on
PHASTER criteria [68]; d number of proteins; e the phage with the highest number of proteins most similar to those
in the region (between parentheses: accession number; number of proteins).

3.2.4. CRISPR-Cas

The CRISPR-Cas system is an adaptive immunity system that stores memory of past encounters
with foreign DNA in spacers that are inserted between direct repeats in CRISPR arrays [69].
CRISPR-Cas systems were detected with CRISPRfinder [70] and CRISPRDetect [71] (default settings).
Only positive hits with both were further examined, resulting in the identification of 1 CRISPR-Cas
system in NA4. CRISPRTarget [72] identified 5 spacer sequences related to genomic island CMGI-5
of CH34 (which is also present in NA1). CMGI-5 is probably a plasmid remnant and contains
besides hypothetical genes, some typical plasmid-related genes such as repA, traY, mobA and mobB.
To assess if the identified system is active, the conjugation frequency of plasmid pJB3kan1 carrying
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the CMGI-5 repA gene (pJB3kan1_Rmet2825; containing one spacer) was determined for the parental
and CRISPR-deleted NA4 strain. CRISPR deletion in NA4 increased the conjugation efficiency 33-fold,
indicating an active CRISPR-Cas system in NA4 (Figure 6).

Figure 6. Conjugation frequency of pJB3kan1_Rmet2825 (containing one spacer identified in the NA4
CRISP-Cas system) from donor E. coli MFDpir to recipient C. metallidurans NA4 and NA4 ΔCRISPR::tet,
respectively. Median values plus corresponding calculated standard deviations across biological
triplicates are shown (T/D = conjugation frequency per donor; T/R = conjugation frequency per
recipient).

3.3. The Resistome

3.3.1. Antibiotic Resistance

The CARD [42] implementation within the MaGe platform [39] was used to identify known
resistance determinants and associated antibiotics. The latter predicted 33, 36, 33 and 39 proteins
involved in antibiotic resistance in CH34, NA1, NA4 and H1130, of which 31, 31, 30 and 39 belonged
to the core genome, respectively. No marked difference in tolerance to antibiotics was observed.

3.3.2. Metal Resistance

The antibacterial biocide and metal resistance genes database (BacMet) was used to create
an inventory of genes predicted to confer resistance to metals and/or antibacterial biocides [45].
This showed 302, 282, 337 and 302 proteins involved in biocide and metal resistance in CH34, NA1,
NA4 and H1130, respectively. Most genes belonged to the core genome (221, 246, 276 and 251 for
CH34, NA1, NA4 and H1130, respectively). The compounds (metal and chemical class) to which these
genes confer resistance are very similar for all four strains (Figure 7). Genes conferring resistance to
nickel, copper, cobalt and the chemical classes acridine and phenanthridine were the most abundant.

For CH34, the predicted genes contained 68 out of the 174 genes that were previously identified
to be related to metal resistance (for an overview see [2,3]). Specific analysis of these 174 proteins
showed that almost all are conserved in NA1, NA4 and H1130. Exceptions are (i) the accessory cluster
related to chromate resistance in H1130, (ii) the hmz cluster in NA4 and H1130, (iii) cdfX in NA1,
NA4 and H1130, and (iv) the dax/gig cluster in NA1. The latter three are all located on a genomic
island. The gene cluster related to chromate resistance on pMOL28 from CH34 contains five additional
genes that are strongly induced by chromate in CH34 [73] as well as for the homologous system in
Arthrobacter sp. FB24 (both at the gene and protein level) [74,75]. The hmz cluster is a HME-RND-driven
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system, belonging to the HME3b (Heavy Metal Efflux) subfamily of the RND superfamily, with no
known substrate and transcriptionally silent in C. metallidurans CH34 [5,73,76]. The cdfX gene of CH34
encodes a putative permease (211 amino acid residues and six predicted transmembrane α-helices)
that shares 87% amino-acid identity with PbtF from Achromobacter xylosoxidans A8 [5]. Expression of
pbtF in A. xylosoxidans A8 was induced by Pb2+, Cd2+ and Zn2+, and although PbtF showed measurable
Pb2+-efflux activity, it did not confer increased metal tolerance in E. coli GG48 [77]. The dax cluster [73],
which was renamed gig for “gold-induced genes” in Wiesemann et al. [78], is induced by Ag+ and
Au3+ [73,79] but not essential for gold resistance [78].

Figure 7. Inventory of C. metallidurans CH34, NA1, NA4 and H1130 genes conferring resistance to
metals/chemical classes based on the BacMet database (antibacterial biocide and metal resistance
genes database).
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In agreement with the conservation of these metal resistance determinants, growth in the presence
of increasing metal concentrations showed only minor differences between CH34, NA1, NA4 and
H1130 (Figure 8). Moreover, the minor strain-dependent differences (see above) did not mediate
differences in metal resistance (Figure 8). Essentially, the most noticeable difference in growth was
observed in the presence of Ni2+, with higher concentrations tolerated by NA4 and H1130. Initially,
the nccCBA locus, which is inactivated in CH34 because of a frame shift mutation, was put forward as
a possible explanation [12]. However, the frame shift mutation in nccB is present in all four strains.
However, NA4 and H1130 carry a second nccYXHCBAN locus coding for an RND-driven efflux system
involved in Ni2+ and Co2+ resistance. This locus is homologous to that of C. metallidurans 31A and KT02,
which has been shown to be responsible for resistance to 40 mM Ni2+ [80], and is likely responsible for
the observed differences. In addition, although the nimBAC locus, coding for an RND-driven efflux
system putatively involved in Ni2+ and Co2+ resistance [5], is only inactivated in CH34 (via ISRme3
insertion) and not in NA1, NA4 and H1130, growth in the presence of Ni2+ is similar for NA1 and
CH34. Other observations are the lower resistance of NA1 to Cd2+ and to lesser extent Co2+ and Ag+.
However, based on the current data, no hypotheses can be put forward to explain these observations.

Figure 8. Viable count of C. metallidurans CH34, NA1, NA4 and H1130 grown in the presence of
various metal concentrations (Table S2). Data are presented as log(N)/log(N0) in function of metal
concentration, with N and N0 the colony forming units (CFUs) in the presence and absence (control) of
metal, respectively.
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3.4. Phenotypic Microarrays

In order to scrutinize functional differences between the four C. metallidurans strains, phenotypic
characterization with OmniLog Phenotypic Microarrays (PMs) was conducted. Area under the curve
(AUC) values were calculated and a threshold cut-off (8000) was applied to discriminate a positive
(growth) from a negative (no-growth) reaction. This revealed an overall phenotypic similarity among
the four strains, with 1744 out of the 1920 assays shared (Figures 9–11).

 

Figure 9. Venn diagram displaying the distribution of OmniLog phenotypic assays shared among
C. metallidurans CH34, NA1, NA4 and H1130.
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Figure 10. Overview of positive (growth) OmniLog phenotypic assays shared by C. metallidurans CH34,
NA1, NA4 and H1130 for each PM plate (with 1 being all 96 assays). The assays on each PM plate are
detailed in Table S4.
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Figure 11. Overview of positive (growth) OmniLog phenotypic assays shared by C. metallidurans
CH34, NA1, NA4 and H1130 for different metabolic and chemical sensitivity tests (with 1 being all
assays shared).

3.4.1. C, N, P and S Sources

Only around 27% to 28% of the C source reactions was positive, which is related to their inability
to assimilate sugars and sugar alcohols (Figure 11) [1,3]. All four strains lack a glucose uptake system.
The latter is most likely deleted in all four strains as a N-acetylglucosamine-specific phosphotransferase
system (PTS)-type transport system essential for glucose uptake (growth) in Cupriavidus necator
H16 [81,82] is absent in from a large syntenic region (>110 genes) conserved among C. necator H16 and
C. metallidurans CH34, NA1, NA4 and H1130 (data not shown).

A few marked differences were observed for the use of amino acids as N source, in particular for
L-leucine, L-tryptophan and L-Valine (Figure 12). Specific for L-tryptophan, growth was observed for
NA1, NA4 and H1130 but not for CH34. Aerobic L-tryptophan degradation in C. metallidurans most
likely occurs via a three-step pathway to anthrilanate requiring tryptophan 2,3-dioxygenase (kynA),
kynurenine formamidase (kynB) and kynureninase (kynU). Experimental verification of the anthranilate
pathway was achieved by functional expression of the CH34 kynBAU operon in Escherichia coli after
suppressing the stop codon disrupting kynB [83]. This amber mutation is not present in NA1, NA4 and
H1130, which could explain the observed differences. Similar differences were also observed when
growth was scored for dipeptides (N source), as CH34 grew less or not on L-tryptophan-containing
dipeptides compared to NA1, NA4 and H1130. Only minor differences were observed for growth on P
and S sources (Figure 11, Table S4).
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Figure 12. (a) Overview of OmniLog phenotypic assays with amino acids as N source (AUC = area
under the curve) for C. metallidurans CH34, NA1, NA4 and H1130, (b) Growth kinetics in the presence
of L-leucine, L-tryptophan and L-Valine as N source (AOU = arbitrary OmniLog units).

3.4.2. Osmolytes and pH

The addition of ionic osmolytes had a clear and comparable impact on the growth of strains CH34,
NA1, NA4 and H1130, as growth was generally only observed for the lower/lowest concentrations
(1% NaCl, 2% Na2SO4, 1% sodium formate, 3% urea and 2% sodium lactate). In contrast, addition of
up to 20% of the non-ionic osmolyte ethylene glycol had no impact on growth of CH34, NA1, NA4
and H1130.

The effect of pH over the range 3.5 to 10 growth was comparable for CH34, NA1, NA4 and H1130.
Growth was inhibited below pH 5 for all strains. Growth at pH 10 was much more pronounced for
H1130 than for the other strains (Figure 13).

Figure 13. (a) Overview of OmniLog phenotypic assays related to pH (AUC = area under the curve)
for C. metallidurans CH34, NA1, NA4 and H1130, (b) Growth kinetics at pH 10 (AOU = arbitrary
OmniLog units).
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3.4.3. Chemicals

The PM-11 to PM-20 plates carry different chemicals (4 increasing concentrations of each) to test
sensitivity, only for eight out of the 240 chemicals tested at least one of the strains was susceptible to
the lowest concentration. For more than 50% of the tested chemicals, CH34, NA1, NA4 and H1130
were resistant to the highest concentration included in the phenotypic microarrays (Figure 14).

No growth was observed in the presence of 2,2′-dipyridyl (metal chelator), hydroxyurea (ROS
producer) and phenethicillin (a narrow-spectrum, β-lactamase-sensitive penicillin) for all four strains.
In contrast to phenethicillin, CH34, NA1, NA4 and H1130 were resistant to (at least one concentration
of) all other β-lactam antibiotics tested. Only H1130 grew in the presence of sodium meta- and
orthovanadate, and did not grow in the presence of thallium acetate (Figure 15). Strain CH34 and NA4
did not grow in the presence of potassium tellurite (Figure 15). The genetic basis underlying resistance
to these metals is poorly understood, therefore, no correlation to the genotype could be established.
Strain CH34 and NA1 were susceptible to sodium metaperiodate (oxidizing agent) and tolylfluanid
(fungicide), respectively (Figure 15).

Figure 14. Percentage of tested chemicals (n = 240) to which C. metallidurans CH34, NA1, NA4 and
H1130 are resistant. Four increasing concentrations are included in the phenotypic microarrays (0:
susceptible to the lowest concentration, 1 to 4: resistant to the lowest up to the highest concentration).

Figure 15. Growth kinetic of C. metallidurans CH34, NA1, NA4 and H1130 in the presence of
different chemicals (lowest concentration in the phenotypic microarrays is shown) (AOU = arbitrary
OmniLog units).
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3.4.4. Trait Prediction

Finally, the prediction of Traitar, an automated software framework for the accurate prediction of
67 phenotypes directly from a genome sequence [84], was evaluated by comparison with the generated
phenotypic data (OmniLog Phenotypic Microarray data and previous observations/knowledge).
Traitar correctly predicted 85% (45 out of 53 analyzed), 81% (38 out of 47), 80% (37 out of 46) and 80%
(37 out of 46) of the CH34, NA1, NA4 and H1130 traits, respectively (Figure 16). Although Weimann
and colleagues [84] indicated that the phypat classifier assigned more phenotypes at the price of more
false-positive predictions, whereas the phypat + PGL classifier assigned fewer phenotypes with fewer
false assignments, it appeared that in the case of the C. metallidurans strains, phypat + PGL assigned
more false-positive predictions.

Figure 16. Overview of the correctly (C) and falsely (F) predicted phenotypic traits of C. metallidurans
CH34, NA1, NA4 and H1130 by Traitar (two classifiers: phypat and phypat + PGL).

4. Conclusions

The comparison of four C. metallidurans strains isolated from different environments indicated
that metal resistance determinants and properties are maintained in these environments. As most of
the metal determinants are on the native megaplasmids, it could be argued that these environments
provided a selective pressure for the conservation of these determinants and plasmids. The previously
identified differences in the size and diversity of the mobile gene pool were put in perspective by the
identification of intact (and remnant) prophages in NA4 and H1130, and a genomic island putatively
involved in abietane diterpenoids metabolism in H1130. The latter indicated that mobilome diversity
differed (integrative and conjugative elements/genomic islands versus prophages). Furthermore,
the mobilome is apparently not directly related to the isolation environment as the NA1 mobilome is
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shaped more like that of H1130 than that of NA4 isolated from the same environment. In addition,
an active CRISPR-Cas system was identified in strain NA4, providing immunity to a plasmid that
integrated in CH34 and NA1. Despite the large size of the variable and specific genomes, only minor
differences were observed in the global phenomes (as measured by phenotype microarrays) and all four
strains were highly resistant to a wide variety of chemicals, much broader than metals. The variable
and specific genome were probably acquired through later transfer and perhaps carry functions more
essential for survival in challenging and fluctuating environments than general metabolic functions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/10/507/s1,
Figure S1: Density plot of the AUC values of all PM reactions for each strain, Figure S2: Progressive Mauve
alignment of CMGI-1 of CH34 with related elements in NA1, NA4 and H1130, Table S1: Metal concentrations
used in growth experiments, Table S2: Primers used in this study, Table S3: Pan-genome analysis data set, Table
S4: PM area under the curve (AUC) values.
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Abstract: For the past three decades, Cupriavidus metallidurans has been one of the major model
organisms for bacterial tolerance to heavy metals. Its type strain CH34 contains at least 24 gene
clusters distributed over four replicons, allowing for intricate and multilayered metal responses.
To gain organic mercury resistance in CH34, broad-spectrum mer genes were introduced in a
previous work via conjugation of the IncP-1β plasmid pTP6. However, we recently noted that
this CH34-derived strain, MSR33, unexpectedly showed an increased resistance to other metals
(i.e., Co2+, Ni2+, and Cd2+). To thoroughly investigate this phenomenon, we resequenced the
entire genome of MSR33 and compared its DNA sequence and basal gene expression profile
to those of its parental strain CH34. Genome comparison identified 11 insertions or deletions
(INDELs) and nine single nucleotide polymorphisms (SNPs), whereas transcriptomic analysis
displayed 107 differentially expressed genes. Sequence data implicated the transposition of IS1088
in higher Co2+ and Ni2+ resistances and altered gene expression, although the precise mechanisms
of the augmented Cd2+ resistance in MSR33 remains elusive. Our work indicates that conjugation
procedures involving large complex genomes and extensive mobilomes may pose a considerable risk
toward the introduction of unwanted, undocumented genetic changes. Special efforts are needed
for the applied use and further development of small nonconjugative broad-host plasmid vectors,
ideally involving CRISPR-related and advanced biosynthetic technologies.

Keywords: Cupriavidus; heavy metals; genomic islands; genomic rearrangements; metal resistance genes

1. Introduction

Since life appeared on Earth some 3.7 billion years ago, microorganisms have undergone molecular
changes to adapt (i.e., respond to selection) to the harsh conditions of their natural habitats, including
extreme temperatures, pH, salinity, UV and ionizing radiation, and heavy metals [1]. In addition,
global fluctuations in the composition of the atmosphere, the oceans, and the earth crust have elicited
genomic changes in microbes over eons of time and hence contributed to microbial diversity [2]. Certain
microorganisms had been adapted to heavy metals and radionuclides prior to human appearance.
However, during the past few hundred years, anthropogenic influences have forced microbes to also
adapt to pollutants previously nonexistent (xenobiotics) [3–6], as well as to increased concentrations of
heavy metals and radionuclides [7–9].
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Members of the beta-proteobacterial genus Cupriavidus are prime examples of microbial
endurance, possessing a variety of genomic islands involved in the resistance to heavy metals
or the degradation of aromatics or xenobiotics [10–20]. They all typically display a bipartite
chromosomal structure with one chromosomal replicon bearing the marks of a plasmid-type
maintenance and replication system henceforth called “chromid”. In addition, most Cupriavidus strains
carry one or two dispensable megaplasmids with a size of 100 kb or more. The model organism for
heavy metal resistance, Cupriavidus metallidurans strain CH34, carries two megaplasmids, pMOL28
and pMOL30. Together, the four CH34 replicons encode resistance markers for a plethora of
heavy metals including copper, nickel, zinc, cobalt, cadmium, chrome, lead, silver, gold, mercury,
caesium, selenium, strontium, and uranium [12,21–25]. These resistances are mainly related to a variety
of metal reduction and efflux systems [26–28]. Aromatics degradation, on the other hand, is carried
out by various bacterial multicomponent mono- and di-oxygenases solely encoded by genes on the
chromosome and chromid [29].

In an effort to improve the inorganic and organic mercury resistance of C. metallidurans CH34
and thus improve its utility in cleaning up mercury-contaminated environments, the IncP-1β plasmid
pTP6, providing additional mer genes [30], was introduced in CH34 by biparental mating, leading
to strain MSR33 [31]. These extra mer genes are part of a transposon, Tn50580, which is necessary for
broad-spectrum (organomercury) resistance, including two genes, merG and merB, not native to CH34
(i.e., CH34 only contains two narrow-spectrum mercury resistance merRTPADE operons, one on each
megaplasmid, conferring resistance to inorganic mercury). MerB plays a key role in methylmercury
degradation through its unique ability to cleave the carbon-mercury bond in methylmercury and
the subsequent shuttling of ionic mercury to MerA to reduce it to the less harmful elemental mercury.

In comparison to its parental strain CH34, strain MSR33 became 240% more resistant to inorganic
mercury and gained resistance to methylmercury by incorporating the previously nonpresent merBG
genes. Other metal resistances (as tested for chrome and copper) were seemingly unaffected, and the
pTP6 plasmid was stably maintained for over 70 generations under nonselective pressure [31].
However, when we recently tested the resistances for both strains to additional metals (i.e., cadmium,
cobalt, and nickel), we noted a significant increase of metal resistance for strain MSR33 compared
to CH34 (this study). As this was fully unexpected, since the only difference between the
two strains should be an additional mer gene dosage, implicating only an improved mercury resistance,
we set out to investigate the reasons for this phenomenon. Considering the genome plasticity [32–34]
and the intricate relationships between metal resistance loci [24] in C. metallidurans CH34, we decided
to sequence the full genome of strain MSR33 and compare the sequence of its replicons with the
corresponding replicons of the parental strain CH34 and with plasmid pTP6. We also performed
microarray-based expression analysis on both CH34 and MSR33 gene sets to determine whether
genomic differences could be correlated with differences in the expression of individual genes.

2. Materials and Methods

2.1. Strains and Culture Conditions

Cupriavidus metallidurans strains CH34 and MSR33, obtained from respectively the SCK•CEN
(Mol, Belgium) and the Univesidad Católica del Norte (UCN) (Antofagasta, Chile) culture collections,
were cultivated at 30 ◦C and 200 revolutions per minute (rpm) on a shaker in dark, aerobic conditions
in a Tris-buffered mineral medium (MM284) [35] with 0.4% (w/v) succinate as the sole carbon source.
Escherichia coli JM109 pTP6 (also obtained from the UCN culture collection) was cultured at 37 ◦C on
an M9 minimal medium [36] supplemented with 0.4% (w/v) glucose.

2.2. Synthetic Construct Generation

The merTPAGB1 gene cluster of pTP6 was amplified by PCR using Phusion High-Fidelity DNA
polymerase (ThermoFisher, Aalst, Belgium) with primer pair pTP6mer_Fw-Rv (Table S1). In tandem,
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the broad-host-range cloning vector pBBR1MCS-2 [37] was linearized by PCR with the same DNA
polymerase and primer pair pBBR1MCS-2_GA_Fw-Rv (Table S1), providing homologous ends with
the amplified merTPAGB1 locus. These compatible PCR products were end-ligated using the Invitrogen
GeneArt® Seamless Cloning and Assembly Enzyme Mix (ThermoFisher). After transforming E. coli
DG1 with the ligation mix and selection on Lysogeny Broth (LB) with 50 μg/mL kanamycin (Km),
four randomly chosen transformants were tested by DNA digestion and fragment sizing for correct
plasmid construction holding the merTBAGB1 genes. The plasmid gene construct of one transformant
was further verified by sequencing its insert using forward and reverse cloning primers (Table S1)
prior to electroporation into C. metallidurans CH34 on an Eppendorf 2510 Electroporator (Eppendorf,
Aarschot, Belgium) using conditions as described previously [38].

2.3. Estimation of Bacterial Tolerance to Metals

Strains CH34 and MSR33 were grown overnight in MM284 liquid media with 0.4% (w/v) succinate
as the sole carbon source and thereafter used as a pre-inoculum (1% v/v) for a freshly prepared
200 μL culture supplemented with increased concentrations of Hg2+ (from 0.0625 mM to 8 mM),
Cd2+ (from 0.25 mM to 8 mM), and increasing steps (1 mM) of Co2+ or Ni2+ (from 5 mM to 20 mM).
Cultures for metal contact were grown in microtiter plates at 30 ◦C on a rotary shaker at 120 rpm.
Metal ion solutions were prepared from soluble salts of analytical grade (CdCl2, HgCl2, CoCl2·6H2O,
and NiCl2·6H2O) in double-deionized water and were filter-sterilized before use. The lowest metal
concentration that prevented growth after 48 h (i.e., showing no growth as measured at OD600 by a
CLARIOstar microplate reader (BMG LabTech, Offenburg, Germany)), was considered the minimum
inhibitory concentration (MIC) (Table 1 and Table S2). All MIC analyses were performed using
biological triplicates.

Table 1. Minimal inhibitory concentration (MIC) of heavy metals for Cupriavidus metallidurans strains
MSR33 and CH34.

Strain/Metal in mM Hg2+ Cd2+ Ni2+ Co2+

C. metallidurans CH34 0.01 2.0 10.0 11.0
C. metallidurans MSR33 0.10 4.0 12.0 20.0

C. metallidurans CH34 (pBBR::merTPAGB1) 0.10 2.0 ND 1 ND 1

1 ND: not determined.

2.4. Plasmid Copy Number Determination

Single-copy (i.e., “replicon-unique”) genes were taken as representatives of the chromosome
(cadA), chromid (zniA), and plasmids pMOL30 (nccA), pMOL28 (cnrA), and pTP6 (merG). Primer
pairs were designed to amplify 150 bp of each gene (Table S1). Real-time PCR was performed on
a 7500 Applied Biosystems Fast Real-Time PCR System (ThermoFisher) using QiaGen RT2 Sybr
Green Rox qPCR Mastermix (ThermoFisher), 20 ng of MSR33 or CH34 genomic DNA as a template,
and 0.2 μM of each primer. To reduce nonspecific amplification, we incubated this mixture at 95 ◦C
for 10 min as part of a hot start PCR setup. Next, a 40-cycle amplification and quantification protocol
(15 s at 95 ◦C, 15 s at 58 ◦C, and 30 s at 60 ◦C) was performed with a single fluorescence measurement
for each cycle. Finally, a melting curve program (15 s at 95 ◦C, 60 s at 60 ◦C, 30 s at 95 ◦C, and 15 s at
60 ◦C) was carried out. Plasmid copy numbers for both strains were determined using the absolute
method (allowing estimates of both the absolute and relative number of plasmids per cell), following
earlier described protocols [39]. Standard curves were created with 7500 Fast Software v2.3 of Applied
Biosystems (Foster City, CA, USA), using serial (10-fold) dilutions of genomic DNA in a linear range
from 20 ng to 0.2 pg. The qPCR efficiencies were calculated from slopes of the log-linear portion
of the calibration curves from the equation E = 10(1/slope). Using the linear equation obtained from
each calibration curve, log DNA copy numbers were derived by intersecting the obtained Ct values.
All analyses were done in triplicate.
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2.5. Illumina Sequencing and Assembly

MSR33 cells were grown overnight in MM284 liquid medium, and genomic DNA was
extracted by using the Qiagen QIAamp DNA Mini Kit (ThermoFisher), following the instructions
of the manufacturer. DNA quantity and quality were measured using a DropSense (Trinean,
Piscataway, NJ, USA). Genome sequencing was performed on a HiSeq 2500 apparatus (Illumina,
San Diego, CA, USA) using 2 × 250 bp paired-end reads. The reads were trimmed using the
Trimmomatic tool [40] and their quality assessed using in-house Perl and shell scripts in combination
with SAMtools [41], BEDTools [42], and a Burrows–Wheeler aligner with maximum exact matches
(bwa-mem) [43].

The entire genome of C. metallidurans CH34 was sequenced and largely annotated [12,22].
Sequences for a chromosome (NC_007973.1), a chromid (NC_007974.2), and the large plasmids
pMOL28 (NC_007972.2) and pMOL30 (NC_007971.2) were all obtained from GenBank and used
as a reference for the assembly and annotation of trimmed sequences of the MSR33 genome.
The DNA sequence of pTP6 plasmid, also obtained from Genbank (AM048832), was used for sequence
comparisons between the CH34 and MSR33 sequence data sets. The full C. metallidurans MSR33
genome sequence (this study) is available from the NCBI Sequence Read Archive (SRA) under accession
number PRJNA493617.

2.6. Total RNA Isolation and Microarray

Cupriavidus metallidurans MSR33 and CH34 cells were both cultivated in triplicate on MM284
medium supplemented with 0.4% (w/v) succinate. Cell samples were taken at the middle
exponential phase (OD600 0.6–0.7) and centrifuged at 16,000 × g and 4 ◦C for 5 min. Pellets were
quick-frozen with liquid nitrogen and kept at −80 ◦C for further analysis. Total RNA extraction was
performed as described previously [24] by using an SV Total RNA Isolation System kit (Promega
Benelux, Leiden, the Netherlands) according to the manufacturer’s recommendations. Samples
were cleaned and concentrated using a Nucleospin RNA cleanup XS kit (Macherey-Nagel, Düren,
Germany). Concentrated RNA samples (10–20 μg) were retrotranscribed using the Invitrogen
SuperscriptTM Direct cDNA Labeling System (ThermoFisher) and labeled by incorporation of
Cy3-dCTP (ref PA53021, control condition) and Cy-5dCTP (ref PA55021, experimental condition)
by Pronto!TM Long Oligo/cDNA Hybridization Solution (supplied with the Corning® Pronto!
Universal Microarray Hybridization kit from Merck/Sigma-Aldrich, Overijse, Belgium), following
the manufacturer’s instructions. The microarrays we used were designed with 60-mer probes for 6205
Open Reading Frames that were spotted in triplicate onto glass slides (UltraGPS, Corning, NY, USA)
using a MicroGrid system (BioRobotics, Cambridge, UK) at the microarray platform at SCK•CEN
(Mol, Belgium). The spotted slides were cross-linked and placed in the presoaking solutions from
the Pronto Kit (Promega, Madison, WI, USA). Analyses were performed on RNAs retrieved from
CH34 and MSR33 cells, using respectively Cy3-dCTP and Cy5-dCTP incorporation and determination
of Cy3/Cy5 signal intensity ratios. Labeled cDNA was resuspended in the universal hybridization
buffer (Pronto kit), mixed, and added to the spotted slide for overnight hybridization at 42 ◦C in a
Tecan HS4800 Pro hybridization station (Tecan Group Ltd., Männedorf, Switzerland). Afterwards,
the slide was washed according to Pronto kit’s protocol. Slides were scanned (at 532 and 635 nm)
using the GenePix Personal 4100A microarray scanner (Molecular Devices, San Jose, CA, USA).
All post-hybridization analyses were performed as described before [24]. In brief, spot signals were
qualified using GenePix Pro v.6.0.1 software, and raw median density data were imported into R version
3.3.2 (https://cran.rstudio.com/) for statistical analysis using the LIMMA package version 2.15.15
(http://bioinf.wehi.edu.au/limma/), as available from Bioconductor (https://bioconductor.org).
Background correction, normalizations, t-statistics, and p-value corrections were done as before [24].
Only log-transformed expression results with a p-value > 0.05 were considered for data interpretation
(Table S2).
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3. Results and Discussion

3.1. The Influence of Plasmid pTP6 on Increased Heavy Metal Resistance in MSR33

The C. metallidurans strains CH34 and MSR33 have the same genetic background, but MSR33 has,
compared to its parental strain CH34, an extra plasmid 54 kb in size [31]. This plasmid, pTP6, is a
broad-host-range IncP-1β plasmid originally isolated from mercury-polluted sediments [30]. It carries
a transposon with mer genes that are not native to CH34 (i.e., merG) that encode an organomercurial
transporter, and a pair of duplicate merB genes that encode periplasmic organomercurial lyases (Table S3).
These additional mer genes in strain MSR33, via plasmid pTP6, grant this strain a 2.4-fold increased
resistance for Hg2+ and a 16-fold increased resistance for CH3Hg+ [31]. In our hands, we noted
a much-improved Hg2+ resistance for strain MSR33, with a 10-fold increase in comparison to its
parental strain CH34 (Table 1). As an added note, in contrast to Rojas et al. [31], who performed
MIC analyses on solid media, we performed our MIC analyses in a liquid medium, increasing metal
bioavailability. Hence, sensitivity (i.e., the MIC (Hg) for CH34) was 0.05 mM in Rojas et al.’s study [31]
but 0.01 mM in our study]. Surprisingly, when we tested MICs for the metals cadmium, nickel, and cobalt,
we found a 2-fold increased resistance in MSR33 to Cd2+ and Co2+ and a 1.2-fold increased resistance to
Ni2+ (Table 1).

The only genes on pTP6 with relevance to metal resistance are mercury resistance genes situated on
transposon Tn50580 as the two clusters merR1TPAGB1 and merR2B2D2E [30]. All other genes are typical
for the backbones of self-transmissible and promiscuous IncP-1 plasmids from subgroups α and β and
are involved in replication (trfA, ssb), plasmid maintenance, partitioning, control (kfrABC, incC, korABC,
kluAB, klcAB, kleABEF, and a remnant of the resolvase gene parA), conjugal transfer (traCDEFGHIJKL),
mating pair formation (trbABCDEFGHIJKLMNO), and transposition (tniABQR as part of Tn50580). Two
more genes, upf30.5 and upf31.0, are located downstream of trbP and encode, respectively, a putative outer
membrane protein and a site-specific methylase (Figure S1). Except for the upf genes and the plasmid
maintenance, partitioning, and control genes, pTP6 genes have at least one counterpart on one of the
replicons of CH34. Taken together, we did not expect the pTP6 genes, other than the above-mentioned
mer genes, to play any significant role in the augmented metal resistance of strain MSR33. Nonetheless,
we decided to generate a new synthetic construct by cloning the merTPAGB1 gene cluster in the low
copy number broad-host-range cloning vector pBBR1MCS-2 [37]. This small plasmid only contained
two genes, rep and mob, involved in, respectively, plasmid replication and mobilization, as well as a
kanamycin resistance marker (KmR). Strain CH34 transformed with this new construct reached the same
level of inorganic mercury resistance as the MSR33 strain but did not show an increase in cadmium
resistance (Table 1). From this we deduced that the mer genes of pTP6 exerted a positive effect on host
resistance to mercury. However, neither the concomitant increase of cadmium resistance in MSR33 nor
its higher resistance to nickel and cobalt could be readily explained by the presence of the auxiliary,
pTP6-associated mercury resistance genes in this strain.

We also determined the effect of various mixtures containing both mercury and cadmium on the
growth of strains CH34 and MSR33. In general, the combination of the two metals was expected to be
more toxic to cells than the corresponding metals alone. Indeed, strain CH34 was capable of growing in up
to 1 mM of Cd2+ when combined with 6.25 μM of Hg2+, and cellular growth was diminished beyond these
threshold metal concentrations (Table S4). Instead, strain MSR33 was capable of growing in up to 4 mM
of Cd2+ when combined with 6.25 μM of Hg2+ (Table S4). However, even in combination with mercury,
cadmium resistance in MSR33 was still twice as high as the cadmium resistance in CH34. Moreover, strain
MSR33 showed much higher tolerance to mercury in combination with cadmium, and growth was only
affected at the threshold metal concentrations of 125 μM Cd2+ and 100 μM Hg2+ (Table S4).

To exclude the possibility that the increased resistance in strain MSR33 to Hg2+ and Cd2+,
either alone or in combination, was a mere effect of gene dosage, we also determined the plasmid
copy number for all replicons in strain MSR33 and strain CH34 using quantitative PCR (Table S5).
The presence of the pTP6 plasmid in strain MSR33 (plasmid copy number (PCN) = 1.8) did not alter

33



Genes 2018, 9, 551

the relative copy numbers for the chromid and plasmids pMOL28 and pMOL30 with respect to the
calculated chromosomal copy number taken as a reference. In addition, the Tn50580 transposon
carrying the broad spectrum mer gene cluster on plasmid pTP6 did not transpose (verified by
genome sequence analysis present in Section 3.2).

The CH34 strain carries on its genome a total of four mer gene clusters: merRTPA on the
chromosome, one complete merRTPADE on both plasmids pMOL28 and pMOL30, and one truncated
merRTΔP, also on pMOL30 [12]. One could argue that the presence of a single copy of pTP6 in strain
MSR33 raises the number of mer genes in strain MSR33, with one unit for genes T, P, A, D, and E,
and two units for gene R (a second merR gene is located on the right-hand part of Tn50580 on pTP6 [30]
(Table S6), but the merG or merB genes of pTP6 were not considered here as they only play a role in
organomercurial resistance). Considering the calculated PCN values of all replicons, the theoretical
abundance of these genes increased by roughly 50–78% (Table S6). MerR and merD are transcriptional
regulators that compete for the same operator sequence in the merR–merT intergenic region. The merT
product is an inner membrane protein involved in the transport of Hg2+ ions into the cell cytoplasm.
The merP product is a small periplasmic Hg2+-sequestering protein that shuttles Hg2+ to the mercurial
reductase MerA, which converts it into the significantly less toxic Hg(0) that then is allowed to leave
the cell by passive diffusion. The merE product, finally, is another inner membrane protein and
may play a role in the uptake of both CH3-Hg+ and Hg2+. All these genes appeared to be intact,
and there was no reason for us to assume that any of the multiple-copy genes would be dysfunctional
or, with respect to each other (from gene to gene or copy to copy), would be differently transcribed or
expressed (owing to limitations of gene-specific primer or probe design for multiple copies of these
genes in qPCR or hybridization-based microarray procedures, no mer gene-specific expression data
are available). A plausible explanation for the positive effect of the pTP6 mer genes on host mercury
resistance could thus lay in the stoichiometry of mer gene products, particularly those involved in
Hg2+ sequestration (merP) and transport (merT/merE). Nevertheless, the increased resistance to Cd2+

in MSR33 cannot be readily explained by a stoichiometric change in mer gene products. Also, when
a single merTPAGB was introduced on a small plasmid into strain CH34, the increased Hg2+ resistance
was still there, but the increased Cd2+ resistance was no longer seen (Table 1). From this we had to
conclude that the MSR33 genetic background, besides the extra plasmid pTP6, may actually have
differed from the genetic background of its parental strain CH34. In other words, the MSR33 genome
had undergone genetic changes leading to an improved resistance to cadmium and possibly also to
other metals. Such a genomic adaptation appears to be common to IncP-1 plasmid backbones [44].
In order to get to the bottom of this we decided to determine the DNA sequence of the entire genome
of strain MSR33 and register in detail which genetic changes occurred with respect to the reference
genomes of strain CH34 and plasmid pTP6.

3.2. The C. metallidurans MSR33 Genome Showed Multiple Insertions or Deletions and Single
Nucleotide Polymorphisms

The whole-genome resequencing of MSR33 (since the known genome sequences of strain CH34
and plasmid pTP6 served as references, we considered this effort as a resequencing project) revealed
a total of eight insertions and three deletions (Table 2), and nine single nucleotide polymorphisms
(Table 3), all changes being located predominantly across the four replicons of the CH34 backbone,
with only one genomic change occurring in plasmid pTP6 (Table 2, Figure 1). Most of the insertions
(six out of eight) were found to be related to IS1088, an insertion element belonging to the IS30 family
with a typical size range of 1000–1250 bp [45]. It should be noted at this point that the CH34 genome
indigenously harboured nine copies of IS1088, distributed on its chromosome and chromid but not on
its megaplasmids [12], bringing the total of IS1088 copies in the MSR33 genome to 15.

The majority of the new IS1088 copies in the MSR33 genome were located on the chromosome
and chromid, where all IS1088 copies indigenous to CH34 resided, but one IS1088 copy transposed
into the cnrY gene (Rmet_6205) of pMOL28 (Table 2). This gene was part of the cnrYXHCBAT locus
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involved in the inducible cobalt and nickel resistance in strain CH34, and encoded the anti-sigma
factor CnrY that tethered, in conjunction with the sensor protein CnrX, the sigma factor CnrH, but
released it in the presence of Ni2+ or Co2+ [46,47]. The sigma factor CnrH promoted transcription
of its own locus cnrYXH, but also of the structural locus cnrCBA, encoding a resistance nodulation
division (RND)-driven efflux system [12,48]. The inactivation of the cnrY gene in MSR33 by IS1088
inevitably led to the constitutive derepression of cnrCBAT transcription and explained the increased
cobalt and nickel resistance we observed for MSR33 (Table 1) (see also gene expression results in
Section 3.3). A similar phenomenon was previously seen for spontaneous mutants of a pMOL30-less
CH34 derivative, strain AE126 [35], which showed a significantly increased resistance to cobalt and
nickel [49] and which was later acknowledged as being an IS- and frameshift-mediated inactivation of
cnrY and cnrX [50].

The other five genes affected by the insertion of an IS1088 element were Rmet_0312 (nptA) and
Rmet_2860 (tauB), lying on the chromosome; and Rmet_4160 (pelF), Rmet_4867 (acrA), and Rmet_5682
(nimB), lying on the chromid (Table 2). The first three genes encode proteins with general cellular
functions, and their inactivation is very unlikely to affect heavy metal resistance in strain MSR33.
The fourth gene, acrA, encodes a membrane fusion protein and is part of an intact acrABC operon
whose gene products form a tripartite multidrug efflux system. The last gene, nimB, is involved in
efflux-mediated heavy metal resistance, encoding also a membrane fusion protein resembling other
membrane metal-binding fusion proteins in structure and function (e.g., CzcB, CnrB, CusB, and ZneB)
by forming a periplasmic bridge between the cytoplasmic porter and the outer membrane channel [48].
Nonetheless, taking also into account that the nimA gene is already inactivated in strain CH34 (and
MSR33) by the presence of the insertion sequence element ISRme3 [12], it is hard to see how the
inactivation of nimB would result in the increased metal resistance we observed in strain MSR33. Two
insertions were not attributed to IS1088. One appeared to be the result of a Tn3-related transposition
event affecting gene Rmet_5388, encoding a tentative ApbE-like lipoprotein, while the other concerned
an unknown mutational event in gene Rmet_5508 resulting in the insertion of a nucleotide triplet
(+CTT) (Table 2). This gene encodes a long-chain fatty-acid CoA-ligase and also underwent a triplet
deletion (-CGG) just a few nucleotides downstream of the triplet insert. As a combined result, the actual
change at the protein level remained perfectly in-frame and gave a protein of the same length, but led
to an altered peptide sequence at positions 149–153 (i.e., Xxx-Leu-Arg-Phe-Ala-Gln-Xxx in CH34
to Xxx-Leu-Phe-Ala-Lys-Gln-Xxx in MSR33 (amino acidic sequence change from Arg-Phe-Ala to
Phe-Ala-Lys). The third deletion in MSR33 occurred in plasmid pTP6, effectively destroying the genes
upf30.5, upf31.0, and parA, immediately preceding Tn50580. Except for cnrY and nimB, none of the
aforementioned genes are in any way associated with metal resistance.

Table 2. Insertions (INs) and deletions (DELs) present in the genome of C. metallidurans MSR33.

Type Replicon (#) Start End Size (bp) Description Targeted Gene(s) Function (MaGe Annotation) (*)

IN CHR1 328395 328395 1102 IS1088 Rmet_0312 putative transporter

IN CHR1 3106728 3106728 1102 IS1088 Rmet_2857 (tauB) taurine ABC transporter
ATP-binding protein

DEL CHR2 602035 602490 455 Rmet_4033 LysR family transcriptional regulator
IN CHR2 741818 741818 1102 IS1088 Rmet_4160 (pelF) EPS biosynthesis, biofilm formation

IN CHR2 1529231 1529231 1102 IS1088 Rmet_4867 (acrA) membrane fusion protein,
multidrug efflux

IN CHR2 2113815 2113815 256 tniA/Tn3 Rmet_5388 (apbE) ApbE-like lipoprotein
IN CHR2 2253560 2253560 3 +CTT Rmet_5508 long-chain-fatty-acid-CoA ligase

DEL CHR2 2253566 2253568 3 −CGG Rmet_5508 long-chain-fatty-acid-CoA ligase

IN CHR2 2440975 2440975 1104 IS1088 Rmet_5682 (nimB) membrane fusion protein,
heavy metal transport

IN pMOL28 53484 53484 1104 IS1088 Rmet_6205 (cnrY) antisigma factor

DEL pTP6 26155 27385 1230 upf30.5, upf31.0, parA
respectively an outer membrane protein,

a DNA methylase, and a plasmid
partition protein

# Chromosome: CHR1; chromid: CHR2. * Genomic and Metabolics analysis software (www.genoscope.cns.fr).
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Table 3. Single nucleotide polymorphisms (SNPs) detected in the genome of C. metallidurans MSR33.

Replicon (#) Position SNP SNP Type Affected Gene Gene Description *

CHR1 333850 A→G intergenic (+201/−75) Rmet_0314 →/→ ssb1
putative transporter, major facilitator
family/single-stranded DNA-binding
protein (helix-destabilizing protein)

CHR1 645608 A→G A23A (GCA→GCG) Rmet_0598 → Ser/Thr protein
phosphatase family protein

CHR1 2400725 G→A intergenic (−77/+116) greA ←/← carB transcription elongation factor/carbamoyl-
phosphate synthase large subunit

CHR1 3418147 A→G V295A (GTC→GCC) dppF ← dipeptide transporter; ATP-binding
component of ABC superfamily

CHR1 3444412 A→G V17A (GTC→GCC) NirJ ← heme d1 biosynthesis protein
CHR1 3456113 A→G V76A (GTG→GCG) acyP ← acylphosphatase
CHR2 2253543 A→T V158E (GTG→GAG) Rmet_5508 ← long-chain-fatty-acid-CoA ligase
CHR2 2253553 G→T P155T (CCG→ACG) Rmet_5508 ← long-chain-fatty-acid-CoA ligase
CHR2 2529357 T→C G264G (GGA→GGG) Rmet_5769 ← esterase

# Chromosome: CHR1; chromid: CHR2; arrows show positive → or negative ← gene orientation; * www.genoscope.cns.fr.

Figure 1. Correlation map between Insertions or Deletions (INDELs), Single nucleotide polymorphisms
(SNPs), and transcriptional changes found for C. metallidurans MSR33. Concentric circles (ring)
displayed from the outside inwards: (A) In ring 1, chromosome and chromid size scale in megabases
(Mb) using a 20 kilobase (kb) window; (B) plasmids size scale in kb using a 2 kb window. In ring 2,
position of insertion (blue), deletion (pink), and SNPs (mustard). INDELs and SNPs listed in Tables 2
and 3. In ring 3, each dot represents a single gene basal expression, overexpression (log2 ratio > 1,
green), or repression (log2 ratio < −1, red), with a p-value < 0.05. Plotted genes listed by function in
Table S7. Circos plot created with Circa (http://omgenomics.com/circa).

In addition to the eight insertions and three deletions in the MSR33 genome, sequence analysis
revealed the presence of nine single nucleotide polymorphisms (Table 3). Two of those occurred in
intergenic regions on the chromosome, without apparent disruption of gene regulatory elements,
while the other seven occurred in protein-encoding genes (four on the chromosome and three on
the chromid). Except for the “silent” mutation (i.e., no aa change) at position 645608, these Single
nucleotide polymorphisms (SNPs) caused aa substitutions in the corresponding gene products (Table 3).
No SNPs were detected in any of the plasmids. Remarkably, gene Rmet_5508 lying on the chromid
(CHR2) once again was a target for mutation, displaying two SNPs in the immediate vicinity of the
aforementioned triplet insertion and deletion in this gene (Table 3), bringing the full change of this
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region from RFAQKPAYV to FAKQKTAYE (changes are in bold and underlined). It is uncertain
whether these protein changes would have any effect on the cellular and metabolic functions in MSR33.

Taken together, of the 11 Insertions or Deletions (INDELs) and nine SNPs identified by the
whole genome resequencing of the C. metallidurans strain MSR33, only the cnrY inactivation by
IS1088 and the concomitant derepression of cnrB (see above) may be directly linked to the observed
augmented heavy metal resistance in this strain, at least for Co2+ and Ni2+ (see above). None of
the other genomic changes seemed to play a role in this augmentation. The augmented resistance
for Cd2+ in strain MSR33 (Table 1), however, remains a puzzle. The fact that such augmentation
for Cd2+ was only noted for MSR33 with an altered genome (i.e., with 17 INDELs and six SNPs),
but not in CH34 transformed with plasmid pBBR::merTPAGB1 (Table 1) strongly indicates that the
MSR33 genetic background was at play. In basic terms, bacterial resistance to toxic metals depends
on two cellular processes, metal binding and metal transport, with the former generally being an
intrinsic part of the latter. It is well established that many proteins or peptides that mediate the
transport, buffering, or detoxification of metal ions in living cells have metal-binding domains (MBDs)
in which certain amino acid residues (e.g., cysteine), as well as their structural layout and relative
position to each other, play a key role in metal selectivity and specificity [51,52]. While some of these
proteins might be highly metal-specific, other proteins follow a more relaxed, nonspecific mode of
metal binding. For instance, divalent metal uptake in C. metallidurans is governed by a battery of
redundant transporters that display a minimal degree of metal cation selectivity [53]. Depending on
the environment, this may lead to a cytoplasmic pool of unsolicited metal ions that at some point,
particularly when reaching a toxic threshold, need to be removed by the cell. In C. metallidurans this was
done by one of three efflux systems: Cation diffusion facilitators (CDF), P-type ATPases, and the earlier
mentioned RND-driven transenvelope transporters (HME-RND). Their main task in C. metallidurans,
because of this bacterium’s adaptation to metal-rich environments, was to balance the cytoplasmic and
periplasmic concentrations of unwanted transition metals by entering the cellular arena and going
into competition for metal cations with the “frivolous” metal uptake systems. Interestingly, all three
types of metal efflux systems seemed to possess some degree of frivolity toward metal ions as well,
albeit perhaps not as outspoken as for the metal uptake systems. The C. metallidurans CzcD exporter
(Rmet_5979), for instance, allowed as a CDF protein Zn2+, Cd2+, or Co2+ as a substrate [54], whereas
the DmeF and FieF exporters (Rmet_0198 and Rmet_3406) displayed as CDF family members broad
metal specificity for Zn2+, Cd2+, Co2+, and Ni2+ [55]. It is worth mentioning that disruption of the dmeF
gene in strain CH34 dramatically lowered the resistance for Co2+ (but not for Zn2+, Cd2+, and Ni2+),
indicating a complex interplay between the DmeF exporter and the CzcCBA and CnrCBA efflux
pumps (possibly partially obscured by the action of other metal resistance systems) [55]. Moreover,
CDF proteins can play diverse roles and may possess different metal ion selectivity depending on the
environmental conditions (i.e., by adjusted Kd values for certain metals) [56]. In addition, the eight
metal resistance-related P1B-type ATPases currently identified in strain CH34 can be subdivided into
two groups according to their substrate profile [28]: Those that extrude Cu+ and Ag+ (CupA and CupF)
and those that extrude Zn2+, Cd2+, Co2+, or Pb2+ (ZntA, CadA, PbrA, and CzcP). These exporters
mainly differ in the presence of unique amino acid sequences in their transmembrane MBDs, hence
defining their metal specificity. But even within a subgroup, differences may exist in terms of metal
affinity. For example, CzcP encoded by plasmid pMOL30 is unable to mediate Zn resistance on its own
but rather augments the metal exportability of the ZntA, CadA, and PbrA exporters [57]. In a similar
fashion, the five active HME-RND efflux systems in strain CH34 displayed a limited substrate spectrum,
pumping out either the monovalent metal cations Cu+ and Ag+ (CusA, SilA) or the divalent metal
cations Zn2+, Ni2+, and Co2+, with occasionally also Cd2+ (ZniA, CnrA, CzcA) [28] (Figure 2). In such
HME-RND systems, two steps of heavy-metal extrusion were discerned, the periplasmic and the
transenvelope efflux (Figure 2). Each step involved the interaction of metals with MBDs within the
Membrane Fusion Protein (MFP) and RND proteins. Sometimes, the delivery of periplasmic metal
ions to the typical C3B6A3-complex is facilitated by a small periplasmic metallochaperone, as is the
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case for the E. coli CusCBFA system [58] (and likely, based on CusF aa sequence similarities, also the
CusCBAF complex of strain CH34). Little is known about the substrate specificity of the metal-binding
proteins of HME-RND efflux complexes. Apparently, metal-induced conformational changes in the
C3B6A3-complex are required in order to create a proper metal-guiding C3B6A3 channel for metal
export to take place [48,59–61].

Figure 2. Transcriptional changes in C. metallidurans MSR33 with respect to CH34, with both strains
grown under equal and nonselective conditions (see methods). Bar graphs show the significantly
(p-value < 0.05) higher expression (log2 ratio > +1) and lower expression (log2 ratio < −1) of MSR33
genes (with CH34 gene expression levels as reference). Transcriptional changes from genes pertaining
to all replicons are depicted. Genes indicated with an * are part of pMOL30.
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As mentioned, it is not inconceivable that the genetic changes in MSR33 instigated cellular
conditions or pleiotropic effects that were generally favourable for Cd2+ detoxification and hence led
to the observed improvement in Cd2+ resistance. Possibly, this involved the temporal recruitment
of one or more metal binding export proteins, from known metal resistant systems or from hitherto
unknown export systems, able to bind Cd2+. The transition metals cadmium and mercury belong to
Group 12 of chemical elements in the periodic table, together with zinc and copernicium. Although
these four metals differ in significant respects, they also have common properties. Particularly, Cd and
Hg are similar in their outer shell electron configuration (d10s2) and atomic radius (ca. 150 pm),
and their cations both have a high affinity for sulfhydryl groups in cellular compounds and proteins
(i.e., in methionine and cysteine residues). From this perspective, competition between Cd2+ and
Hg2+ for certain MBDs cannot be excluded. Bacterial evolution and adaptation to new or rapidly
changing environments implies a delicate balance between the safeguarding of genome integrity
and the tolerance for genome instability. A too-rigid genome inevitably will lead to the demise of
innovative power and hence adaptability of the host, whereas a too plastic or “fluid” genome may
lead to disadvantageous mutations and cell growth arrest, or even cell death. This balance between
beneficiary and perilous change in a bacterial genome also relates to the general fitness and the
energy household of its host. Members of the genus Cupriavidus, and in particular C. metallidurans,
appear to be masters in adaptation as they are home to a wide variety of habitats, often in extreme
conditions [62–65]. The introduction of the 54 kb plasmid pTP6 into a strain already carrying two large
replicons of 3.9 and 2.6 Mb (chromosome and chromid, respectively) and two megasized plasmids of
171 and 234 kb (pMOL28 and pMOL30, respectively) could be seen as a serious additional burden to
the host regardless of whether or not phenotypical or physiological changes occur.

Because the charting of genomic changes in MSR33 with respect to its parental strain CH34 did
not provide us with any clues or direct evidence on the involvement of certain genetic loci or of any of
the known metal resistance determinants on the observed augmented Cd2+ resistance, we decided to
compare the basal gene expression data for strains CH34 and MSR33 using RNA microarray technology
in an attempt to associate their gene expression profiles with strain-specific physiological behaviour,
with a focus on differentially expressed (DE) genes that might be involved in the cellular detoxification
of heavy metals such as Cd2+.

3.3. Transcriptional Analysis of Strain MSR33

Strains CH34 and MSR33, which were equally grown in nonselective conditions without any
metal-related stress, were investigated for basal gene expression levels, and their expression profiles
were compared. A total of 107 DE genes showed statistically significant changes in their expression
(Figure 2). Affected genes pertained to the main chromosome (55 genes), the chromid (36 genes),
and the plasmids pMOL30 (3 genes) and pMOL28 (13 genes) (Figure 2). In general terms, the products
of these 107 genes could be grouped according to their predicted annotated function [12]: Catalytic
function (35 genes), transport (24 genes), transcriptional regulation (11 genes), recombination (6 genes),
movement and chemotaxis (9 genes), and miscellaneous (22 genes) (Table S7). Most of these genes had
a higher expression in strain MSR33, with only 16 genes in strain MSR33 showing a lower expression
level. What is immediately striking is that all genes of the cnrYXHCBAT operon on plasmid pMOL28
had a significantly higher expression (Figure 2), with log2 fold changes ranging from four to six.
As we know from MSR33 whole genome sequence analysis, this high expression of the cnr locus
in strain MSR33 was the direct result of IS1088-mediated cnrY inactivation and hence derepression
of the cnr locus, explaining the increased resistance we observed for strain MSR33 to Co2+ and Ni2+

(see previous sections). Equally noticeable is the complete absence of an altered expression of the czc
locus on pMOL30, strongly suggesting that the augmented Cd+2 resistance we see for strain MSR33
was independent of this locus. This, in fact, corroborates earlier findings about the pMOL30-less
CH34 derivative AE126 (which, like MSR33, also has an IS1088-mediated inactivated cnrY gene on
the remaining plasmid pMOL28): Vandecraen et al. [50] showed, next to a heightened resistance
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to Zn2+, Co2+, and Ni2+, a 2-fold increased resistance to Cd2+. Adding another level of complexity,
when strains AE126 and AE104 (a CH34 derivative lacking both pMOL28 and pMOL30 plasmids) [35]
were transformed with pTP6, these strains, like MSR33, gained an improvement in Cd2+ resistance,
albeit to a lesser extent (Rojas LA, personal communication).

This would indicate that the augmentation of Cd2+ resistance in MSR33 by pTP6
conjugation should be seen as a layered process brought about by multiple factors and possibly diverse
mechanisms supporting each other. We cannot say at this point what these mechanisms precisely are
and how and when they are triggered, as we have no information about the genomic changes in pTP6
conjugants of AE104 and AE126 (as pTP6 conjugation in CH34 causes genomic changes, this would
most likely also be the case for pTP6 conjugation in strains AE104 and AE126, but not necessarily
involving the same genomic changes). Clearly, further studies are needed to understand the augmented
metal resistance in pTP6 conjugants of CH34 and its derivatives, including (1) the resequencing of
pTP6-conjugated AE104 and AE126 strains and (2) the extensive RNAseq-based genetic response
analyses for a wider range of heavy metals in all three pTP6-conjugated strains. The additional
possibility that some of the observed genetic changes were already introduced to the recipient
CH34 strain prior to conjugation with pTP6 cannot be entirely excluded. Lastly, the plasmid-curing
procedures used to obtain strains AE104 and AE126 (i.e., applying mitomycin C, nalidixic acid, or
hydroxyurea to growing CH34 cells [35]) may also have had mutagenic effects or may have induced
transposition activity. In this respect, it would be best, in the frame of future studies, to resequence
these strains as well.

A very high log2 fold difference in the expression of >4 was also noted in strain MSR33 for the
Rmet_4229 gene, a dctA paralogue whose product was functionally annotated as a C4-dicarboxylate
transporter and which is unlikely to have any connection to metal detoxification or resistance, and gene
Rmet_2382, originally identified in CH34 as a transposase-encoding tnpA gene (IS1088) (Figure 2).
Intermediate high log2 fold changes of >2 were seen in strain MSR33 for another 17 genes (Table S7),
whereas the remaining 72 genes showed a log2 fold change between one and two. None of these genes
is thought to be involved in metal binding, metal detoxification, or metal resistance. Among the genes
with lowered expression in strain MSR33, we noted the pelG gene (Rmet_4161), which is part of the
pelABCDEFG operon required to produce an extracellular polysaccharide that has been implicated in
biofilm development [66]. Our sequence data confirmed that the IS1088 element transposed into the
pelF gene (Table 2), thereby disrupting expression of the pelG gene. This could explain the complete
lack of biofilm formation in strain MSR33 reported to us by P. Alviz in a personal communication.

In conclusion, the genome of MSR33 underwent eight insertions, three deletions, and nine SNPs.
At least seven of the insertions were due to the action of mobile genetic elements, with their presence
fully confirmed by sequence data (implicating IS1088 in six cases), whereas one small insertion and
all three deletions in strain MSR33 may have been the result of DNA recombination or transposition
events. The C. metallidurans genome is known to be ridden with a very high number of mobile genetic
elements, with 57 IS elements, 19 other transposable elements, and 16 genomic islands for its type strain
CH34 [12,32,34]. In concordance with this genomic fluidity, C. metallidurans displays a highly versatile
metabolism and an inherent ability to inhabit a variety of harsh environments [9,62–65]. This adaptability
has not come about overnight but is the wonderful result of microbial evolution over long periods of
time. In a time in which large chunks of DNA were retrieved from the environment (e.g., by plasmid
transfer or gene exchanges), adaptation was brought about by DNA mutations and natural selection and
molecular inventions took place, steadily moulding the genome into its present large (6.9 Mb) and highly
malleable form, providing the bacterium with a vast array of possibilities for rapid genetic responses
(hence its well-chosen epithet as “Master Survivalist”) [12]. However, tinkering with this hugely evolved
and dynamic genome holds intrinsic dangers. Although the plasmid pTP6 was maintained stably
in strain CH34 (i.e., MSR33) for over 70 generations under nonselective conditions [31], it has now
become clear from our study at hand that the receiving host’s genome underwent multiple changes in
the form of 11 INDELs and 9 SNPs, affecting the physiology and heavy metal resistance of the host.
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It would be wrong to point the finger at the extra plasmid as the “usual suspect” for these genetic
changes, but rather we hold the actual process of conjugation responsible. Conjugative interaction
appears to be a strong stimulus for transposition [67–69], and hence it is easy to envisage that, as a result
of conjugation procedures, some elements of the extensive mobilome of C. metallidurans (with nearly 100
mobile elements) were triggered into action and “moved around”, causing genetic changes that led to
clearly perceptible but also less visible (and less understood) effects alike. The take-home message here
is that the genetic engineering of bacteria with large complex and dynamic genomes should be carried
out with much caution and that a strong preference should be given to the new generation of small
broad-host-range cloning vectors and CRISPR-based technologies nowadays available [70–74].
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Abstract: The extensive anthropogenic use of platinum, a rare element found in low natural
abundance in the Earth’s continental crust and one of the critical raw materials in the EU
innovation partnership framework, has resulted in increased concentrations in surface environments.
To minimize its spread and increase its recovery from the environment, biological recovery via
different microbial systems is explored. In contrast, studies focusing on the effects of prolonged
exposure to Pt are limited. In this study, we used the metal-resistant Cupriavidus metallidurans NA4
strain to explore the adaptation of environmental bacteria to platinum exposure. We used a combined
Nanopore–Illumina sequencing approach to fully resolve all six replicons of the C. metallidurans
NA4 genome, and compared them with the C. metallidurans CH34 genome, revealing an important
role in metal resistance for its chromid rather than its megaplasmids. In addition, we identified
the genomic and transcriptomic changes in a laboratory-evolved strain, displaying resistance to
160 μM Pt4+. The latter carried 20 mutations, including a large 69.9 kb deletion in its plasmid
pNA4_D (89.6 kb in size), and 226 differentially-expressed genes compared to its parental strain.
Many membrane-related processes were affected, including up-regulation of cytochrome c and a
lytic transglycosylase, down-regulation of flagellar and pili-related genes, and loss of the pNA4_D
conjugative machinery, pointing towards a significant role in the adaptation to platinum.

Keywords: platinum resistance; RNA-Seq; multireplicon; Nanopore; adaptive laboratory evolution

1. Introduction

Platinum (Pt) is a rare element that is found in low natural abundance (0.4 parts per billion) in the
Earth’s continental crust [1,2]. It is extensively used in industry, vehicle exhaust catalysts (VECs), and
anticancer drugs [3], with cisplatin being one of the potent anti-cancer drugs in use [4]. Anthropogenic
uses and emissions of platinum have resulted in increased concentrations (0.5–1.4 ton year−1) in surface
environments, which could negatively impact natural habitats, especially because of the solubility of
some forms of platinum [3,5]. It can enter waters, sediments, and soils and eventually reach the food
chain [3]. Therefore, effective measures must be taken to minimize its spread and increase its recovery
from the environment.

Platinum is also one of the critical raw materials in the EU innovation partnership framework,
which were selected because of their high economic importance and high supply risk [6]. This makes
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platinum an important candidate for biological recovery from waste streams and other environmental
niches. As bacterial communities have been naturally associated with platinum-group mineral
grains [7], efforts have been made to explore the usability of microorganisms for the recovery of
platinum group metals from the environment [8]. For instance, biological recovery of platinum has
been shown for halophilic microbial communities, indicating that Pt from waste streams can be
transformed into Pt-rich biomass, which in turn can be used as input for the refinery of precious
metals [9]. In addition, Pt biosorption has also been studied for axenic bacterial cultures, including
sulfate-reducing bacteria such as Desulfovibrio desulfuricans, Desulfovibrio fructosivorans, and Desulfovibrio
vulgaris [10], as well as Shewanella oneidensis, Cupriavidus metallidurans, Geobacter metallireducens,
Pseudomonas stutzeri, and Bacillus toyonensis [11,12]. The sulfate-reducing Desulfovibrio spp. and
metal-ion reducing Shewanella algae have the capability to reduce Pt to zero state and form Pt
nanoparticles in their periplasmic space [13,14]. It has been hypothesized that Desulfovibrio spp.
can use Pt, as well as palladium, as terminal electron acceptors in their energy production pathway
via cytochrome c3 [15–17]. This promotes nanoparticle formation on the cell surface, preventing
re-entry and acting as catalysts for further metal reduction [17]. Cupriavidus sp. also showed similar
nanoparticle formation in the presence of palladium, according to an equivalent strategy [18].

Studying the interaction between platinum and bacteria showed that platinum inhibits cell
division and enhances filamentous growth of Escherichia coli [19], Caulobacter crescentus and
Hyphomicrobium sp. [20]. It inhibits DNA synthesis and DNA repair functions were shown to be
essential for growth in the presence of platinum, as E. coli mutants deficient in DNA repair functions
are unable to grow in the presence of platinum [21,22]. Similar to other DNA synthesis inhibitors,
Pt also induces prophages from lysogenic E. coli strains [23]. The mutagenic ability of different platinum
compounds has also been demonstrated in Salmonella enterica subsp. enterica serovar Typhimurium
strains [24].

It is clear that most studies have analyzed the biological immobilization of Pt and its possible
applications. However, only a limited number of studies focused on the effect of prolonged exposure
to Pt, as would be the case for environmental bacteria in Pt-contaminated waters, soils, and sediments.
For instance, Maboeta et al. showed that enzymatic activities and viable biomass were impacted in a
platinum tailing disposal facility associated with mining activities [25].

In this study, we used C. metallidurans NA4 as a model to explore the adaptation of environmental
bacteria to platinum exposure. It has been extensively studied for its resistance to a variety of metal
(oxyan)ions [26–28]. We used a combinatorial sequencing approach to fully resolve the C. metallidurans
NA4 genome consisting of six replicons [29], compared its genome with that of C. metallidurans CH34,
and identified the genomic and transcriptomic changes in a laboratory-evolved strain, displaying
increased resistance to platinum.

2. Materials and Methods

2.1. Strains, Media, and Culture Conditions

C. metallidurans NA4 was routinely cultured at 30 ◦C in Lysogeny broth (LB) or Tris-buffered
mineral medium (MM284) supplemented with 0.2% (w/v) gluconate [30]. For culturing on solid
medium, 1.5% agar (Thermo Scientific, Oxoid, Hampshire, UK) was added; liquid cultures were grown
in the dark on a rotary shaker at 150 rpm. Metal salts used included PtCl4, Na2PdCl4, ZnSO4.7H2O,
NiCl2.6H2O, CuSO4.5H2O and AgNO3. (Sigma-Aldrich, Overijse, Belgium).

2.2. Determination of the Minimal Inhibitory Concentration and Generation of Pt-Resistant Mutants

The minimal inhibitory concentration (MIC) of Pt4+, Pd2+, Zn2+, Ni2+, Cu2+, and Ag+ was
determined using the broth dilution method in a 96-well plate containing a concentration gradient of
the corresponding metals [31]. To select for C. metallidurans mutants displaying increased platinum

48



Genes 2019, 10, 63

resistance, a serial passage experiment was performed by continuous exposure to subinhibitory
concentrations of Pt4+ using the gradient MIC method [32].

2.3. Plasmid Isolation and Restriction Digestion

The extraction of megaplasmids was based on the method proposed by Andrup et al. [33].
Extracted plasmid DNA was separated by horizontal gel electrophoresis (23 cm-long 0.5% Certified
Megabase agarose gel (Bio-Rad, Temse, Belgium) in 1X Tris-Borate-EDTA buffer, 100 V, 20 h) in a
precooled (4 ◦C) electrophoresis chamber. After GelRed staining (30 min + overnight destaining at
4 ◦C in ultrapure water), DNA was visualized and images captured under UV light transillumination
(Fusion Fx, Vilber Lourmat, Collégien, France). To confirm the presence and size of the smaller plasmid
in NA4Pt (Pt4+ resistant mutant of NA4), plasmid DNA was isolated with the Wizard® Plus SV
Miniprep DNA Purification System (Promega, Leiden, The Netherlands). The isolated DNA was used
for restriction digestion with PagI (Fisher Scientific, Merelbeke, Belgium). The products were separated
on a 0.6% agarose (Molecular Biology Grade, Eurogentec, Belgium) gel to visualize the individual
fragments together with the GeneRuler 1 kb plus ladder (Fisher Scientific, Merelbeke, Belgium).

2.4. Motility, Scanning Electron Microscopy (SEM), and Flow Cytometry

For testing motility, C. metallidurans NA4 and NA4Pt were grown in LB media until the OD600

reached 0.6. Five μL of the culture was then stab inoculated onto a LB plate containing 0.3% agar.
The radius of the growth pattern was measured after 24 h.

For SEM, cells were grown in MM284 in normal growth conditions, centrifuged (5000 rpm for
8 min), washed in Milli-Q water, and fixed with 3% glutaraldehyde solution at 4 ◦C (3 h). Cells were
sputter coated (22 nm) with gold and examined under SEM at an accelerating voltage of 10 kV.

For flow cytometry, bacterial cell suspensions (OD600 = 0.6) were diluted 1000 times in 0.2 μm
filtered Tris-buffered mineral medium (MM284), Next, SYBR green (Sigma Aldrich) dye was added
and incubated at 37 ◦C for 20 min. Stained bacterial suspensions were analyzed on the Accuri C6 flow
cytometer (BD, Erembodegem, Belgium).

2.5. Genome Sequencing

Total DNA from C. metallidurans NA4 and NA4Pt was isolated using the QIAamp DNA mini kit
(Qiagen, Venlo, the Netherlands). The parental strain NA4 [29] was resequenced using a combination
of Illumina and Nanopore sequencing. Illumina sequencing was performed on the Illumina HiSeq
2500 platform using 2 × 75 bp paired-end sequencing (Baseclear, Leiden, Netherlands). Nanopore
sequencing was performed in-house using the MinION device with an R9 flow cell and the Rapid
Sequencing kit. Strain NA4Pt was sequenced using the Illumina Miseq platform (40× coverage;
MicrobesNG, Birmingham, UK).

2.6. Genome Assembly

Genome assembly was performed using the pre-assembled contigs based on the 454 sequencing
data as “trusted contigs” combined with the illumina and nanopore sequencing data as input for the
SPAdes algorithm (version 3.11.1, default parameter settings) [34,35]. Subsequent genome polishing
was performed by consecutive runs of an in-house Perl script, where the original reads were realigned
against the resulting assembly using the Burrows-Wheeler Aligner (BWA). Based on this output,
the genome assembly was updated accordingly until no further single-nucleotide polymorphisms
(SNPs) and indels were detected.

The C. metallidurans NA4Pt genome was compared to the parental strain at two levels. For the
small SNPs and indels, the output of two algorithms was combined: BreSeq 0.32.0 and the Genome
Analysis Toolkit (GATK) [36,37]. BreSeq was run using the default parameter settings. Before
running GATK, we first converted the raw BWA output to a sorted and index Binary Alignment
Map (BAM) file using the view, sort and index command of the SAMtools package version 0.1.18 [38].
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SNP prediction was performed on this BAM file by following the pipeline described in Van der
Auwera et al. [37], with default parameters, and using ploidy = 1 when running the HaplotyperCaller
command. For larger structural variations (insertions and deletion), an in-house developed Python
script, specifically focused on the identification of structural variations caused by mobile genetic
elements, was used. This program exploits the paired-end information and insert size distributions to
predict these variations.

2.7. Transcriptomic Analysis Using RNA-Seq

Gene expression in NA4Pt was compared with the parental strain NA4 under non-selective
growth conditions. Three independent C. metallidurans NA4 and NA4Pt cultures were allowed to
grow until an OD600 of 0.6 was reached. Each culture was subdivided in 2 mL portions and cells were
harvested by centrifugation for 2 min at 10,000× g. Bacterial pellets were flash frozen by immersion
into liquid nitrogen and kept frozen at −80 ◦C at all times. Total RNA was extracted using the Promega
SV Total RNA Isolation System kit (Promega, Leiden, The Netherlands). RNA sequencing (directional
mRNA library, RiboZero rRNA depletion and 2 × 125 bp paired-end sequencing) was performed by
Eurofins genomics (Ebersberg, Germany).

2.8. RNA-Seq Data Analysis

Obtained RNA-Seq reads were aligned using BWA software and the default parameters [39].
Raw counts per gene were calculated based on the latest genome annotation of C. metallidurans NA4,
as available on the MaGe platform. Reads were allowed to map 50 bp upstream of the start codon or
50 bp downstream of the stop codon. Reads that were mapped to ribosomal or transfer RNA were
removed from the raw count data to prevent bias in detecting differential expression. Differential
expression was calculated using the edgeR package (version 3.2.4) [40] in BioConductor (release 3.0,
R version 3.1.2), resulting in a fold change value and a corresponding p value corrected for multiple
testing for each gene. Genes were found to be differentially expressed if they show an absolute log2
fold change higher than 0.80 and a false discovery rate (FDR) value lower than 0.05.

2.9. Functional Analysis

Homologous genes and synteny groups were computed via the MaGe platform [41]. Homologous
genes were based on the bidirectional best hit criterion and a blastP alignment threshold (at least
35% amino-acid identity on 80% of the length of the smallest protein). Synteny, orthologous gene
sets that have the same local organization are based on the bidirectional best hit criterion or a blastP
alignment threshold (at least 30% amino-acid identity on 80% of the length of the smallest protein),
and co-localization (with the maximum number of consecutive genes not involved in a synteny group
being five).

Distribution of insertion sequence (IS) elements was determined by identification and annotation
of IS elements with ISsaga [42] and manual curation.

MOB typing of plasmids was performed using the mob_typer script, part of the MOB-suite [43].
All analyses were performed using standard parameters. The most recent reference database was
downloaded on the 19th of November, 2018.

Plasmids were aligned to pNA4_D by the AliTV perl interface in the AliTV package [44] using
standard parameters. Output json files were visualized with the AliTV web service (http://alitvteam.
github.io/AliTV/d3/AliTV.html). Subsystem categories were assigned via the online implementation
of RASTtk (Rapid Annotation using Subsystem Technology) (http://rast.nmpdr.org/) [45]. Circos
plots from genomic data were constructed with Circa 1.2.1 (http://omgenomics.com/circa/).
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3. Results and Discussion

3.1. Genome Analysis of C. metallidurans NA4

The C. metallidurans NA4 genome was previously sequenced via the 454 GS-FLX sequencing
platform [29] and assembled into 109 contigs. Since all Cupriavidus genomes have a multipartite
organization composed of at least a chromosome, a chromid and one or more megaplasmids [27],
we tested if combining sequencing platforms could produce completely closed replicon sequences.
C. metallidurans NA4, in particular, contains six replicons [29,46]. Complete assembly of multipartite
genomes is necessary to fully understand the genomic structure and invaluable to correctly assess
genomic events. An additional Illumina and Nanopore sequencing was performed. Integration of
the pre-assembled contigs (based on the 454 pyrosquencing data) and the Illumina and Nanopore
sequencing data, using the SPAdes platform, resulted in complete assembly and closure of the six
C. metallidurans NA4 replicons (Table 1). The long reads from Nanopore sequencing resolved the
complex repeat regions, while Illumina sequencing provided more accurate sequencing results.

Table 1. Overall characterization of the replicons constituting the C. metallidurans NA4 genome.

Replicon Length (bp) % GC 1 # CDSs 2

Chromosome 3,838,195 63.84 3818
Chromid 2,776,395 63.59 2774
Plasmid pNA4_A 294,575 59.45 416
Plasmid pNA4_B 227,796 60.57 274
Plasmid pNA4_C 155,041 58.90 209
Plasmid pNA4_D 89,606 61.56 120

1 Guanine-cytosine content; 2 Coding sequences.

The size, number of coding sequences (CDSs) and GC content of the C. metallidurans NA4
chromosome and chromid were very similar to that of type strain C. metallidurans CH34 [26] (Figure 1).
To compare the different replicons of CH34 and NA4, homologous genes were computed and visualized
by Circa (Figure 2). Both the chromosome (CHR1) and chromid (CHR2) were well conserved. However,
this comparison revealed an extensive number of homologous genes between plasmid pMOL30 from
CH34 and the chromid of NA4 (Figure 2). To zoom in on this, large (>15 genes) synteny groups between
pMOL30 and the chromid of NA4 were visualized separately (Figure 3), as well as homologous genes
shared between pMOL28 and pMOL30, and pNA4_A and pNA4_B (Figure 4).

The latter indicated that the main large metal resistance clusters on pMOL30 are syntenic with
gene clusters on NA4’s chromid instead of NA4’s plasmids. Previously, we showed that pMOL28 and
pMOL30 contain large genomic islands that harbor all plasmid-borne genes involved in the response
to heavy metals [27,47,48]. Plasmid pMOL30 carries two genomic islands, CMGI-30a and -30b, that
convey resistance to cadmium, zinc, cobalt, lead, and mercury, and copper and silver, respectively.
A 25-gene cluster within CMGI-30a, containing the czc cluster (related to cadmium, zinc and cobalt
resistance) and genes involved in membrane-related functions, and highly conserved (>99% nucleotide
similarity) in all C. metallidurans strains [48], was found on NA4’s chromid. Interestingly, this cluster
is always flanked by a tyrosine-based site-specific recombinase (TBSSR) associated with a conserved
protein of unknown function making up a bipartite module (BIM) [48,49]. Our observation adds
evidence to the mobility of this cluster. The cluster on NA4’s chromid related to the pbr (lead resistance)
and mer (mercury resistance) cluster (Tn4380) of pMOL30 was flanked at both sides by (remnants
of) TBSSRs (only at one side for pMOL30). Three clusters on NA4’s chromid were homologous to
pMOL30’s cop cluster (copper resistance) (Figure 3, Supplementary Figure S1). The latter was part of
genomic island CMGI-30b of pMOL30 that contains a 33-gene copper-related cluster almost completely
induced by Cu2+ (coding for the efflux PI-type ATPase CopF, the heavy metal efflux (HME) resistance
nodulation cell-division (RND) system SilCBA, the periplasmic detoxification system CopABCDI,
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and accessory and membrane-related functions) as well as the nre/ncc cluster. One NA4 cluster
comprised almost the complete CMGI30-b island except copV and copT. A second cluster contained the
copper-related cluster as well as some gene fragments and was flanked by TBSSRs. The third cluster
comprised the cop cluster except copV and copT (Supplementary Figure S1). In addition, a cluster
carrying resistance to chromate and cobalt/nickel, similar to that on genomic island CMGI-28a of
pMOL28, was also found on NA4’s chromid (next to plasmid pNA4_B). The cluster was delimited by
ISRme1 and a TBBSR, and was located between the pbr and mer cluster, and the second cop cluster. It did
not contain the additional five genes that are carried by the pMOL28 and pNA4_B cluster [27,50,51].

Although most metal resistance determinants are conserved between C. metallidurans NA4 and
CH34, which results in similar growth profiles in the presence of metals [52], they are harbored by
different replicons. We showed that, unlike the characteristic megaplasmid pMOL30 in C. metallidurans
CH34 that is specialized in heavy metal resistance, pNA4_A does not fulfill this role in C. metallidurans
NA4. Plasmid pNA4_B does harbor the pMOL28-like metal resistance determinants and, in addition,
a second nccYXHCBAN locus coding for an RND-driven efflux system homologous to that of
C. metallidurans 31A and KT02, which mediates resistance to 40 mM Ni2+.

Figure 1. Comparison of the size (bp), number of coding sequences (CDSs), and GC content (% GC)
of the C. metallidurans NA4 (red) and CH34 (blue) genome replicons (CHR1: chromosome; CHR2:
chromid; p: plasmids).
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Figure 2. Circa plot of the C. metallidurans CH34 and NA4 genomes (CHR1: chromosome; CHR2:
chromid) and plasmids (28: pMOL28; 30: pMOL30; pA: pNA4_A; pB: pNA4_B; pC: pNA4_C; pD:
pNA4_D). Connections correspond to homologous genes based on the bidirectional best hit criterion
and a blastP alignment threshold (at least 35% amino-acid identity on 80% of the length of the smallest
protein).
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Figure 3. Circa plot of pMOL30 from C. metallidurans CH34 and sections of the C. metallidurans NA4
chromid (CHR2). Ribbons correspond to synteny groups, orthologous gene sets that have the same
local organization, based on the bidirectional best hit criterion or a blastP alignment threshold (at least
30% amino-acid identity on 80% of the length of the smallest protein) and co-localization (with the
maximum number of consecutive genes not involved in a synteny group being five). The pMOL30
genes are colored according to their function.
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Figure 4. Circa plot of pMOL30 and pMOL28 from C. metallidurans CH34 and pNA4_A and pNA4_B
from C. metallidurans NA4. Connections correspond to homologous genes based on the bidirectional
best hit criterion and a blastP alignment threshold (at least 35% amino-acid identity on 80% of the
length of the smallest protein). Colored connections correspond to genes involved in metal resistance.
The pMOL28 and pMOL30 genes are colored according to their function.

3.1.1. Characterization of (Mega)Plasmids

As our sequencing efforts resulted in the complete closure of the four plasmid replicons, we
were able to characterize them in more detail. Numerous proteins are involved in the horizontal
transmission of plasmids via conjugation and establishment in the recipient cell. Conjugative
plasmids contain an origin of transfer (oriT), a DNA relaxase, a Type IV coupling protein (T4CP),
and a membrane-associated mating pair formation (MPF) complex, which is a form of Type IV
secretion system (T4SS). Transmissible (mobilizable) plasmids require an oriT and a relaxase that can be
provided in trans [53–57]. Different classification or typing schemes for plasmids have been developed,
but the principal ones are replicon and MOB typing, relying on plasmid replication and mobility,
respectively [55,56,58]. The phylogenetic relationship among relaxases has been thoroughly studied
and resulted in the classification of conjugative systems into six MOB families: MOBF, MOBH, MOBQ,
MOBC, MOBP, and MOBV [43,56]. The archetype plasmids defining the families are R388 (MOBF),
R27 (MOBH), RP4 (MOBP), RSF1010 (MOBQ), pMV158 (MOBV), and CloDF13 (MOBC). We used
MOB-suite to type and characterize pNA4_A, pNA4_B, pNA4_C, and pNA4_D, as well as pMOL28
and pMOL30 (Table 2).
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Table 2. Plasmid characterization.

Replicon Rep Type Relaxase Type 1 MPF Type 2 Predicted
Mobility

MASH Nearest Neighbor 3

pMOL28 591 MOBH MPFT Conjugative -
pMOL30 332 (MOBP) MPFF Conjugative -
pNA4_A 332 - MPFF Non-mobilizable pMOL30
pNA4_B 591 MOBH MPFT Conjugative pMOL28
pNA4_C - - - Non-mobilizable pHS87a (Pseudomonas aeruginosa)
pNA4_D 1864 MOBF MPFF Conjugative pACP3.3 (Acidovorax sp. P3)

1 Archetype relaxase: plasmid R388 (MOBF), plasmid R27 (MOBH), and plasmid RP4 (MOBP). 2 Archetype mating
pair formation (MPF) complex: plasmid F (MPFF) and plasmid Ti (MPFT). 3 MASH Nearest Neighbor are not
included for pMOL28 and pMOL30, as the closest database match was a self-hit.

Our analysis indicated that pNA4_A and pMOL30, and pNA4_B and pMOL28 were similar based
on replicon, relaxase and mating pair formation (MPF) family. Plasmid pNA4_A was classified as being
non-mobilizable, whereas pMOL30 as conjugative. Although low-frequency transfer of pMOL30 has
been observed, this transfer could be mediated via other conjugative systems. For instance, plasmid
RP4 can enhance transfer frequency to 10−3 by cointegrate formation via transposition of Tn4380 [47].
Plasmid pNA4_A carried 416 CDSs, most of them code for unknown proteins (71.6%). Identifiable
functions were, next to plasmid replication, maintenance and conjugation, related to metal resistance
(partial czc cluster and mercury transposon; see Figure 4) and alkaline phosphatase. Plasmid pNA4_B
carried 274 CDSs, most of them also code for unknown proteins (59.5%). Identifiable functions were,
next to plasmid replication, maintenance and conjugation, related to metal resistance (cluster carrying
resistance to chromate and cobalt/nickel, similar to that on genomic island CMGI-28a of pMOL28; see
Figure 4).

Plasmid pNA4_C was classified as non-mobilizable and carried 209 CDSs, most of them also
code for unknown proteins (74.6%). No accessory plasmid functions could be identified. Plasmid
pNA4_D was classified as conjugative and was very similar to plasmids from Acidovorax carolinensis P3
(plasmid pACP3.3) and P4 (plasmid pACP4.4), Acidovorax sp. JS42 (plasmid pAOVO01), Alicycliphilus
denitrificans K601 (plasmid pALIDE201), and Pandoraea pnomenusa MCB032 (unnamed plasmid)
(Supplementary Figure S2). Characterized proteins encoded by these plasmids were mainly related to
conjugational transfer and replication.

3.1.2. Insertion Sequence Elements Distribution

Insertion sequences (IS) are simple mobile genetic elements that play an important role in genome
plasticity and activity of these IS elements are often correlated with the adaptive potential to promote
genetic variability under different environmental challenges [59,60]. An initial assessment of the
number and identity of IS elements in NA4 was previously performed based on the draft genome
assembly [52]. However, this could lead to an underestimation of the number of IS elements because
possible identical IS elements will only be represented as one contig [61]. Therefore, we reanalyzed
and determined the correct number of IS elements in NA4 (Table 3). In total, 21 intact IS elements
were identified. C. metallidurans NA4 carried much less IS elements in comparison with type strain
C. metallidurans CH34, which carried 57 intact IS elements.
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Table 3. Distribution of insertion sequence elements in C. metallidurans NA4.

Element Family Size (%) 1 CHR1 CHR2 pNA4_A pNA4_B pNA4_C pNA4_D

IS1071 Tn3 3204 (99.9%) 1
2991 (93.4%) 2

ISRme4 IS21 2469 (100%) 4 3
ISRme9 IS21 2674 (94.8%) 1
ISRme10 IS30 1063 (100%) 1
ISRme3 IS3 1288 (100%) 1 2 2
ISPst3 IS21 2605 (97.8%) 1 2
ISPa45 IS4 1637 (100%) 1
1 Size (bp) of the element and % nucleotide sequence similarity to the insertion sequence (IS) element as defined in
ISFinder [62].

3.2. Analysis of C. metallidurans NA4Pt

3.2.1. Determination of Minimal Inhibitory Concentration and Generation of a Pt4+ Resistant Mutant

We used C. metallidurans NA4, which is able to survive in oligotrophic conditions for many
months [46], to scrutinize adaptation to Pt4+. The minimal inhibitory concentration (MIC) of Pt4+

for C. metallidurans NA4 in Tris-buffered mineral medium was 70 μM (Table 1), which was similar
to that of C. metallidurans CH34. This already indicated that NA4 has a high level of resistance to
Pt4+ when compared to other strains such as Klebsiella pneumoniae (20 μM), Acinetobacter baumannii
(30 μM), and Enterococcus faecium (60 μM) [63]. Furthermore, the MIC determinations in that study
were performed in rich broth medium, which could affect the metal bioavailability and lead to
an overestimation of the MIC [63]. Next, C. metallidurans NA4 was exposed to a subinhibitory
concentration of 62.5 μM Pt4+ during 30 days (eight serial passages). After passage on non-selective
medium, a mutant (designated NA4Pt) that displayed a higher resistance to Pt4+ (MIC of 160 μM)
was obtained. No differences were observed between NA4 and NA4Pt when grown in non-selective
conditions (Figure 5). In addition, no differences in MIC of Pd2+, Ag+, Zn2+, Ni2+, and Cu2+ were
observed (Table 4). From this data it is evident that the NA4Pt mutant is specifically resistant to Pt4+

and does not have a higher resistance to Pd2+, in contrast to what was described for Desulfovibrio sp.
preference during biosorption [14].

Figure 5. Growth of C. metallidurans NA4 and NA4Pt in the presence of different PtCl4 concentrations
(in μM).
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Table 4. Minimal inhibitory concentration of selected metals for C. metallidurans NA4 and NA4Pt.

Pt4+ (μM) Pd2+ (μM) Ag+ (μM) Zn2+ (mM) Ni2+ (mM) Cu2+ (mM)

NA4 70 12.5 1 12 40 6
NA4Pt 160 12.5 1 12 40 6

3.2.2. Sequence Analysis of C. metallidurans NA4Pt

The laboratory-evolved mutant NA4Pt was sequenced to identify genomic changes such as
insertions, deletions and SNPs (Supplementary Table S1). These genomic changes were not observed in
other adaptive laboratory evolution experiments with NA4 (unpublished results). In the chromosome,
an insertion (+56 bp) in the upstream region of a metal-dependent hydrolase and a point mutation
in pseudouridine synthase (rluB) (resulting in R64H substitution) were observed. In the chromid,
several point mutations (mostly synonymous mutations) and two deletions (a single bp and a 119-bp
region), both located in the copB gene coding for an outer membrane protein involved in copper
resistance, were found. The latter did not affect copper resistance of NA4Pt (Table 4). The biggest
change, a large deletion of 69.9 kbp, was observed in plasmid pNA4_D. The 19.7 kbp remaining
fragment (positions 52,551 to 72,345) included genes encoding a DNA primase, a C-5 cytosine-specific
DNA methylase, a single-stranded DNA-binding (ssb) protein, and the replication initiator protein
RepA (Supplementary Table S2), which is responsible for plasmid replication in bacteria [64,65].
This suggested that the remaining part could be maintained as a smaller plasmid instead of being
integrated in one of the other replicons. The absence of the native pNA4_D and presence of the smaller
plasmid were confirmed by plasmid DNA extraction and PagI digestion (Figure 6).

Figure 6. Agarose gel electrophoresis of C. metallidurans NA4 (C) and NA4Pt (Pt) plasmid DNA. (a)
Megaplasmids of NA4 vs. NA4Pt; (b) PagI digest of pNA4_D in NA4 vs. NA4Pt (only small plasmids
were extracted; therefore, no discrete bands are visible for NA4); and (c) theoretical PagI digest of
NA4Pt pNA4_D.

The large deletion, which could probably be mediated by the presence of a 221 bp direct repeat
(Supplementary Figure S3), resulted in the loss of 89 CDSs. (Mega)plasmids are nonessential and
dispensable for cell viability in most environments [66], and large deletions have also been observed
in other laboratory-evolved strains. For instance, a large deletion occurred in the megaplasmid
pAtC58 from Agrobacterium tumefaciens laboratory-evolved strains, resulting in increased virulence gene
expression and reduced fitness cost [67]. Prolonged cultivation of the Gram-positive actinobacterium
Rhodococcus opacus 1CP containing megaplasmid p1CP (740 kb) under non-selective conditions led
to the isolation of mutants 1CP.01 and 1CP.02, harboring the shortened plasmid variants p1CP.01
(500 kb) and p1CP.02 (400 kb) [68]. Methylobacterium extorquens AM1 lost 10% of its megaplasmid in an
evolution experiment, which were beneficial in the applied selective environment, but disadvantageous
in alternative environments [69]. Gene loss is a very common evolutionary process in bacteria
and provides an increased fitness under one or several growth conditions [70]. The large deletion
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in pNA4_D resulted in loss of the conjugative machinery (T4SS), which is known to impose a
burden [71,72]. For instance, the growth rate of an experimentally evolved E. coli increased by
IS26-mediated loss of the T4SS on its plasmid pKP33 [73]. Several mechanisms are put forward to
explain the reduced fitness costs, such as ribosome occupancy, reduction of energy demands for DNA
replication, transcription and translation, and negative interactions between chromosomal pathways
and (mega)plasmid-encoded proteins [66,67,74]. In addition, selective processes favoring adaptation
to specific stressors/environments can be a driving force behind gene loss [66,70,75,76]. Therefore,
although no growth differences were observed between NA4 and NA4Pt, this loss could have an effect
in challenging environments with increased selection pressure (e.g., high platinum concentration).

3.2.3. Transcriptome Analysis

Resistance is the result of natural selection for resistance-conferring mutations (i.e., random
mutations that allow growth under selection, outcompeting the parent, and subsequent isolation of the
adapted mutant) [77]. Therefore, and similar to other studies [78–80], the global shift in transcriptome,
resulting from the altered genotype of the evolved strain (NA4Pt) as compared with the parental strain
(NA4), was examined by RNA-Seq in non-selective conditions (average total number of reads was
4,324,281 ± 463,666). Up- and down-regulated genes were selected based on log2 fold change (<−0.8
and >0.8) and significance (p < 0.05), which resulted in 111 up- and 115 down-regulated genes (Figure 7
and Supplementary Tables S2 and S3).

Figure 7. Scatter plot of RNA-Seq-derived gene expression of C. metallidurans NA4Pt compared to its
parental strain in non-selective conditions. Dots (blue p < 0.05) represent Log2 ratios with red, black,
and green lines corresponding to −0.8, 8, and 0.8, respectively.
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The functional relevance of differentially-expressed genes was explored by using functional
categories from the eggNOG classification system [81]. Genes of different categories were found to be
differently expressed (Figure 8). However, none of the categories were significantly over-represented
(Fisher’s exact test).

Figure 8. EggNOG classification of differentially expressed genes in C. metallidurans NA4Pt, based
on RNA-Seq-derived gene expression of C. metallidurans NA4Pt compared to its parental strain
in non-selective conditions. Percentages were calculated by normalizing the number of up- and
down-regulated genes in each category by the total number of genes in the NA4 genome grouped
in the corresponding category. (D: Cell cycle control, cell division, and chromosome partitioning;
M: Cell wall/membrane/envelope biogenesis; N: Cell motility; O: Posttranslational modification,
protein turnover, and chaperones; T: Signal transduction mechanisms; U: Intracellular trafficking,
secretion, and vesicular transport; V: Defense mechanisms; A: RNA processing and modification; B:
Chromatin structure and dynamics; J: Translation, ribosomal structure, and biogenesis; K: Transcription;
L: Replication, recombination, and repair; C: Energy production and conversion; E: Amino acid
transport and metabolism; F: Nucleotide transport and metabolism; G: Carbohydrate transport and
metabolism; H: Coenzyme transport and metabolism; I: Lipid transport and metabolism; P: Inorganic
ion transport and metabolism; Q: Secondary metabolites biosynthesis, transport, and catabolism; S:
Poorly characterized).

Overall, genes involved in defense mechanisms, intracellular trafficking, signal transduction and
membrane-related genes were more up-regulated than down-regulated. On the other hand, genes
involved in carbohydrate transport, nucleotide transport, cell motility and cell-cycle-related genes were
more down-regulated than up-regulated. Up-regulated defense mechanism genes included mainly
RND-driven efflux systems, which are abundant in the NA4 genome [52]. Next to systems putatively
involved in the efflux of chemicals (acridines), the expression of two HME-RND genes was increased.
The cusC gene is part of the CusCBA efflux pump responsible for copper and silver resistance [82].
In C. metallidurans, cusDCBAF genes are also up-regulated by silver ions [28], and induction of the
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CusC protein synthesis was also observed in the presence of 1 μM silver or 0.85 mM copper ions [83].
The cnrC gene is part of cnrCBAT efflux system that mediates nickel and cobalt resistance [84]. However,
the resistance of NA4Pt to Cu2+, Zn2+, Ag+ and Ni2+ was unaffected compared to that of the parental
strain NA4 (Table 4). No other metal resistance genes were up- or down-regulated.

Up-regulated genes of the signal transducing pathways belong to different
two-component-system-related proteins (Supplementary Table S2). Namely, ompR-family regulators,
members of the largest response regulator family involved in many signal transduction processes [85],
and cheY, which is involved in chemotaxis and modulates motility by regulating flagellar motor switch
proteins [86]. In contrast to cheY, cell-motility-related genes were down-regulated (flgC, flgD, flgG,
pilW, and pilX). FlgC and FlgG proteins form the rod part of the flagellar basal body [87] and FlgG
polymerizes to form the distal rod on top of the proximal rod, acting as a hook cap [88]. PilX and PilW
are involved in biogenesis of Type IV fimbriae, which are surface filaments mediating attachment
to host epithelial cells and flagella-independent twitching motility [89]. These differences did not
affect motility as no significant differences were observed between NA4Pt and NA4 in motility assays
(Supplementary Figure S4).

The class of membrane-related up-regulated genes contains a highly up-regulated (36.3-fold) lytic
transglycosylase (LT), which usually plays an important role in shaping the periplasmic space and
is tightly regulated, as over activity can have deleterious effects [90]. LT is responsible for creating
space within the peptidoglycan layer for cell division and the insertion of cell-envelope spanning
structures such as flagella and secretion systems [90]. In C. metallidurans, different LTs are induced
in the presence of Cu2+, Cd2+, Pb2+ and Zn2+ [91]. Therefore, it may be hypothesized that the LTs
might play a role in coping with toxic metal ion concentrations. Next to LTs, membrane-bound
cytochrome c, which enables electron transfer as well as the catalysis of various redox reactions [92],
is also up-regulated. In D. vulgaris, this periplasmic protein is directly involved in H2-mediated metal
reduction [16]. Desulfovibrio sp. cytochrome c3 mediates electron transfer to palladium and platinum
complexes, thereby reducing them to zero-valent nanoparticles [10,17]. The latter supports a role
of this overexpressed gene in the Pt-resistant phenotype. Furthermore, nm-scale colloidal platinum
was found in C. metallidurans primarily along the cell envelope, where energy generation/electron
transport occurs [12].

To scrutinize the impact of differentially-expressed membrane-related genes (LT, flagellar- and
pili-related) on morphology, scanning electron microscopy (SEM) was performed and showed that
NA4Pt cells appeared to be more elongated (Figure 9). This correlates with the induction of filaments
during platinum metal stress [19]. Nevertheless, the presence of a subpopulation of elongated cells
could not be confirmed by flow cytometry (Supplementary Figure S5).

Figure 9. Scanning electron microscopy (SEM) image of C. metallidurans NA4 and NA4Pt.

61



Genes 2019, 10, 63

Up-regulated intracellular trafficking genes were mainly related to a Type II secretion system
(T2SS), which secretes proteins to the extracellular environment [93]. In C. metallidurans, the T2SS
secretes alkaline phosphatase in the extracellular environment [94].

Finally, none of the CDSs affected by the genomic changes in NA4Pt (either directly or via
alteration in their promoter region) were differentially expressed (Supplementary Tables S1–S3).
The latter points towards a significant role of the large deletion in pNA4_D on the overall expression
pattern, as well as adaptation to platinum.

4. Conclusions

We resolved the multireplicon genome of C. metallidurans NA4 by combining Illumina and
Nanopore sequencing and; thereby, paved the way for genetic, genomic and evolution-related studies.
Further analysis of the replicons showed a distinctive pattern in the location of metal resistance
determinants, with the chromid playing a pivotal role in contrast to type strain CH34, for which the
megaplasmids pMOL28 and pMOL30 are the main actors. An NA4 derivative (NA4Pt) that showed
increased resistance to platinum was generated via an adaptive laboratory evolution experiment. On
the basis of our observations, one might speculate that the increased resistance to Pt4+ in C. metallidurans
NA4Pt is not mediated by a dedicated mechanism, but by pleiotropic alterations in membrane-related
processes, such as pili, peptidoglycan turnover and electron transfer, probably elicited by the large
deletion in its 98-kb plasmid.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/1/63/s1,
Figure S1: C. metallidurans chromid clusters homologous to the cop cluster on pMOL30; Figure S2: Whole
plasmid alignments of pNA4_D from C. metallidurans NA4 and pACP3.3 and pACP4.4 from A. carolinensis
P3 and P4, pAOVO01 from Acidovorax sp. JS42, pALIDE201 from A. denitrificans K601, and an unnamed
plasmid from P. pnomenusa MCB032; Figure S3: Alignment of 221 bp direct repeat flanking large deletion
in pNA4_D; Figure S4: Motility assay in soft (0.3%) agar. Diameter measurement of the haloes formed by
C. metallidurans NA4 and NA4Pt after 24 h; Figure S5: Flow cytometry histogram of C. metallidurans NA4
and NA4Pt based on forward-scattered light (FSC) and side-scattered light (SSC); Table S1: List of genomic
changes in the laboratory-evolved C. metallidurans NA4Pt; Table S2: RNA-Seq-derived up-regulated genes
(log2 fold > 0.8; p < 0.05) in C. metallidurans NA4Pt, compared to its parental strain in non-selective conditions;
Table S3: RNA-Seq-derived down-regulated genes (log2 fold < −0.8; p < 0.05) in C. metallidurans NA4Pt, compared
to its parental strain in non-selective conditions.
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Abstract: It is essential to understand the mechanisms by which a toxicant is capable of poisoning
the bacterial cell. The mechanism of action of many biocides and toxins, including numerous
ubiquitous compounds, is not fully understood. For example, despite the widespread clinical and
commercial use of silver (Ag), the mechanisms describing how this metal poisons bacterial cells
remains incomplete. To advance our understanding surrounding the antimicrobial action of Ag,
we performed a chemical genetic screen of a mutant library of Escherichia coli—the Keio collection,
in order to identify Ag sensitive or resistant deletion strains. Indeed, our findings corroborate
many previously established mechanisms that describe the antibacterial effects of Ag, such as the
disruption of iron-sulfur clusters containing proteins and certain cellular redox enzymes. However,
the data presented here demonstrates that the activity of Ag within the bacterial cell is more extensive,
encompassing genes involved in cell wall maintenance, quinone metabolism and sulfur assimilation.
Altogether, this study provides further insight into the antimicrobial mechanism of Ag and the
physiological adaption of E. coli to this metal.

Keywords: silver; silver toxicity; silver resistance; Keio collection; Escherichia coli; antimicrobials

1. Introduction

For centuries, metal compounds have been deployed as effective antimicrobial agents [1]. The use
of silver (Ag) for antimicrobial purposes is a practice that dates back thousands of years [2] and
is still implemented for medical purposes in an effort to curtail the rise of antimicrobial resistant
pathogens [3–6], a threat that has once again surfaced as a clinical challenge [7–10].

Applications of Ag-based antimicrobials include: wound dressings [11] and other textiles [12],
antiseptic formulations [13], nanoparticles [14], coatings [15], nanocomposites [16], polymers [17],
and part of antibiotic combination therapies [18]. Many of these approaches have proven to be effective
in controlling and eradicating pathogenic microorganisms.

Presently, research in this field focuses on finding new formulations and utilities for Ag-based
antimicrobials. Despite this, the identity of the cellular targets that are involved in Ag antimicrobial
activities are known to a far lesser degree [19]. This current knowledge gap hinders the potential utility
of Ag-based antimicrobials, and in turn the expansion of this metal as a therapeutic agent.

Previous studies examining the mechanisms of Ag resistance and toxicity have not provided
a complete understanding of the global cellular effects of Ag exposure on the bacterial cell. Further,
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several studies fail to build upon preceding work and the literature is replete with contradicting
reports, in part due to non-standardized conditions of study. Furthermore, it has been demonstrated
that the speciation/oxidation state of Ag has substantial influence on toxicity, a factor that is dependent
on the source of Ag ions [4], growth conditions, and is further complicated by the organism (species
and strain) of interest [6].

Proposed mechanisms of metal toxicity include the production and propagation of reactive oxygen
species through Fenton chemistry and antioxidant depletion, the disruption of iron-sulfur clusters,
thiol coordination and the exchange of a catalytic/structural metal that leads to protein dysfunction,
interference with nutrient uptake, and genotoxicity [19]. Microorganisms are able to withstand metal
toxicity through several mechanisms such as reduced uptake, efflux, extracellular and intracellular
sequestration, repair, metabolic by-pass and chemical modification [20]. Whether these mechanisms
are solely responsible for cell death or resistance has yet to be determined. Still, what is understood is
that metals demonstrate broad-spectrum activity and decreased target specificity [19] when compared
to conventional antimicrobials.

In this work, we hypothesized that Ag exerts its effects on multiple targets both directly
and indirectly, and thus various cellular systems may be altered by Ag exposure. To test this,
we performed a genotypic screening workflow of a mutant library composed of 3985 strains,
each containing a different inactivated non-essential gene in Escherichia coli. Using a comparable
genome-wide workflow [21] and by use of transcriptomic profiling [22,23], similar approaches have
been implemented in order to study the mechanisms of action caused by Ag. Despite this, genes
conferring resistance to Ag when absent have been studied and compared to a far lesser degree than
those that result in sensitivity when absent. Further, many previous approaches aimed at studying Ag
toxicity and resistance have primarily examined the effects of Ag shock or rapid pulses of exposure,
followed by the evaluation of gene expression. Hence, as a means of complementing existing work,
we have identified a number of genes that are implicated in prolonged Ag resistance and/or toxicity,
and mapped their metabolic function to their respective cellular system.

2. Materials and Methods

2.1. Escherichia coli Strains and Storage

The Keio collection [24]—a mutant library of 3985 single-gene E. coli BW25113 mutants
(lacIq, rrnBT14, ΔlacZWJ19, hsdR514, ΔaraBADAH33, ΔrhaBADLD78)—was obtained from the National
BioResource Project E. coli, (National Institute of Genetics, Shizuoka, Japan). All strains were initially
stored at −80 ◦C in vials containing Lysogeny Broth (LB) media (VWR International, Mississauga, ON,
Canada) with 30% glycerol (VWR International). For chemical genetic screening, the Keio collection
was transferred, and subsequently arrayed into 96-well microtiter plates containing LB medium with
30% glycerol. Construction of the arrayed Keio collection and pre-culturing of the E. coli strains was
carried out on LB agar (1.0%). For chemical genetic screening, M9 minimal media (6.8 g/L Na2HPO4,
3 g/L KH2PO4, 1 g/L NH4Cl, 0.5 g/L NaCl, 4 mg/L glucose, 0.5 mg/L MgSO4 and 0.1 mg/L CaCl2)
containing Noble agar (1.0%) with and without silver nitrate (AgNO3) was used for treatment and
control testing, respectively (all obtained from VWR International).

Although the Keio collection strains are engineered with a kanamycin resistance cassette in place
of the gene of interest [24], for our experiments here, we did not include this antibiotic in the growth
media. Synergistic antimicrobial effects were found when bacterial cells were grown in the presence of
Ag and kanamycin (data not included).

2.2. Stock Ag Solution

Silver nitrate (AgNO3) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions
of Ag were made at equivalent molarities of Ag in distilled and deionized (dd)H2O and stored in glass
vials for no longer than two weeks.
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2.3. Determination of the Minimal Inhibitory Concentration and Controls

The minimal inhibitory concentration was determined using a known Ag sensitive strain (cusB)
and negative control strains (lacA and lacY). CusB is a part of the CusCFBA copper/silver efflux
system [25]; therefore, it was anticipated that the absence of this gene would confer toxicity, denoted as
a Ag sensitive hit. Further, LacA and LacY, are not expected to be involved in Ag resistance or toxicity.
The aforementioned strains, along with the parent strain (wild type (WT)) were grown at 37 ◦C on
M9 minimal media and Noble agar (1%) in the presence or absence of Ag at varying concentrations.
The Ag concentration found to visibly decrease colony size in the cusB mutant and demonstrate no
changes in colony size in the lacA and lacY mutants was selected. Furthermore, the latter mutants and
the WT were grown in the presence of 100 μM ionic nitrate to ensure growth was not impeded by the
accompanying counter ion. The full chemical genetic screen was challenged at time zero of inoculation
in the presence of 100 μM AgNO3.

2.4. Screening

M9 minimal media Noble agar (1%) plates were prepared two days prior to use. Colony arrays in
96-format were produced and processed using a BM3 robot (S&P Robotics Inc., Toronto, ON, Canada).
The strains were spotted using a 96-pin replicator, allowing for uniform application. Cells were
transferred from the arrayed microtiter plates using the replicator onto LB agar plates. These plates
were then grown overnight at 37 ◦C. Once grown, the colonies were spotted using the replicator
onto two sets—with and without 100 μM AgNO3—of M9 minimal media Noble agar plates, and
subsequently grown overnight at 37 ◦C. Images of both sets of plates were acquired using the spImager
(S&P Robotics Inc.) and colony size, which is a measure of fitness, was determined using integrated
image processing software. For each 96-colony array, four technical trials per strain were combined
onto a single plate in 384-colony array format and three biological trials were performed. Therefore,
each strain was tested a total of 12 times.

2.5. Normalization

Experimental factors such as incubation time and temperature, local nutrient availability, colony
location, gradients in the growth medium and neighboring mutant fitness were all considered as
independent variables that could contribute to systematic variation, and subsequently affect colony
size. As a result, the colonies were normalized and scored using Synthetic Genetic Array Tools 1.0
(SGATools) [26]. Firstly, all of the plates were normalized to establish identical median colony size
working on the assumption that most colonies exhibited WT fitness. Next, to ensure the colonies
were directly comparable, colonies were rescaled, a factor that is primarily important for colonies
close to the edge of the plate. Further, spatial smoothing accounted for partialities in each plate
owing to inconsistencies, such as the thickness of the agar. Very large colonies, likely an indication of
contamination among other factors, and those that were different from the corresponding technical
replicates were removed. Lastly, colonies that were larger than anticipated and located next to colonies
that were found to be smaller than anticipated were marked as potential false-positive hits.

Following this normalization, the colonies were scored. Here, paired evaluation was completed
by comparing the colony size (in the presence of Ag) to a matched control (in the absence of Ag).
Fitness values were established, and the subsequent scores represented deviation from the fitness of
the WT strain. Once normalized and scored, colonies displaying a reduction in size were indicative
of a Ag sensitive hit and those displaying an increase in colony size qualified as a Ag resistant hit.
Finally, the p-value was calculated as a two-tailed t-test and significance was determined using the
Benjamini-Hochberg procedure, as a means of lowering the false discovery rate, which was selected to
be 0.1.
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2.6. Data Mining and Analyses

Subsequent analyses were conducted using Pathway Tools Omics Dashboard, which surveys
against the EcoCyc database [27]. This allowed for clustering of the hits into systems, subsystems,
component subsystems, and lastly, into individual objects. It is important to note that genes can be
found in multiple systems, since many are involved in a number of cellular processes.

Further, in order to identify biological processes most prominent under Ag challenge, enrichment
analyses were conducted for the Ag resistant and Ag sensitive hits. To analyze the gene list,
the Database for Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics resource
was utilized [28,29]. Lastly, as a means of exposing the direct (physical) and indirect (functional)
protein-protein connectivity between the gene hits, the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database was used [30]. Interactive node maps based on experimental,
co-expression and gene fusion studies were generated based on genes defined in our chemical
genetics screen.

3. Results and Discussion

3.1. Genome-Wide Screen of Ag-Resistant and Ag-Sensitive Hits

The chemical genetic screen completed in this work provided a method for genome-wide probing
of non-essential genes involved in Ag-sensitivity or -resistance in E. coli. A total of 3810 non-essential
genes were screened for growth in the presence of 100 μM AgNO3 (Supplementary Materials, Table S1).
3073 mutants displayed little change in colony size in the presence of Ag with a normalized fitness
score between ±0.1 (Figure 1). The statistical colony size cutoff that indicated a significant difference
in fitness was selected to be ±0.15, or two standard deviations from the mean. This resulted in
225 gene hits, which represents approximately 5% of the open reading frames in the E. coli genome.
The remaining gene hits were not regarded as significant hits in this work based solely on the cut offs
selected. In general, the normalization was performed on the assumption that Ag does not specifically
interact with the deleted gene but rather impedes growth due to environmental stress. In short, those
displaying hits between the cut off values were assumed to have non-specific or neutral interactions
with Ag.

It is important to note that when reflecting on the data generated from our chemical genetic screen,
it is the absence of the gene that imparts the Ag-resistant or -sensitive phenotype. Upon Ag exposure,
an increase in colony size (>0.15) is suggestive of an Ag-resistant hit, and therefore the presence of this
gene is proposed to confer toxicity. On the contrary, a decrease in colony size (<−0.15) was designated
to be an Ag-sensitive hit, and therefore the presence of this gene is proposed to confer resistance. In
total, the deletion of 106 and 119 genes resulted in Ag-resistant and -sensitive hits, respectively (Tables 1
and 2). These gene hits were mapped to their corresponding cellular systems using EcoCyc (Figure 2
and Table A1). In short, genes were found in multiple cellular systems, validating our hypothesis
that Ag cytotoxicity and the corresponding physiological responses of E. coli involve a number of
cellular mechanisms.
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Figure 1. Synthetic Array Tools (version 1.0) was used to normalize and score the silver (Ag)-resistant
and -sensitive gene hits as a means of representing the growth differences in Escherichia coli K12
BW25113 in the presence of 100 μM silver nitrate (AgNO3). Only those with a score greater or less than
±0.15, respectively, were selected for further analysis. Hits between ±0.15 were regarded as having
neutral or non-specific interactions with Ag. The p-value was a two-tailed t-test and significance was
determined using the Benjamini-Hochberg procedure; false discovery rate was selected to be 0.1. Each
individual score represents the mean of 12 trials.

Table 1. Ag-resistant hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent resistant hits,
each with a score >0.15 and a false discovery rate of 0.1 1,2.

System Subsystem Gene 3

Central Dogma

Transcription
alaS crp dicC gadE
gcvR lysR putA

yciT yhjB yiif yjiR

Translation alaS ettA

DNA Metabolism cffC dam recT

RNA Metabolism

rluF alaS gluQ trmL
crp dicC gadE gcvR
lysR ogrK putA yciT
yhjB yiif yjiR yjtD

Protein Metabolism
argE envZ lipB sdhE

ldcA pepB prc
rhsB rzpD

Cell Exterior

Transport
malE nhaB exbB btuB
dppF glcA ompG lptB

mngA yejF

Cell wall biogenesis/organization idcA

Lipopolysaccharide Metabolism wcaI

Pilus yraK

Flagellum fliL fliR

Outer membrane bbtuB csgF nlpE ompA
ompG rhsB

Plasma membrane

agaD cyoC cysQ damX
dppF envZ ettA exbB

fliL fliR glcA IptB
malE mngA nhaB ppx

prc putA yaiP yccF
yejF ygdD yifK

yojI yqfA

Periplasm malE nlpE prc
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Table 1. Cont.

System Subsystem Gene 3

Biosynthesis

Amino acid biosynthesis
argE cysk serC proC

serA serC metL
trpB trpD

Nucleotide biosynthesis dcd pyrF

Amine biosynthesis gss

Carbohydrate biosynthesis mdh

Secondary metabolite biosynthesis fldB

Cofactor biosynthesis
bioC bioF nudB lipB
nadA nadB nadC gss

thiS serC

Other aroC metL argE alaS

Degradation

Amino acid degradation astA cysK gadA putA

Carbohydrate degradation galM yigL glcE

Secondary metabolite degradation idcA

Polymer degradation idcA

Other pathways

Inorganic nutrient metabolism cysC cysD cysH cysI

Detoxification gadA sodA

Activation/inactivation/interconversion cysC cysD

Other

ahpF bglB cysQ dam
gluQ pepB ppx prc

purU rluF trmL
yfaU yjhG

Energy

TCA cycle mdh

Fermentation mdh

Aerobic respiration cyoC putA

Other bioC bioF mdh

Cellular process

Cell cycle/Division dam damX dicC

Cell death ldcA

Genetic transfer ompA ygcO

Biofilm formation csgF

Adhesion yraK

Locomotion fliL malE rzpD

Viral response ompA rzpD

Bacterial response rzpD

Host interaction ompA rzpD

Response to stimulus

Heat sodA

DNA damage dam malE ompA recT
yaiP yciT

pH sodA

Oxidant detoxification sodA

Other

ahpF btuB crp cysC
cysD cysH cysI dcd
dppF envZ exbB fliL
nhaB prc putA recT

rzpD ybaM yejF
yigL yojI

1 Each individual score represents the mean of 12 trials—three biological and four technical; 2 Two-tailed t-test and
significance was determined using the Benjamini-Hochberg procedure; 3 Gene hits can be mapped to more than one
system and subsystem.
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Table 2. Ag-sensitive hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent resistant hits,
each with a score <−0.15 and a false discovery rate of 0.1 1,2.

System Subsystem Gene 3

Central Dogma

Transcription

arcB exuR fis galR
glnL higB hupB rapA

rfaH sspA rhoL
ybeY yfjR

Translation higB prfC rhaH rplI
tufB ybeY

DNA Metabolism fis hsdS hofM
ruvA mutL

RNA Metabolism

arcB exuR fis galR
glnL higB hupB rapA
rfah rhoL rsmE rraB
sspA ybeY yfjR ygfZ

Protein Metabolism

arcB glnL higB hybD
iadA mobA pflA prfC
pqqL rfaH rplI tufB

ybeY ygeY yicR

Cell Exterior

Transport

chbB clcA cusB cysA
cysP dtpB fepA feoB

tdcC tolC trkH
tyrP yiaN

Cell wall biogenesis/organization amiB rfe

Lipopolysaccharide metabolism kdsD rfaD rfe waaG

Pilus yfcQ

Flagellum flgH

Outer membrane fepA flgH lpp tolC yraP

Plasma membrane

arcB atpB atpE atpF
bcsF clcA clcB cstA
cysA dtpB feoB glnL

glvB hokD hycB ppdB
rfe sanA tdcC tolC

trkH tufB tyrP ydcV
ydjZ ygeY ygiZ yhaH
yhjD yiaB yiaN yibN

yjiG yqiJ

Periplasm
amiB cusB cysP hmp
lpp sanA tolC yfdX

yjfY yraP ytfJ

Cell wall components rfe

Biosynthesis

Amino acid biosynthesis hisA ilvG lysC

Nucleotide biosynthesis add

Fatty acid and lipid biosynthesis fabF wag clsB

Carbohydrate biosynthesis yggF rfaD kdsD

Cofactor biosynthesis mobA ubiE gshB

Other aroL lysC

Degradation

Amino acid degradation ilvG pflB

Nucleotide degradation add

Amine degradation caiC

Carbohydrate degradation yidA ulaG

Secondary metabolite degradation lsrF

Aromatic degradation hcaD mhpC

Other pathways Other
amiB higB hmp hsdS
iadA mutL nfsB nudF
pflA qorB rsmE ruvA

Energy

Glycolysis yggF

Pentose phosphate pathway rpiA

Fermentation hycB pflB

ATP synthesis atpB atpE atpF
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Table 2. Cont.

System Subsystem Gene 3

Cellular processes

Cell cycle and division amiB minC

Cell death hokD

Genetic transfer ydcV

Biofilm formation yfjR

Adhesion yfcQ

Locomotion flgH

Viral Response fis

Response to Stimulus

Starvation cstA sanA sspA

Heat Nudf ybeY yobF

DNA damage
add feoB hisA mutL

pflA ruvA ybiX
yiaB yqiJ

Osmotic stress flgH

pH clcA

Detoxification cusB

Other

arcB cstA dtpB fis
glnL hcaD hmp hsdS

mhpC sanA sspA tolC
tufB yfdS yggX

1 Each individual score represents the mean of 12 trials—three biological and four technical; 2 Two-tailed t-test and
significance was determined using the Benjamini-Hochberg procedure; 3 Gene hits can be mapped to more than one
system and subsystem.

Figure 2. Ag-resistant and -sensitive gene hits mapped to component cellular processes. The cutoff
fitness score implemented was −0.15 and 0.15 (two standard deviations from the mean) and the gene
hits with a score less or greater than, respectively, were chosen for further analyses. The hits were
mined using the Omics Dashboard (Pathway Tools), which surveys against the EcoCyc Database.
Several gene hits are mapped to more than one subsystem. The p-value was calculated as a two-tailed
t-test and significance was determined using the Benjamini-Hochberg procedure; false discovery rate
was selected to be 0.1. Each individual score represents the mean of 12 trials.

Comparable numbers of Ag-resistant and -sensitive hits were mapped in the systems
‘Response to stimulus’—starvation, heat, cold, DNA damage, pH, detoxification, osmotic stress,
and other, ‘Cellular processes’—cell cycle and division, cell death, genetic transfer, biofilm
formation, quorum sensing, adhesion, locomotion, viral response, response to bacterium, host
interactions with host, other pathogenesis proteins, and ‘Degradation’—amino acids, nucleotide, amine,
carbohydrate/carboxylate, secondary metabolite, alcohol, polymer and aromatic, the cell exterior,
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and regulation. A greater number of Ag-resistant than -sensitive hits were mapped to the processes
‘Biosynthesis’—amino acids, nucleotides, fatty acid/lipid amines, carbohydrate/carboxylates,
cofactors, secondary metabolites, and other pathways and ‘Other pathways’—detoxification, inorganic
nutrient metabolism, macromolecule modification, activation/inactivation/interconversion and
other enzymes.

In total, 49 and 73 resistant and sensitive hits, respectively, were found to be a part of the
‘Cell exterior’—transport, cell wall biogenesis and organization, lipopolysaccharide metabolism,
pilus, flagellar, outer and inner membrane, periplasm, and cell wall components. Compared to the
latter cellular processes, non-essential genes comprising ‘Energy’ processes—including glycolysis,
the pentose phosphate pathway, the tricarboxylic acid (TCA) cycle, fermentation, and aerobic and
anaerobic respiration were found to be involved in Ag toxicity or resistance the least, by more than
seven-fold when compared to genes mapped to the ‘Cell exterior’.

Based on the fold enrichment, metal binding proteins were affected to the same degree in
both Ag-resistant and -sensitive groups, displaying an enrichment score <5 (Figure 3). However,
when examining proteins involved with specific metals in more detail, such as zinc and magnesium,
fold enrichment values were >5, but only for the Ag-sensitive hits (Figure 3). Cellular and anaerobic
respiration were represented by the Ag-sensitive hits only, while processes involved in amino acid
biosynthesis were heavily enriched for by the Ag-resistant hits.

A number of hits were found to be involved with the cell membrane using EcoCyc’s system
of classification, but this was not detected in the fold enrichment analysis. Here, cell membrane
proteins were affected three-fold less than the most highly represented clusters, which were amino
acid biosynthesis and phosphoproteins for the Ag-resistant and -sensitive hits, respectively (Figure 3).

Figure 3. Functional enrichment among the Ag-resistant and -sensitive gene hits. The DAVID gene
functional classification (version 6.8) database, a false discovery rate of 0.1 and a score cutoff of −0.15
and 0.15 (two standard deviations from the mean) were used to measure the magnitude of enrichment
against the genome of E. coli. Processes with a p-value < 0.05, fold enrichment value ≥3 and gene hits
>3 are included only. Each individual score represents the mean of 12 trials.
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3.2. Ag-Resistant Gene Hits

3.2.1. Regulators of Gene Expression

When examining processes of the ‘Central dogma’—systems involved in replication,
and transcription to translation—in more detail, each subsystem had a mean score between 0.211 and
0.294 (Figure 4a). Despite this consistency, transcription and RNA metabolism contained the greatest
number of Ag-resistant hits, 12 and 16, respectively. The protein EttA—energy-dependent translational
throttle protein [31], can be found within the subsystems translation and protein metabolism. EttA is
sensitive to the energy state of the cell. This protein represses translational elongation in response to
high ADP/ATP, stimulating dipeptide bond synthesis in the presence of ATP (cell high energy state)
and vice versa. As a result, EttA may inhibit translation in Ag-treated cells due to the occurrence of
high ADP/ATP ratios. The absence of EttA might allow for increased translation of proteins, such as
RecA [32] or CusB [25], which may result in Ag resistance. Furthermore, six proteins involved in
proteolysis were found to confer resistance when absent, such as Prc. This enzyme is a periplasmic
protease that processes and degrades specific proteins, has been found to provide resistance against
a number of small hydrophilic antibiotics and causes the leakage of periplasmic proteins when
absent [33]. Antibiotic resistant mechanisms have been compared to those of metal ions, drawing on
similarities such as substrate modification or sequestration. The leakage of the periplasmic proteins in
prc mutants may result in Ag sequestration, thereby causing metal resistance.

Figure 4. Cont.
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Figure 4. Ag-resistant gene hits plotted against respective cellular processes. Y-axis representative
of the normalized score, smaller circles represent the individual hits and the larger circles represent
the mean of each subsystem. The p-value was calculated as a two-tailed t-test and significance was
determined using the Benjamini-Hochberg procedure; false discovery rate was selected to be 0.1. Each
individual score represents the mean of 12 trials. (a) Central Dogma; (b) Cell exterior; (c) Biosynthesis;
(d) Degradation; (e) Other pathways; (f) Energy; (g) Cellular processes; and (h) Response to stimulus.
Plots constructed using Pathway Tools, Omics Dashboard.

3.2.2. Cell Membrane Proteins

It has been demonstrated that Ag may exert toxicity and potentially impede growth by acting
on the cell membrane [34,35]. In this study, 49 coding genes that resulted in Ag resistance when
absent were determined to be a part of the ‘Cell exterior’, which includes proteins of the cell
membrane, periplasm and extracellular structures (Figures 2 and 4b). Of these, 25 genes coded
for plasma membrane proteins, and while Ag was observed to enter bacterial cells [23], the exact
mechanism of import has yet to be determined. Loss of the porin genes ompC and ompF was
observed to confer resistance to Ag [36]. While these two genes were not detected within our
cut offs, we did recover two additional porin genes (ompA and ompG) as conferring Ag resistance
when deleted. Relative to this, it has been demonstrated that a mechanism of entry for zinc into
the cell is co-transport with low molecular weight metabolites via transport proteins found within
the membrane [37]. Further, ExbB, a Ag-resistant hit with a score of 0.241, is part of the energy
transducing Ton system that transports iron-siderophore complexes and vitamin B12 across the
outer membrane [38]. Collectively, these findings provide insight into possible mechanisms of Ag
import, such as entry through porins, co-transport with metabolites or the replacement of Ag with
other ions predetermined for import. The enrichment analysis offered further evidence for this
hypothesis, as a number of ion transport proteins and proteins pertaining to the cell membrane were
involved in Ag resistance when absent (Figure 3). Furthermore, MngA, a permease that simultaneously
phosphorylates 2-O-α-mannosyl-D-glycerate in a process called group translocation, contains two
putative phosphorylation sites His87 and Cys192 [39]. Thiols are regarded as soft bases, and according
to the hard-soft acid base theory, which is key to the reactivity and coordination of metals [40], cysteine,
and to a lesser degree methionine and imidazole chemically interact with Ag(I) with high affinity.
Therefore, proteins with key structural or catalytic thiols/imidazols are possible Ag interacting sites.
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3.2.3. Biosynthetic Enzymes

Eight hits were found to be involved in the biosynthesis of amino acids and 10 hits were found to
be involved in cofactor/prosthetic group/electron carries catabolism (Figure 4c). When examining the
functional enrichment analysis, serine, glycine, threonine, arginine and proline biosynthetic processes
were highly enriched, on average three-fold more than the remaining cellular processes (Figure 3).
The third step in the synthesis of NAD+ from L-aspartate occurs via the enzyme NadC—quinolinate
phosphoribosyltransferase [41] and based on our data the absence of this protein confers resistance
in E. coli. In fact, the genes coding for the first and second steps of de novo NAD+ synthesis,
NadB—L-aspartate oxidase and NadA—quinolinate synthase, respectively, were also found to be
Ag resistant hits. NadA contains a [4Fe-4S] cluster that is required for activity [42]. Soft metals
have the capacity to inactivate dehydratases in vitro via iron-sulfur cluster degradation, possibly
leading to the bridging of the sulfur atoms [43]. As a result, proteins with iron-sulfur centers are of
possible interest when examining the interactions of Ag with cellular biomolecules. Furthermore,
it has been demonstrated that H2O2 formation is diminished via the addition of precursors involved
in the synthesis of NAD+ [44]. The absence of one gene involved in NAD+ biosynthesis may result
in metabolite accumulation since there is no evidence of negative precursor feedback inhibition.
Therefore, there is a possibility that deletion of the nadA, nadB or nadC may confer resistance if H2O2 is
generated in the presence of Ag.

Using the STRING database, several points of interaction were revealed. Among the Ag-resistant
hits, the latter genes involved in de novo NAD+ production were connected to proteins a part of amino
acid biosynthesis, including trpB, aroC, and metL (Supplementary Materials, Figure S2).

3.2.4. Catabolic Enzymes

Genes encoding enzymes functioning in the catabolism of metabolites, such as amino acids, fatty
acids, carbohydrates and polymers, were underrepresented compared to anabolism (Figures 2 and
4d). In fact, in the functional enrichment analysis, degradation processes were not represented within
the cutoffs selected (Figure 3). The gene idcA—L,D-carboxypeptidase, a component of secondary
metabolite and polymer degradation, had an elevated score of 0.311. IdcA is essential for murein
turnover [45]. Murein processing is an important energy-conserving activity that transports cell wall
components from the exterior of the cell to the cytoplasm [46]. Evidence has demonstrated that during
logarithmic growth, the idcA mutant strain displays a decrease in the overall cross-linkage of murein,
causing a reduction in turnover and the abundance of murein being transported into the cell. In turn,
this may result in the transport of fewer Ag ions, which may have bound to the cell wall, into the
cell thereby prompting increased resistance in the idcA mutant strain. Metal nanoparticles have been
proposed to target the outer membrane regions of bacteria due to strong electrostatic interactions
and co-coordination of the metal with the lipopolysaccharide or similar cell wall structures [47].
The particles are proposed to release ionic Ag, likely triggering toxicity through membrane damage
and facilitating the entry of excess Ag ions.

3.2.5. Sulfur Metabolism Proteins

Within the subsystem inorganic nutrient metabolism, a part of ‘Other pathways’, which also
includes processes such as macromolecule modification and activation/inactivation/interconversion
(Figure 4e), one pathway was found to be affected by Ag exposure—sulfur metabolism.
CysH—phosphor-adenylsulfate reductase is involved in assimilatory sulfate reduction by catalyzing
the reduction of 3′-phospho-adenylylsulfate to sulfite and adenosine 3′,5-biphospahte (PAP).
This protein contains highly conserved cysteine residues that become oxidized to form a disulfide
bond [48]—possible targets based on the affinity of Ag for sulfur. Moreover, the cysC, cysD and cysI
genes, also involved in the pathway sulfate reduction I (assimilatory) via phosphorylation, adenylation
and reduction, respectively, were also Ag-resistant hits. These sulfate assimilatory proteins are linked
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to the Ag-resistant hit CysQ, which is involved in the recycling of PAP and has been experimentally
determined to be the main target of lithium toxicity [49] (Supplementary Materials, Figure S2).
The protein CysI, contains a siroheme and one [4Fe-4S] cluster per polypeptide chain [50]. Comparably,
it has been demonstrated that the exposure of Ag nanoparticles upregulates the expression of several
genes involved in iron and sulfate homeostasis [22], including those aforementioned. A decrease
in the activity of this pathway reduces the amount of hydrogen sulfide required for processes such
as L-cysteine biosynthesis, and since Ag interacts with sulfur compounds well, such as hydrogen
sulfide—the final product of sulfate reduction I—fewer Ag targets may be available when genes of
this pathway are deleted. CysH had the highest score of 0.360 out of all four sulfur assimilatory
genes, and since this protein interacts with thioredoxin, the absence of CysH may free reduced
thioredoxin, thus providing elevated resistance in presence of reactive oxygen species that may arise
under Ag stress.

3.2.6. Biofilm Formation

In total 19 genes in the ‘Cellular processes’ system, which includes subsystems such as genetic
transfer, quorum sensing, adhesion and locomotion, were found to confer resistance when absent
(Figure 2). Three hits were involved in cell cycle and division, and two were found to be involved
in biofilm formation (Figure 4g), such as CsgF, which is an outer membrane protein that initiates
curli subunit polymerization, and therefore involved in the colonization of surfaces and biofilm
formation [49]. In the absence of CsgF, less biofilm is formed, and according to our results, Ag
resistance is generated. Biofilms commonly provide resistance in the face of fluctuating or threatening
environments [51]; however, studies have shown that bacterial residence within a biofilm does not
always provide enhanced resistance against metals [6,52,53], an observation supported by this work.
An explanation for this may reside in the ability of biofilms to sequester Ag ions by attracting them
to varying components of the extracellular polymeric matrix. While this may provide resistance,
it may also concentrate ions within a localized area, thereby causing greater sensitivity. Similarly,
Ag nanoparticles have been shown to inhibit E. coli biofilm formation by potentially targeting
curli fibers [54], therefore the absence of curli fibers may promote Ag resistance. Previous studies,
which have found that biofilm formation are a source of Ag resistance [32], were completed under
differing culture conditions, therefore direct comparisons are challenging.

3.2.7. DNA Damage and Repair

The effect of Ag exposure on DNA damage and repair in E. coli has been inconsistent from several
studies involving gene deletion strains. Radzig et al. showed that several deletion strains lacking
in the ability to excise DNA bases were sensitive to Ag exposure, but not the ΔrecA strain, which is
involved in SOS repair [36]. In contrast, the ΔrecA deletion strain showed Ag sensitivity in a previous
study [32]. From our list of Ag resistant hits, six mutants were identified within the DNA damage
subsystem (Figure 4h) including the Δdam strain. Dam is methyltransferase that functions in mismatch
DNA repair in E. coli and may also play a role in controlling oxidative damage. Based on this protein’s
function, we expect that the deletion strain of the gene would exhibit Ag sensitivity, potentially due to
a deficiency in DNA repair of oxidative damage. However, the dam1Δ strain exhibits an upregulation
of RecA and constitutive SOS activity which may be the nature of the Ag resistance exhibited in
this mutant [36]. Moreover, we also identified several other Ag-resistant strains from our screens
(purF, damX, dcd, ruvC and ompA) that are also known to possess RecA-mediated constitutive SOS
activity [32].
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3.3. Ag-Sensitive Hits

3.3.1. Central Dogma and Cell Exterior Proteins

Within the ‘Central dogma’, 56 mutants resulted in Ag sensitivity (Figure 5a). For example, ruvA,
a gene found to be involved in DNA repair, had a normalized score of −0.430 [55]. Direct DNA damage
has not been attributed to Ag exposure; however, in the presence of reactive oxygen species potentially
triggered by Ag exposure, the propagation of Fenton active iron may cause DNA damage [19,56].

In total of 73 genes were mapped to the system ‘Cell exterior’ (Figure 5b). The gene ygiZ,
which codes for a putative inner membrane protein, had a score of −0.751, the lowest value of any
protein in this screen. A common resistance mechanism employed by microbes is the export of the
challenge from the periplasm or interior of the cell to the extracellular space [20]. The fold enrichment
analysis supported this finding—cell membrane proteins and those involved in the ion transport
were highly enriched (Figure 3). In total, 13 transport proteins conferred Ag sensitivity when absent,
such as cusB, which encodes for a component of the copper/silver export system CusCFBA in E. coli,
and contains several methionine residues important for function [57]. In the absence of this protein,
sensitivity is anticipated, since the cell is unable to expel Ag ions. Another Ag sensitive hit was Lpp,
considered to be the most abundant protein in E. coli [56]. Cells lacking Lpp have been found to be
hypersensitive to toxic compounds [56], potentially because there is less protein available to sequester
the incoming threat. In addition, the protein TolC was an Ag resistant hit. This protein is required for
the function of a number of efflux systems including the AcrAB multidrug efflux system, which is
involved in the export of a number of toxic exogenous compounds [58]. In contrast to efflux proteins,
we identified the cysA and cysP genes—thiosulfate and sulfate permeases—to be sensitive hits when
absent. CysA and CysP function in the first step of cysteine biosynthesis, which may be important in
Ag resistance since this metal may target cysteine residues via thiol side chains [32].

Figure 5. Cont.
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Figure 5. Ag-sensitive gene hits plotted against respective cellular processes. Y-axis representative of
the normalized score, smaller circles represent the individual hits and the larger circles represent the
mean of each subsystem. The p-value was a two-tailed t-test and significance was determined using
the Benjamini-Hochberg procedure; false discovery rate was selected to be 0.1. Each individual score
represents the mean of 12 trials. (a) Central Dogma; (b) Cell exterior; (c) Biosynthesis; (d) Degradation;
(e) Other pathways; (f) Energy; (g) Cellular processes; and (h) Response to stimulus. Plots constructed
using Pathway Tools, Omics Dashboard.

3.3.2. Lipopolysaccharide Biosynthetic Genes

In total, 18 Ag-sensitive hits were mapped to ‘Biosynthesis processes’ (Figure 5c). Processes
associated with lipopolysaccharide biosynthesis were highly represented in the enrichment analysis
(Figure 3). FabF, a key protein involved in fatty acid biosynthesis, and clsB—cardiolipin synthase B
were found to be Ag-sensitive hits. If Ag targets the cellular membrane, lipid biosynthesis/regeneration
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could serve as a mechanism of Ag resistance and consequently, Ag toxicity would be increased if either
of these processes were compromised via the deletion of these candidate genes.

Processes of biomolecule degradation were affected to a lesser degree than biosynthesis (Figure 2).
Only nine hits were mapped to this system (Figure 5d). The mutant hcaD had the second lowest score
of −0.707 in this screen. This protein is a predicted ferredoxin reductase subunit that is involved in the
degradation of aromatic acids as carbon sources.

3.3.3. Three Ag-Sensitive Hits Comprise the ATP Synthase Fo Complex

Seven hits were mapped to ‘Energy processes’ (Figure 5f). Of these, three are components of the
ATP synthase Fo complex—AtpB, AtpE and AtpF. Ag has been suggested to damage the respiratory
chain of E. coli [59], thereby preventing the efficient pumping of protons across the membrane. Small
disruptions to the Fo complex may amplify this consequence and render this biological process
hypersensitive. If this mechanism is correct and the cytoplasmic membrane becomes more permeable
to protons, than the cell will attempt to compensate for this increase in acidity via several mechanisms,
one being the reversal of ATP synthase in order to pump protons outward (if ATP is not limiting)
and decrease cytoplasmic proton concentrations [60]. If the ATP synthase complex exhibits decreased
activity due to disruptions in any of the subunits, this resistant mechanism may be unable to function
properly, resulting in greater Ag sensitivity.

Several nodes of interaction based on the STRING connectivity maps were made evident within
this cluster of proteins such as the association of atpF and atpB to gshB and several putative membrane
proteins, tufB—elongation factor Tu and ppgL—a putative zinc peptidase (Supplementary Materials,
Figure S3).

3.3.4. Oxidative Stress Response Genes

Out of the 31 proteins mapped to ‘Response to Stimulus’, 24 were involved in mediating DNA
damage and other processes (Figure 5h). The gene coding for glutathione synthetase—gshB was found
to be an Ag-sensitive hit. Strains overexpressing either GshA or GshB are more resistant to oxidative
damage, and this system has been shown to mediate metal resistance [61]. As a result, the deletion of
either gene is anticipated to cause Ag sensitivity. Furthermore, the putative Fe+2 trafficking protein,
YggX was found to have a score of −0.450. This protein is proposed to play a role in preventing
the oxidation of iron-sulfur clusters [62], a proposed mechanism of Ag toxicity. The absence of this
protective protein may result in sensitivity since it can be found at elevated concentrations in vivo and
it is involved in mediating oxidative damage [63]. Further, the protein Hmp, a flavohemoglobin with
nitric oxide dioxygenase activity [64] had a score of −0.254. This protein has been shown to protect
respiratory cytochromes in E. coli [37], which is a possible mechanism of Ag toxicity [59,65].

4. Conclusions

In this work, a chemical genetic screen of a mutant library was performed as a means of drawing
insight into the mechanisms of Ag toxicity and resistance in bacteria. In total, 3810 mutant strains
containing single deletions of non-essential genes in E. coli were screened, and subsequent hits were
bioinformatically evaluated in order to highlight processes and pathways that are affected by Ag
exposure. This systematic mutant screen involved a low but prolonged concentration of Ag exposure
on solid minimal media to avoid indirect secondary and acute responses, while also attempting
to directly target relevant genes. Here, resistant hits represented genes involved in enhancing the
cytotoxicity of Ag, while in contrast sensitive hits represented genes functioning in tolerance to Ag
including physiological responses that mitigate toxicity.

In short, processes involved with the cell exterior and the central dogma were found to be affected
by Ag exposure to a greater extent than other processes analyzed. However, when further examining
the fold enrichment, the cell membrane and transport were involved in Ag exposure to a lesser
degree. In fact, proteins involved in amino acid biosynthesis (Ag sensitivity), phosphoproteins and
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metalloproteins (Ag resistance) were most densely represented as hits in this work—trends that were
supported by the protein-protein interaction networks.

Our work supports many previously proposed mechanisms of Ag toxicity—disruption of
iron-sulfur cluster containing proteins and certain cellular redox enzymes, and DNA damage, and Ag
resistance—toxin export and sequestration. However, the data presented here also demonstrates that
the activity of Ag within the bacterial cell is more extensive than previously suggested, involving
genes a part of the cell wall structure, quinone metabolism, ATP synthesis and sulfur reduction.

The use of Ag as an antimicrobial is a practice garnering considerable popularity,
as the introduction of Ag-based compounds, such as combination treatments, nanomaterials,
and formulations make way. In order to continue the development of this metal as a therapeutic agent,
it is imperative that we gather more understanding into the accompanying mechanisms of Ag toxicity
and resistance. This study provides a vast number of biomolecular mechanistic hypotheses to the
community investigating the mechanisms of action of Ag and other metals.
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Appendix

Table A1. Systems and comprising subsystems cited in this study. The Ag resistant and sensitive
hits were surveyed against the EcoCyc database permitting the clustering of the hits into systems,
subsystems, component subsystems, and lastly into individual objects 1,2.

Systems Subsystems

Regulation Signaling, sigma factor regulon, transcription factor, and transcription factor
regulons

Response to Stimulus Starvation, heat, cold, DNA damage, pH, detoxification, osmotic stress, and other

Cellular processes
Cell cycle and division, cell death, genetic transfer, biofilm formation, quorum
sensing, adhesion, locomotion, viral response, response to bacterium, host
interactions with host, other pathogenesis proteins

Energy Glycolysis, the pentose phosphate pathway, the TCA cycle, fermentation, and
aerobic and anaerobic respiration

Other pathways Detoxification, inorganic nutrient metabolism, macromolecule modification,
activation/inactivation/interconversion, and other enzymes

Degradation Amino acids, nucleotide, amine, carbohydrate/carboxylate, secondary
metabolite, alcohol, polymer and aromatic, the cell exterior, and regulation
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Table A1. Cont.

Systems Subsystems

Biosynthesis Amino acids, nucleotides, fatty acid/lipid amines, carbohydrate/carboxylates,
cofactors, secondary metabolites, and other pathways

Cell exterior Transport, cell wall biogenesis and organization, lipopolysaccharide metabolism,
pilus, flagellar, outer and inner membrane, periplasm, and cell wall components

Central Dogma Transcription, translation, DNA metabolism, RNA metabolism, protein
metabolism and protein folding and secretion

1 Each individual score represents the mean of 12 trials—three biological and four technical; 2 Two-tailed t-test and
significance was determined using the Benjamini-Hochberg procedure.
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Abstract: The diagnostic and therapeutic agent gallium offers multiple clinical and commercial uses
including the treatment of cancer and the localization of tumors, among others. Further, this metal
has been proven to be an effective antimicrobial agent against a number of microbes. Despite the
latter, the fundamental mechanisms of gallium action have yet to be fully identified and understood.
To further the development of this antimicrobial, it is imperative that we understand the mechanisms
by which gallium interacts with cells. As a result, we screened the Escherichia coli Keio mutant
collection as a means of identifying the genes that are implicated in prolonged gallium toxicity or
resistance and mapped their biological processes to their respective cellular system. We discovered
that the deletion of genes functioning in response to oxidative stress, DNA or iron–sulfur cluster
repair, and nucleotide biosynthesis were sensitive to gallium, while Ga resistance comprised of
genes involved in iron/siderophore import, amino acid biosynthesis and cell envelope maintenance.
Altogether, our explanations of these findings offer further insight into the mechanisms of gallium
toxicity and resistance in E. coli.

Keywords: Escherichia coli; gallium; antimicrobial agents; metal toxicity; metal resistance;
metal-based antimicrobials

1. Introduction

The therapeutic capabilities of gallium(III) (Ga) have been and continue to be exploited for a
number of clinical applications, which include: the treatment of cancer, autoimmune and infectious
diseases, for the localization of tumors, inflammation and infection sites, and the reduction of
accelerated bone resorption [1,2]. At the nuclear level, certain characteristics of this abiogenic metal
permit essential metal mimicry, owing its similarities to Fe. In particular, the pharmacological
characteristics of Ga are likely a result of its Fe(III)-like coordination chemistry and its ability to
form stable six-coordinated complexes through ionic bonding [3]. This metal is trivalent and a hard
acid in solution, according to the hard-soft acid-base theory [4], binding well with strong Lewis
bases. As a result, Ga tends to form bonds with oxygen predominantly forming Ga(OH)4− (gallate) at
pH 7.4 [5].

Despite Ga’s similarities to the essential metal Fe, these metals share two main differences: (i) Ga
cannot be reduced under biologically relevant reduction potentials, whereas Fe can be readily changed
to and from a reduced state; and (ii) the concentration of unbound Fe(III) in solution is extremely low,
localized primarily as a neutral complex with organic compounds, whereas gallate, which is anionic,
can exist at significant concentrations [6].
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As an Fe(III) mimetic, Ga(III) can incorporate itself into proteins and enzymes replacing Fe and
effectively halting several essential metabolic processes [7–14]. Since the bioavailability of Fe is scarce,
organisms, such as bacteria, have produced a variety of biomolecular chelating scavenging systems
including siderophores and Fe-chelating proteins. Cells rapidly multiplying are more susceptible to
Ga toxicity due to their high Fe demands [0]. As a result, this metal is approved by the US Food and
Drug Administration for the treatment of cancer-associated hypercalcemia (Ganite®, Genta, NJ, USA)
and has been tested as an antimicrobial agent against a variety of organisms including Mycobacterium
tuberculosis [15,16], Pseudomonas aeruginosa [9,10,17], Staphylococcus aureus [18], Rhodococcus equi [19],
Acinetobacter baumannii [20], and Escherichia coli [21].

In general, proposed mechanisms of toxicity for metal-based antimicrobials include the production
and propagation of reactive oxygen species (ROS), the disruption of Fe-sulfur centers, thiol
coordination, the exchange of a catalytic or structural metal, which in turn may lead to protein
dysfunction, obstructed nutrient uptake, and genotoxicity [22]. The route by which Ga enters the
cells is unknown, although, it is predominantly assumed that this metal crosses the cytoplasmic
membrane by exploiting Fe-uptake routes, such as siderophores [23]. Several studies have explored
the use of Fe-chelators as “Trojan horses” as a means of improving the delivery and toxicity of this
metal in bacterial cells [14]. Still, there is insufficient research demonstrating that complexes of Ga
and Fe-chelators/siderophores, such as Ga-citrate, increase the antibacterial abilities of this metal
mainly since the import of this metal is not suggested to be the limiting step [23]. Furthermore, Ga
exposure has been demonstrated to trigger the production of ROS in vitro [7,8]. Upon the cytoplasmic
replacement of Fe with Ga, the available Fe pool is thought to increase, in turn fostering Fenton
chemistry [22].

Bacteria have developed mechanisms of resistance as a means of withstanding metal toxicity.
Some mechanisms include extracellular and intracellular sequestration, efflux, reduced uptake, repair,
metabolic by-pass, and chemical modification [24]. Microbial resistant mechanisms associated with Ga
have been studied to a far lesser degree, nonetheless, studies have shown that Ga is not as effective
as postulated. For example, Ga resistance in P. aeruginosa and Burkholderia cepacia has been identified,
suggested to be the result of decreased Ga import and the formation of bacterial biofilms [25,26].

Currently, research in this field is directed toward discovering novel utilities for this metal, still,
the expansion of Ga as a therapeutic antimicrobial has been delayed compared to other metal-based
antimicrobials, such as silver and copper. In short, it is essential that the mechanisms of Ga action in
microbes are explored to greater degree in order to further the development of this antimicrobial agent.

In this work, we hypothesized that Ga exerts toxicity on multiple targets. Furthermore, we
believe that there are several mechanisms of resistance that are fundamental to an organism’s adaptive
response under sub-lethal concentrations of Ga. To evaluate this, we performed a genotypic screening
workflow of an E. coli mutant library composed of 3985 strains. Each strain contains a different
inactivated non-essential gene. Genome-wide toxin/stressor-challenge workflows have been used to
study silver [27–30], copper [31,32], cadmium [33], cobalt [33], and zinc [34]; however, no such study
has been implemented to examine the effects of Ga. Therefore, as a means of complementing existing
work, we have identified a number of genes that may be involved in Ga toxicity or resistance and
mapped their biological processes to their respective cellular system in E. coli.

2. Materials and Methods

All methods are as described previously by Gugala et al. [30] and all chemicals were obtained
from VWR International, Mississauga, Canada, unless otherwise stated.

2.1. Escherichia coli Strains

The Keio collection [35] consisting of 3985 single gene Escherichia coli BW25113 mutants (lacIq

rrnBT14 ΔlacZWJ19 hsdR514 ΔaraBADAH33 ΔrhaBADLD78), was obtained from the National BioResource
Project E. coli (National Institute of Genetics, Shizuoka, Japan).
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2.2. Determination of the Minimal Inhibitory Concentration and Controls

The sublethal inhibitory concentration, a concentration below the minimal inhibitory
concentration that is found to visibly challenge selected mutants under prolonged metal exposure,
was determined using ΔrecA, ΔlacA and ΔlacY strains from the Keio collection. The protein RecA is
involved in a number of processes, including homologues recombination and the induction of the SOS
response in reaction to DNA damage [36]. Evidence may suggest that Ga causes the formation of ROS,
although the precise mechanism of production is unknown. As a result, the absence of this gene was
anticipated to confer the Ga sensitive phenotype, implied by a decrease in colony formation, since it is
thought to be involved in mitigating ROS stress. Further, the protein products of lacA and lacY were not
anticipated to be involved in Ga resistance or toxicity, therefore mutant strains of these genes were used
as negative controls. Strains ΔrecA, ΔlacA, and ΔlacY, and the wild-type (WT) were grown overnight
at 37 ◦C on M9 minimal media plates (6.8 g/L Na2HPO4, 3.0 g/L KH2PO4, 1.0 g/L NH4Cl, 0.5 g/L
NaCl, 4.0 mg/L glucose, 0.5 mg/L MgSO4 and 0.1 mg/L CaCl2) containing Noble agar (1.0%) in the
presence and absence of Ga at varying concentrations. The concentration of Ga that visibly decreased
colony formation in the recA mutant and produced no growth changes in the negative control strains
was selected as the sublethal inhibitory concentration. Furthermore, ΔrecA, ΔlacA, and ΔlacY and
the WT strain were grown overnight in the presence of ionic nitrate at the equivalent molarity as the
sublethal inhibitory concentration to ensure growth was not influenced by the accompanying counter
ion. In order to identify Ga-sensitive and -resistant genes in this study, the Keio collection was exposed
to 100 μM Ga(NO3)3 (Ga). Gallium nitrate was obtained from Sigma–Aldrich, St. Louis, MO, USA.
Stock solutions of Ga were prepared with deionized H2O and stored in glass vials for no longer than
two weeks.

Similarly, ΔrecA, ΔlacA, and ΔlacY and the WT strain were grown on M9 minimal media plates in
the presence of varying concentrations of hydroxyurea (HU), obtained from USBiological Salmen, MA,
USA, or sulfometuron methyl (SMM) obtained from Chem Service, West Chester, PA, USA, dissolved
in ddH2O and dimethyl sulfoxide, respectively. Select mutants from the Keio collection were exposed
to a final concentration of 5.0 mg/mL HU and 5.0 μg/mL SMM in the presence and absence of 100 μM
Ga(NO3)3.

2.3. Screening

M9 minimal media and Noble agar (1.0%) plates, with and without the addition of Ga, were
prepared two days prior to use. Here, Ga was added directly to the liquid agar and swirled before
solidification. Colony arrays in 96-format were produced and processed using a BM3 robot and
spImager (S&P Robotics Inc., Toronto, ON, Canada), respectively. Cells were transferred from the
arrayed microtiter plates using a 96-pin replicator onto Luria-Bertani (LB) media agar plates and grown
overnight at 37 ◦C. Colonies were then transferred using the replicator onto two sets of M9 minimal
media Noble agar plates, with and without 100 μM Ga(NO3)3. Plates were then grown overnight at
37 ◦C. All images were acquired using the spImager and colony size, a measure of Ga sensitivity or
resistance, was determined using integrated image processing software. Three biological trials were
conducted and each of these trials included four technical replicates originating from the 96-colony
array, which were combined and expanded onto a single plate in 384-colony array format; n (trials) ≥ 9.
Strains presenting less than nine replicates were excluded (see Section 2.5).

Select mutants were exposed to HU or SMM at sublethal inhibitory concentrations. Identical
conditions were maintained to enable direct comparisons between mutants grown in the presence of
Ga only, and those grown in the presence of Ga and either HU or SMM. Here HU or SMM were added
to the M9 minimal media plates directly before solidification.
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2.4. Normalization

In this study, incubation time and temperature, nutrient availability, colony location, agar plate
imperfections, batch effects, and neighboring mutant fitness were considered independent variables
that could influence colony size and subsequently cause systematic variation. As a result, the colonies
were normalized and scored using Synthetic Genetic Array Tools 1.0 (SGATools) [37,38], a tool that
associates mutant colony size with fitness, thereby enabling quantitative comparisons. All the plates
were normalized to establish average colony size, working on the assumption that the majority of
the colonies would exhibit WT fitness since the concentration of Ga used in this study was below the
minimal inhibitory concentration.

Mutant colony sizes in the presence (challenge) and absence (control) of Ga were quantified,
scored, and compared as deviation from the expected fitness of the WT strain. This assumes a
multiplicative model and not an additive effect originating from the challenge. Once scored, mutants
displaying a reduction in colony size were indicative of a Ga sensitive hit and those displaying an
increase in colony size were recovered as Ga resistant hits. Finally, the p-value was calculated as
a two-tailed t-test and significance was determined using the Benjamini–Hochberg procedure, as a
method of lowering the false discovery rate, which was selected to be 10%.

2.5. Data Mining and Analyses

Data mining was performed using Pathway Tools Omics Dashboard, which surveys against the
EcoCyc database [39] and Uniport [40]. This allowed for the clustering of the Ga resistant and sensitive
data sets into systems, subsystems, and individual objects (Table A1). Here, genes can be found in
multiple systems since many are involved in a number of cellular processes.

Enrichment analyses were performed using the DAVID Bioinformatics Resource 6.8 [41,42].
Moreover, as a means of revealing the direct (physical) and indirect (functional) protein interactions
amongst the gene hits, the STRING database [43] was utilized. Node maps based on experimental,
co-expression, and gene fusion studies were generated using the Ga resistant and sensitive hits found
in our screen.

3. Results and Discussion

3.1. Genome-Wide Screen of Ga Resistant and Sensitive Hits

In this work, the chemical genetic screen provided a method for the identification of the
non-essential genes that may be involved in Ga resistance or sensitivity. A total of 3985 non-essential
genes were screened for growth in the presence of 100 μM Ga(NO3)3 and from here, 3641 hits, in
which n ≥ 9, were used for subsequent statistical analyses (Figure 1 and Supplementary Table S1).
The statistical cutoff that suggested a significant difference in fitness when compared to the WT,
indicated by a change in colony size, was selected to be two standard deviations from the mean or a
normalized score of +0.162 and −0.154. This resulted in 107 gene hits, which represents approximately
2.5% of the open reading frames in the E. coli K-12 genome. In general, the normalization was
performed with the assumption that hits presenting scores within two standard deviations from the
mean had non-specific or neutral interactions with Ga. Therefore, the remaining hits were not regarded
as significant based exclusively on the cutoffs selected.
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Figure 1. Synthetic Array Tools (version 1.0) was used to normalize and score the Gallium(III) (Ga)
resistant and sensitive hits as a means of representing the growth differences in Escherichia coli K12
BW25113 in the presence of 100 μM Ga(NO3)3. Each individual score represents the mean of 9–12 trials.

In this work, the absence of the gene was inferred to give rise to the Ga resistant or -sensitive
phenotype. A decrease in colony size (normalized score < −0.154) signified a Ga-sensitive hit, which
implied that the presence of this gene increased Ga resistance. Here, 58 genes were found to cause
Ga sensitivity when absent (Table 1). Likewise, an increase in colony size (normalized score > 0.162)
signified a Ga-resistant hit, therefore the presence of this gene may suggest an increase in toxicity.
Comparably, 49 genes were found to impart resistance when absent (Table 2), within the cutoffs applied.

Table 1. Ga sensitive hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent sensitive hits
with scores < −0.154.

System Subsystem Gene 1 Score 2,3

Central dogma

Transcription

evgA −0.166
hns −0.175
lgoR −0.401
nagC −0.191
rseA −0.26
ulaR −0.556

Translation bipA −0.204

DNA metabolism

holC −0.327
holD −0.217
ruvC −0.184
intR −0.27
recA −0.309
recD −0.199

RNA metabolism

rbfA −0.35
rim −0.298

mnmA −0.212
rnt −0.322

ygfZ −0.373
evgA −0.166
hns −0.175
lgoR −0.401
nagC −0.191
rseA −0.269
sspA −0.214
ulaR −0.556
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Table 1. Cont.

System Subsystem Gene 1 Score 2,3

Protein metabolism
lipA −0.318
pphA −0.198
slyD −0.273

Protein folding and secretion slyD −0.273

Cell exterior

Transport
zunC −0.361
tolC −0.539

ugpC −0.29

Pilus ybgO −0.163

Flagellum fliG −0.235

Outer membrane tolC −0.539

Plasma membrane

clsA −0.171
cysQ −0.203
fdnI −0.251
fliG −0.235

gspA −0.199
hokA −0.181
nuoK −0.247
rseA −0.269
ubiG −0.265
ugpC −0.29
znuC −0.361

Periplasm tolC −0.539
yebF −0.268

Biosynthesis

Amino acid
dmI −0.418
metL −0.189
mtn −0.329

Nucleoside and nucleotide purT −0.216
Fatty acid/lipid clsA −0.171
Carbohydrate mdh −0.287

Secondary metabolites mtn −0.329
fdx −0.168

Cofactor

fdx −0.168
gshA −0.165
lipA −0.318
pabA −0.224
pabC −0.258
ubiG −0.265

Other metL −0.189

Degradation

Amino acid astD −0.301

Nucleoside and nucleotide mtn −0.329

Amine purT −0.216

Carbohydrate garK −0.173
dmlA −0.418

Energy

Glycolysis gpmA −0.175
Tricarboxylic acid cycle mdh −0.287

Fermentation mdh −0.287
Aerobic respiration nuoK −0.247

Anaerobic respiration fdnI −0.251
nuoK −0.247

Other
mdh −0.287
nuoK −0.247
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Table 1. Cont.

System Subsystem Gene 1 Score 2,3

Cellular
processes

Biofilm hns −0.175

Adhesion ybgO −0.163

Locomotion
fliG −0.235
recA −0.309

Viral response intR −0.27

Host interaction
intR −0.27
slyD −0.273

Symbiosis slyD −0.273

Response to
stimulus

Starvation
sspA −0.29
ugpC −0.214

Heat
bipA −0.204
gloB −0.297
slyD −0.273

Cold
bipA −0.204
rbfA −0.35

DNA damage

rbfA −0.35
recA −0.39
recD −0.199
ruvC −0.184

Osmotic stress
gshA −0.165
ubiG −0.265

Other

evgA −0.166
fliG −0.235

grxD −0.266
holC −0.327
holD −0.217
pphA −0.198
rseA −0.269
sspA −0.214
tolC −0.539

ugpC −0.29

Other pathways

Inorganic nutrient metabolism fdnI −0.251
nuoK −0.247

Detoxification
gloB −0.297
grxD −0.266

Macromolecule modification
mnmA −0.212

rnt −0.322

Other enzymes

bfr −0.17
cysQ −0.203
pphA −0.198
recD −0.199
ruvC −0.184
slyD −0.273

1 Gene hits can be mapped to more than one system and subsystem. 2 Each individual score represents the mean of
9–12 trials. 3 Two-tailed t-test and significance was determined using the Benjamini–Hochberg procedure; false
discovery rate 10%.

97



Genes 2019, 10, 34

Table 2. Ga-resistant hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent resistant hits
with scores >0.162.

System Subsystem Gene 1 Score 2,3

Central dogma

Transcription
ilvY 0.215
metR 0.372
odhR 0.353

DNA metabolism
hofM 0.62
xerD 0.168
cas2 0.177

RNA metabolism

symE 0.177
ilvY 0.215
metR 0.372
pdhR 0.353

Protein metabolism mrcB 0.249

Protein folding and secretion yraI 0.18

Cell exterior

Transport

cysU 0.362
fepG 0.312
tonB 0.341
caiT 0.403
yiaO 0.6
par 0.266

Cell wall biogenesis

alr 0.353
evnC 0.203
mrcB 0.249
yraI 0.18

Lipopolysaccharide metabolism cspG 0.204
rfaC 0.201

Outer membrane
par 0.266

pqiC 0.345

Plasma membrane

atpE 0.172
atpH 0.176
caiT 0.403
cycU 0.362
envU 0.203
fepG 0.312
mrcB 0.249
pqiC 0.345
tonB 0.341
torC 0.259
rfaC 0.201
yaaU 0.237
yafU 0.214
yifK 0.18

Periplasm

ansB 0.204
asr 0.247

envC 0.203
mrcB 0.249
pqiC 0.345
tolB 0.2
tonB 0.341
torC 0.259
yiaO 0.6
yral 0.18

Cell wall component mrcB 0.249
torC 0.259
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Table 2. Cont.

System Subsystem Gene 1 Score 2,3

Biosynthesis

Amino acid

alr 0.353
avtA 0.384
leuA 0.302
leuC 0.205
metA 0.241
proB 0.258
trpB 0.611
trpD 0.273

Fatty acid/lipid rfaC 0.201

Carbohydrate cpsG 0.204
rfaC 0.201

Cofactor, prosthetic groups,
electron carrier

bioF 0.183
bioH 0.194
coaA 0.193
thiE 0.226

Cell structure mrcB 0.249

Other aroF 0.236

Degradation Amino acid
alr 0.353

ansB 0.204

Fatty acid/lipid atoA 0.246

Energy

Glycolysis pykF 0.169

Fermentation pykF 0.169

Anaerobic respiration torC 0.259

Adenosine triphosphate
biosynthesis

atpE 0.172
atpH 0.176

Other hydN 0.249

Cellular
processes

Cell cycle/division
envC 0.203
tolB 0.2
xerD 0.168

Cell death envC 0.203

Adhesion tonB 0.341

Viral response cas2 0.177
tonB 0.341

Symbiosis tonB 0.341

Response to
stimulus

Heat pykF 0.169

DNA damage
par 0.266

symE 0.177
yiaO 0.6

pH oxc 0.519

Other

asr 0.247
caiT 0.403
cas2 0.177
envC 0.203
mrcB 0.249
tolB 0.2
tonB 0.341
torC 0.259
xerD 0.168
yaaU 0.237

Other pathways Other enzymes oxc 0.519
sepG 0.201

1 Gene hits can be mapped to more than one system and subsystem. 2 Each individual score represents the mean of
9–12 trials. 3 Two-tailed t-test and significance was determined using the Benjamini–Hochberg procedure; false
discovery rate 10%.
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Using Pathway Tools, which surveys against the EcoCyc database, a number of gene hits were
mapped to more than one system and subsystem (Tables 1 and 2). In general, comparable number
of hits were mapped to the system “Response to stimulus”, “Cellular processes”, “Energy”, and
“Biosynthesis” (Figure 2). Still, “Regulation”, “Degradation”, and proteins of the “Cell exterior”
contained more resistant hits. Whereas “Other pathways” and proteins involved in processes of the
“Central dogma” were represented by the Ga-sensitive hits at least two-fold more than the Ga resistant
hits (Figure 2). Proteins residing or involved in maintaining cell envelope homeostasis were not
enriched in the resistant hits; however, two-fold more hits were mapped to the system “Cell exterior”
using EcoCyc’s system of classification when compared to the sensitive hits (Figure 2).

Figure 2. Ga-resistant and -sensitive gene hits mapped to component cellular processes. Several gene
hits are mapped to more than one subsystem. The cutoff fitness score selected was two standard
deviations from the mean and recovered gene hits with a score outside this range were chosen for
further analyses. The hits were mined using the Omics Dashboard (Pathway Tools), which surveys
against the EcoCyc database. Each individual score represents the mean of 9–12 trials.

Despite similar numbers of resistant and sensitive hits scored in this screen, a greater number
of categories were enriched for by the resistant hits, such as the biosynthesis of the vital coenzyme—
biotin—when surveyed using the DAVID gene functional classification (Figure 3).
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Figure 3. Functional enrichment among the Ga-resistant and -sensitive gene hits. The DAVID gene
functional classification (version 6.8) database, a false discovery rate of 10% and a cutoff score two
standard deviations from the mean was used to measure the magnitude of enrichment of the selected
gene hits against the genome of E. coli K-12. Only processes with gene hits ≥3 were included.

In addition, a number of amino acid biosynthetic processes and cytosolic proteins were enriched
in the resistant hits, whereas proteins involved in the processing of 20S pre-rRNA and malate metabolic
processes were enriched in the sensitive hits (Figure 3). In general, the enrichment profile of the resistant
and sensitive hits provides insight into the dissimilarities between the mechanisms of Ga toxicity
and resistance since there was no overlap in enrichment (Figure 3). Based on previous reports [44,45]
several mutants belonging to the Keio collection, such as those involved in the synthesis of amino
acids, did not grow in M9 minimal media, contrary to what we observed in this study. We attribute
this observation to the presence of residual resources, such as amino acids, that were carried over
from the LB media agar plates onto to the M9 minimal media agar plates. Once these resources are
exhausted, dying cells may provide a source of nutrients for surviving cells. Furthermore, previous
studies have provided cutoff values as markers of growth, such as one-third the average OD [45].
Mutants displaying growth below the cutoff are regarded as non-growers despite possible survival.
As a follow up, we grew a number of mutants overnight, including leuC, metA, proA, ilvB, trpD, lacA,
and the WT strain in liquid M9 minimal media from existing culture stocks (see Section 2.1) and
transferred 20 μL onto M9 minimal agar plates in the absence and presence of Ga. These strains were
then grown overnight. Growth was only observed for the WT strain and the lacA mutant. When the
same procedure was completed with liquid LB medium and agar plates, colony formation was evident
for each mutant tested. As a result, in this study we were able to test mutants that have otherwise been
reported to not grow on minimal media due to the lack of essential nutrients, such as amino acids.

3.2. Ga Sensitive Systems

3.2.1. Iron Homeostasis and Transport, and Fe–Sulfur Cluster Proteins

Gallium(III) has been shown to disrupt the function of several enzymes containing Fe–sulfur
clusters, likely by competing for Fe-binding sites [7]. Escherichia coli contains over 10 Fe-acquisition
systems, encoded by over 35 genes [46], providing an abundance of Ga potential targets, such as the
sensitive hit fdx (ferredoxin). The protein product of fdx serves as an electron transfer protein in a
wide variety of metabolic reactions, including the assembly of Fe–sulfur clusters [47], consequently,
Ga resistance is probable if this metal is damaging Fe–sulfur centers. Ferredoxin may also serve as
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a binding site since the exchange of Fe may cause Ga sequestration. Furthermore, the sensitive hit
lipA (lipoyl synthase) codes for an enzyme that uses ferredoxin as a reducing source, and catalytic
Fe–sulfur clusters to produce lipoate [48]. This protein’s requirement for ferredoxin may provide an
explanation for the two-fold score decrease observed in the lipA mutant when compared to the fdx
mutant. Furthermore, our screen recovered the hit ygfZ, which codes for a folate-binding protein that
is implicated in protein assembly and the repair of Fe–sulfur clusters [49]. The loss of ygfZ results
in sensitivity to oxidative stress likely due to the generation of ROS, subsequently, this may lead to
the inhibition of Fe–sulfur cluster assembly or repair [50]. In addition, the disruption of Fe–sulfur
clusters has been found to downregulate the uridine thiolation of particular tRNAs as a means of
decreasing sulfur consumption [51]. This process appears to be important in coupling translation with
levels of sulfur-containing amino acids. We recovered trmU, which encodes a tRNA thiouridylase as a
Ga-sensitive hit in this study.

The redox pair Fe(II)/Fe(III) is well suited for a number of redox reactions and electron transfers.
Accordingly, bacteria have developed a number of Fe-acquisition systems, such as siderophores and
Fe-chelating proteins [52]. Siderophores, such as enterobactin are synthesized internally and exported
extracellularly to scavenge Fe(III) from the environment [53]. The ferric-siderophore complex is
imported into the cell and then degraded to release Fe(III) [53] and since Ga is an Fe mimetic [54], this
metal has been demonstrated to bind certain siderophores [23]. The protein TolC is an outer membrane
carrier required for the export of the high-affinity siderophore enterobactin from the periplasm to
the external environment [55]. The Ga sensitivity of the ΔtolC strain may be due to the periplasmic
accumulation of Ga-enterobactin complexes. If TolC is inactivated, then less enterobactin is exported
outside the cell in turn providing more Ga targets, and as a result, Ga-enterobactin complexes may
accumulate inside the cell. Further, EvgA is part of the EvgAS two-component system involved
in the transcriptional regulation of tolC [56]. Loss of evgA is expected to display a similar defect in
enterobactin export as would a tolC mutant, thus resulting in Ga sensitivity. Finally, bfr (bacterioferritin)
was recovered as a sensitive hit in this work. This protein, which binds one heme group per dimer and
two Fe atoms per subunit, functions in Fe storage and oxidation [57]. The sensitivity phenotype of
the Δbfr strain may be associated with a failure to mitigate Fe-mediated ROS production due to the
disruption of Fe homeostasis in the presence of Ga (see Section 3.2.2).

3.2.2. Oxidative Stress

The production of ROS has been shown to be a mechanism of metal toxicity. Exposure to hydrogen
peroxide or other agents that catalyze the production of ROS, such as superoxide, causes DNA and
protein damage to macromolecules including proteins, lipids, nucleic acids and carbohydrates [58].
This in turn causes the upregulation of genes encoding ROS-scavenging enzymes [58]. An increase
in cytoplasmic Fe intensifies ROS toxicity by catalyzing the exchange of electrons from donor to
hydrogen peroxide [22]. Consequently, this may require the assistance of cellular antioxidants such as
glutathione, and enzymes such as catalase, superoxide dismutase and peroxidase [59]. Gallium(III)
is Fenton inactive, and therefore the induction of ROS in the presence of Ga is likely to result in the
release of Fe in the cytoplasm. One study observed higher levels of oxidized lipids and proteins in Ga
exposed Pseudomonas fluorescens [7]. In turn, the oxidative environment stimulated the synthesis of
nicotinamide adenine dinucleotide phosphate (NADPH) via the overexpression of NADPH-producing
enzymes, invoking a reductive environment.

In this screen, several sensitive Ga hits effective in ROS protection were recovered, including
γ-Glutamate-cysteine ligase, or gshA. Strains lacking this gene have been shown to be hypersensitive to
thiol-specific damage generated through mercury and arsenite exposure [60]. Similarly, strains lacking
glyoxalase II (gloB), also a sensitive hit in this study, accumulate S-lactoylglutathione and demonstrate
depleted glutathione pools [61]. If this antioxidant is depleted, then the potential for ROS-mediated
protection is lowered. Furthermore, the gene grxD, which codes for a scaffold protein that transfers
intact Fe–sulfur clusters to ferredoxin, was also recovered as a Ga-sensitive hit. The presence of this
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abundant protein is further upregulated during stationary phase [62] and one study demonstrated,
using the Keio collection, that a grxD mutant is sensitive to Fe depletion [63]. Based on this observation,
Ga exposure may prompt toxicity via Fe exhaustion, or the introduction of this toxin may result in
ROS production thereby leading to Fe–sulfur damage. Finally, bacterioferritin (bfr) was also identified
as a sensitive hit in this work. This protein acts to prevent the formation of hydrogen peroxide from
the oxidation of Fe(II) atoms [57]. The sensitivity phenotypes of the ΔgshA, ΔgloB, ΔgrxD, and Δbfr
strains may be associated with Fe-mediated ROS production upon the disruption of Fe-homeostasis in
Ga exposed cells.

The sensitive hit ubiG, involved in the production of ubiquinol-8, a key electron carrier used in
the presence of oxygen or nitrogen, was recovered in this screen. The production of ubiquinol from
4-hydroxybenzoate and trans-octaprenyl diphosphate necessitates the use of six enzymes and UbiG
twice [64]. Mutant strains deficient in ubiquinol demonstrate higher levels of ROS in the cytoplasmic
membranes, a threat lessened via the addition of exogenous ubiquinol [65]. Furthermore, the ΔubiG
strain exhibited reduced fitness when exposed to oxidative stress [65]. Altogether, the presence of this
hit may be explained by the exacerbation of the production of ROS due to Ga exposure alongside the
compromised oxidative stress response of the ΔubiG strain.

3.2.3. Deoxynucleotide and Cofactor Biosynthesis, and DNA Replication and Repair

Compounds targeting ribonucleotide reductase (RNR), a key enzyme involved in the synthesis
of deoxynucleotides from ribonucleotides, have long been regarded as cancer therapeutics [66].
In mammalian cells, Ga targets RNR through at least two mechanisms. These mechanisms include
the inhibition of cellular Fe uptake resulting in decreased Fe availability at the M2 subunit of the
enzyme [67] and direct inhibition of RNR activity [68], leading to a reduction in the concentration
of nucleotides in the cell. This mechanism is not limited to mammalian cells. Gallium(III) has been
shown to inhibit RNR and aconitase activity in M. tuberculosis [16]. If RNR inhibition is in fact a
mechanism of Ga toxicity, then we predict that gene deletions resulting in decreased deoxynucleotide
levels may cause hypersensitivity. Consequently, the deletion of the gene purT, which is involved in
purine nucleotide biosynthesis [69], resulted in Ga sensitivity in this study.

Chromosomal replication is delayed in E. coli cells when the deoxynucleotide pool is depleted
upon the inhibition of RNR [70]. If this is the case, then a defect in DNA replication may result in
hypersensitivity to Ga. Our observation that the loss of the DNA polymerase III subunits HolC and
HolD causes Ga sensitivity appears to support this hypothesis. Another potential consequence of RNR
inhibition is an increase in stalled replication forks, which are prone to DNA strand breakage [70].
Resumption of stalled replication forks and double strand breaks due to defective RNR function
require the activity of recombination repair enzymes such as the RuvABC, RecBCD and RecA [71,72].
Our results support these observations since the deletion of recA, recD or ruvC triggered the Ga sensitive
phenotype. It is important to note that genes involved in base and nucleotide excision repair were
not retrieved as Ga sensitive hits suggesting that DNA damage associated with Ga exposure may be
predominantly in the form double stranded breaks.

A number of sensitive hits were mapped to the subsystem “Biosynthesis of cofactors, prosthetic
groups and electron carriers”. Processes affected include folate, lipoate, quinol, quinone, ubiquinol and
thiamine biosynthesis. The gene products of pabA and pabC, which encode an aminodeoxychorismate
synthase and an aminodeoxychorismate lyase, respectively, are involved in the biosynthesis of
p-aminobenzoic acid [73], a precursor of folate. In both prokaryotes and eukaryotes, folate cofactors
are necessary for a range of biosynthetic processes including purine and methionine biosynthesis
(Figure 4) [74]. Folate biosynthesis has long served as an antibiotic target in prokaryotes since this
cofactor is synthesized only in bacteria yet actively imported by eukaryotes using membrane associated
processes [75]. Similar to purT, the Ga sensitivity of ΔpabA and ΔpabC strains may be a result of the
reduction in deoxynucleotide levels caused by the inactivation of RNR.
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Figure 4. Connectivity map displaying the predicted functional associations between the Ga-sensitive
gene hits; disconnected gene hits not shown. The thicknesses of the lines indicate the degree of
confidence prediction for the given interaction, based on fusion, curated databases, experimental and
co-expression evidence. Figure generated using STRING (version 10.5) and a medium confidence score
of 0.4.

To test the potential connection between Ga and RNR activity, we exposed the holC, holD, recA,
recD, ruvC and purT mutants to hydroxyurea (HU), which is a known inhibitor of RNR activity [76].
Further, we included a number of mutants involved in DNA synthesis, such as ruvA and recR, that
were not uncovered in our initial screen. In E. coli, HU has been shown to increase ribonucleotide
pools and decrease total deoxyribonucleotide concentrations, thus negatively affecting the synthesis of
DNA [77]. We exposed these mutants to sublethal concentrations of HU and normalized the cellular
effect of this agent. Using this reagent, the sensitivity of the holC, ruvC and recD mutants in the presence
of HU and Ga was found to increase (Table 3). Furthermore, ruvA, which assists in recombinational
repair together with ruvB [78], was also found to be a sensitive hit in the presence of this inhibitor.
The genes purT and holD were not uncovered as either sensitive or resistant hits based on the cutoffs
applied and no changes in the sensitivity or resistance of either lacA or lacY, negative controls in this
work, were statistically identified.

Table 3. Hydroxyurea sensitive and gene hits involved in the synthesis of DNA, normalized to include
only the effects of Ga exposure; those with a score two deviations from the mean are included.

Gene Score without HA Score with HA 1,2

ruvA N/A −0.257
recA −0.309 −0.299
ruvC −0.184 −0.299
holC −0.327 −0.351
recD −0.199 −0.561

1 Each individual score represents the mean of 9–12 trials. 2 Two-tailed t-test and significance was determined using
the Benjamini–Hochberg; procedure; false discovery rate 10%. HA: Hydroxyurea
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3.3. Systems Involved in Ga Resistance

3.3.1. Fe Transport Systems

In E. coli, the mechanisms by which Ga is transported into the cell have yet to be identified.
In this screen, we identified a number of transport proteins that confer resistance against Ga when
absent. Metal resistance mechanisms may involve decreased import or enhanced export of the
toxin. Therefore, loss of a gene in which the product mediates import of the toxin into the cell
would prevent its accumulation and result in resistance. Both FepG and TonB are proteins that
demonstrate close interaction (Figure 5) and fit the latter criterion, both involved in the import
of Fe-siderophores. The protein FepG is an inner membrane subunit of the ferric enterobactin
ATP-binding cassette transporter complex. When fepG is inactivated, E. coli cells lose ferric enterobactin
uptake abilities [79,80]. The protein product of tonB is a component of the Ton system which functions
to couple energy from the proton motive force with the active transport of Fe-siderophore complexes
and Vitamin B12 across the outer membrane [81]. Since Ga entry into the bacterial cell can occur
through siderophore binding and since this metal is an Fe mimetic [23,54], we hypothesize that in the
absence of fepG and tonB Ga import and intracellular accumulation is reduced.

Figure 5. Connectivity map displaying the predicted functional associations between the Ga-resistant
gene hits; disconnected gene hits not shown. The thicknesses of the lines indicate the degree of
confidence prediction for the given interaction, based on fusion, curated database, experimental and
co-expression evidence. Figure generated using STRING (version 10.5) and a medium confidence score
of 0.4.

OmpC is a promiscuous porin that permits the transport of 30+ molecules, and is postulated to
be a transporter of copper(I) and copper(II) [82] and potentially other metal species [83]. It has been
hypothesized that Ga can cross the membrane of E. coli via porins [23]. While this hypothesis has
not been demonstrated in E. coli directly, other works have confirmed findings in P. aeruginosa [9],
Mycobacterium smegmatis [84] and Francisella strains [12]. Further evidence for the importance of OmpC
in Ga resistance can be visualized using the STRING map (Figure 5). Here, OmpC is connected to
two proteins that comprise the ATPase complex through the periplasmic protein TolB. TolB has been
shown to physically interact with porins such as OmpC and is required for their assembly into the
outer membrane of E. coli cells [85]. The resistance recovered in the ΔtolB strain may be due to a
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disruption in OmpC function, thereby hindering Ga import. In addition, CysU, which is involved
in the uptake of sulfate and thiosulfate was also recovered as a resistant hit [86]. According to the
hard-soft acid-base theory, Ga coordinates well with sulfate or thiosulfate [4]. A reduction in the
uptake of these metabolites may prove useful against Ga stress due to decreased toxin import.

Genes involved in Fe import in other organisms have been shown to confer Ga resistance
when deleted, or Ga sensitivity when overexpressed. A three-fold increase in Ga resistance was
displayed upon the deletion of the gene hitA, which codes for a Fe-binding protein in P. aeruginosa [25].
The Haemophilus influenzae proteins FbpABC, which are involved in the delivery of Fe from the
periplasm to the cytoplasm, were expressed in E. coli as a means of investigating their impact on Ga
import, which increased in the presence of these genes [87]. Furthermore, earlier studies have examined
the use of metal-chelators as antimicrobial enhancements. Although the majority of studies regarding
Ga import have been performed in P. aeruginosa, some findings can be compared. For example, it
has been demonstrated that the siderophore complex Ga-deferoxamine was slightly more effective
at killing cells than Ga alone [10] and more promising results have been made with the complex
Ga-protoporphyrin IX [88]. Altogether, these studies and our work suggest that Ga enters the cell via
siderophore transport systems or Fe-binding transporters.

3.3.2. Amino Acid Biosynthesis

Ga resistant hits were functionally enriched for the synthesis of amino acids (Figure 3), classified
in the subsystem, “Amino acid biosynthesis” (Table 2) and highly connected in the functional map
(Figure 5). The genes recovered were found to be mainly involved in the biosynthesis of branched
(ilvB, ilvY, leuA and leuC) and aromatic (aroF, trpB, and trpD) amino acids, methionine (metA and metR),
and proline (proA and proB). The demand for NADPH in biosynthetic pathways of branched and
aromatic amino acids, as well as methionine and proline, are among the highest [89]. It is plausible
that a defect in the synthesis of these amino acids may increase levels of NADPH, which has been
shown to neutralize the oxidative stress elicited from Ga exposure [7].

To further test this hypothesis, we exposed a number of the resistant hits mapped to branched
amino acid biosynthesis to sublethal concentrations of Sulfometuron methyl (SMM), an inhibitor
of acetolactate synthase [90], a key enzyme involved in the synthesis of branched amino acids.
The resistance score of ilvY and leuA increased in the presence of SMM (Table 4). Sulfometuron
methyl inhibits acetolactate synthase, which in turn may increase the liable NADPH pool. In fact,
ilvY is a positive regulator of ilvC [91], which encodes a reductoisomerase and is the only enzyme in
this pathway that directly uses NADPH. Here, ilvB and other genes involved in branched amino acid
biosynthesis did not make the statistical cutoffs owing to large standard deviations. Finally, no changes
in the sensitivity or resistance of lacA or lacY, negative controls in this work, were statistically identified.

Table 4. Sulfometuron methyl resistant gene hits, involved in the synthesis of amino acids, normalized
to include only the effects of Ga exposure; only those with a score two deviations from the mean
are included.

Gene Score without SMM Score with SMM 1,2

leuA 0.302 0.341
ilvY 0.215 0.3

1 Each individual score represents the mean of 9–12 trials. 2 Two-tailed t-test and significance was determined using
the Benjamini–Hochberg; procedure; false discovery rate 10%. SMM: sulfometuron methyl

It has been postulated that the oxidation of amino acids is a common and damaging effect of
metal-induced oxidative stress [92]. Certain side chains, such as Arg, Cys, His, Lys and Pro residues are
major targets, leading to protein damage and intra/inter-crosslinking [92,93]. If Ga targets amino acids,
both free and within proteins, a possible explanation for the recovery of amino acid gene resistant
hits in this study may rest in the cell’s requirement to repair or replace damaged amino acids. If these
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genes are absent fewer Ga targets remain and the cell expends less energy rebuilding these targeted
biomolecules, while directing more energy elsewhere, such as scavenging and importing required
metabolites. Furthermore, the oxidation of these amino acid side chains may lead to the propagation
of ROS, and therefore a deficiency in amino acids may minimize damage by slowing the advancement
of amino acid metal-induced oxidative stress.

3.3.3. Lipopolysaccharides and Peptidoglycan

The E. coli envelope is composed of lipopolysaccharides (LPS), which surround and protect the
cytoplasm, and the cross-linked polymer peptidoglycan (PG), which is the primary stress-bearing
biomolecule in the cell [94]. In this study, a number of genes involved in LPS or PG
biosynthesis/maintenance were observed to cause Ga resistance when absent. These genes include
cpsG and rfaC (LPS), and alr, env and mrcB (PG). Many of these genes are RpoS-regulated and participate
in maintaining membrane integrity in response to pressure [95]. Loss of mrcB, which encodes for
an inner membrane enzyme functioning in transglycosylation and transpeptidation of PG, has been
shown to result in reduced surface PG density when absent [96]. The protein RfaC is essential in LPS
production [97] and cells lacking this gene contain defects in the core heptose region [98]. The protein
EnvC, which is a divisome-associated factor has been shown to have PG hydrolytic activity and
result in decreased cell envelope integrity when deleted. Furthermore, the protein product of tolB,
which plays a role in maintaining the structure of the cell envelope, was also a Ga-resistant hit. Cells
deficient in tolB have been shown to release periplasmic proteins into the extracellular space [99].
An explanation for the appearance of mrcB, envC and tolB in this study may reside in the ability of PG
to bind metals. Metal ions are known to bind the LPS or PG layer of Gram-negative and Gram-positive
bacteria [100], and the presence of anionic groups such as carboxylic acids [101] and other hard acids
within the cell envelope, provide suitable binding sights for free metal ions like Ga. Although the major
ionic form of Ga is Ga(OH)4

−, free Ga ions produced through equilibrium may be quickly bound by
hard acids such as alcohols, carboxylates, and hydroxyls, which comprise the bulk of the PG. Despite
their presence at low concentrations these species may further impede cell health and cause toxicity.
However, if the LPS or PG layer is reduced, as would be the case in the absence of mrcB, rfaC, envC
and tolB, then a reduction in Ga-cell envelope binding may occur. In the case of the ΔtolB strain, the
potential release of periplasmic proteins with Ga-binding sites into the extracellular space may also
provide protection via sequestration, which is a common bacterial resistance mechanism [24]. Another
possible explanation for Ga resistance associated with LPS and PG genes may include the structural
alteration of the cell envelope, which may disrupt Fe import systems. Inhibition of lipid biosynthesis
prevents proper assembly and insertion of porins into the outer membrane since LPS-porin interaction
sites have been shown to be important in their biogenesis [102,103]. Therefore, compromised function
of siderophore receptors or porins in these mutants could decrease Ga import and mitigate toxicity.

4. Conclusions

In this study, the Keio collection was used as a means of drawing insight into the mechanisms
of Ga toxicity and resistance in E. coli BW25113. In total, 3895 non-essential genes were screened and
3641 of these were normalized and scored. Genes demonstrating resistance or toxicity were mined
to highlight processes and pathways affected by Ga exposure. Mutants demonstrating an increase
in colony formation were considered resistant hits, in that the presence of the gene results in Ga
sensitivity. In contrast, a decrease in colony size was regarded as a Ga-sensitive hit, consequently it
was assumed that the presence of this gene would impart the resistant phenotype and mitigate the
toxicity of prolonged Ga exposure.

Overall, comparable numbers of resistant and sensitive hits were mapped to each subsystem using
Pathway Tools, which surveys against the EcoCyc Database. When examining the fold enrichment data,
no biological process was enriched comparably between the two data sets. One general observation
made evident from the latter conclusion is that distinct pathways are affected by Ga when comparing
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the mechanisms of toxicity and resistance since no overlap in functional enrichment was uncovered.
Still, one significant exception was found: Fe-metabolism. Based on this study, and previous reports,
there is a relationship between Ga and Fe-metabolism. The genes that code for TonB and FepG were
two resistant hits highlighted in this work. On the contrary, Fdx, Bfr and LipA, proteins also involved
in Fe-metabolism, gave rise to sensitivity when absent. Therefore, we propose that Fe-metabolism may
serve as a mechanism of resistance and toxicity in E. coli. Here, the complexity of Ga exposure is made
further apparent, fostering more questions regarding the interaction of this metal with microbes. What
is clear however, is that the mechanism of Ga action is likely a result of a number of direct and indirect
interactions, an observation made evident by the wide array of hits uncovered in this work.

Few studies have explored the mechanisms of adaptive resistance in E. coli under sub-lethal
concentrations of Ga. In response, we have presented a number of genes that are implicated to be
involved in adaptive survival. For example, genes involved in preventing oxidative damage and DNA
repair were emphasized as sensitive hits, as such that their presence gives rise to resistance. In short,
preventing and repairing DNA damage, a mechanism that has yet to be demonstrated in vivo, and
redox maintenance may provide tools by which microbial organisms mitigate metal stress.

The use of Ga for the treatment of diseases and infections is gaining considerable attention. Still,
to further the development of this metal as an antimicrobial agent it is imperative that we determine
the associated mechanisms of toxicity and resistance. Further work must be completed to specifically
test the various hypotheses we have presented here, such as determining the mode of Ga entry, the
levels of ROS produced in the cell and the specific influence of Ga on Fe-metabolism. Nonetheless,
this study provides a significant number of biomolecular mechanistic hypotheses to the community
investigating the mechanisms of Ga action in E. coli and other microbes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/1/34/s1,
Table S1: Escherichia coli gallium resistant and sensitive gene hits determined using a chemical genetic screen.

Author Contributions: Conceptualization, K.C.-R. and R.T.; Data curation, N.G. and K.C.-R.; Formal analysis,
N.G. and K.C.-R.; Funding acquisition, R.T. and G.C.; Investigation, N.G.; Methodology, N.G.; Resources,
G.C.; Supervision, R.T. and G.C.; Visualization, N.G., K.C.-R., R.T. and G.C.; Writing—original draft, N.G.;
Writing—review & editing, N.G., K.C.-R., R.T., and G.C.

Funding: N.G. was funded by an Alexander Graham Bell Scholarship from the Natural Science and Engineering
Research Council of Canada and an Eyes High Doctoral Scholarship from the University of Calgary. R.J.T. was
funded by a project bridge grant from the Canadian Institutes of Health Research (CIHR bridge: PJT-149009).
R.J.T. and G.C. were also funded by Discovery grants from the Natural Science and Engineering Research Council
(NSERC DG: RGPIN/04811-2015) of Canada.

Acknowledgments: The authors of this paper would like to acknowledge Joe A. Lemire and Iain George for their
assistance with experimental design and the BM3 robot from S&P Robotics Inc., and Ying Yan for his assistance
with the statistical analyses.

Conflicts of Interest: The authors declare no conflict of interest.

108



Genes 2019, 10, 34

Appendix A

Table A1. The Gallium(III) (Ga) resistant and sensitive hits were surveyed against the EcoCyc database
permitting the clustering of the hits into systems, subsystems, component subsystems, and lastly into
individual objects.

Systems Subsystems 1

Regulation Signaling, Sigma factor regulon, Transcription factor, and Transcription factor
regulons

Response to stimulus Starvation, Heat, Cold, DNA damage, pH, Detoxification, Osmotic stress, and
Other

Cellular processes
Cell cycle and division, Cell death, Genetic transfer, Biofilm formation,
Quorum sensing, Adhesion, Locomotion, Viral response, Response to
bacterium, Host interactions, Symbiosis, and Other proteins

Energy Glycolysis, Pentose phosphate pathway, TCA cycle, Fermentation, Aerobic
and anaerobic respiration, and Other proteins

Other pathways Detoxification, Inorganic nutrient metabolism, Macromolecule modification,
Activation/inactivation/interconversion, and Other enzymes

Degradation
Amino acids, Fatty acid/lipid, Nucleotide/nucleoside, Amine,
Carbohydrate/carboxylate, Secondary metabolite, Alcohol, Polymer, Cell
exterior and Other proteins

Biosynthesis
Amino acids, Nucleotide/nucleoside, Fatty acid/lipid, Amines,
Carbohydrate/carboxylates, Cofactors, Secondary metabolites, Polymer, and
Other proteins

Cell exterior
Transport, Cell wall biogenesis and organization, Lipopolysaccharide
metabolism, Pilus, Flagellar, Outer membrane, Inner membrane, Periplasm,
and Cell wall components

Central dogma Transcription, Translation, DNA metabolism, RNA metabolism, Protein
metabolism, and Protein folding, and secretion

1 Genes can be found in multiple systems and subsystems.
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Abstract: Genomic islands (GIs) are discrete gene clusters encoding for a variety of functions including
antibiotic and heavy metal resistance, some of which are tightly associated to lineages of the core genome
phylogenetic tree. We have investigated the functions of two distinct integrase genes in the mobilization
of two metal resistant GIs, G08 and G62, of Acinetobacter baumannii. Real-time PCR demonstrated
integrase-dependent GI excision, utilizing isopropyl β-D-1-thiogalactopyranoside IPTG-inducible
integrase genes in plasmid-based mini-GIs in Escherichia coli. In A. baumannii, integrase-dependent
excision of the original chromosomal GIs could be observed after mitomycin C induction. In both
E. coli plasmids and A. baumannii chromosome, the rate of excision and circularization was found to
be dependent on the expression level of the integrases. Susceptibility testing in A. baumannii strain
ATCC 17978, A424, and their respective ΔG62 and ΔG08 mutants confirmed the contribution of the
GI-encoded efflux transporters to heavy metal decreased susceptibility. In summary, the data evidenced
the functionality of two integrases in the excision and circularization of the two Acinetobacter heavy-metal
resistance GIs, G08 and G62, in E. coli, as well as when chromosomally located in their natural host.
These recombination events occur at different frequencies resulting in genome plasticity and may
participate in the spread of resistance determinants in A. baumannii.

Keywords: copper resistance; genomic island; integrase; Acinetobacter baumannii; mobile genetic element

1. Introduction

Genomic islands (GIs) are discrete gene clusters most of which are found as DNA segments within
the chromosome. The GIs were originally known as pathogenicity islands (PAIs) by Hacker et al. in
late 1980s, when they were examining the genetic virulence mechanisms in Escherichia coli [1]. Genomic
islands are variable in size, ranging from 10 to 200 kb, and are usually detected during comparative
genomic analysis of different closely related strains [2]. Genomic islands generally harbor genes coding
for an integrase or recombinase, but could also carry insertion sequences or transposons within the
element contributing to their movement [3,4]. Genomic islands are by definition part of the accessory
gene pool of a species and allow for mobilization of whole pathways and gene clusters, thus acting as
reservoirs for genetic diversity [5].

In the last few decades, Acinetobacter baumannii has been recognized as a multi-drug resistant
opportunistic pathogen as a result of being burdened with massive use of broad-spectrum antibiotics [6].
The presence of A. baumannii with closely related Gram-negative bacteria in clinical settings has
contributed to the development of new resistance mechanisms on top of their own intrinsic factors [7].
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Acinetobacter baumannii and the other Gram-negative pathogens are known for their genome plasticity
and capability of evolving mainly due to acquiring new virulence determinants carried on mobile genetic
elements [8]. This issue has rendered antibiotic therapy ineffective in life-threatening A. baumannii
infections, and in some cases even with the last line of combination therapy of high doses of antibiotics [9].

In A. baumannii, the first GI identified was a large GI of 86 kbp in size, during the sequencing of the
epidemic strain AYE, and was named “AbaR1” harboring 45 resistance determinants [10]. Similar GIs
were later recognized in A. baumannii and named from AbaR0 to AbaR27 [10–12]. Despite being similar
in the backbone structure, AbaR-like GIs are often variable in terms of size and genetic composition.
For example, the multiple-antibiotic resistance region (MARR) of the AbaR GI harbor a set of genes
encoding antibiotic, heavy metal, and antiseptic resistance and efflux determinants [10]. This diversity
in AbaR GIs compositions were a result of several events of recombination like integration, excision,
and rearrangements [13].

Comparative genomic analysis showed extensive synteny throughout the genome and identified
63 DNA regions, ranging in size from 4–126 kb, all exhibiting certain features of GIs including a group
of resistance GIs with different genes encoding resistance to antibiotics and heavy metals which are
grouped in clusters [14]. For example, the aadA1 (streptomycin-resistance encoding) gene, flanked by
satR (streptothricin-resistance encoding) and dhfr (trimethoprim-encoding resistance) genes were found
in GIs in clusters. Moreover, genes involved in mercury resistance (merRCAD cluster) were found to
be located in a separate cluster, and a 4.5 kb DNA segment containing feoAB (ferrous iron transport
operon), czc (tricomponent proton/cation antiporter efflux system), and ars (arsenite transporters)
genes were co-existing as a group, next to the cus (copper resistance) genes conserved in the same
chromosomal locations of certain GIs [14]. However, these genes differ in sequence and the overall
arrangement from other homologous GIs in A. baumannii. This supports the notion that the set of
accessory genes had been independently acquired by the different strains.

The two GIs of interest in this study, G08 and G62, harbor a set of putative heavy metal resistance
conferring genes which are identical (Figure 1A) [14]. Only a few studies have described the G62
island [14–16], for example the presence of a similar resistance island has been shown in an A. baumannii
hyper-virulent and outbreak-associated isolate, LAC-4 in China [15]. In LAC-4 clinical isolate, the G62
harbors the exact set of resistance genes and was referred to as a “copper resistance gene cluster”;
however, in that strain, G62 was found to be sandwiched between two copies of ISAba26 element [15].
The ATCC17978 genome has been extensively analyzed in previous studies [17] and 13 putative
zinc/copper resistance efflux pumps have been identified, including the efflux pumps present in G08 and
G62 [16] (Figure 1A). The chromosomal region harboring zinc and/or copper efflux genes are likely to
have been acquired laterally on mobile genetic elements, with the G62 of ATCC 17978 and LAC-4 being
the largest of these elements [16]. Comparative analysis of putative zinc and/or copper efflux systems in
A. baumannii and A. baylyi (strain ADP1) other than the ones in G08 and G62, identified a number of genes
ranging between eight (strain SDF) and 18 (strain AB6870155) in each of the strains examined, all of which
were chromosomally located [14,18]. Further BLAST search revealed that five strains harbored more
than ten genes encoding putative zinc and/or copper efflux components, including ATCC 17978, ATCC
19606T, AB0057, AB6870155, and ACICU. On the other hand, the G08 island is found more frequently in
A. baumannii including in strains AB0057, AB6870155, and AYE, where the element is inserted into the
dusA locus encoding for the enzyme tRNA-dihydrouridinesynthase A, catalyzing the post-transcriptional
reduction of uridine to dihydrouridine in tRNA [19].

The analysis of the distribution of genomic islands and other genes belonging to the accessory
genome has shown in many species that many so-called mobile elements or accessory genes cluster
tightly with specific lineages on a phylogenetic core genome tree [5,10,20]. This raises questions on
this association which could be due to some positive selection or more likely due to loss of function of
the mobile elements. In this work, we aim to test the hypothesis that the two metal-resistant related
genomic islands G08 and G62 of A. baumannii are still functional.
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Figure 1. Schematic map of the Acinetobacter baumannii strain genomic islands G08 and G62
and phylogenetic tree of genomic island (GI) integrases. (A) G62 island is taken from strain
ATCC 17978 (accession CP000521; updated refseq NC_009085.1) and G08 from both strains AB0057
(NC_011586.2/CP001182.2) and AYE (NC_010410.1/CU459141.1). The annotated sequences were
aligned and visualized by the Easyfig tool [21]. The genes involved in encoding copper efflux systems
are shown in blue, all czc-like genes czcA, czcB, and czcC encoding cadmium, zinc, and cobalt resistance
are represented in green color, genes encoding ferrous iron transport proteins are shown in red (feoA
and feoB), and a putative further heavy metal efflux system A1S_2929 is shown in pink. The integration
sites (att sites) for both GIs are shown as black vertical lines. The genes encoding the integrases are
colored in orange and all other genes in grey. Locus tags of relevant genes are shown above or below
the genes. The image is drawn in scale and the percentage of DNA identity between various regions
is shown by gradient shading. (B) Phylogenetic tree of tyrosine recombinases from strains ATCC
17978, AB0057, and AYE. The evolutionary relationship between phage integrase family proteins (NCBI
Reference Sequence) detected in three strains of A. baumannii was inferred using the Neighbor-Joining
method [22]. Integrases were labelled according to the genomic island number, strain name, followed
by Refseq accession numbers. In certain instances, some GIs have not been given a specific number,
but instead were indicated by their accession. When two strains are mentioned next to a GI, this means
that the same GI is present in both strains. Identical proteins in different genomes which yield identical
Refseq numbers are shown only once. The three major branches are indicated by numbers on the right
side of the figure. G08 and G62 are indicated by black boxes.

2. Materials and Methods

2.1. Bacterial Strains and Cultivation

A set of A. baumannii strains from different geographical origins were used. Hundred strains
were collected from clinical samples at Sultan Qaboos University Hospital (SQUH, Oman) between
2012 to 2013. These strains were collected from various body sites of patients admitted in the internal
medical wards in SQUH. The rest of the strains were from the collection at the Department of Infection,
Immunity and Inflammation of the University of Leicester (Table 1). All strains were stored at −80 ◦C
in 30% glycerol. Strains were re-streaked in LB agar (BD) or broth for liquid cultures.
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Table 1. List of A. baumannii strains.

Strain ST Relevant Characteristics Reference

A424 1 Clinical isolate from Croatia [11]
A424 ΔG08 1 G08::aacC1 This study

A424 pWSK129-WHG08 1 Complemented ΔG08 strain This study
AYE 1 Epidemic MDR type strain, France [10]

AB0057 1 MDR type strain [23]
ATCC 17978 437 Reference strain [17]

ATCC 17978 ΔG62 437 G62::aacC1 This study
ATCC 17978 pWSK129-WHG62 437 Complemented ΔG62 strain This study

KR3831 1 Clinical isolate from SQUH, Oman This study

ST = Sequence type [24].

2.2. Genome Analysis

The whole genome phylogenetic single nucleotide polymorphism (SNP) tree was build using
the FFP (Feature frequency profile) version 3.19 suite of programs (http://sourceforge.net/projects/
ffp-phylogeny/) [25]. As input, the 101 complete A. baumannii genomes deposited in GenBank
(8 July 2018) were used with the addition of our own two strains A424 (GCA_003185755.1) and
KR3831 (GCF_003185745.1/GCA_003185745.1). The matrix of integrase presence in the genomes was
generated using as a query the integrase genes present in AB0057, AYE, and ATCC 17978 (shown also
in Figure 1B). The matrix was generated using command line BLAST (90% identity; 95% coverage) and
the R platform to generate the output.

2.3. Colony Genotpying

The polymerase chain reaction was performed on crude cell extracts from serially diluted
suspensions of E. coli and A. baumannii cells. Thirty μL aliquot of the dilution was boiled for 5 min,
and 2 μL of supernatant was used as a polymerase chain reaction (PCR) template. PCR was conducted
in a 20 μL reaction volume, containing 1 μL DNA (50 ng/μL), 5 μL 10× reaction buffer (Promega,
Madison, WI, USA), 1 μL dNTPs (10 mM), 1 μL of each 10 mM primer, and 0.2 μL GoTaq DNA
polymerase (Promega). Amplification was performed in a thermal cycler (Mastercycler gradient,
Eppendorf, Hamburg, Germany) with an initial denaturation at 95 ◦C for 2 min, followed by 25 cycles
of 95 ◦C for 1 min, 57 ◦C for 1 min, and 72 ◦C for 2 min, and a final extension at 72 ◦C for 10 min.
The PCR products were imaged from a 1% TAE-agarose gel.

2.4. Real-Time PCR

The real-time PCR reactions had a total volume of 20 μL containing 5 μL of template DNA,
10 μL of the SensiMixPlus SYBR Green mastermix (Bioline, London, UK), and 0.5 μL of each 15 μM
primer (F-G08-exc and R-G08-circ) or (F-G62-exc and R-G62-circ). Since there was no positive control
used, every run included a negative control without target DNA, and all reactions were performed
in triplicate. The reactions were performed in an Applied Biosystems Prism (Foster City, CA, USA)
model 7500HT Sequence Detection System with the following settings: 40 cycles of 20 s at 95 ◦C
and 1 min at 60 ◦C. Determinations of cycle threshold (Ct), or the PCR cycle where fluorescence first
occurred, were performed automatically by the Sequence Detection Systems software of the instrument
(version 2.3; Applied Biosystems, Foster City, CA, USA).

2.5. RNA Extraction and Retrotranscription

Following induction, 5 mL of cells were harvested at predetermined time points by centrifugation
for 5 min at 4000× g, and resuspended in 1 mL RNALater (Invitrogen, Carlsbad, CA, USA), and stored
at 4 ◦C. The total RNA was extracted using the Geneflow total RNA purification kit protocol (Norgen,
Thorold, ON, Canada). The RNA was eluted from the column into a 1.5 mL microcentrifuge
tube by addition of 30 μL RNase-free water and stored at −20 ◦C. Total RNA was quantified by
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spectrophotometry at A260 (Nanodrop 2000; Fisher ThermoScientific, Waltham, MA, USA), and cDNA
was created by taking 1 μg of RNA per each reverse transcription reaction which was 20 μL, and the
procedure was completed according to the High Capacity RNA-to-cDNA kit (Applied Biosystems).

2.6. Construction of Plasmids with G08 and G62 Mini-GIs

To test the functionality of the integrase genes of G08 and G62 in excising their respective GIs, two
plasmid constructs were created. Mini-islands were generated by creating smaller circular molecules
with precise site-specific excision via the attachment sites attL/attR included within the left and right
flanking regions, and integrase coding gene cloned in a plasmid under an inducible promoter. The new
fragments generated were later cloned into pUC18 vector. The primer pairs F-LF-08/R-LF-08 and
F-RF-08/R-RF-08 (Table S1) were used to amplify the left and right G08 flanking regions including the
att sites from strain A424 (Genbank accession: GCA_003185755.1). Similarly, the left- and right-flanking
regions including the att sites of G62 GI were amplified from the strain ATCC 17978 using the primer
pairs F-LF-62/R-LF-62 and F-RF-62 and R-RF-62 (Table S1), respectively. The two integrase genes
G08int (A424_1287 from A424) and G62int (A1S-2927 from ATCC 17978) were separately amplified
by PCR using primer pairs F-G08int/R-G08int and F-G62int/R-G62int, respectively. Amplicons
containing the integrases were ligated in the HindIII within the multiple cloning site (MCS) to be
expressed under the lacZ promoter in the final recipient vector. The three PCR fragments (LF, RF,
and integrase) were finally joined by fusion PCR resulting in a recombinant DNA product.

2.7. Construction of Inducible Plasmids for A. baumannii

The vectors carrying the min-islands of G08 and G62 were sub-cloned into pWSK129, a low-
copy-number plasmid carrying aminoglycoside 3′-phosphotransferase (aphA1) gene conferring
kanamycin-resistance (KmR) [26]. As this plasmid turned out to be non-functional in A. baumannii,
we amplified the origin of transfer from pWH1277, a cryptic plasmid from an A. lwoffii strain fragment
of pWH1266 (kindly donated by Philip Rather, Emory University, USA), using the primer pair PR3136
and PR3137 (Table S1). These pWSK129-WH plasmids were successfully transferred into competent
A. baumannii knock-out strains (A424 and ATCC 17978) by conjugation.

2.8. Suicide Vector-Based Allelic Exchange for Mutant Construction in A. baumannii

Deletion mutants of the GIs were constructed in A. baumannii using the suicide vector pJTOOL-3 [27],
containing 500 bp long fragments of each of the borders of either G08 or G62. For transformation, E. coli
CC118λpir and S17.1λpir were used as a host for replication and as a conjugative strain, respectively.
Plasmid single cross-over insertion into Acinetobacter was selected by gentamicin and the double cross
over by plating on 6% sucrose containing to check for the loss of the levansucrase sacB gene of pJTOOL-3.
The expected genotype was obtained in all three randomly selected colonies that possessed the expected
chloramphenicol-sensitive and gentamicin-resistant phenotype.

2.9. IPTG and Mitomycin C Induction

For isopropyl β-D-1-thiogalactopyranoside (IPTG), 5 mL overnight culture of A. baumannii or
E. coli were diluted at 1:100 into fresh LB and then incubated at 37 ◦C in the shaking incubator at
200× g, until OD600nm = 0.2 is reached. IPTG was added at concentration of 1.0 mM, and the cultures
were then incubated, with 500 μL of the culture removed at time points 0, 4, 8, and 24 h for DNA
preparation and qPCR analysis. In Staphylococcus, mitomycin was shown to induce excision of genomic
islands [28]. For mitomycin C, induction 5 mL of overnight cultures of A. baumannii strains were
treated with sub-lethal concentrations of mitomycin C MIC (0.5 times the MIC) for 2 h. Mitomycin
C MIC of AYE, AB0057, A424, KR3831, and ATCC 17978 was found to range from 32–64 μg/mL.
Non-induced cultures were run alongside in each occasion under identical conditions.
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2.10. Metal Susceptibility Testing

For testing of susceptibility to the heavy-metal salts, analytical-grade salts of CdCI2·H2O,
CoCl2·6H2O, NiSO4·6H2O, and ZnSO4·7H2O, CuSO4·5H2O, FeSO4·7H2O, MnSO4·H2O. and As2SO3

(Sigma–Aldrich, Gillingham, UK) were used to prepare 1.0 M stock solutions, which were dissolved in
ultrapure distilled water and later filter-sterilized and added to the medium at final concentrations of
1 mM. MIC and MBC assays to heavy metals was performed as described by the Clinical and Laboratory
Standards Institute (CLSI) guidelines using a broth microdilution method [29]. Briefly, starting inocula of
1 × 105 CFU/mL of all A. baumannii strains were aliquoted in 96-well plates containing serial dilutions of
each metal compound in the range 0.02–10 mM using MHB (Oxoid Ltd., Basingstoke, UK).

3. Results

The distribution of integrases, as proxies of their genomic islands, varies widely in different
lineages of a whole genome phylogenetic SNP tree constructed on all complete deposited A. baumannii
genomes (Figure 2). One of the integrases not associated to genomic islands (int1 ABAYE_RS10930)
present in almost all isolates, some others such as G08, G13, G16, and G42 are detected in many
lineages and may be present only in a subgroup of isolates of a given ST. Other integrases like G09,
G31 or G62 are present only in single or very few STs. The integrase of the metal resistance associated
genomic islands G08 and G62 are representatives of this latter groups being G08 present in ST1, 25, 26,
52, 79, 81, 126, 138, 229, 422, and 638m while G62 only in ST10 and 437 (Figure 2).

Figure 2. Integrase distribution on an A. baumannii phylogenetic tree. The whole genome phylogenetic
SNP tree was built using the FFP and input from the 105 complete A. baumannii genomes deposited in
GenBank (08/07/2018) with the addition of strains A424 and KR3831. Strain names include the MLST
“Pasteur” sequence type. The matrix of 16 integrases on the right part of the figure includes all integrase
genes present in AB0057, AYE, and ATCC 17978 (red absent; blue present). The integrases of the GI are
numbered according to Di Nocera et al. [14]. Three further integrases present in the three stains but
not associated to genomic islands were included in the analysis and named int1 (ABAYE_RS10930),
int2 (AUO97_RS03560), and the p3ABAYE integrase int3 (ABAYE_RS00155).
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In order to test the hypothesis that these islands, even if present only in defined lineages are
still mobile, we selected the genomic islands G08 and G62 respectively in strains AB0057 and ATCC
17978 [14] (Figure 1A). Phylogenetic analysis of the respective GI integrases confirmed that the G08int
and G62int are not related, and each belong to a separate clade within the Acinetobacter GI-related
tyrosine recombinases (Figure 1B). Both GIs carry the copABCD and copRS copper resistance genes [16],
and G62 carries in addition the cadmium, zinc, iron, and cobalt resistance genes (Figure 1A). To check
the distribution of G08 and G62, we screened by PCR a 100 sample collection of A. baumannii clinical
isolates obtained from SQUH, Oman from 2012 to 2013 using primers for conserved sequences flanking
the target region. The PCR screening analysis yielded a possibly occupied G08 in only one clinical
isolate, and the presence of G08 was confirmed by WGS (strain KR3831, accession GCF_003185745.1,
GCA_003185745.1). To test the contribution of G08 and G62 to metal susceptibility phenotypes,
we constructed deletion mutants respectively in strain A424 and ATCC 17978 (Table 2). In the G08
knock out mutant, only the minimal inhibitory concentration (MIC) for manganese (MnSO4) decreased
form 1 μg/mL to 0.5 μg/mL, while the copper MIC remained unchanged. Deletion of G62 in ATCC
17978 resulted in a decrease of the MIC of zinc (ZnSO4 from 4 to 2 μg/mL), cobalt (CoCl2 4 to 2 μg/mL),
cadmium (CdCl2 4 to 2 μg/mL), and nickel (NiSO4 4 to 2 μg/mL), and again no decrease in the MIC of
copper was detected (CuSO4 8 μg/mL). No differences were observed in susceptibility to iron (FeSO4)
and arsenic (As2O3). Four independent ko mutants were assayed against the wild type in all tests and
the difference in MICs found to be statically relevant.

Table 2. Metal susceptibility testing wild type (wt) and GI mutants.

ATCC 17978 ATCC 17978 ΔG62 A424 A424 ΔG08

ZnSO4 4 * 2 0.5 0.5
CuSO4 8 8 8 8
CdCl2 4 2 2 2

MnSO4 10 10 1 0.5
FeSO4 4 4 4 4
CoBr2 4 2 4 4
NiSO4 10 5 10 10
As2O3 4 4 4 4

* MIC in μg/mL.

To test the functionality of integrase genes of the G08 and G62 islands in excising
their respective GIs in a heterologous E. coli background, mini-islands were generated.
Mini-GIs were obtained by cloning the integrase coding genes G08int (locus_tag A424_1287,
strain A424, NC_011586.2/CP001182.2) and G62int (locus_tag A1S-2927, strain ATCC 17978,
NC_009085.1/CP000521) under control of the lacZ promoter and flanked by attL and attR sites [30]
(Figure 3). The resultant plasmids pUC18-G08int and pUC18-G62int carrying the mini-islands of G08
and G62 were complemented in their respective knock out strains to be tested for integrase dependent
excision using sets of divergent primers. The dusA–associated integrases have been shown to excise as
circular elements with the restoration of the junction [19]. Our data showed IPTG-dependent mini-GI
excision, by amplification of both the reconstituted target site and the junction of the circular form,
for both the G08 and G62 constructs over the whole growth phase in liquid medium (Figure 4A,B). No or
only marginal excision of the mini-GIs was detected without IPTG induction of the plasmid-carried
mini-GIs (Figure 4A,B). To test for the excision of mini-GIs in A. baumannii background, the constructs
were transferred on pWH1266 and pWK129 shuttle vectors. The IPTG-induced excision of the mini-GIs
in A. baumannii was detected by amplification of the circular intermediates of the G08 and G62 mini-
GIs using the same primer sets as in E. coli (Figure 4C).
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Figure 3. G08 and G62 mini-GI vectors for E. coli and A. baumannii. pUC18 (A) used as a vector
harboring bla gene conferring ampicillin resistance (green), E. coli origin of replication ori (grey),
multiple cloning site MCS shown as green triangle, to clone mini-GIs containing upstream and
downstream flanking borders with attL/attR sites (red) of the respective islands as well as integrase
genes (B) G08int (olive) and (C) G62int (blue). The IPTG-inducible Plac promoter was fused by PCR in
front of the integrase genes during construction of the plasmids (B,C). Plasmids used to assess integrase
activity in A. baumannii (D–F) were constructed by fusing pUC18-based G08 and G62 mini-island
vectors with pWSK129 carrying the aphA1 conferring kanamycin resistance (orange) and pLG339
replication initiation protein (repP, light green). To allow for stable transfer of the constructs to
Acinetobacter pWSK129-WH-G08 (G) and pWSK129-WH-G62 (H) were constructed. pWSK129-kan
plasmids were used to clone the Acinetobacter origin of Replication (oriR) from pWH1266 (black color)
resulting in pWSK129-WH-derived new constructs compatible with A. baumannii strains.

To test the dynamics of excision and reconstitution of the chromosomal target site of the G08
and G62 islands in Acinetobacter, we amplified the circular intermediates and targets in our four
G08-positive AB0057, AYE, A424, and KR3831 strains, as well as the G62-positive strain ATCC 17978.
To test GI excision, bacteria were grown to mid log phase and either tested directly or after exposure
to 38 μg/mL of mitomycin C for 2 h. The junction and the circular forms were sequenced by Sanger
sequencing to map the att sites of G08 and G62. In ATCC 17978, the att sites of G62 were identical
at both ends with the consensus “AATAACTTTAAAGATTAA” [14]. However, our data show that
in all examined strains, G08 was flanked by two 17 bp semiconserved attachment sequences [19],
which showed variation in the attR/attL and attP/attB of a single nucleotide (SNP) in strains AYE and
KR3831, and of two SNPs in strain AB0057 compared to ATCC 17978 (Figure 5). To examine the
reason for these differences in the att sites among G08-harbouring strains, the database was searched
for att sites of strains devoid of G08 and showed that two variable alleles of the attB sites in dusA
gene exist in two G08-negative strains ATCC 17978 and AB307-0294. The ATCC 17978 had the more
frequently occurring allele with a single SNP, whereas AB307-0294 had two SNPs similar to those
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seen in AB0057. This could mean that either of the att sites could be recognized by the integrases as
preferable integration/excision sites during mobilization of the G08.

Figure 4. Integrase induction drives excision of G08 and G62 mini-islands in E. coli and A. baumannii.
Gel images of circularized G08 (from AB0057) (A) and G62 (from ATCC 17978) (B) mini-islands
respectively, with (+) and without (−) IPTG induction. Mini-GI excision was tested by amplification
of circular intermediates using outwards facing primer sets yielding 567 bp product for G08 (A) and
a 489 bp product for G62 excision (B). Different time points (in hours) after IPTG induction in early
exponential phase are shown (legend above gel). Integrase dependent excision of G08 and G62
mini-islands in A. baumannii is shown in panel C. Gel images of circularized G08 and G62 mini-islands
8 h after IPTG induction with the same primers as in E. coli (panel A and B). The non-induced samples
in lane 3 for G8 and in lane 5 for G62 in lanes 4 and 5 of panel C. The marker is Gene Ruler 1 kb and the
size of some bands in bp is given on the left of each gel.

attL_AB0057             GTCGCACCTATGATGGA
attR_AB0057             GTAGCCCCAATGATGGA
attP seq AB0057         GTAGCCCCAATGATGGA
attB seq AB0057         GTCGCACCTATGATGGA
attP seq AYE            GTAGCCCCAATGATGGA
attB seq AYE            GTAGCCCCAATGATGGA
attP seq 3831           GTAGCCCCAATGATGGA
attB seq 3831           GTAGCCCCAATGATGGA
attB ATCC 17978         GTAGCCCCTATGATGGA

** ** *********** 

A

B dusA_ATCC 17978        TTCAGTAGCCCCAATGATGGACTGGACT 
dusA_AB307-0294        TTCTGTCGCACCTATGATGGACTGGACT

*** ** ** ** ***************

Figure 5. Allelic variation in the attB site of A. baumannii strains. (A) Shows the variability of att
sequences in AB0057 and AYE and KR3831 compared to ATCC 17978. The att sites sequenced in
this study are abbreviated as (seq). (B) Shows two variable alleles of attB sequences in dusA in two
A. baumannii strains ATCC 17978 and AB307-0294 lacking the G08 island. The attB site is underlined.
The variable alleles differing from the consensus sequence by two or three SNPs are shown in red.
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Real-time PCR was performed to quantify the circular forms after excision and variation in number
of excised elements between samples was corrected by arbitrarily setting the values of strain AB0057 to
1 and expressing the data in the other strains and after mitomycin C treatment at fold change. The primers’
efficiencies were checked by performing serial dilutions (Figure S1). Without any induction, the excision
of the elements was low and no strong baseline variation between the G08 carrying strains AB0057,
AYE, A424, and KR3831 were seen for both the detection of the reconstituted target site and the circular
intermediates (Figure 6A). After exposure of A. baumannii cells to mitomycin C, the detection of G08
circular intermediates increased in all strains significantly 4- to 8-fold (Figure 6B). Similarly, when testing
excision of the G62 element in strain ATCC 17978, we detected a significant increase of about 4-fold in the
formation of circular intermediates after exposure to mitomycin C (Figure 6C).

To test whether the increased excision of the G08 and G62 elements after mitomycin C treatment
in A. baumannii was integrase mediated, we tested the expression of the integrases G08int (A424_1287
from A424) and G62int (A1S-2927 from ATCC 17978). This was done by real-time PCR with primers
internally to G08int and G62int. Data show significant upregulation of integrase expression after
mitomycin C exposure of about 5-fold for G08int and 6-fold for G62int (Figure 6D).

Figure 6. Quantification of G08 and G62 island excision and integrase expression in A. baumannii
strains with and without mitomycin C induction. The data in (A) represent the real-time PCR
detection of reconstituted target sites after excision of G08 (excision) and of the circular intermediates
(circularization) without any induction. The G08 positive strains are AB0057 strain (black, accession
NC_011586.2/CP001182.2). AYE (white, accession NC_010410.1/CU459141.1), A424 (striped, accession
GCA_003185755.1), KR3831 (grey, accession: GCF_003185745.1. GCA_003185745.1), and data are
normalized to AB0057. (B) Reports the variation in G08 excision by detecting circular intermediates
with and without mitomycin C induction (0.75 × MIC) for 2 h. The asterisks represent the significance
of change in each strain when compared to AB0057. Error bars represent SEM of three independent
replicates. (C) Repost real-time PCR quantification of G62 circular intermediates with and without
mitomycin C induction. (D) Shows the expression G08int (A424_1287 from strain A424, protein ID:
PRJNA473420:DMB35_05960, Genbank accession: GCA_003185755.1) and G62int (A1S-2927 from
ATCC 17978) measured by real-time PCR without or with mitomycin C exposure (grey). Error bars
indicate the SEM of three independent replicates in each experiment as analyzed by two-way ANOVA
test. ** p < 0.01, *** p < 0.001.
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4. Discussion

Previous comparative genomic analysis of A. baumannii explored the chromosomal loci of 63
GIs including the two GIs objects of this study, G08 and G62, within seven strains belonging to
different genotypes ST1, ST2, ST25, ST77, and ST78 [14]. The genomic alignment revealed GIs of
various functions such as those encoding for surface components and transport systems, as well as
resistance to drugs and heavy metals. More recently, data of a pan-genome analysis of 50 A. baumannii
isolates and 249 previously sequenced A. baumannii strains were compiled [31], and their dataset
confirmed the diversity of gene pools found within the GIs identified as an adaptive response of the
A. baumannii strains to facilitate their survival in a nutrient-deficient environment. In many instances,
the integrases of these GIs were found to be non-functional in various species due to frameshift
and nonsense-mutations [32–34]. This resulted in most of these GIs being permanently positioned
in their chromosomal location [35]. Therefore, this work aimed to check whether the G08 and G62
integrases are functional and contribute to excision of the islands by generating mini-GIs carrying
the essential components for mobilization of integrases and att sites. In addition, direct excision from
the chromosomal host was tested via mitomycin C induction. This approach has been previously
employed in other A. baumannii studies [36] as well as other GIs circularization and have successfully
demonstrated excision after the use of modified protocols [37–39]. The response to mitomycin C that
was studied and research showed that pathogenicity island excision was facilitated by mitomycin
C which induces an SOS response [28,40]. The data presented here have confirmed that the use
of mitomycin C can effectively induce the excision of the GIs G08 and G62 via the visualization of
the bands in gel electrophoresis. Similar observations were reported on other dusA/dusB associated
integrases [19]. Real-time PCR data supported our observation and even demonstrated excision and
circular events occurring at later cycles without induction. Sequencing of the circular intermediates
and the chromosomal junctions after excision showed the possibility of having multiple att sites in
AB0057, which probably can lead to having multiple insertions occurring at different frequencies
depending on the most prevalent or preferable sites.

It could also be argued that the importance of such variability in attachment sites is probably minor,
due to the low excision frequencies under laboratory conditions. Studies in which integrase activity
was assessed in A. baumannii background are limited, most of which were performed in integron studies
in the closely related non-pathogenic species Acinetobacter baylyi due to the ease of genetic modification
and transformations [41–43]. In this context, our study demonstrated integrase-dependent excision
and circularization in both tested metal-resistance GIs that were hypothesized to be non-mobile in the
majority of the cases.

Moreover, the contribution of these two GIs towards metal susceptibility phenotypes was
addressed by generating deletion mutants. Susceptibility data of both G08 and G62 mutants
respectively of ATCC 17978 and A424 showed a significant, but minor decrease in the MIC for
zinc (ZnSO4), cobalt (CoCl2), cadmium (CdCl2), and nickel (NiSO4), whereas the MIC remained
unchanged for copper (CuSO4), iron (FeSO4), and arsenic (As2O3). These GI deletion mutants showed
slight phenotypic changes as compared to their wild type counterparts, and their tolerance to the rest
of the metals could be attributed the presence of other chromosomal efflux transports. Putative
efflux pumps for copper and zinc have been previously analyzed in A. baumannii ATCC 17978
by TransAAP [44]. Thirteen efflux systems were identified that belong to either the CDF family,
P-type ATPase family, CorA metal ion transporter family, HME family of RND transporters, or CopB-
type family of Cu exporters. Transcriptional data by qPCR revealed that some of these putative
efflux genes were induced by addition of either or both zinc and copper [16]. The MIC/MBC data
of broth microdilution were identical in both A424 and ATCC 17978 wild-type and mutants for
copper, cobalt, iron, and nickel. This observation was partially explained by the presence of cnrCBA
mediating resistance to cobalt-nickel, as well as czcCBA genes which are cobalt-zinc-cadmium resistance
determinants in this bacterial strain [45,46]. Similar iron susceptibility data in both wild-type and
mutants of ATCC 17978 and A424 could be due to the presence of putatively non-functional FeoB in
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ATCC 17978, and the tolerance could be attributed to another iron efflux transporter. The additive
value of metal resistance carried on mobile elements, for example the copper resistance conferred by
the Staphylococcus aureus COMER element in USA3000, still confers the strain’s increased resistance
to copper-related macrophage killing, and showed significant higher virulence, despite the weak
phenotypes detected in vitro [47].

Collectively, this work reveals that metal resistance GIs in A. baumannii are of clinical significance
as they confer metal resistance phenotypes, and their mobility could be demonstrated by the integrase
assays. This issue can raise concern as these metal-resistance GIs could be readily transferred
among strains (and patients) in clinical settings, and could be viewed as vehicles disseminating
resistance as well as other potential virulence genes. The use of sub-lethal doses of antimicrobials
and metal-containing compounds not only accelerate their resistance, but could also potentiate their
virulence and spread in hospital environments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/7/366/s1,
Table S1: List of primers, Figure S1: Standard curves for the qPCR.
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Abstract: Heavy metals (HMs) are compounds that can be hazardous and impair growth of living
organisms. Bacteria have evolved the capability not only to cope with heavy metals but also to
detoxify polluted environments. Three heavy metal-resistant strains of Mucilaginibacer rubeus and
one of Mucilaginibacter kameinonensis were isolated from the gold/copper Zijin mining site, Longyan,
Fujian, China. These strains were shown to exhibit high resistance to heavy metals with minimal
inhibitory concentration reaching up to 3.5 mM Cu(II), 21 mM Zn(II), 1.2 mM Cd(II), and 10.0 mM
As(III). Genomes of the four strains were sequenced by Illumina. Sequence analyses revealed the
presence of a high abundance of heavy metal resistance (HMR) determinants. One of the strain,
M. rubeus P2, carried genes encoding 6 putative PIB-1-ATPase, 5 putative PIB-3-ATPase, 4 putative
Zn(II)/Cd(II) PIB-4 type ATPase, and 16 putative resistance-nodulation-division (RND)-type metal
transporter systems. Moreover, the four genomes contained a high abundance of genes coding
for putative metal binding chaperones. Analysis of the close vicinity of these HMR determinants
uncovered the presence of clusters of genes potentially associated with mobile genetic elements.
These loci included genes coding for tyrosine recombinases (integrases) and subunits of mating pore
(type 4 secretion system), respectively allowing integration/excision and conjugative transfer of
numerous genomic islands. Further in silico analyses revealed that their genetic organization and
gene products resemble the Bacteroides integrative and conjugative element CTnDOT. These results
highlight the pivotal role of genomic islands in the acquisition and dissemination of adaptive traits,
allowing for rapid adaption of bacteria and colonization of hostile environments.

Keywords: Mucilaginibacer rubeus; Mucilaginibacter kameinonensis; genomic island; evolution; heavy
metal resistance; draft genome sequence; CTnDOT
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1. Introduction

Heavy metals (HMs) have a dualistic impact on living organisms. On the one hand, metal ions
are essential for numerous biological processes mandatory for cellular activity, including homeostasis,
enzyme activity, and protein functionality [1]. On the other hand, when present in excess in the
environment, HM can have toxic effect hindering diverse cellular processes and thus cellular life.

Heavy metal pollution has been part of Earth’s history as it can originate from natural processes
such as volcanic eruption. Recent (over)industrialization and exploitation of Earth resources worldwide
has accelerated HM release into the environment and led to high levels of water, air, and soil pollution.
Especially, mine exploitation for metal extraction is one of the most important sources of heavy metal
pollution [2]. This comes not only from excavating deep-buried HMs to be exposed to the surface,
but also from extraction protocols that often rely on the use of other contaminants, including HMs [2].

Beyond its effects on people, HM toxicity was shown to have profound impacts on microbial
communities, including fungi and bacteria [2]. Heavy metals were shown to have critical consequences
on bacterial viability due to their pleiotropic effect on cellular processes. Excess of HM can disrupt
the cell membrane, damage nucleic acids and proteins, impair enzymatic activities, and inhibit key
processes such as transcription [1]. The presence of HM pollution exerts a high selective pressure on
microbial communities, reducing their diversity, biomass, and activity, thus strongly impacting the
biological activity of polluted environments [3].

In order to cope with the presence of elevated concentration of HMs, a myriad of bacterial
genetic programs has been selected encoding functions that allow efflux and/or sequestration of HMs,
and modification to inactivate or reduce reactivity of certain metal ions. The main mechanism to resist
toxicity of HMs is efflux [1]. Important classes of HM transporters include PIB-type ATPases and cation
diffusion facilitators (CDF). Both types of transporters translocate HM ions from the cytoplasm across
the cytoplasmic membrane into the periplasm [4]. In the context described here with microbes having
to handle very high external concentrations of HMs, P-type ATPases are much more relevant since
they are much more powerful using ATP to pump HMs against their concentration gradient out of
the cytoplasm [5]. In addition, HMs are translocated from the periplasm across the outer membrane
into the extracellular space by resistance-nodulation-division (RND)-type transport systems. These
multicomponent transporters of the RND type contain 3 RND transport proteins, 6 membrane fusion
proteins (MFPs), and 3 outer membrane factor (OMF) proteins. The fascinating transport mechanism of the
RND-type transport complex has been described in detail [4]. PIB-type ATPases and RND-type transport
systems were described as being the most important systems to confer a high HM resistance (HMR).

Bacteria also show an astonishing capability to spread HMR genes within bacterial communities
via horizontal gene transfer. Dissemination of genetic material conferring HMR is frequently
associated with conjugative plasmids, genomic islands, and transposons [6]. Conjugative plasmids
are extrachromosomal replicative entities able to transfer from a donor cell toward a recipient cell
by conjugation [7]. Conjugative plasmids have been recognized as major contributors for the spread
of adaptive traits such as antibiotic resistance, new metabolic capacities, and HMR [8]. Conjugative
plasmid-borne HMR is associated with occurrence of large clusters of HMR genes that can span over
several kb [9–15]. Portions of genomic DNA called genomic islands (GIs) were also shown to play a
pivotal role into the horizontal dissemination of genetic material [16]. Although the mechanisms
underlying the mobility of some GIs remain obscure, current knowledge describes different
strategies that ultimately rely on conjugative transfer [17,18]. GI-associated HMR was described
in Enterobacteriaceae and Shewanellaceae [19], Listeria monocytogenes [20], and Acinetobacter baumannii [21].
Also, HMR was shown to be conferred by an IncC-dependent mobilizable genomic island SGI1
variant called SGI1-K in Salmonella enterica [22–24]. Transposons are genetic entities able to move
intra-molecularly (on the same replicon) or inter-molecularly (between different replicons) [25].
Most transposons can hitchhike by integrating into a conjugative plasmid or a GI for intercellular
mobility. Transposons conferring HMR were described to be in association with other mobile genetic
elements [13,22].
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In this study, we describe the isolation and characterization of four heavy metal-resistant
Mucilaginibacter strains isolated from a gold/copper mine in China. Genomes of these strains were
sequenced and further in silico analysis revealed a high number of heavy metal resistance determinants.
Moreover, at least part of these HMR gene clusters were shown to be potentially mobile as they are in
the close vicinity of the core region of putative integrative and conjugative elements (ICEs).

2. Materials and Methods

2.1. Bacterial Isolation

Strains Mucilaginibacter rubeus P1, P2, and P3 were isolated from samples collected at 5–10 cm
below the surface of a soil located near a waste water treatment dam of a copper-gold mine,
and Mucilaginibacter kameinonensis P4, was isolated from a hillside with little human activity within the
gold and copper mine (Zijin mining) in Longyan city of Fujian province, China (Table 1). After serial
dilutions with 0.85% NaCl, the soil sample was spread on R2A (DSM medium 830) agar plates
containing 2 mM CuSO4·5H2O. After incubation at 28 ◦C for 1 week, the strains were isolated and
later stored at −80 ◦C in 20% glycerol (w/v).

Table 1. Characteristics of the heavy metal (HM)-contaminated soil from where the strains
were isolated.

Mucilaginibacter
kameinonensis P4

Mucilaginibacter
rubeus P3

M. rubeus P2 M. rubeus P1

Altitude (m) 216 192 192 192
Longitude N25◦09.719′ N25◦09.724′ N25◦09.724′ N25◦09.724′
Latitude E116◦23.258′ E116◦23.258′ E116◦23.258′ E116◦23.258′

pH 6.64 5.52 6.32 6.32
Water content 9.38% 6.41% 7.05% 7.05%

2.2. Taxonomic Analysis

Strains were incubated at 28 ◦C for 24 h on R2A agar plates. As described in Brosius et al. [26],
the universal primer pair 27F/1492R was used to amplify 16S sequences and the amplified PCR product
was subsequently sequenced [26]. PCR products were sequenced by Biosune Company (Fuzhou, China)
using the Sanger method. Based on the EzTaxon database (http://eztaxon-e.ezbiocloud.net) [27],
pairwise sequence similarity and phylogenetic neighbors of the sequences of each individual strain
(1382–1432 bp) were obtained through BLAST searches. In total, 19 Mucilaginibacter strains with publicly
available 16S ribosomal RNA (rRNA) gene sequences were selected, with Pedobacter africanus DSM
12126T (AJ438171) as an out-group, to do the alignment via Mega 7.0 software [28]. A Neighbor-joining
(NJ) tree was generated and the Kimura’s two-parameter model was used to calculate evolutionary
distances [29], and bootstrap analysis with 1000 replications was conducted to obtain confidence levels
of the branches [30].

2.3. Determination of the Minimal Inhibitory Concentration

To determine the level of resistance to various metals of all strains, M. rubeus P1, P2, and P3 and M.
kameinonensis P4 were grown on Cu, As, Cd, and Zn agar plates containing different Cu(II), Zn(II), As(III),
and Cd(II) concentrations to determine the minimal inhibitory concentration (MIC). The different R2A
plates contained 0–10.0 mM of copper or arsenic, with 0.5 mM increments, 0–30.0 mM with 1.5 mM
increments in case of zinc, and 0–2.0 mM cadmium with the increments being 0.2 mM. 1M CuSO4·5H2O,
ZnCl2, NaAsO2, and CdCl2·5H2O stock solutions were prepared and stored after filtration through a
0.22 μm filter.
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2.4. Cell Morphology and Flagella Observation

Overnight cultures of strains M. rubeus P1, P2, and P3 and M. kameinonensis P4 were inoculated
into 50 mL of R2A medium at 28 ◦C with 180 rpm shaking. After 24 h of growth with shaking, cells
were centrifuged (1000× g, 10 min, 4 ◦C) and observed under scanning electron microscopy (SEM).
Cells were harvested and washed three times with cold (4 ◦C) phosphate buffered saline (0.2 M PBS,
pH 7.2). Fixation was performed with 2.5% glutaraldehyde (24 h, 4 ◦C). Fixed cells were dehydrated
through a series of alcohol dehydration steps (30%, 50%, 70%, 85%, 95%, and 100%) and finally
freeze dried and sputter coated. The samples were then viewed using a scanning electron microscope
JSM-6390 SEM (JEOL, Tokyo, Japan).

2.5. Growth Conditions Optimization

To optimize NaCl concentration and pH of the medium for growth of the Mucilaginibacter strains,
50 μL precultures were added to 5 mL R2A liquid medium supplemented with 0–3% NaCl at pH 7,
or to R2A without any NaCl and with pH set to the range between pH 2–11. Cultures were incubated
at 28 ◦C for 7 days, after which culture turbidities optical density (OD) at 600nm were evaluated.
Anaerobic growth was tested by incubating R2A plates in an anaerobic chamber at 28 ◦C for 1 week.
Optimal growth temperature was tested in the incubator on R2A agar plates at temperatures between
4 to 40 ◦C for 1 week.

2.6. Genomic DNA Extraction

Genomic DNA (gDNA) was extracted by using a TIANamp Bacteria DNA Kit (Tiangen Biotech,
Beijing, China) from cultures grown on R2A. The quantity and purity of gDNA were assessed using
an UV spectrophotometry (Nanodrop ND-1000, J & H Technology Co., Ltd. Wilmington, USA).
Genomic DNA with OD260/280 value higher than 1.80 was selected and examined on agarose gel
electrophoresis (0.8%). Samples containing more than 25 μg of intact gDNA (fragment size > 20 kb)
were sent out for whole-genome sequencing.

2.7. Whole-Genome Sequencing

Whole-genome shotgun sequencing was preformed using an Illumina HiSeq X Ten System
provided by Vazyme Biotech Co., Ltd. (Nanjing, China). The DNA library was constructed using
the Illumina V3 VAHTS Universal DNA Library Prep Kit according to the VAHTS Universal DNA
sample preparation protocol (Illumina, Santiago, USA). The insert size was 300 bp for all strains,
and 16,980,768, 18,531,104, 18,306,636, and 20,005,292 read-pairs and 2.86, 3.12, 3.09, and 3.37 Gb of
raw data were obtained for strains M. kameinonensis P4 and M. rubeus P1, P2, and P3, respectively.

2.8. De novo Genome Assembly and Annotation

Illumina reads were quality-filtered, trimmed, and de novo assembled with default settings using
CLC Genomic Workbench 11.0 (QIAGEN, Hilden, Germany). The draft genome sequences were
annotated by NCBI PGAP, and are accessible under GenBank numbers QEYR0000000, QFKW0000000,
QFKV0000000, and QFKU0000000 for M. kameinonensis P4 and M. rubeus P1, P2, and P3, respectively.
M. kameinonensis P4 generated 78 contigs with an n50 value of 350.607 bp. M rubeus P1 generated
158 contigs with an n50 value of 139.339 bp. M rubeus P2 generated 118 contigs with an n50 value of
132.524 bp. M rubeus P3 generated 107 contigs with an n50 value of 148.541 bp.

2.9. TraG Proteins Phylogenetic Analyses

Molecular phylogenetic analysis of TraG proteins was performed using MEGA6 [28]. The 807- to
850-amino acid sequences of TraG proteins were recovered from genome sequences of Mucilaginibacter
isolated in this study. The corresponding sequence in CTnDOT (TraGDOT accession number:
AAG17832.1) was added to the dataset as an outgroup. Analyses were computed using an amino acid
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alignment generated by MUSCLE [31]. The evolutionary history was inferred by using the Maximum
Likelihood method based on the Jone, Taylor and Thornton (JTT) matrix-based model [32]. Initial tree(s)
for the heuristic search were obtained by applying the NJ method to a matrix of pairwise distances
estimated using a JTT model. A discrete Gamma distribution was used to model evolutionary rate
differences among sites (five categories (+G, parameter = 2.9848)). The analysis involved 18 amino
acid sequences. All positions with less than 95% site coverage were eliminated, providing a total of
716 positions in the final dataset.

3. Results and Discussion

3.1. Isolation of Four Heavy Metal-Resistant Mucilaginibacter

We intended to isolate heavy metal resistant strains from the ZiJin copper-gold mine to gain
insights into how bacterial strains adapt to high concentrations of HMs. We recovered four strains that
were morphologically similar with a high tolerance to a number of HMs.

Based on phylogenetic analysis (NJ) of the 16S rRNA gene three strains (P1, P2, and P3) were
closely related to M. rubeus EF23T (98.34–99.93%) and M. gossypiicola Gh-67T (98.12–99.01 %). The fourth
strain (P4) grouped closely with M. kameinonensis SCKT (98.8 %) (Figure 1). All strains belonged to the
Sphingobacteriaceae family in the class Sphingobacteriia.

Figure 1. Neighbour-joining phylogenetic tree constructed based on the 16S ribosomal RNA (rRNA)
gene sequences from the draft genome sequence showing the phylogenetic relationships between
strains Mucilaginibacter rubeus P1, P2 and P3 and Mucilaginibacter kameinonensis P4 and other species in
the genus Mucilaginibacter. Values indicate percentages of identical branching in 1000 bootstrappings.
The sequence of Pedobacter koreensis WPCB189T was used as an out-group. Bar, 0.01 substitutions per
nucleotide position.

3.2. Phenotypic Characterization of Mucilaginibacter Strains Uncovered Multiple Heavy Metal Resistances

The HM concentration of the soil is extremely high, even the lowest concentration of total
Zn, As, Cd, and Cu was found to be 49.27, 1.43, 1.19, and 18.37 mg·kg−1, respectively. The MICs
of the four strains reached up to 3.5 mM Cu(II), 21 mM Zn(II), 1.2 mM Cd(II), and 10.0 mM As(III).
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Strain M. kameinonensis P4 displayed higher Cd resistance compared to strains M. rubeus P1, P2, and P3
(Table 2). Related, not heavy metal resistant Mucilaginibacter pedocola sp. TBZ30T, cultured under
similar conditions displayed MICs of 0.4 mM Cu(II), 3 mM Zn(II), 0.2 mM Cd(II), and 0.2 mM As(III) [33].
Such high resistance to multiple HMs as reported here has therefore not been observed before in the
genus Mucilaginibacter [33].

Table 2. Minimal inhibitory concentration (MIC) of strains to Zn(II), As(III), Cd(II), and Cu(II) and
respective concentrations of the HM in the soil where the strains were isolated from.

Metals
M. kameinonensis

P4
M. rubeus P3 M. rubeus P2 M. rubeus P1

M. pedocola sp.
TBZ30T

Zn(II)/mM 10.5 21.0 10.5 21.0 3.0
As(III)/mM 3.5 4.5 9.0 10.0 0.2
Cd(II)/mM 1.2 0.2 0.4 0.4 0.2
Cu(II)/mM 3.5 3.5 3.5 3.5 0.4

Zn/mg·kg−1 49.27 176.79 96.56 96.56 ND
Cd/mg·kg−1 1.21 1.19 2.26 2.26 ND
As/mg·kg−1 55.89 51.99 1.43 1.43 ND
Cu/mg·kg−1 365.10 1067.82 18.37 18.37 ND

Note. ND means not found.

Strains M. rubeus P1, P2, and P3 and M. kameinonensis P4 formed a light orange or pink, moist,
circular, and convex colony with smooth margins on R2A agar plates. All strains were Gram-negative
and aerobic. Growth of strains was observed at 4–30 ◦C (optimum, 28 ◦C). Optimal growth occurred
in absence of further NaCl, but the strains could still grow in R2A with up to 1.5% NaCl added. These
characteristics are consistent with description of the genus Mucilaginibacter [34–36]. Medium pH for
optimal growth (~pH 5.0) and pH tolerance (pH 5.0–9.0) varied slightly between the four strains
(Table 3).

Table 3. General features of strains M. rubeus P1, P2, and P3 and M. kameinonensis P4.

Property
M. kameinonensis

P4
M. rubeus P3 M. rubeus P2 M. rubeus P1

M. pedocola sp.
TBZ30T

Gram strain Negative Negative Negative Negative Negative
Cell shape Rod-shaped Rod-shaped Rod-shaped Rod-shaped Rod-shaped

Colony colour Light-yellow Pink Pink Pink Pink
pH 5.0–7.0 (5.0) 5.0–9.0 (5.0) 5.0–8.0 (5.0) 5.0–8.0 (6.0) 5.0–8.5 (7.0)

Temperature range (◦C) 4–37 (28) 4–37 (28) 4–37 (28) 4–37 (28) 4–28 (25)
Oxygen requirement Aerobic Aerobic Aerobic Aerobic Aerobic

Salinity (%) 0–1.5 (0) 0–1.0 (0) 0–1.5 (0) 0–1.0 (0) 0–1.0 (0)

3.3. Mucilaginobacter Strains Exhibit an Arsenal of Genetic Determinants to Deal with High Concentrations of
Heavy Metals

To gain insight in the genetic basis of how the four strains were able to deal with these high HM
concentrations, we determined draft genome sequences. Draft genomes were automatically annotated
through RAST (Rapid Annotation using Subsystem Technology) database (http://rast.nmpdr.org/).
Based on inferred protein homologies, between 6 and 16 putative P1B type-ATPase [37] were encoded
in the four genomes (Table 4). All strains further encoded a variety of putative RND type metal
transporter systems of the CzcCBAD type. Three strains further encoded putative CusCBA Cu(I)

translocating RND-type transport systems, except M. kameinonensis P4 (Table 3). Multiple genes for
putative multicopper oxidases were found on the different genomes, which may constitute the basis for
the observed copper resistance (Table 3). Genes for putative multicopper oxidases were only taken into
account if they were located adjacent to genes encoding P1B type Cu(I) translocating P-type ATPase.
Finally, between 2 and 4 putative ars operons (arsNCR, acr3, arsMCR) were among the Mucilaginibacter
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genomes (Table 3). The higher number of ars operons in strain P1 and P2 genomes correlated to their
high MICs on As(III) (10.0 and 9.0 mM, respectively).

The number of HMR determinants in Mucilaginibacter genomes was unusually high, even in
comparison to the well-known HM-resistant strain Cupriavidus metallidurans CH34 [5,38,39] (Table 4),
suggesting a strong selection for HM resistance in their natural living environment. The HM resistance
determinants are often clustered together, and often located adjacent to tra genes. They could be
identified on many different contigs.

Table 4. Heavy metal related genes in the analyzed Mucilaginibacter strains in comparison to Cupriavidus
metallidurans CH34.

Genes Encoding Heavy Metal
Resistance Determinants

M. kameinonensis
P4

M. rubeus P3 M. rubeus P2 M. rubeus P1
C. metallidurans

CH34

P1B-type-ATPase

PIB-1 type-ATPase 3 6 6 6 7
PIB-3 type-ATPase 1 4 5 4 0
PIB-4 type-ATPase 2 2 4 4 1

Mg(II) 0 1 1 1 0

RND type metal
transport systems

CzcCBAD 8 10 10 11 9
CusCBA 0 2 4 3 2
NccCBA 0 0 2 2 1

ars operons 2 3 4 4 1
Multicopper oxidases 2 6 5 6 2

RND: Resistance-nodulation-division.

3.4. Heavy Metal Resistance Is Associated with CTnDOT-Related Genomics Islands

Tolerance to HMs is frequently acquired by horizontal transmission among and between bacterial
populations. Given the important size of HMR clusters identified in Mucilaginibacter genomes (up to
150 kb), we wondered whether some might be encompassed by GIs (Figure 2). We examined the close
vicinity of the HMR clusters for the hallmark of conjugative systems, also known as Type 4 secretion
systems (T4SSs) [40]. T4SSs have been classified based on their VirB4 protein, a ubiquitous constituent
of conjugative systems [41]. A total of 17 genes encoding VirB4 proteins (traG) exhibiting sizes between
807 to 850 amino acids were identified on the 4 genomes, most of them in the close proximity of HMR
clusters: 6 in M. rubeus P1 (contigs 1, 4, 24, 29, 42, 55), 6 in M. rubeus P2 (contigs 24, 26, 29, 32, 34, 42),
2 in M. rubeus P3 (contigs 5 and 11), and 3 in M. kameinonensis P4 (contigs 6, 9, and 35).

TraG proteins of the putative conjugative GIs identified in Mucilaginibacter genomes were
compared to the 838-amino acid TraG of CTnDOT (TraGDOT) and showed 32 to 53% of identity
over 94 to 98% of their amino acid sequence. The evolutionary history of TraG proteins was inferred
using TraGDOT as an outgroup (Figure 3). Two strongly supported clades were delineated, suggesting
that they belong to two distinct lineages (Figure 3, green and red boxes). As expected, each one of
the TraG proteins of strain M. rubeus P1 grouped with one TraG protein from strain M. rubeus P2,
confirming that these identical strains contain the same 6 elements. More interestingly, TraGP1-1,
TraGP2-26, TraGP3-5, and TraGP4-9 grouped together, and their gene sequences were identical.

Closer analysis revealed the presence of genes coding for other T4SS subunits adjacent to each
one of the traG genes. This grouping of tra genes may be regarded as a conjugation module, i.e., genes
and sequences implicated in the same biological process [42]. In particular the regions including
traGP1-1, traGP2-26, traGP3-5, and traGP4-9 were 100% identical across a circa 150-kb region, including
an about 75-kb cluster coding for multiple HMR. The organization of these putative conjugation
modules resembles the one encoded in CTnDOT, a protypical ICE of Bacteroides [41,43]. As in CTnDOT,
putative conjugative modules encoded by GIs of Mucilaginibacter thus belong to the mating pair
formation (MPF) category B (MPFB) [41]. Also, most of the putative conjugative modules identified in
Mucilaginibacter strains are in the proximity of genes encoding a putative tyrosine recombinase related
to IntDOT, the integrase of CTnDOT [44]. Moreover, the Mucilaginibacter GIs carried a gene predicted
to encode a RteC-like protein reminiscent of the CTnDOT regulation system [45,46]. Mucilaginibacter

135



Genes 2018, 9, 573

GIs are thus likely to be ICEs, whose maintenance relies on integration into the chromosome and
dissemination depends on its excision from the chromosome as a circular element that would transfer
by conjugation [17,47,48]. The presence of at least one identical contiguous region over 150 kb
(represented by the traGP1-1 gene) in the four different Mucilaginibacter recovered strains suggest active
mobility and recent transfer of this GI.
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Figure 3. Molecular phylogenetic analysis of TraG proteins of putative conjugative genomic islands
(GIs) of Mucilaginibacter. The evolutionary history was inferred by using the Maximum Likelihood
method based on the JTT matrix-based model [32]. The percentage of trees in which the associated
taxa clustered together is shown next to the branches. The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. Evolutionary analyses were conducted in MEGA6 [28].
Initial alignment of sequences was performed using Muscle for the presented tree. An identical tree
with minor changes in bootstrap values was obtained using ClustalW for alignment. The VirB4 subunit
of MPFB T4SS is named TraG [41]. For convenience and consistence in TraG protein identification,
nomenclature is as follows: TraGPX-Y, where X is the strain number and Y the contig carrying the gene
coding for TraG. TraG CTnDOT (TraGDOT) accession number: AAG17832.1.

Since the draft genomes were not completely curated to a single contiguous scaffold, we could
not confidently delimit the boundaries of the putative conjugative GIs. As a matter of fact, a single GI
might be spread over multiple contigs, or could be a defective element lacking flanking or internal parts
of the original GI. Also, IntDOT was reported to not require strict homology between the recombining
sites in contrast to the majority of tyrosine recombinases [46,49]. The integration/excision is, in that
case, site-selective rather than site-specific, strongly impairing the precise identification of the right
and left attachment sites (attR and attL, respectively).

4. Concluding Remark

This work allowed the isolation and characterization of four heavy metal-resistant Mucilaginibacter
strains recovered from polluted soil of gold mines. Sequencing of genomic content allowed inspection
of HMR loci into the chromosome of these strains and their close association with loci coding for
conjugation of CTnDOT-related GIs. Further genome closure and experimental investigation should
allow testing the functionality of such putative ICEs found in the Mucilaginibacter strains. Notably,
phenotypes such as their ability to excise from the chromosome and their capability to transfer toward
a new host by conjugation will be monitored. In particular the 150-kb (at least) conserved putative
ICE present in the four strains is an interesting candidate, likely to be functional given its complete
identity among all four strains. Protein BLAST using TraG of this conserved element and search
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Mucilaginibacter genomes did not give other perfect hits, suggesting that presence of this GI is restricted
to sampling locations of this study (Table 1). Increasing availability of fully sequenced genomes should
allow further data meaning in order to evaluate the abundance of specific GIs in Mucilaginibacter and
predict their functionality.

The presence of putative CTnDOT-related ICEs into genomes of Mucilaginibacter strains does not
seem uncommon. Protein BLAST analysis using TraGDOT as query and searching Mucilaginibacter
genomes gave multiple hits with identity ranging from 70% over 99% of aa sequence, down to 30% over
79% of aa sequence (considering 96 hits with more than 75% of coverage). This observation highlights
the presence of multiple putative CTnDOT-related GIs populating Mucilaginibacter genomes, most
likely playing a key role in their genome evolution and adaptation. One can speculate that such GIs may
be involved in conferring specific capabilities such as the ability to degrade pectin, xylan, and laminarin
of M. paludis and M. gracilis [50] plant growth promotion capacity conferred by M. gossypii and
M. gossypiicola [51], or yet to be discovered adaptive functions that may be conferred by such GIs.
Further in silico analyses may reveal interesting features of such putative ICEs considering accessory
functions they could confer, or functionality of their recombination, conjugation, or regulatory systems.

This exploratory work on HMR GIs of Mucilaginibacter together with other research done on
Mucilaginibacter species so far constitutes a solid ground for future experimental research aiming at
developing molecular tools. Such tools would greatly facilitate further investigation of M. rubeus and
M. kameinonensis biology and could likely be extended to other Mucilaginibacter species.
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Abstract: Listeria monocytogenes is ubiquitous in the environment and causes the disease listeriosis.
Metal homeostasis is one of the key processes utilized by L. monocytogenes in its role as either a
saprophyte or pathogen. In the environment, as well as within an animal host, L. monocytogenes needs
to both acquire essential metals and mitigate toxic levels of metals. While the mechanisms associated
with acquisition and detoxification of essential metals such as copper, iron, and zinc have been
extensively studied and recently reviewed, a review of the mechanisms associated with non-essential
heavy metals such as arsenic and cadmium is lacking. Resistance to both cadmium and arsenic is
frequently encountered in L. monocytogenes, including isolates from human listeriosis. In addition,
a growing body of work indicates the association of these determinants with other cellular functions
such as virulence, suggesting the importance of further study in this area.

Keywords: Listeria monocytogenes; heavy metal resistance; mobile genetic element; cadmium; arsenic

1. Introduction

Listeria monocytogenes is a Gram-positive facultative intracellular pathogen and the causative agent
of the disease listeriosis. In healthy individuals, listeriosis can manifest as gastroenteritis; however,
in at-risk individuals such as the elderly, pregnant women, or immunocompromised patients, listeriosis
can result in severe symptoms, including septicemia, meningitis, stillbirths and even death [1–3].
Listeriosis is responsible for approximately 1455 hospitalizations and 255 deaths in the United States
annually [4]. L. monocytogenes is found ubiquitously in the environment, is capable of growing in
the cold, and can persistently colonize food production facilities [2,5]. This, along with the severe
outcomes and life-threatening potential of listeriosis, makes L. monocytogenes a major cause for food
safety and public health concern.

L. monocytogenes is well-adapted to survive both in the environment as well as within the body of
humans and other animals [6,7]. One of the key adaptations for these dual survival modalities is metal
homeostasis. Certain metals such as copper, zinc, and iron are required for essential cellular functions
but become toxic at higher concentrations. In contrast, metals such as arsenic and cadmium appear to
serve no cellular function and are considered toxic at any concentration [8]. In the environment, metals
are typically found at low levels, but their concentrations can increase due to various anthropogenic
interventions, including industrial pollution or agricultural practices [9,10]. In an animal host, metal
concentrations are dependent on various factors, such as diet and tissue type [11–13]. The immune system
can utilize metals in response to pathogens, either by restricting metal availability or by accumulating
metals, to exert toxic effects on pathogens in the course of an infection [14–16]. For these reasons, the
ability to import or export metals as needed is essential for L. monocytogenes to survive in its diverse
environmental niches. Here we update the information currently available for functions related to the
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essential metals copper, iron, and zinc in L. monocytogenes, while providing the first comprehensive
review of the widely-distributed resistances to toxic heavy metals, specifically cadmium and arsenic.

2. Essential Yet Potentially Toxic Metals

Metals such as copper, iron, and zinc are cofactors for essential enzymes, and insufficient
amounts of these metals can result in cellular death [8]. However, at excessive concentrations these
metals become toxic to the cells, disrupting membrane potential, interfering with enzyme function,
and creating reactive oxygen species [8,17,18]. L. monocytogenes has several determinants to acquire
these metals at highly regulated levels, and to expel, sequester, or convert and detoxify these metals
when they are in excess [8,18–20]. Both conditions can occur in the animal host. Substantial work has
been done to elucidate these processes for essential metals in L. monocytogenes, culminating in several
reviews [8,18,19]. In relation to iron, recent findings have clarified the role of FrvA, which is implicated
in haem toxicity and pathogenicity and is a high-affinity Fe(II)-exporting P-type ATPase with specificity
for elemental iron [21,22]. Additionally, a recent study by Yousuf, Ahire, and Dicks elucidated
the likely mechanism underlying copper toxicity in L. monocytogenes in which copper disrupts the
cell membrane through lipid peroxidation and protein oxidation, as shown in other organisms as
well [23–25]. Additionally of note from this study was the finding that L. monocytogenes had the
most pronounced resistance to copper of all the Gram-positive organisms tested (L. monocytogenes,
Streptococcus spp., Enterococcus spp. and Bacillus cereus), which was considered by the authors to be
worthy of further investigation [25]. Recent work identified a dual role for the penicillin-binding protein
encoded by pbp4 (lmo 2229 homolog), both in tolerance of L. monocytogenes to β-lactam antibiotics and
in copper homeostasis [26].

3. Cadmium and Arsenic: Non-Essential Toxic Metals

In contrast to multiple reviews of L. monocytogenes determinants mediating homeostasis for
essential metals, no comprehensive reviews are available on this pathogen’s resistance to non-essential
toxic metals, such as arsenic and cadmium, even though resistance to these agents has been one of
the earliest-documented phenotypes of L. monocytogenes [27,28]. Such resistance was encountered
frequently enough to be utilized as a subtyping tool before the advent of higher-resolution techniques
such as ribotyping, pulsed-field gel electrophoresis and multilocus sequencing, and was often
associated with epidemic-associated clones [29,30]. Determinants mediating resistance to these
heavy metals are widely distributed within L. monocytogenes, both on the chromosome and on
plasmids [31–36]; all such determinants described here are summarized in Table 1.

Table 1. Heavy metal resistance-associated determinants in Listeria monocytogenes.

Metal Resistance-Associated Determinant Annotation

arsA Arsenic efflux ATPase [37]
arsB Membrane transporter [37]
arsC Arsenate reductase [37]
arsD Transcriptional regulator [37]
arsR Transcriptional regulator [37]

cadA 1 Cadmium efflux ATPase [38]
cadC 1 Transcriptional regulator [38]

1 Cadmium resistance determinants can exhibit sequence divergence sufficient to be considered as different alleles of
cadA and cadC. As discussed in this review, these have been designated with numbers, e.g., cadA1 cadC1, cadA2 cadC2,
etc., based on the order in which they were identified or characterized.

4. Arsenic Resistance

Arsenic resistance has been primarily associated with serotype 4b, which is over-represented
among clinical isolates in comparison to those from foods and food processing environments [29,39,40].
Further studies on the distribution of arsenic-resistant isolates within serotype 4b revealed that
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arsenic resistance was most frequently encountered among clones associated with outbreaks [30,36,39].
In‘particular, clonal complex (CC) 2 (formerly epidemic clone (EC) Ia) displayed the highest prevalence
of arsenic-resistant isolates, and CC1 (previously ECI) was the second highest in the percentage
of arsenic-resistant isolates, with resistance also encountered in several other clones, including the
hypervirulent serotype 4b clone CC4 and isolates of CC315 and CC9 [30,36,39]. Interestingly, however,
no CC6 (former ECII) isolates were found to be resistant to arsenic [30,36,39].

Albeit infrequent, arsenic resistance can also be found in serotypes 1/2a, 1/2b and 1/2c [39].
In serotype 1/2a, for instance, approximately 2% of the isolates tested were resistant to arsenic [39].
Interestingly, non-pathogenic Listeria species seem to largely lack arsenic resistance, with one of the
exceptions being the reference strain Listeria innocua CLIP 11262, which harbors arsenic resistance genes
on its plasmid pLI100 [31]. These findings suggest that arsenic resistance is primarily encountered in
L. monocytogenes, especially in serotype 4b.

Analysis of strains that were persistently isolated from a rabbit meat processing facility in Italy
revealed that approximately 90% of the isolates of clone CC14 (serotype 1/2a) exhibited arsenic
resistance [41]. The extent to which arsenic resistance may contribute to persistence of this or other
L. monocytogenes clones in food-processing facilities remains to be elucidated.

5. Arsenic Resistance Determinants

Typically, arsenic resistance cassettes are comprised of three (arsRBC) to five (arsRDABC) genes
that are transcribed into a single polycistronic mRNA [37,42,43]. The genes arsA and arsB encode an
ATPase and a membrane transporter, respectively, which form an ATP-dependent anion pump that
exports arsenite from the cells [37,44]. The arsA gene product can function independently as a passive
transporter of arsenite [37,42]. The arsC gene encodes a reductase that performs the conversion of
arsenate to arsenite, which is then extruded by ArsA or the ArsA/ArsB complex [37,42,45,46]. Thus,
deletion of arsC impairs resistance to arsenate but does not influence resistance to arsenite [45]. The arsA,
arsB, and arsC genes are regulated by two regulatory proteins encoded by arsR and arsD [37,42,45,47].
The arsR gene product is a repressor that binds to the operator of the ars cassette in the absence
of the inducer (arsenate and arsenite) but dissociates from the operator upon interaction with the
inducer [37,45]. In other words, ArsR determines the basal expression level of the arsenic resistance
cassette [37,45]. Meanwhile, the arsD gene product is not affected by the inducer and controls the
maximal level of the ars operon, preventing the deleterious effects of arsB overexpression, such as
hypersensitivity to arsenite [37,42,47].

Whole genome sequencing of L. monocytogenes has revealed three operons putatively associated
with arsenic detoxification in Listeria spp. [31,34,35]. The first putative arsenic resistance operon
(arsR1D2R2A2B1B2) was reported on plasmid pLI100, which is harbored in L. innocua CLIP
11262 [31,34]. As indicated above, no plasmid-borne arsenic resistance determinants have been
reported in L. monocytogenes, which is consistent with earlier findings that arsenic resistance is
chromosomally mediated in this species [29]. The other two putative arsenic resistance determinants
are both located on the chromosome and were identified only in L. monocytogenes, each with a tendency
to contribute to arsenic resistance in different serotypes. The first consists of the arsenic resistance
cassette identified in pLI100 (arsR1D2R2A2B1B2) and two additional upstream genes, arsD1 and
arsA1 [48]. The second consists of the arsenic resistance cassette arsCBADR harbored on a Tn554-like
element [35].

The arsR1D2R2A2B1B2 cassette, together with the upstream genes arsD1 and arsA1, were initially
identified on a 35-kb chromosomal island, termed Listeria genomic island 2 (LGI2), harbored by the
CC2 strain Scott A [48]. Downstream of the arsenic resistance cassette, LGI2 also harbored the novel
cadmium resistance determinant cadA4 [35,36,48,49]. Therefore, all tested serotype 4b arsenic-resistant
isolates were also resistant to cadmium [30,36].

Further studies using the LGI2 genes as genetic markers and whole genome sequence analysis
showed that LGI2 was present in all tested arsenic-resistant isolates of serotype 4b, including isolates
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belonging to clones CC1 and CC2, and the hypervirulent clone CC4 [36,39,50]. Interestingly, the entire
island was markedly diversified in a majority of arsenic-resistant CC1 strains; this diversified derivative
was termed LGI2-1 and was inserted at the same chromosomal locus in all CC1 isolates that harbored
it [36,39,50,51]. These findings suggest that arsenic resistance of serotype 4b can be attributable to
arsenic resistance genes harbored on LGI2. Furthermore, regardless of the diversification, all serotype
4b arsenic-resistant isolates harboring LGI2 displayed tolerance to higher concentrations of arsenic
(arsenite minimum inhibitory concentration (MIC) of 1.250 to 2.500 μg/mL) compared with susceptible
strains (arsenite MIC of 250 to 500 μg/mL) [36,39]. However, direct experimental evidence is
still warranted to explicitly demonstrate the involvement of arsenic resistance genes on LGI2 in
arsenic detoxification.

LGI2 genes were rarely encountered among arsenic-resistant isolates that belong to serotypes
other than 4b [39]. Even if strains were positive for LGI2 genes, both PCR typing and whole genome
sequence analysis suggested sequence divergence from either LGI2 or LGI2-1, except in the case of a
serotype 1/2a belonging to CC14, which harbored LGI2 that was highly conserved with that in the
serotype 4b strain Scott A [39,41]. As mentioned earlier, CC14 isolates harboring this highly-conserved
LGI2 were also found to be persistent in a rabbit meat processing plant [40].

While the genetic content of LGI2 is highly conserved in L. monocytogenes, genome analysis of
arsenic-resistant isolates harboring LGI2 revealed this island to be inserted in at least eight different
locations, primarily within open reading frames [39]. The GC content of LGI2 is lower than average
(34% versus the L. monocytogenes average of 38%), and LGI2 also harbors a putative phage integrase
gene. Such findings suggest that LGI2 was acquired via horizontal gene transfer from other bacterial
genomes [36,39]. However, likely donors for LGI2 or LGI2-1 in L. monocytogenes remain unidentified.

The chromosomally-encoded arsenic resistance cassette (arsCBADR) that is associated with a
Tn554-like transposon was first identified via whole genome sequencing of the serotype 1/2c strain
SLCC 2372 [35]. When arsA associated with this Tn554-like element was used as a genetic marker,
it was exclusively found among arsenic-resistant isolates of serotypes other than 4b, and approximately
90% of these isolates were negative for any LGI2-associated arsenic resistance genes, while positive for
arsA harbored on the Tn554-like transposon [39]. These observations suggest that, in contrast to LGI2
which is predominantly found among serotype 4b isolates, the arsenic resistance cassette harbored on
the Tn554-like transposon is responsible for arsenic resistance of strains of L. monocytogenes of other
serotypes. Further experimental and in-silico evidence can deepen our understanding of the evolution
and function of arsenic resistance associated with the Tn554-like element.

6. Cadmium Resistance

Several studies examined prevalence of cadmium resistance in strains isolated from food and food
processing facilities in different regions [52–55]. Prevalence ranged from 50 to 66%, suggesting that
cadmium resistance is globally widespread and highly prevalent in food-associated isolates. One study
also noted that isolates repeatedly isolated from milk and dairy foods in Northern Ireland were more
likely to be cadmium-resistant than those that were only sporadically recovered [56], suggesting that
food or food processing facilities may provide unique pressures that select for cadmium resistance in
L. monocytogenes.

In contrast to arsenic resistance often associated with serotype 4b, cadmium resistance was
frequently encountered among isolates of serotype 1/2a, which are over-represented among food
isolates compared with those of clinical origin [29,40]. In congruence with this association, cadmium
resistance was generally much more prevalent than arsenic resistance among L. monocytogenes
from foods and food processing environments [29,52–55]. Even in serotype 4b, the prevalence of
cadmium-resistant isolates surpassed that of arsenic-resistant isolates; however, approximately 50% of
serotype 4b cadmium-resistant isolates were also resistant to arsenic due to LGI2, as discussed above.
While genes putatively associated with both cadmium and arsenic detoxification are co-localized on
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LGI2, multiple other cadmium resistance determinants have been identified in L. monocytogenes and
are harbored both chromosomally and on plasmids, as will be discussed in the following section.

7. Plasmid-Associated Cadmium Resistance Determinants

In a survey of L. monocytogenes plasmids from strains of diverse origins (food, environmental,
and clinical), an estimated 28% of the isolates were found to harbor plasmids, and most (95%)
of these plasmid-harboring strains were found to be cadmium-resistant [28]. This was consistent
with a later survey of plasmids in the genus Listeria that spanned multiple species, serogroups,
and origins which found that, besides the origin of replication, the most common plasmid-borne
elements were cadmium resistance cassettes encountered in all plasmids that were analyzed [34].
The cadmium resistance cassettes on the plasmids encoded a cadmium efflux P-type ATPase (cadA)
and its putative repressor cadC. Multiple cadA determinants have been identified in L. monocytogenes
and have been serially numbered, e.g., cadA1, cadA2, cadA3, etc., in the order in which they were
discovered. Many cadA-harboring plasmids also harbored putative copper-resistance determinants [34].
Intriguingly, plasmid-encoded cadA in conjunction with a cassette of genes for arsenic detoxification
has only been encountered once, in the aforementioned pLI100 of L. innocua CLIP 11262 [31,35].
The evolutionary and ecological mechanisms mediating the scarcity of pLI100-like plasmids with
genes for both cadmium and arsenic resistance remain unclear.

The first cadA determinant to be identified in L. monocytogenes was cadA1, which was genetically
similar to the cadA characterized in Staphylococcus aureus [38]. While the cadA1 in S. aureus conferred
resistance to both cadmium and zinc, the plasmid-harbored cadA1 in L. monocytogenes was specific to
cadmium [38]. CadA1 was harbored on the mobile genetic element Tn5422 [57]. Interestingly, Tn5422
was never detected chromosomally but appeared to integrate extensively into plasmids, leading
Lebrun et al. to speculate that this element was responsible for much of the size variation of plasmids
in L. monocytogenes [38]. Tn5422-associated cadA1 has been subsequently identified on numerous other
plasmids of L. monocytogenes (Figure 1) [57,58].

Figure 1. Resistance gene distribution across mobile genetic elements for cadA1, cadA2, and cadA4.
Cad family members, benzalkonium chloride resistance determinants, toxic triphenylmethane dye
resistance determinants, and putative arsenic detoxification determinants are in red, black, purple,
and green, respectively.

A second putative cadA (cadA2) was first identified on the large plasmid pLI100 of L. innocua
CLIP 11262, followed by its discovery on the approximately 80 kb plasmid pLM80 of L. monocytogenes
H7858, a strain implicated in a large, multistate outbreak in the U.S. in 1998–1999, which involved
contaminated hotdogs [31,33] (Figure 1). The latter plasmid was later experimentally confirmed to
confer not only cadmium resistance but also resistance to the quaternary ammonium compound
(QAC) benzalkonium chloride, via the bcrABC efflux cassette that mediated enhanced tolerance to
benzalkonium chloride and other QACs [32,59]. In addition, pLM80 conferred resistance to toxic
triphenylmethane dyes such as crystal violet and malachite green via tmr, a determinant that detoxifies
these dyes and appears to have been acquired from Gram-negative bacteria [32,60] (Figure 1).
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Plasmids harboring cadA1 and cadA2 have been observed in both L. monocytogenes and other,
non-pathogenic Listeria spp. [34,61]. Several studies have suggested that in L. monocytogenes, cadA1
is more common than cadA2 [53,54,62]. Data also suggest that cadA1 may have been predominant
earlier in L. monocytogenes [28,38,57], since cadA2 was not identified until the characterization of strains
implicated in the 1998–1999 hot dog outbreak [32,33]. It is thought-provoking that pLM80-like plasmids
were not identified previously in L. monocytogenes and that cadA2 determinants were not detected
among the cadmium-resistant plasmid-harboring isolates in earlier studies [28,57]. It is tempting to
speculate that the reasons are related to co-selection of cadA2-harboring plasmids for resistance to
QACs, which were not recognized as disinfectants until 1934 [63] and which have been routinely and
extensively employed for sanitation of food processing facilities only in the past few decades. A survey
of L. monocytogenes isolates of primarily serotype 1/2a or 1/2b from turkey processing plants in the
U.S. revealed that cadmium-resistant isolates that also exhibited enhanced QAC tolerance were more
likely to harbor cadA2, either alone or together with cadA1, than isolates that were cadmium resistant
but without enhanced tolerance to QACs [62].

Strains harboring both cadA1 and cadA2 were encountered in some surveys [54,62], while other
studies reported little or no co-occurrence of cadA1 and cadA2 in the same strains [36,53]. Such findings
suggest that certain environments may be more conducive to the co-occurrence of these two cadA
determinants. Analysis of Listeria plasmid sequences failed to reveal plasmids that harbor both cadA1
and cadA2 [34], suggesting that strains positive for both cadA1 and cadA2 harbored these determinants
on different plasmids.

Overall, cadA1 and cadA2 were far more prevalent in serotype 1/2a and 1/2b strains from food
and food processing plants in comparison to serotype 4b [53,62]. This could potentially be explained
by the overall greater prevalence of plasmids in serogroup 1 than in serogroup 4 [34]. Strains that
harbored only cadA1 were significantly more likely to be serotype 1/2a, while those harboring only
cadA2 were significantly more likely to be serotype 1/2b [62]. An unexpected finding has been the lack
of detection of cadA1 among serotype 4b clinical isolates belonging to the major clones CC2 and CC6,
while cadA2 was not detected in another leading clone, CC1, suggesting proclivity of different clonal
groups for specific cadmium resistance determinants [36,39]. The underlying reasons for differential
prevalence of different cadA determinants in various serotypes and clones of L. monocytogenes are
worthy of further investigation and may reflect differences in their ecology, including the microbial
community that may include donors for the plasmids, and the accompanying selective pressures.

8. Chromosomal Cadmium Resistance Determinants

The proliferation of whole genome sequencing (WGS) data resulted in the discovery of several
cadmium resistance determinants harbored chromosomally in L. monocytogenes. The first such
determinant was cadA3, harbored on a mobile integrated conjugative element in strain EGDe [31].
While direct experimental evidence for its role in cadmium resistance is still lacking, the presence of this
gene has been associated with tolerance to cadmium of >140 μg/mL [36]. Thus far, this determinant
has been encountered infrequently, having been identified only in EGDe and a few additional
strains [35,36,53]. A survey of 136 serotype 4b isolates from human sporadic listeriosis in the U.S.
revealed 45 that were cadmium resistant, of which only one harbored cadA3 [36].

Another chromosomal cadA family member (cadA4) was identified within the previously-
discussed LGI2 in the chromosome of strain Scott A [35,36,48] (Figure 1). While cadA1–3 are all
associated with tolerance to cadmium of >140 μg/mL and can be detected through routine screening
of the isolates on 70 μg/mL [29,52], cadA4 only confers resistance to approximately 50 μg/mL of
cadmium and thus can be detected by growth at 35 but not at 70 μg/mL [29,36,49,52,53]. Thus,
resistance mediated by cadA4 would have been undetected if isolates were screened at a level of
70 μg/mL as employed in studies prior to 2013 [28,29,52,53]. For this reason, the prevalence of
cadmium resistance in L. monocytogenes may have been underestimated in earlier studies. Mechanisms
underlying differences in resistance level between cadA4 and cadA1–A3 remain to be identified, but
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may reflect the divergent nature of the deduced cadA4 product. Pairwise comparisons revealed that the
cadA4 amino acid sequence had approximately 36% identity to those encoded by cadA1–A3, while the
latter exhibited approximately 70% identity to each other [36,49].

Due to its more recent characterization, cadA4 has not been surveyed as extensively as cadA1 and
cadA2, and its distribution was mostly investigated in serotype 4b strains often associated with the
arsenic resistance island LGI2 [30,36,39]. In a survey of 136 serotype 4b isolates from sporadic cases of
human listeriosis in the United States discussed above, cadA4 accounted for approximately 10% of the
isolates and 29% of the cadmium-resistant isolates [36]. Interestingly, cadA4 was always located on
LGI2 downstream of arsenic resistance genes [39]. Even though cadA4 has been primarily reported
in serotype 4b, it has also been detected in a few strains of other serotypes (1/2a, 1/2b and 1/2c),
including the persistent clone CC14 (serotype 1/2a), where cadA4 was located on LGI2 downstream to
arsenic resistance genes, as in serotype 4b [39,41]. To date, we lack reports of cadA4-harboring isolates
of Listeria spp. other than L. monocytogenes.

As discussed above, a diversified LGI2 derivative (LGI2-1) was observed in a subset of
arsenic-resistant serotype 4b CC1 isolates, and another derivative was also identified in a serotype 1/2c
strain of CC9 [39]. The cadA4 homolog in these divergent islands exhibited ~90% amino acid identity
with the cadA4 of Scott A (Figure 2). Together, LGI2-associated cadA4 and its divergent homolog in
LGI2-1 accounted for half of serotype 4b cadmium-resistant isolates in a previous study [30]. Further
studies need to be conducted to investigate the prevalence and functional characteristics of this or
additional cadA4 homologs.

Figure 2. Amino acid alignment between cadA4 in strain Scott A and its divergent counterpart (here
labeled as cadA5) encountered in LGI2-1. Amino acid alignment was generated using CLC Genomics
Workbench 11.0 [64].
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9. Impacts of Heavy Metal Resistance Determinants on other Adaptations, Including Virulence

There is a growing body of evidence that suggests links between heavy metal resistance and the
ability of L. monocytogenes to cause disease. For instance, an investigation of the prevalence of arsenic
and cadmium resistance among serotype 4b isolates from human listeriosis patients in the United
States found a high prevalence of resistance and a strong association with clones repeatedly implicated
in outbreaks [30]. More direct evidence supporting the involvement of cadmium resistance with
pathogenicity has been provided in several studies. The first experimental evidence for the possible
involvement of cadmium resistance determinants in virulence was obtained from in-vivo transcriptional
analysis of L. monocytogenes from the livers of mice infected with strain EGDe, which harbors cadA3 [65].
The putative repressor encoded by cadC3 was markedly upregulated in the liver of the infected mice,
and deletion of this gene resulted in a decrease in virulence when the bacteria were administered
intravenously [65]. Similar findings were also reported by Pombinho et al. in 2017, who again identified
cadC3 as being essential for virulence of L. monocytogenes [66]. They found that, in addition to repressing
cadA3, cadC3 also repressed ispB, which is involved in initiating an immune response, thus helping
L. monocytogenes avoid detection by the host immune system [66]. Interestingly, a transposon insertion
mutant of cadA4 [49] showed increased virulence in the Galleria mellonella model, suggesting an inverse
relationship between cadA4 and virulence [49]. This finding is consistent with the previous study,
which demonstrated that the putative repressor cadC3 was required for full virulence [65]. Taken
together, the results of these studies suggest an association between cadmium resistance determinants
and the ability of L. monocytogenes to cause disease. It is important to note, however, that these
studies have focused on cadC3 and cadA4. We currently lack information on the potential virulence or
pathogenicity roles of the predominant cadmium resistance determinants cadA1 or cadA2, and their
cognate cadC repressors (cadC1 and cadC2, respectively).

The cadmium and arsenic resistance genes of L. monocytogenes discussed here are accompanied
by transcriptional regulators of the ArsR family of metal-associated transcriptional regulators [67].
In other bacterial systems, these regulators have been found to regulate expression of single genes
in some circumstances, while mediating a global transcriptional response in others [67]. Most
often, they regulate expression of genes directly involved in metal detoxification, but they can also
impact expression of genes with a variety of other functions including oxidative stress tolerance,
acid adaptation, respiration and ribosome biogenesis [67].

Members of the ArsR family were involved in the regulation of virulence-associated genes in
various species. For instance, the PhoPR two-component regulatory system which is responsible
for the regulation of virulence and persistence genes in Mycobacterium spp. was shown to be under
the control of an ArsR transcriptional factor [68]. In L. monocytogenes, the aforementioned cadmium
resistance regulator cadC belongs to the ArsR family and, as previously stated, cadC3 was involved in
virulence via its impacts on ispB [49,65,67].

In the case of the arsenic resistance genomic island LGI2, it is tempting to speculate that this
element may have roles in virulence and pathogenicity, based on the fact that, as discussed above,
LGI2 has been detected exclusively in L. monocytogenes and primarily in serotype 4b, which makes
significant contributions to human listeriosis [56]. However, direct experimental evidence is needed
to assess LGI2’s roles in virulence, e.g., by comparing virulence of isogenic strains with and without
specific LGI2-associated genes. This was pursued with cadA4 [49], but similar investigations with the
arsenic resistance genes on LGI2 are lacking.

The potential contributions of heavy metal resistance to environmental persistence of
L. monocytogenes remains to be elucidated. As discussed earlier, one study found that isolates repeatedly
isolated from contaminated foods were more likely to be cadmium-resistant than those that were only
sporadically encountered [56], and 74% or more of the serotype 1/2a and 1/2b isolates from turkey
processing facilities were cadmium resistant, harboring cadA1 and/or cadA2 [52,62]. It is thus tempting
to speculate that cadmium resistance via these determinants may enhance the capacity of the isolates
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to persist in the contaminated food or food processing environments, but the underlying mechanisms
remain unknown.

In addition to their overt impacts on enhanced tolerance to heavy metals, heavy metal resistance
genomic islands may indirectly influence environmental fitness or pathogenicity by promoting the
horizontal transfer of accessory genes. In bacteria, metal resistance genes have been found to co-localize
with antibiotic and other resistance genes on mobile genetic elements, such as plasmids, genomic
islands, and transposons [69–72] (Figure 1). As discussed above, pLM80 and related plasmids harbor
not only cadmium resistance genes but also genes mediating enhanced tolerance to QACs and toxic
dyes [32,34,60]. Sequence data suggest that these elements have been introduced to L. monocytogenes
from other species [48,60], and there is direct experimental evidence for the transfer of such elements
between L. welshimeri or L. innocua and L. monocytogenes [61]. This creates the possibility that metal
contamination and/or metal resistance genes could facilitate the acquisition and transfer of other
resistance genes to L. monocytogenes, or from L. monocytogenes and other Listeria spp. to other bacterial
agents of public health concern. It has also been shown that extremely low levels of metals can
induce transcription of metal resistance genes and exert sufficient selective pressure to result in the
retention of these elements [49,57,73]. These data suggest that in minute amounts such as might be
encountered in the environment or in an animal host, heavy metals can potentially exert selective
pressure, which in turn could direct the acquisition or transfer of mobile genetic elements that can
impact the environmental or in-vivo fitness of L. monocytogenes.

10. Conclusions

Metals play a key role in the survival of L. monocytogenes both in the environment and in animal
hosts [8]. Essential metals must be acquired, and toxic effects of excess metals must be mitigated.
While the cellular functions of L. monocytogenes associated with essential metals have been extensively
studied and reviewed, those involved with exclusively toxic metals such as cadmium and arsenic are
poorly understood. The significance of these determinants is shown by their wide distribution within
L. monocytogenes, as well as their association with food, food processing plants, clinical strains and
clonal groups involved in outbreaks [36,53–55,62]. Evidence from other microorganisms suggests the
involvement of metal resistance genes in a variety of functions beyond just metal detoxification [24,74].
Several studies discussed here would also suggest alternate and additional functions for these genes in
L. monocytogenes [49,65]. Given their prevalence, potential involvement in selection and population
dynamics, as well as their growing implication in important alternative cellular functions such as
virulence, heavy metal resistance genes are an ideal candidate for further study.
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Abstract: Copper is used as an alternative to antibiotics for growth promotion and disease prevention.
However, bacteria developed tolerance mechanisms for elevated copper concentrations, including
those encoded by the pco operon in Gram-negative bacteria. Using cohorts of weaned piglets,
this study showed that the supplementation of feed with copper concentrations as used in the field
did not result in a significant short-term increase in the proportion of pco-positive fecal Escherichia coli.
The pco and sil (silver resistance) operons were found concurrently in all screened isolates, and
whole-genome sequencing showed that they were distributed among a diversity of unrelated E. coli
strains. The presence of pco/sil in E. coli was not associated with elevated copper minimal inhibitory
concentrations (MICs) under a variety of conditions. As found in previous studies, the pco/sil operons
were part of a Tn7-like structure found both on the chromosome or on plasmids in the E. coli strains
investigated. Transfer of a pco/sil IncHI2 plasmid from E. coli to Salmonella enterica resulted in elevated
copper MICs in the latter. Escherichia coli may represent a reservoir of pco/sil genes transferable to
other organisms such as S. enterica, for which it may represent an advantage in the presence of copper.
This, in turn, has the potential for co-selection of resistance to antibiotics.

Keywords: copper; resistance; swine; Escherichia coli

1. Introduction

As restrictions on the use of antimicrobial agents for the purpose of growth promotion and
disease prevention in farm animals are increasing, alternatives to these agents are becoming more
popular. Feed supplementation with copper is one of the most frequently used, particularly in the
swine industry [1]. The copper concentrations used in swine feed for growth promotion are relatively
high and usually in the range of 100 to 250 ppm [2].
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Bacteria developed mechanisms to cope with high concentrations of copper. In Gram-positive
bacteria, the most well-known mechanism is the tcrB gene [3,4], which provides a selective advantage
to intestinal enterococci in swine and cattle [5–7]. It also seems to be involved in the co-selection of
bacteria resistant to antimicrobial agents of importance for both veterinary and human medicine [6,8].
Several tolerance and homeostasis mechanisms were described in Gram-negative bacteria and in
Enterobacteriaceae in particular (for a review, see, for instance, References [9–11]). Although most are
chromosomally encoded and present in the majority of bacteria from the species in which they reside,
one of them initially found in Escherichia coli was shown to be plasmid-borne and not present in every
isolate of the species [12]. The pco gene cluster associated with this system was later characterized in
more detail [13] and shown to consist of seven genes (pcoA, B, C, D, R, S, and E [14–16]). This cluster
was found in a variety of Enterobacteriaceae species and, depending on bacterial species and strain,
the associated copper tolerance phenotype was variable, both in terms of copper minimal inhibitory
concentration and inducibility [13]. Since then, several studies showed that pco genes are not always
plasmid-borne but can also regularly be found on the chromosome of Enterobacteriaceae species,
including Salmonella enterica and E. coli [17–19]. This spread and mobility may be related to the location
of the pco genes on a Tn7-like transposon [17]. This Tn7-like element frequently carries both the pco
gene cluster and the sil gene cluster [17] associated with silver tolerance [20]. Investigations on silver
and copper tolerance in S. enterica isolates from Portugal showed a clear association between the
presence of sil genes and copper tolerance, while the presence of pco genes did not seem to show any
evident correlation with this phenotype [18,21]. Similarly, recent experimental studies on the effect
of feed supplementation with copper on fecal E. coli and on the fecal metagenome of swine did not
demonstrate any clear or systematic selective effect for pco genes [2,22]. These results suggest that either
the concentrations of copper used in feed (125 ppm) may have been too low to have such an effect,
or the presence/absence of the pco genes did not affect the tolerance of E. coli and other bacteria
to elevated copper concentrations under the conditions found in the gut of the animals. However,
a negative association was observed between copper supplementation and resistance to antimicrobials,
as well as resistance to extended-spectrum cephalosporins in particular [2]. Also, an association
between pco genes and the tet(B) tetracycline resistance gene was detected in E. coli, while these two
genes were negatively associated with the blaCMY and tet(A) genes encoding for extended-spectrum
cephalosporins and tetracycline resistance, respectively [2].

Based on these observations, the objectives of this study were (a) to replicate the previous
experiments of Agga and collaborators [2] and reassess the associations between the pco genes
and tet(A), tet(B), blaCMY, and blaCTX-M among E. coli from groups of swine subjected to diverse
combinations of copper and tetracycline feed supplementation; (b) to use whole-genome sequencing to
assess the genetic diversity and clonal relationships of E. coli isolates recovered from these experiments
and carrying diverse combinations of these genes; (c) to compare the copper susceptibility and genome
sequences of selected isolates with plasmid-borne and chromosomally encoded pco genes; and (d) to
transfer E. coli plasmids carrying the pco and sil gene clusters into S. enterica by conjugation, and assess
the associated copper susceptibility. These objectives related to the use of copper in feed and its effect
on copper tolerance in E. coli were part of a broader study on alternatives to antibiotics [23]. The latter
also included the use of zinc and oregano oil, but is not discussed here.

2. Materials and Methods

2.1. Experiment Design

The Kansas State University Institutional Animal Care and Use Committee approved the protocol
for this experiment (AUP # 3135). The study was conducted at the university’s Segregated Early
Weaning Facility in Manhattan, KS. Each pen (1.22 × 1.22 m) had metal tri-bar flooring, one four-hole
self-feeder, and a cup waterer to provide ad libitum access to feed and water. This experiment was
also described in a publication by Feldpausch and collaborators [23].
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A total of 350 piglets (21 days old) were assigned to one of 70 pens (five piglets per pen),
which were then randomly assigned to each of the 10 in-feed treatments arranged in a 2 × 2 ×
2 (+2) factorial design. In detail, the ten dietary treatments were (1) a basal swine diet fully meeting
National Research Council (NRC) nutritional guidelines, including 16.5 ppm of supplemental copper
and 165 ppm of supplemental zinc (control group); (2) a basal diet supplemented with 125 ppm
of copper provided by copper sulfate; (3) a basal diet supplemented with zinc at 3000 ppm of zinc
provided by zinc oxide; (4) a basal diet supplemented with oregano premix containing 5% oregano oil
(Regano 500; Ralco-mix Products, Marshall, MN, USA); (5) a basal diet with both 125 ppm of copper
and zinc at 3000 ppm; (6) a basal diet with both 125 ppm of copper and oregano premix; (7) a basal diet
with both zinc at 3000 ppm and oregano premix; (8) a basal diet containing copper, zinc, and oregano
premix; (9) a basal diet containing a preventive level of chlortetracycline (CTC) (22 mg/kg body
weight (BW); High CTC); and (10) a basal diet containing a subtherapeutic level of CTC (4 mg/kg BW;
Low CTC). These latter treatment groups (9 and 10) did not interact with other main treatment factors
(Zn, Cu, and oregano oil) in the study design, so as to assess the impact of antimicrobial alternatives
versus both true negative controls and the “existing standard controls” represented by antimicrobial
use groups. The basal diet consisted of corn, soybean meal, vitamins, amino acids, and trace mineral
supplements per NRC requirements.

The study lasted 49 days with an initial seven days of acclimation, and 28 days of feeding trial,
followed by 14 days of washout phase. Three fresh fecal samples were collected from random pigs in
each pen by gentle rectal massage at days 0 and 28 of the feeding trial. Fecal samples were transported
to the laboratory for further processing. The fecal samples were thoroughly mixed with 50% glycerol
(1:1) and stored at −80 ◦C. Laboratory personnel were blinded to the treatment groups.

2.2. Selection of Isolates and Detection of pco

A total of 420 samples, 210 from day 0 (for pre-treatment effect) and 210 from day 28 (maximum
treatment effect), were subjected to bacteriological culture and quantified for E. coli using standard
isolation techniques and spiral plating. Briefly, one gram of 50:50 glycerol and feces were diluted in
9 mL of phosphate-buffered saline (PBS). A 50-μL aliquot of the fecal suspension was spiral-plated onto
each of MacConkey agar, MacConkey agar supplemented with 16 mg/L tetracycline, and MacConkey
agar supplemented with 4 mg/L ceftriaxone using an Eddy Jet 2 spiral plater (Neu-tec Group Inc.,
Farmingdale, NY, USA). Crude quantification values were determined by the Flash & Go Automatic
Colony Counter (Neu-tec Group Inc.). A single, randomly selected colony was used from a plain
MacConkey plate and confirmed as E. coli by lactose fermentation and an indole test; the species
identity was also later confirmed with Illumina-based DNA sequencing. Isolates were preserved at
−80 ◦C in protectant CryoBeads™ for further characterization.

Antimicrobial susceptibility testing was conducted by broth microdilution using the Sensititre™
system (TREK, Thermo Scientific Microbiology, Oakwood Village, OH, USA) and Sensititre™ NARMS
Gram-negative plates (CMV3AGNF) on 403 E. coli isolates. Escherichia coli ATCC 25922, Escherichia coli
ATCC 35218, Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC 29213, and Enterococcus
faecalis ATCC 29212 were used as quality control strains. Plates were incubated at 37 ◦C for 18 h
and read on a Sensititre OptiRead™ (TREK). The results were interpreted according to Clinical and
Laboratory Standards Institute (CLSI) guidelines [24]. Intermediate isolates were interpreted as
susceptible for binary statistical analyses.

Detection of pco, tetracycline, and extended-spectrum cephalosporin resistance genes was
performed by PCR with the primers described in Table 1. Thermocycling conditions were the same as
those defined in the respective references. Amplicons were visualized by horizontal gel electrophoresis
and ultraviolet (UV) imaging.
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Table 1. PCR targets and primers used for detection of pco, sil, and antimicrobial resistance genes.

Target Primer Sequence Amplicon Reference

pco pcoD-F CAGGAACGGTGATTGTTGTA 700 bp [2]pcoD-R CCGTAAAATCAAAGGGCTTA

sil
silA_Fw GCAAGACCGGTAAAGCAGAG 936 bp [21]silA_Rv CCTGCCAGTACAGGAACCAT

tet(A)
TetA-L GGCGGTCTTCTTCATCATGC 502 bp [25]TetA-R CGGCAGGCAGAGCAAGTAGA

tet(B)
TetBGK-F2 CGCCCAGTGCTGTTGTTGTC 173 bp [25]TetBGK-R2 CGCGTTGAGAAGCTGAGGTG

blaCMY
CMYF GACAGCCTCTTTCTCCACA 1000 bp [25]CMYR TGGACACGAAGGCTACGTA

blaCTX-M
CTX-M-F ATGTGCAGYACCAGTAA 512 bp [26]CTX-M-R CCGCTGCCGGTYTTATC

2.3. Copper Susceptibility

Susceptibility to copper was analyzed by broth microdilution for four randomly selected
pco/sil-positive E. coli, and two pco/sil-negative isolates. Isolates were from day 0 (KSC9, 27, 64,
and 207) and day 28 (KSC857 and 1031), from animals within the copper treatment group (KSC27, 857,
and 1031) and from those without (KSC9, 64, and 207). A stock solution of 400 mM copper(II)
sulfate (Sigma-Aldrich, St. Louis, MO, USA) was prepared in double-distilled water (ddH2O),
and filter-sterilized. A non-serial dilution range (0, 4, 8, 16, 20, 24, 36, 48, 64, and 100 mM) was
prepared in Mueller–Hinton II broth, cation-adjusted (Becton Dickinson, Franklin Lakes, NJ, USA),
and each dilution was adjusted to pH 7.2 using 5 M NaOH [11]. Bacterial suspensions of a 0.5
McFarland standard were diluted 1/100, and 50 μL of this suspension was inoculated in a 96-well
plate with 50 μL of the copper dilutions, resulting in halving of the initial copper concentrations.
Microplates were incubated at 37 ◦C for 16 h, under both aerobic and anaerobic conditions. Minimum
inhibitory concentration (MIC) was defined as the first concentration without visible growth. Minimum
bactericidal concentrations (MBCs) were determined by removing 10 μL from wells that showed no
visible growth, and plating them on Mueller–Hinton II agar plates for incubation at 37 ◦C for 16 h. The
ATCC 25922 E. coli strain (pco/sil-negative) was used as a negative control for susceptibility testing.

Minimum inhibitory concentrations were also determined using agar plate dilutions of copper,
as described by Mourão and collaborators [21]. Briefly, copper dilutions of 0, 0.5, 1, 2, 4, 8, 12, 16, 20,
24, 28, 32, and 36 mM were prepared in Mueller–Hinton II agar, and the pH was adjusted as above.
One microliter of an approximate 107 colony forming units (CFU)/mL culture was pipetted onto the
surface of each plate. Growth at 37 ◦C in both aerobic and anaerobic conditions was assessed after 16 h.

2.4. Expression of pco by Complementary DNA Synthesis and Real-Time PCR

Three E. coli isolates were selected randomly (two pco/sil-positive and one negative control, none
of which were isolated from copper-treated animals) for determining the expression of pco under
aerobic conditions, with and without induction with low concentrations of copper, performed as
previously described [15,27]. Briefly, isolates were plated overnight at 37 ◦C on Luria–Bertani (LB)
agar (Becton Dickinson) plates. A single loop of bacteria was inoculated into 1 mL of LB broth, and
vortexed; 200 μL of this suspension was inoculated into 20 mL of LB broth supplemented with 0,
1 mM, and 5 mM copper(II) sulfate and incubated at 37 ◦C for approximately 2.5 h, until optical
densities of 0.5 were reached at 600 nm. Broth microdilution MICs were performed again as above
under aerobic conditions to observe any effect of this induction on copper tolerance. In parallel, 10 mL
of broth was centrifuged, and the resulting pellet was resuspended in 1 mL of RNAlater (QIAGEN
Inc., Valencia, CA, USA). Total RNA was extracted using an RNAeasy Mini kit (QIAGEN), according
to the manufacturer’s instructions. An additional DNase step was performed to ensure all traces of
DNA were removed, and was verified by a pco PCR using 1 μL as a template. RNA was quantified
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using a BioAnalyzer 2100 instrument (Agilent Technologies, Santa Clara, CA, USA), and 100 ng of each
RNA preparation was used for complementary DNA (cDNA) synthesis using an Applied Biosystems
High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, Carlsbad, CA, USA).

PCR was performed to amplify gene fragments to be used for cloning into a plasmid vector,
for use as a standard curve for real-time PCR. Amplicons of the pcoA and pcoD genes were
produced using primers forward pcoA (pcoA_F), CGGGTATGCAAAGTCATCCT; reverse pcoA
(pcoA_R), TTGATCAGCGTGATCCTGAG; and pcoD_F, AAGCGGTGTCAGACATGAAA; pcoD_R,
GATGGGTCAGATCGCTCAGT, respectively. As controls, two housekeeping gene amplicons for
hcaT (HcaT major facilitator superfamily transporter) and rrsA (16S ribosomal RNA) were amplified
using primers hcaT_F, CTGATGCTGGTGATGATTGG; hcaT_R, CAATGCAGAATTTGCACCAC;
and rrsA_F, CGGACGGGTGAGTAATGTCT; rrsA_R, GTTAGCCGGTGCTTCTTCTG, respectively.
Each amplicon was cloned into a pCR 2.1-TOPO plasmid vector, using an Invitrogen TOPO-TA cloning
kit (Thermo Fisher Scientific). Inserted sequences were confirmed by DNA sequencing, and plasmid
DNA was prepared using a Plasmid Midi Kit (QIAGEN). Plasmid DNA was quantified using Quant-IT
Picogreen dsDNA reagent (Thermo Fisher Scientific) and read using a DTX 880 Multimode detector
(Beckman Coulter, Brea, CA, USA). Gene copy numbers were then predicted by the DNA concentration
divided by the molecular weight of the plasmid.

Real-time PCR was used to quantify the expression of each pcoA, pcoD, hcaT, and rrsA
gene using primers internal to the fragments described above. In triplicate, 1 μL of cDNA
or plasmid standards were added to 19 μL of LightCycler 480 SYBR Green I Master (Roche
Diagnostics, Indianapolis, IN, USA) containing 250 nM of each primer. Primers used for the
quantification of pco expression were RT_pcoAF, TGGTTGATATGCAGGCGATG; RT_pcoAR,
TCCGCGTACGTGAGAACCTT; and RT_pcoDF, GTCAGGCTCTGTGCCCTGTT; RT_pcoDR,
CCCACTCATCGTCATCAGCA. Housekeeping gene primers used for hcaT and rrsA were those
described by Zhou and collaborators [28].

2.5. Next-Generation Sequencing

A subset of 82 isolates was selected to represent suspected extended-spectrum β-lactamase
(ESBL)-producing isolates and isolates with elevated ciprofloxacin MICs (based on Sensititre
phenotypes and ciprofloxacin MICs of ≥0.05 mg/L; n = 26), isolates carrying the blaCMY gene (n = 26),
and a representative sample of isolates with resistance phenotypes determined by Sensititre (n = 30).
In addition, all 34 E. coli carrying the pcoD gene were also included. Genomic DNA was prepared for
MiSeq sequencing (Illumina, San Diego, CA, USA) for all of these 116 isolates using a QIAamp DNA
extraction kit (QIAGEN), and libraries were prepared using a Nextera XT kit (Illumina). Achtman
sequence types were determined with the SRST2 plugin for BaseSpace Labs (Illumina) using the
MiSeq paired-end reads, where sufficient read quality was obtained. These reads were also used for
core-genome multilocus sequence typing (cgMLST) (EnteroBase typing scheme) using the wgMLST
application for BioNumerics v7.6 (Sint-Martens-Latem, Belgium). Single-nucleotide polymorphism
(SNP) analysis of each pco gene cluster (pcoEABCDRSE) was also performed using the wgSNP analysis
tool from BioNumerics.

DNA was also prepared for four of the isolates tested for susceptibility to copper and harboring
pco (KSC9, KSC64, KSC207, and KSC1031) using a MasterPure DNA Purification Kit (Epicentre,
Madison, WI, USA) for PacBio RS II sequencing (Pacific Biosciences, Menlo Park, CA, USA).
Sequencing and assembly of these four isolate genomes were performed at the McGill University
and Génome Québec Innovation Centre, Montreal, QC, Canada. PacBio sequencing assembly was
completed on chromosome and plasmid assemblies of sheared large inserts (~20 kbp) using the de
novo genome assembly pipeline Hierarchical Genome Assembly Process (HGAP); alignments were
further polished using the Quiver consensus algorithm. Genomes and/or plasmids (pMRGN207
and pMRGN1031) containing the pco gene cluster were uploaded to GenBank under BioProject
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PRJNA355857. Annotations were performed using the NCBI Prokaryotic Genome Annotation Pipeline
(PGAP) version 4.0.

2.6. Conjugation of a pco/sil Plasmid into Salmonella

Based on the known plasmid-borne location in two of our sequenced E. coli isolates, we attempted
to transfer these plasmids into Salmonella recipients to observe any change to copper susceptibility.
Six Salmonella isolates were selected at random from a large collection of isolates maintained by the
Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) between 2008 and
2011. Isolates were screened for pco and sil by PCR, and three pco/sil-positive and three pco/sil-negative
were used for copper susceptibility testing. Escherichia coli isolates KSC207 and KSC1031 were
used as plasmid donor strains, with pco/sil plasmid incompatibility types HI2 and FII, respectively
(as determined by DNA sequence analysis), while pco/sil-negative Salmonella isolates SA8197 (serovar
Kentucky) and SA82540 (serovar Infantis) were used as recipients. Briefly, 50 μL of donor and 100 μL of
recipient overnight broth cultures were mixed, plated on LB agar, and incubated overnight to facilitate
conjugation. Growth was then resuspended in LB broth, and plated on Brilliant Green agar to inhibit
the growth of donor E. coli, as both plasmids carried a tetracycline resistance determinant—tet(A) and
tet(B), respectively. Additionally, 12 μg/mL tetracycline was included in the selective plates. Up to five
pink-colored colonies were then sub-cultured for purity, and indole testing and PCR for pco and sil
were used to confirm transfer. These transconjugant Salmonella were then used for copper susceptibility
testing as before using anaerobic agar dilution, and performed in triplicate.

2.7. Statistics

Descriptive and inferential statistical methods were performed using Stata version 15 (StataCorp,
College Station, TX, USA). Categorical data (i.e., resistance phenotypes and presence of genes)
were tabulated and cross-tabulated to explore bivariable associations between treatments and
the following outcomes: (1) presence of phenotypic resistance to (a) tetracyclines, (b) cefoxitin,
for preliminary classification of ESBL (susceptible) versus AmpC (resistant) producing β-lactamases,
(c) third-generation cephalosporins, and (d) multidrug resistance (MDR) count (integer count), out of
14 antimicrobials tested on a broth microdilution panel; and (2) presence of resistance genes for
(a) tetracyclines (tet(A) and tet(B)), (b) extended-spectrum cephalosporins (blaCMY-2 and blaCTX-M),
and (c) metal resistance genes (pco and sil). Likelihood ratio χ2 or Fisher’s exact tests (when zero-cells
were abundant) were used in bivariable analyses; statistical significance was determined at p < 0.05.
Differences in growth (log10 CFU) of coliforms on plain versus antimicrobial (tetracycline or ceftriaxone)
impregnated plates were examined by unpaired t-tests. Multivariable mixed logistic (binary outcomes)
and linear models (count and log10 CFU outcomes) using a four-way factorial design (plus two
additional indicator variables for low- and high-dose CTC) were built and assessed for each of the
binary response (logistic) and quantitative (log10 CFU differences) endpoints. Full factorial models
were subjected to reduction, firstly removing non-significant interaction terms and then main effects.
Of note, in-feed copper (low versus high), sampling day (0 versus 28), and their interaction were always
retained marginal means estimated with p-values representing the post hoc multiple comparisons
adjusted using Bonferroni’s correction.

3. Results

3.1. Resistance Determinants

Not all samples (n = 420) yielded lactose- and indole-positive isolates. A total of 403 E. coli
isolates were included in this analysis. Thirty-four of the 403 isolates (8.4%) were positive for pco by
PCR. Twelve isolates carried a blaCTX-M gene (3.0%), and 60 carried blaCMY (14.9%, all variant CMY-2).
All but two isolates (99.5%) were positive for tet(A) or tet(B) (121 (30.0%) and 267 (66.3%), respectively);
13 isolates (3.2%) carried both of these tetracycline resistance genes.
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All blaCTX-M sequences encoded the CTX-M-27 variant, and all blaCTX-M-positive isolates
were pco-negative, but tet(B)-positive; 11 of these 12 isolates were ST744 and had an
ampicillin/ceftriaxone/ciprofloxacin/nalidixic acid/tetracycline resistance phenotype.

3.2. Associations of Copper Treatment Groups with pco Prevalence

Multi-level model-adjusted estimates of the occurrence of the pco gene were initially unstable
in the presence of the full factorial specification. A reduced model containing copper (forced into
model), day (and its interaction), and low- versus high-dose CTC yielded a model significant at p < 0.03.
Copper did not select for the pco gene (p = 0.249); that is, copper supplemented at NRC requirements
yielded 0.07 (95% confidence intervals (CIs): 0.04–0.11) of isolates with the gene, versus 0.11 (95%
CIs: 0.04–0.17) in the group supplemented with copper beyond nutrient needs. Likewise, copper did
not appear to select for any of the additional microbiological endpoints (p > 0.05; data not shown).
Low-dose CTC did select (p = 0.001) for increased pco with 0.28 (95% CIs: 0.11–0.46) of the isolates
in the low-dose group harboring the gene versus 0.06 (95% CIs: 0.04–0.09) in pigs not receiving any
CTC. The difference between the high-dose CTC and each of the other two levels was not significant
(0.12; 95% CIs: 0.00–0.24). Of note, though unexplained by the field trial study design, the pco gene
was significantly (p = 0.012) associated with a lower MDR count; however, most of this difference was
due to a lack of the highest MDR counts (maximum with pco present = 7 versus 11 in pco-negative
isolates). No associations were significant (p > 0.05) among the genes tested, with the notable exception
of pco/sil for which there was complete agreement (34/34; Fisher’s exact test, p < 0.0001).

3.3. Susceptibility to Copper and Expression of pco

Susceptibility to copper by broth microdilution ranged from 12 to 18 mM in all seven E. coli isolates
tested (Table 2). The presence of the pco gene cluster did not appear to have an effect on susceptibility to
copper under both aerobic and anaerobic conditions, nor did the use of broth or solid media. All MBC
values were identical to their respective MIC results. The ATCC 25922 (pco/sil-negative) isolate had
an MIC and MBC of 12 mM. For the Salmonella isolates, no systematic differences were observed
when using broth dilution under anaerobic conditions (MICs of 12 to 18 mM), but the MICs of the
pco/sil-positive and -negative isolates differed when tested on agar, with values of 24 mM and 4 mM,
respectively (Table 2).

Table 2. Isolates used in this study for copper susceptibility testing. All reported minimum
inhibitory concentration (MIC) values were determined under anaerobic conditions. MBC—minimum
bactericidal concentration.

Isolate Bacteria Serovar pco sil Location (Similar to) Broth MIC 1 Broth MBC 1 Agar MIC 1

KSC9 Escherichia coli + + chromosome (IAI1) 18 18 16
KSC64 E. coli + + chromosome (E24377A) 18 18 16

KSC207 E. coli + + 278 kbp plasmid (pR478) 18 18 16
KSC1031 E. coli + + 149 kbp plasmid (p1540) 12 12 12

KSC27 E. coli − − 12 12 16
KSC857 E. coli − − 12 12 16
ATCC
25922 E. coli − − 12 12 16

SA10689 Salmonella Senftenberg + + unknown 18 18 24
SA12224 Salmonella Ouakam + + unknown 18 18 24
SA13423 Salmonella Ouakam + + unknown 18 18 24
SA82699 Salmonella Kentucky − − 18 18 4
SA81917 Salmonella Kentucky − − 12 18 4
SA82540 Salmonella Infantis − − 12 18 4

SA81917-TC Salmonella Kentucky + + plasmid from E. coli KSC207 ND 2 ND 24
SA82540-TC Salmonella Infantis + + plasmid from E. coli KSC207 ND ND 24

1 concentration in mM; MICs are averages of three complete biological replicates. 2 ND (not done).

Induction with 1 mM and 5 mM under aerobic conditions appeared to have no effect on the MIC
of each isolate tested (data not shown). RNA extraction and cDNA analysis also showed no significant
change in pcoA or pcoD transcription, observed by real-time PCR. Using hcaT as the reference gene
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(expression of rrsA expression was considerably higher than all other genes, and was not used in the
analysis), expressions of pcoA and pcoD were measured as the “target” in all samples using relative
quantification. The average adjusted crossing point (CP) across all three induction concentrations was
31.9 (±1.7) for pcoA, and 32.1 (±1.9) for pcoD.

3.4. Next-Generation Sequencing and cgMLST

All 116 E. coli isolates selected for MiSeq sequencing were analyzed using the BioNumerics
software (Figure 1). All 34 pco-positive isolates recovered during this study also carried the sil gene
cluster (determined by reference mapping of MiSeq reads), and none of the 82 pco-negative isolates
carried any sil gene. Core-genome MLST analysis of the MiSeq data showed a random distribution of
pco/sil among sequence types and no association with a specific clonal lineage (Figure 1). Further pco
SNP analysis showed the gene cluster to be highly conserved within a sequence type (ST), but had
some variation between most STs (Figure 2).

 

Figure 1. Minimum spanning tree of 116 Escherichia coli isolates, using core-genome multilocus
sequence typing (MLST) analysis comprising 2513 genes (BioNumerics E. coli/Shigella EnteroBase
scheme). A tree with the highest resampling support is shown, using 1000-resampling bootstrapping.
(A) Isolates carrying the pco gene cluster are highlighted in orange; (B) isolates carrying the resistance
genes blaCTX-M, blaCMY, tet(A), and tet(B) are indicated. Letters in 1A indicated single-nucleotide
polymorphism (SNP) types found in Figure 2. Circles containing multiple sections indicate multiple
isolates within a core-genome sequence type. Isolates used for minimum inhibitory concentration
(MIC) testing are also highlighted and labeled in 1A.

Pacific Biosciences long-read sequencing and assembly showed the pco gene cluster to be both
plasmid and chromosomally encoded (Figure 3). The gene cluster was accompanied by the sil gene
cluster in all four pco-positive isolates, and was flanked by a Tn7-like transposable element in three of
them. Using this pco–sil–tns sequence as a template, short-read Illumina sequences were successfully
mapped onto all but one pco-positive isolate (KSC1031) for the complete structure, demonstrating the
highly conserved nature of this transposable element across multiple STs and plasmid types found in
this study.
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Figure 2. Phylogenetic analysis of the pcoEABCDRSE gene cluster (5487 bp) of all pco-positive isolates
in this study, using a categorical (differences) similarity coefficient and unweighted pair group with
arithmetic mean (UPGMA) cluster analysis. Treatment groups, including Cu (copper), Zn (zinc), oreg
(oregano oil), and high/low-dose chlortetracycline (CTC) are shown. Letters indicating identical SNP
groups are also shown in Figure 1A. Isolates used for MIC testing are underlined. ST: sequence type.

Both of the two chromosomal Tn7-like elements were found in approximately the same position,
300 kbp downstream of the preferential glmS insertion point for Tn7 [29], much farther than previously
reported [30,31]. Neither plasmid harboring the pco/sil gene cluster contained any known virulence
factors (using Virulence Finder v1.5 [32]). In one instance, the pcoA gene was interrupted by
a transposase, while the sil gene cluster was always intact (Figure 3).
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Figure 3. Genetic context of the pco–sil–tns area of four isolates from this study sequenced by PacBio.
KSC1031 (plasmid pMRGN1031; GenBank accession number CP019561), KSC207 (plasmid pMRGN207;
CP019559), KSC64 (CP018840), and KSC9 (CP018323) were compared to the pR478 (BXX664015) and
pAPEC-O1-R (DQ517526) previously published sequences. Colors indicate the pco operon (orange), the
sil operon (light blue), transposases (red), Tn7 genes (green), and others (dark blue).

3.5. Conjugation of a pco/sil Plasmid into Salmonella

The pco/sil plasmid (IncHI2) from E. coli isolate KSC207 was successfully transferred to both
Salmonella recipient isolates, as confirmed by PCR. Using agar dilution under anaerobic conditions,
a clear difference was observed between the transconjugants carrying the sil/pco gene clusters
(MIC = 24), and the recipient isolates (MIC = 4; Table 2). The IncFII plasmid from E. coli isolate
KSC1031 could not be successfully transferred to either Salmonella recipient.

4. Discussion

The plasmid-borne nature of the pco gene cluster [12,13,19] and the recent demonstration of its
linkage with important antimicrobial resistance genes [11,17] warrant further investigations on the
potential medical and public health implications of copper use in animal feed. A previous set of
experiments under controlled conditions failed to demonstrate any significant selection of pco-positive
E. coli isolates [2] or increase in pco copy numbers [22] in feces from pigs fed copper after weaning.
However, pco-positive isolates were more frequently associated with the tetracycline resistance gene
tet(B) than with its tet(A) counterpart [2]. This suggested some possible gene linkage between pco genes
and tet(B) on mobile elements or clonal expansion of strains carrying both genes. The replication of
these experiments described here showed the same lack of selection of pco-positive E. coli with copper
concentrations in feed (125 mM) similar to those used in the field (100–250 mM; [2]). Although this
does not exclude some selection in the long term or the selection of other genes, no significant effect
could be detected during a single feeding period. Since none of the 82 pco-negative isolates sequenced
carried the sil operon (31 of which were from samples of animals receiving copper supplementation), it
is also unlikely that the copper treatment would have selected for this latter operon alone. A pco–tet(B)
positive association, as well as a negative association between pco and blaCMY, was observed previously
by Agga et al. [2]; however, while the direction of association was similar here, the associations were not
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significant (p = 0.344 and 0.087, respectively). We did see much higher levels of pco among isolates from
pigs subjected to low doses of CTC (a dosage regimen for growth promotion purposes not permitted
in the US since 1 January 2017), which may suggest that indirect selection of pco and pco-positive
strains could occur when using tetracyclines in swine. In the present study, the prevalence of tet(A)
was highest in the group receiving high-dose CTC (45.0% versus 22.5%) whereas the prevalence of
tet(B) was highest in the group receiving low-dose CTC (77.5% versus 62.5%). This finding may help
explain the relationship of tetracycline uses with pco, though such hypotheses are largely based on the
previous findings of Agga et al. [2].

Analysis of genomic similarities between pco-positive isolates through cgMLST demonstrates
that the pco genes are distributed across a variety of clonal lineages and do not cluster in only a few
clear discrete groups of closely related isolates. The most frequent pco single-nucleotide polymorphism
(SNP group C in Figures 1A and 2) is also present in several STs and unrelated clonal lineages. Both
observations illustrate the active horizontal transfer of the pco gene cluster in E. coli populations.
However, the associations between most of the other pco SNP groups and STs (Figure 2) or clonal
lineages (Figure 1) suggest that both a combination of short-term or local clonal spread and broader
long-term horizontal gene transfer (HGT) play a role in the distribution of this gene cluster in E. coli
from the swine population examined. Similar to the pco–sil clusters, the tet(A), tet(B), and blaCMY

genes which have been present in Enterobacteriaceae from farm animals in North America for several
decades also appeared to be distributed randomly and did not cluster clearly together with pco genes
in a discrete number of clonal lineages (Figure 1). Overall, these observations suggest that the positive
and negative statistical associations observed between pco and tet(B) or tet(A) and blaCMY, respectively,
do not rely on the expansion and contraction of a very limited number of major clonal lineages. This
differs from the blaCTX-M-27 gene which was found mainly (11/12) in closely related isolates. CTX-M
β-lactamases were reported in food animals much later in North America than in other continents [33]
and may have emerged in swine in the US only recently. It may, therefore, be only in the early stages of
its spread through HGT in bacteria from swine and still limited to a small number of clonal lineages.

The pco genes were located together with the sil cluster on a Tn7-like transposon
structure [17,19,34] in all but one isolate in this study (KSC1031). The high transposition frequency of
Tn7 and related elements [29] may be an important reason for the distribution of the pco–sil cluster
in a wide diversity of strains illustrated in the present study. Tn7 transposons developed refined
strategies to insert preferentially on mobile plasmids [29]. It may, therefore, not appear entirely
surprising that the pco plasmid we were able to transfer by conjugation (pMRGN207) carried the full
pco/sil/Tn7-like element, while pMRGN1031 missing the Tn7 part of the element was not transferable.
Coincidentally, the plasmid we were able to transfer was an IncHI2 plasmid, an incompatibility
group already shown by others to carry pco genes in different geographic locations and bacterial
species [17,18,35,36]. Tn7 transposons also developed refined strategies to insert preferentially into the
same selectively neutral attTn7 chromosomal site located in proximity of the glmS gene [29]. However,
the locations of the two chromosomal Tn7-like elements associated with the pco–sil cluster in the closed
genome sequences generated with PacBio long reads show that this mobile element does not always
insert in the same attTn7 site or in the proximity of glmS. This may warrant further investigations on
the transposition mechanisms of this Tn7-like transposable element. Together, these findings further
stress the likely important role of IncHI2 plasmids and Tn7-like elements in the spread of the pco–sil
gene clusters.

The overall structure of the region encompassing the pco–sil clusters was highly conserved and
identical to pR478 [36] in two of the four isolates we investigated in detail (one plasmid-borne and
the other chromosomal). This conserved region also included the tns gene cluster of Tn7 and the
intervening region between the tns and sil genes. This structure was described by others on several
plasmids [17,19]. Insertions were present in the pco–sil clusters for the two other isolates. In one of
them (chromosomal), three insertions were present in this region, but all were within open reading
frames encoding putative proteins of unknown function, and were not affecting the pco or the sil gene
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clusters. However, in pMRGN1031, an insertion was disrupting the pcoA gene. This latter insertion
would be expected to inactivate the copper resistance if a phenotype were detectable [14].

In addition to the loss of the tns gene cluster and parts of the genes upstream of the sil cluster
already mentioned above, SNP analysis also showed that the pco genes in pMRGN1031 are clearly
divergent from the majority of those from the other isolates of this study. This strongly supports the
hypothesis that the pco–sil gene clusters on this plasmid have a longer or different evolutionary history
than those found on other plasmids, and that parts of it may possibly be decaying.

The surprising initial lack of difference in susceptibility to copper between pco/sil-positive
and pco/sil-negative isolates that we obtained in broth under aerobic growth conditions triggered
further investigations under a variety of other conditions. Previous publications showed that the
copper resistance phenotype of pco-positive isolates is inducible and can be triggered by preliminary
incubation in subinhibitory concentrations of copper [13,36]. Subjecting our isolates to subinhibitory
concentrations of copper similar to those described in these studies did not result in any change in
copper MIC, and our isolates did not show any significant change in RNA transcription of the pcoA
and pcoD genes after induction. Copper susceptibility of E. coli and S. enterica was tested by others with
a variety of methods, including broth [17] and agar dilutions [21,37], as well as under aerobic [17,21]
and anaerobic conditions [21,37]. No differences in copper MICs were observed by these authors
between pco/sil-positive and -negative isolates under aerobic conditions, neither for E. coli, nor for
S. enterica. However, differences were consistently observed for S. enterica when agar dilutions were
used under anaerobic conditions [18,21]. Therefore, we also tested our E. coli and a few S. enterica
isolates by agar dilution under anaerobic conditions. As expected, an evident dichotomization of MICs
was visible under these conditions for S. enterica, but this was not the case for E. coli. These data are in
agreement with results from others showing that copper resistance associated with the pco gene cluster
is host-dependent [13]. The increase in MIC observed in S. enterica after transfer of a pco/sil plasmid
from E. coli clearly confirmed this hypothesis.

Overall, the results from this study strongly suggest that the pco/sil gene clusters may have
only a minor effect on copper MICs in typical wild-type intestinal E. coli, and may not represent
a major selective advantage in this bacterial species in the gut of swine fed high concentrations of
copper. Some of our findings are based on a relatively limited number of isolates, and confirmation
on larger numbers of isolates is needed. Escherichia coli may represent a reservoir of mobile copper
resistance determinants of potential importance for S. enterica. As illustrated here with pMRGN207
and by other researchers [17,18], transferable pco/sil plasmids concomitantly carry antimicrobial
resistance determinants. These antimicrobial resistance determinants may help maintain these mobile
plasmids, and indirectly, the pco–sil cluster in E. coli populations. Antimicrobial resistance may,
in turn, be maintained and selected in S. enterica harboring these plasmids by the supplementation
of feed with copper. Further animal experiments are needed to clarify the latter points. The role of
IncHI2 plasmids in this context and the exact mechanisms and dynamics of transposition of Tn7-like
transposons associated with the pco–sil gene clusters certainly also warrant further investigations,
as do the respective roles and contribution of the pco versus sil genes in the observed copper resistance
in S. enterica.
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Abstract: Rhizobia are bacteria that can form symbiotic associations with plants of the Fabaceae family,
during which they reduce atmospheric di-nitrogen to ammonia. The symbiosis between rhizobia
and leguminous plants is a fundamental contributor to nitrogen cycling in natural and agricultural
ecosystems. Rhizobial microsymbionts are a major reason why legumes can colonize marginal lands
and nitrogen-deficient soils. Several leguminous species have been found in metal-contaminated
areas, and they often harbor metal-tolerant rhizobia. In recent years, there have been numerous
efforts and discoveries related to the genetic determinants of metal resistance by rhizobia, and on
the effectiveness of such rhizobia to increase the metal tolerance of host plants. Here, we review
the main findings on the metal resistance of rhizobia: the physiological role, evolution, and genetic
determinants, and the potential to use native and genetically-manipulated rhizobia as inoculants for
legumes in phytoremediation practices.

Keywords: soil bioremediation; heavy-metals; serpentine soils; serpentine vegetation; genome
manipulation; cis-hybrid strains

1. Introduction

Plants are colonized by an extraordinarily high number of (micro)organisms, which may reach
numbers much larger than those of plant cells [1]. This is particularly evident in the rhizosphere,
the thin layer of soil surrounding and influenced by plant roots, where a staggering diversity of
microorganisms is present. The collective communities of plant-associated microorganisms are referred
to as the plant microbiota, and include the microbial communities of the rhizosphere, as well as those
of the external and internal (the endosphere) plant tissues (for examples see [1–4]). The rhizobiome
refers specifically to the microbial community of the rhizosphere, and microbes from this community
have been deeply studied for their beneficial effects on plant growth and health. These mainly
include mycorrhizal fungi (AMF) and plant-growth promoting rhizobacteria (PGPR), with the latter
including the nitrogen fixing legume endosymbiotic bacteria known as rhizobia [5]. Rhizobia are a
paraphyletic group of nitrogen fixing bacteria belonging to the Alpha- and Betaproteobacteria classes.
Rhizobia can penetrate plant tissues and establish an intracellular population within specialized tissue
(known as a nodule) on the root (or stem in a few cases) of leguminous plants. Once inside the
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cells, the rhizobia differentiate into forms known as bacteroids, which are able to perform nitrogen
fixation (the formation of ammonia from di-nitrogen gas) [6]. This process, termed “symbiotic nitrogen
fixation” (SNF), provides the plant with nitrogen to sustain its growth in nitrogen-deficient soils,
and has been suggested as one of the factors contributing to the evolutionary success of the Fabaceae
plant family [6]. Plant growth and crop yield in agricultural systems emerge as the net results of the
interactions between the specific plant cultivar and its associated microbiome [7].

Heavy metals are naturally present in soils; however, their increase over certain thresholds has
become a worldwide issue [8]. The major cause of heavy-metal contamination in soil is anthropogenic
activities (i.e., atmospheric pollution, industrial and urban waste, mining, and some agricultural
practices), while natural contamination is mainly due to weathering of metal-enriched rocks [9].
Plant-associated microbiomes play important roles in phytoremediation, allowing plants to thrive on
contaminated soils, alleviating the stress associated with toxic levels of heavy-metals and metalloids
(such as As), and increasing phytoextraction and phytostabilization [10–14]. Phytoextraction refers to
the plants’ ability to import soil contaminants through their roots, and to accumulate these compounds
in the aboveground tissues [15]. Phytostabilization involves the immobilization of pollutants in
the soil as a result of either their absorption and accumulation in the roots, their adsorption on the
root surface, or their transformation within the rhizosphere into sparingly-soluble compounds [16].
In plants such as legumes, which are generally non-hyperaccumulating species, phytostabilization
is likely the more relevant process when considering the remediation of contaminated soils [15–17].
Plant-associated bacteria may promote the chemical transformation, the chelation, or precipitation
and sorption of heavy-metals [18] (Figure 1). For instance, some endophytic bacteria may reduce
heavy-metal toxicity [19,20]. Improved growth and increased chlorophyll content were detected in
several crop plants inoculated with siderophore-producing bacteria [19]. Additionally, enhanced
plant biomass production and remediation has been observed in several hyperaccumulating plants
following inoculation with rhizosphere or endophytic bacteria with plant growth promoting (PGP)
capabilities [21], such as 1-aminocyclopropane-1-carboxylate (ACC) deaminase production (for detailed
reviews, please see [11,12]).

The association between leguminous plants and symbiotic rhizobia has stirred the attention
of researchers involved in the restoration of heavy-metal-contaminated sites [22]. The possibility
to cultivate legumes on marginal and nutrient-poor soils thanks to the intimate association with
PGPR, particularly with nitrogen-fixing rhizobia, has been seen as an opportunity to increase
phytoremediation efficiencies while simultaneously reducing its costs [23]. Heavy-metals play central
roles in symbiotic nitrogen fixation (see [24] for a review of on the role of metals in the symbiosis).
Notably, the nitrogenase enzyme is dependent on a cofactor containing molybdenum and iron
(FeMo-co), vanadium and iron (VFe-co), or two iron molecules (FeFe-co). There is also evidence for the
role of nickel in the symbiosis. For instance, plants inoculated with a deletion mutant of the rhizobium
Sinorhizobium meliloti lacking the nreB-encoded Ni2+ efflux system displayed increased growth under
controlled conditions [25]. Additionally, a treatment with low doses of Ni2+ as the amendment was
shown to stimulate nitrogen fixation and plant growth in soybean, and to increase hydrogenase activity
in Rhizobium leguminosarum bv. viciae [26,27]. However, an excess of heavy-metals negatively impacts
the symbiosis, reducing the number of symbiotic nodules, the rate of nodulation, and the rate of
nitrogen fixation [28,29]. Consequently, in order to promote legume-based phytoremediation through
the improvement of the host plant-symbiont partnership, there is a need to discover metal-resistant
rhizobia and/or to manipulate existing rhizobial inoculants to increase their level of metal resistance.

In this review, we summarize the main findings on metal resistance in rhizobia: the physiological
role, evolution, and genetic determinants of metal resistance, and the perspective to use native and
genetically-manipulated rhizobia as inoculants for legumes in phytoremediation practices.
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Figure 1. The multiple roles of bacteria in helping plants cope with heavy metals. Plant-associated
bacteria may have various roles in both phytostabilization and plant growth. They may influence metal
solubility by directly producing molecules for metal chelation (e.g., siderophores), or by influencing
plant root growth, resulting in increased production of root exudates. Moreover, both rhizospheric
and endophytic bacteria can positively affect plant growth by producing phytohormone molecules
(e.g., auxins), alleviating plant stress (e.g., plant ethylene production), or through nitrogen fixation.
This latter activity is especially relevant when leguminous plants and their rhizobial microsymbionts
are considered. PGP: Plant growth promotion.

2. Legumes in Heavy-Metal Contaminated Areas

The family Leguminosae (Fabaceae) is one of the most diverse among land plants and includes
over 700 genera and 20,000 species [30]. Legumes have been proposed as relevant species for
phytoremediation, largely due to their ability to colonize marginal lands and nutrient-poor soils [28,31].
In particular, legumes are relevant for phytostabilization, as only a few species have been found to be
metal hyperaccumulators (e.g., some species of the genus Astragalus isolated in the Western United
States are selenium hyperaccumulators) for phytoextraction [23,28,32]. Normally, the symbiosis with
rhizobia is inhibited by high levels of heavy-metals in the soil, and genetic engineering techniques have
been suggested to improve symbiotic nitrogen fixation under such harsh environmental conditions [33].
However, although such biotechnological proposals are interesting in terms of molecular dissection
of the system and theoretical application, currently, there are a number of limitations to the use of
genetically-modified microorganisms, including their free release in nature. Analyses on legumes from
heavy-metal-contaminated soils have led to the discovery of naturally-resistant rhizobia, which could
be used as inoculants in these extreme environments. However, a deeper investigation of leguminous
plants growing in metal-enriched sites is required to improve legume-based phytoremediation.

2.1. The Serpentine Vegetation: A Source of Legumes Evolved on Heavy-Metal Rich Soils

Serpentine rocks are an array of ultramafic rock types composed of a hydrous magnesium iron
phyllosilicate mineral that originates from metamorphic alterations of peridotite and pyroxene with
water. The soils derived from these rocks are characterized by: (i) high levels of nickel, cobalt,
and chromium, (ii) low levels of N, P, K, and Ca, and (iii) a high Mg/Ca ratio [34]. This chemical
composition strongly limits the growth of most plant species [35], as well as many microorganisms [3].
The presence of serpentine outcrops is scattered across the planet. Along a geological timescale,
serpentine outcrops have prompted the evolution of peculiar plant adaptation mechanisms (such as
metal hyperaccumulation [36]), which then gave rise to plant differentiation and speciation in a classical
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“ecological islands” model [37,38]. Serpentine vegetation in temperate ecosystems includes several
leguminous species from various genera, including Lotus, Lupinus, Trifolium, Vicia, Melilotus, Medicago,
Lathyrus, Ononis, Dorychnium, Chamaecytisus, Astragalus, Anthyllis, Cytisus, and Acmispon [39,40].
Serpentine endemic legumes have also been reported, such as Errazurizia benthamii [41] in North
America, and Serianthes calycina [42] in New Caledonia. The microbiomes associated with serpentine
plants contain a fraction of microorganisms that appear to have specifically evolved functions to
cope with toxic levels of metals present in the soil and in the plant itself [3]. Moreover, some
of these microorganisms have been shown to be effective in promoting host plant growth in
serpentine soil and, for metal hyperaccumulating plants, to increase metal translocation to the aerial
part [43]. Consequently, rhizobia from serpentine endemic legumes (such as Ni-resistant bradyrhizobia
from S. calycina [42]) may already be adapted to optimizing the fitness of their host in serpentine
environments through a long-term natural selection process [44]. Serpentine endemic legumes may
therefore represent an ideal source of rhizobia that are naturally highly-competent symbiotic partners
in heavy-metal contaminated soils.

2.2. The Search for Heavy-Metal Tolerant Rhizobia and Their Use as Inoculants

Legumes growing in contaminated areas such as mine deposits and serpentine soils have been
a source of symbiotic rhizobial strains displaying resistance to heavy-metals, including Zn, Pb,
and Cu [45–48]. Table 1 summarizes the main studies on the (positive) effects of rhizobial inoculation
on the heavy-metal tolerance of host plants.

Anthyllis vulneraria is one of the most relevant legumes for isolating rhizobia that promote
metal-tolerance by the host plant. A. vulneraria is a perennial herb from boreo-temperate climate
areas in Europe, and it can be found colonizing rocky outcrops and establishing populations on
heavy-metal (mainly Zn)-contaminated sites. Anthyllis is characterized by determinate nodules,
where the meristematic activity disappears shortly after nodule formation, resulting in nodules
of spherical shape. Anthyllis nodules contain a multilayer cortex: a glycoproteic parenchyma for
diffusion, an endodermis, and the outer cortex, which mainly serves as a barrier against pathogens [49].
Nodule bacterial population of leguminous plants grown in Morocco metal-polluted soil displayed a
great biodiversity, suggesting that, in these conditions, metal resistant non-rhizobia may efficiently
colonize the nodules as endophytes [50]. This highlights the importance of heavy-metal resistance in
rhizobia for the establishment of an effective symbiotic interaction in contaminated soils. A. vulneraria
has been found to be associated with rhizobial symbionts from the genera Mesorhizobium, Rhizobium,
and Aminobacter. These include novel rhizobial species, such as Mesorhizobium metallidurans, Rhizobium
metallidurans, and Aminobacter anthyllidis [45,47–51]. Interestingly, these novel rhizobial species
have so far been identified only in Pb-contaminated environments and not in unpolluted soils [47].
The symbiosis between A. vulneraria and its possibly exclusive metal-resistant bacterial species may
provide the basis for the establishment of phytoremediation practices. This could involve the use
of A. vulneraria metal-resistant germplasms, together with its specific natural rhizobial symbionts.
Alternatively, the heavy-metal-resistant rhizobia isolated from A. vulneraria could be modified, either
through laboratory-based experimental evolution studies [52] or direct genetic manipulation, to be
capable of entering into an effective symbiosis with other host legumes.

Legumes of the genus Medicago have also been deeply investigated for their application in
phytoremediation (see Table 1 and references therein). This is mainly because species from this
genus are important forage crops for which cultivation techniques and genetics are well established,
providing important advantages for future cost-effective applications [53]. Genetically-modified [54,55]
and natural [56,57] inocula of Sinorhizobium (syn. Ensifer) meliloti and Sinorhizobium medicae [54] have
been examined for their abilities to improve plant growth and metal accumulation in the presence of
toxic levels of heavy metals such as Cu, Cd, and Zn. However, genetic manipulation is not absolutely
required, as interesting results have also been obtained using indigenous S. meliloti and S. medicae
strains directly isolated from contaminated soils [56,57]. For example, inoculation of Medicago sativa
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plants, grown under field conditions, with wild S. meliloti and S. medicae strains resulted in active
nodulation and the promotion of metal bioaccumulation within the root nodules [56,57]. These results
suggest that the exploitation of natural rhizobia could be a valuable tool for promoting land restoration
and phytostabilization by legumes.

Legume-based phytoremediation may also be improved through inoculation with a consortium
of metal-resistant rhizobia and other PGP bacteria. In metal polluted soil, inoculation of Lupinus
luteus with Bradyrhizobium sp. 750 in consortium with Pseudomonas sp. Az13 and Ochrobactrum
cytisi Azn6.2 increased plant biomass by greater than 100% with respect to uninoculated plants [10].
In contrast, inoculation with only Bradyrhizobium sp. 750 increased plant biomass by only 30%.
Similarly, co-inoculation of M. lupina with S. meliloti CCNWSX0020 and Pseudomonas putida UW4
resulted in larger plants and greater total Cu accumulation than inoculation with just S. meliloti
CCNWSX0020 [55]. Inoculation of Vicia faba, Lens culinaris, and Sulla coronaria with consortia of
rhizobia and non-rhizobia was also effective at improving plant growth and pod yield when grown
in metal-contaminated soil [58]. Moreover, the inoculated S. coronaria accumulated significantly
more cadmium than uninoculated plants [58]. These results highlight the potential for root-associated
microbial communities to influence the success of phytoremediation by rhizobium-inoculated legumes.

It may be concluded that there is great biotechnological potential in increasing the
phytoremediation capabilities of legumes by their associated rhizobia. This may be mediated through
at least two mechanisms: (i) reducing the toxic effects of the metals, and (ii) promoting the growth of
the plant through PGP activities.
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3. Genetics and Genomics of Heavy-Metal Resistance in Symbiotic Rhizobia

A deep understanding of the genetics and molecular mechanisms of metal resistance remains one
of the main goals in environmental biotechnology, with the final aim of promoting the bioremediation
(including phytoremediation) of contaminated soils. Table 2 reports the main studies evaluating
the genetic determinants of heavy metal resistance in rhizobia. Such studies have most commonly
identified the presence of efflux systems that increase metal tolerance by reducing the intracellular
concentrations of the metal(s). However, studies employing genome-scale methods, such as
transcriptome analyses and transposon mutagenesis, have demonstrated that the cellular response to
metal stress involves an intricate genetic network.

Mechanisms mediating resistance to Co and Ni have been identified in many metal resistant
rhizobia through the identification of orthologs of metal resistance genes characterized in Cupriavidus
metallidurans CH34 [63,64]. A gene encoding a DmeF ortholog has been identified in R. leguminosarum
bv. viciae strain UPM791 [65]. DmeF proteins belong to the cation diffusion facilitator (CDF) protein
family, which form metal/proton antiport systems to translocate heavy metals across the bacterial
membrane [66]. Mutation of the dmeRF operon in R. leguminosarum resulted in increased sensitivity
to Co and Ni, but not to Zn or Cu [65]. The mutant also appeared to be somewhat less effective
in symbiosis with pea plants, but not lentil plants, when grown with high concentrations of Co or
Ni [65]. Further experiments demonstrated that dmeR encodes a Ni- and Co-responsive transcriptional
regulator that represses expression of the efflux system in the absence of these metals [65]. Despite being
considered a metal-sensitive strain, the S. meliloti strain 1021 encodes various metal homeostasis
mechanisms, including the DmeRF system, several P-ATPases that are highly common in bacteria,
and an ortholog of the C. metallidurans NreB protein [25,65,67]. Mutation of nreB, encoding a Ni2+ efflux
protein, resulted in increased sensitivity to Ni, Cu, and low pH, but increased tolerance to urea osmotic
stress [25]. The P1B-5-ATPase of S. meliloti, termed Nia (nickel iron ATPase), is positively induced by
the presence of Ni2+ and Fe2+, and its expression is higher within nodules relative to free-living cells,
which may prevent toxic levels of iron accumulation in the symbiosomes. The wild type protein and
recombinants with a deletion of the C-terminal Hr domain have been used to understand the metal
specificity of the P1B-5-ATPase family [67].

Genome-wide analyses have been used to investigate the genetics of the resistance mechanisms
in S. meliloti strain CCNWSX0020, which is resistant to high levels of various heavy-metals (Cu, Zn, Cd
and Pb). Gene mutation and transcriptome analyses have suggested the involvement of dozens of
genes in the metal-resistance phenotypes of CCNWSX0020, including housekeeping genes [68–70].
Of particular note are the following three operons: the multicopper oxidase (MCO), CopG, and YadYZ
operons. The MCO operon is highly expressed following exposure to Cu, and it encodes an outer
membrane protein (Omp), the multicopper oxidase CueO, a blue copper azurin-like protein, and a
copper chaperone involved in Cu homeostasis [70]. It was proposed that the CueO protein (showing
40% similarity with the CueO protein of E. coli) catalyzes Cu(I) oxidation in the periplasmic space,
followed by the export of the excessive Cu(II) across the outer membrane [70,71]. The CopG operon
consists of four genes: CopG, a CusA-like protein, a FixH-like protein, and a hypothetical protein.
Mutation of any of the latter three genes resulted in elevated sensitivity to Zn, Pb, Cd, and Cu, although
the mechanism of resistance of this operon remains unknown [70]. The CusA-like protein appears to
be a highly-truncated ortholog of the CusA protein of the CusCBA Cu(I) efflux system of E. coli [72,73],
and may act as a metal binding protein [70]. The FixH-like protein displays similarity to the FixH
protein of the FixHGI membrane-bound system, a likely cation transporter that has been shown
to be essential for symbiotic nitrogen fixation [74,75]. A FixH-like homolog is also encoded by the
pSinB plasmid of Ensifer sp. M14 (formerly Sinorhizobium sp. M14), where it was also experimentally
shown to be involved in metal resistance [76]. Deletion of the yedYZ operon resulted in increased
sensitivity to Zn, Pb, Cd, and Cu [70]. This was the first report suggesting that YedYZ may be involved
in heavy-metal tolerance. In E. coli, YedYZ forms a sulfite oxidoreductase [77], and expression of a
homologous protein in S. meliloti 1021 is induced by taurine and thiosulfate [78]. Thus, the heavy-metal
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resistance phenotype may be mediated through disrupting sulfite metabolism, which may influence
antioxidant defenses against reactive oxygen species (ROS) generated by heavy metals [70].

Many scientists have used population genetics approaches to identify loci associated with
heavy-metal resistance. This was achieved by performing genome-wide association studies on a
population’s pan-genome, considering allelic variations in the core genome (the set of genes shared by
the members of the population), and gene presence/absence in the dispensable genome fraction (the
set of genes present in only a fraction of the population). Genomic variants statistically associated with
nickel adaptation were identified in a Mesorhizobium population using this approach [79]. A population
of 47 Mesorhizobium strains, isolated from root nodules and soils with different levels of nickel
contamination, was studied. Most of the variants associated with metal adaptation were found
in the dispensable genome fraction. This work highlights that adaptation to heavy metal stress is likely
driven predominately by horizontal gene transfer, and is not due to mutations of pre-existing genes.

Multiple studies have demonstrated that the genetic determinants of metal-resistance in rhizobia
are relevant for phytoremediation purposes. Mutation of ceuO, yedYZ, and the fixH-like gene negatively
impacted the M. lupulina nodulation kinetics of S. meliloti CCNWSX0020 in the presence of Cu and/or
Zn [70], while deletion of the cusA-like gene had a negative effect, even in the absence of heavy metals.
It was separately observed that M. lupulina plants inoculated with S. meliloti CCNWSX0020 strains
with independent mutations in five Cu resistance loci were smaller than plants inoculated with the
wild type, when grown in the presence of Cu [80]. Notably, M. lupulina plants inoculated with any
of the S. meliloti CCNWSX0020 mutants mentioned above accumulated lower amounts of Cu and/or
Ni [78]. Similarly, Robinia pseudoacacia plants inoculated with a Mesorhizobium amorphae 186 copA
mutant accumulated 10–15% less Cu than plants inoculated with the wild type [81]; however, no effect
on plant growth was observed.

Table 2. Genes for heavy-metal (and metalloid) tolerance in symbiotic rhizobia. A summary of the
main genes whose function in tolerance was confirmed experimentally is reported.

Strain Host Plant
Isolation

Site
Method of

Identification
Gene(s)

Metal(s)
Tolerance

Reference

Bradhyrhizobium
spp.

Serianthes
calycina

Serpentine
(New

Caledonia)

PCR amplification,
site-directed
mutagenesis

cnr/nre systems Co, Ni [42]

Mesorhizobium
spp.

Acmispon
wrangelianus

Serpentine
(California)

Association
mapping Various Ni [79]

Mesorhizobium
metallidurans

Antyllis
vulneraria

Zinc mine
(France) Cosmid library cadA (PIB-2-type

ATPase) Zn, Cd [82]

Sinorhizobium
meliloti 1021

Medicago
sativa

Laboratory
strain

Site-directed gene
deletion nreB (SMa1641) Ni [25]

Sinorhizobium
meliloti 1021

Medicago
sativa

Laboratory
strain

Tn5 insertion,
biochemical

characterization

SMa1163
(P1B-5-ATPase) Ni, Fe [67]

Sinorhizobium
meliloti

CCNWSX0020

Medicago
lupulina

Mine tailings
(China)

Site-directed gene
deletion and

transcriptomics

P1B-type ATPases and
others Cu, Zn [69,70]

Rhizobium
leguminosarum

bv. viciae
UPM1137

Pisum
sativum

Serpentine
(Italy)

Transposon
mutagenesis

14 loci (gene annotation
corresponds to Rlv 3841

genome): RL2862,
RL2436, RL2322,

pRL110066, RL1351,
RL4539, pRL90287,

RL4188, RL2793,
RL2100, RL0615,

RL1589, pRL110071,
RL1553

Ni, Co [83]

4. Genomic Manipulation Strategies for Improving Legume Phytoremediation

Various attempts have been made to increase plant growth in the presence of toxic metal
concentrations through genetic modification of their rhizobial microsymbionts. One approach is
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to introduce new genes conferring heavy-metal resistance into the rhizobium. For example, inoculation
of a genetically-modified M. truncatula line (which expressed a metallothionein gene from Arabidopsis
thaliana in its roots) with wild type S. medicae resulted in elevated Cu tolerance [84]. Copper tolerance
was further increased using a S. medicae strain expressing the P. fluorescence copAB Cu resistance
genes [84]. Inoculation with the latter strain also resulted in elevated Cu accumulation in the plant
roots [84]. Similarly, the introduction of an algal As(III) methyltransferase gene (arsM) into the
chromosome of R. leguminosarum bv. trifolii produced a strain that was able to methylate and volatilize
inorganic arsenic in symbiosis with red clover (with no negative impact on nitrogen fixation) [85].
A second approach is the insertion of genes in rhizobia to modulate phytohormone production, thereby
reducing plant stress perception. For example, an ACC deaminase overproducing S. meliloti strain
increased Cu tolerance and promoted plant growth of the host plant M. lupulina [86]. This result was
probably due to reduced production of ethylene by the host plant, in turn decreasing stress perception.
However, it should be kept in mind that a relatively high number of genes may contribute to the
heavy-metal stress response [87–89]. Consequently, a multigenic, genome-wide approach should be
considered when attempting to genetically modify competitive rhizobial symbionts to have increased
heavy-metal tolerance. One possibility along these lines is the introduction of entire, large resistance
plasmids from a non-symbiotic (but highly resistant) strain to a phylogenetically-related, symbiotic
metal-sensitive strain. A candidate plasmid for such studies is the pSinA plasmid of the non-symbiotic
Ensifer sp. M14, which was isolated from an As-contaminated gold mine [76,90,91]. The pSinA plasmid
is a self-transmissible replicon with a broad host range. It harbors a genomic island with genes for
arsenite oxidation (aio genes) and arsenite resistance (ars genes), and its transfer to other species
results in increased arsenic resistance [90]. Transfer of the pSinA plasmid to closely-related rhizobia,
such as S. meliloti, may result in the construction of As-tolerant legume symbionts for use in arsenic
remediation. Subsequent acquisition of pSinA by other members of the rhizospheric microbiota may
further stimulate phytoremediation of arsenic contaminated soils through reducing the arsenic toxicity
(oxidizing arsenites to arsenates) and biofortification (increase of the arsenic resistance level) of the
autochthonic or augmented microflora.

Similarly, elite and metal-resistant rhizobia may be obtained through combining within one
strain genomic elements from the species pangenome. The genomes of most rhizobia are extremely
diverse, and many rhizobia have a divided genome structure consisting of at least two large DNA
replicons [92]. Although there can be numerous inter-replicon functional, regulatory, and genetic
interactions [93–95], in some ways, each replicon in a divided genome could be considered as an
independent evolutionary and functional element [94,96–98]. Recently, it was shown that the genome
and metabolism of S. meliloti is robust to the replacement of the symbiotic megaplasmid with the
symbiotic megaplasmid of a different wild-type isolate [99]. Therefore, it may be possible to construct
“hybrid” strains (Figure 2) with a collection of replicons derived from various wild-type isolates,
potentially allowing for the development of elite strains with improved multifactorial phenotypes
(e.g., resistance to heavy-metals, high symbiotic efficiency, and competition toward the indigenous soil
microbiota).
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Figure 2. A synthetic biology-based proposal to increase rhizobial-mediated heavy-metal tolerance.
Surveys of rhizobial phenotypic and genetic diversity in heavy-metal (HM) rich areas facilitates the
discovery of strains (strain 1) with high levels of heavy-metal resistance. However, such strains may not
be competitive or good nitrogen-fixers in the crops to be used for phytoremediation. The simultaneous
transfer of a large collection of genomic determinants that contribute to HM tolerance, good PGP,
and/or nitrogen fixation (N-fix) abilities between two or more strains (strain 2) could create hybrid
strains (cis-genic strain) with improved features for application in the field for phytoremediation.

5. Conclusions

In recent years, the number of studies related to the potential exploitation of rhizobium–legume
symbioses for phytoremediation practices have increased enormously as a result of environmental
emergencies. In this brief review, we have presented state-of-the-art studies on heavy-metal tolerant
rhizobia, and on their applications in phytoremediation as legume symbionts. A large number of
investigations have indicated that rhizobia, and especially heavy-metal resistant rhizobia, can increase
legume heavy-metal tolerance and promote improved legume growth in metal-rich soils, thereby
resulting in greater removal of heavy-metals from the soil. Heavy-metal resistant rhizobia have
been isolated from the nodules of legumes grown in soils that are rich in heavy-metals as a result of
geological (e.g., serpentine outcrops) or anthropic causes (e.g., mine deposits). Genetic and genomic
studies of heavy-metal resistant rhizobia have shown that although relatively few genes act as the
main player in tolerance, a much larger set of genes may be involved in maximizing fitness in heavy
metal rich growth conditions. Some of these genes, such as the systems for Ni2+ efflux in S. meliloti,
may also contribute to a linkage between metal homeostasis and nitrogen-fixation efficiency. As such,
systems-biology approaches are required to develop an overall picture of heavy-metal resistance and
the ways that we can increase and exploit it in biotechnology. It will also be important to keep in mind
that the engineering of rhizobia should consider several additional aspects, including the rhizobial
genotype, the host plant genotype, and the interactions between the rhizobium with the soil and root
microbiota [100].

Going forward, we suggest that large-scale genome-manipulation approaches may be considered
in developing rhizobial strains with elite phenotypes (e.g., high heavy-metal resistance, high
nitrogen-fixation ability, high competitiveness, etc.) for use in phytoremediation applications. As a
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pre-requisite to such studies, it will be necessary to increase efforts at creating culture collections
of rhizobial strains from contaminated areas, since the strains isolated from these environments is
quite limited in number and in terms of host plant (see also [23]). Such efforts would benefit from
exploring areas that have evolved peculiar flora, such as serpentine outcrops, maximizing the chance
to find well-adapted strains. Whole genome sequencing, genome-scale mutagenesis (such as Tn-seq or
INseq [101]), and metabolic modeling of these strains could then be employed to fully characterize the
genomic basis for tolerance against the contaminants.
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Abstract: Ensifer (Sinorhizobium) sp. M14 is an efficient arsenic-oxidizing bacterium (AOB) that
displays high resistance to numerous metals and various stressors. Here, we report the draft genome
sequence and genome-guided characterization of Ensifer sp. M14, and we describe a pilot-scale
installation applying the M14 strain for remediation of arsenic-contaminated waters. The M14 genome
contains 6874 protein coding sequences, including hundreds not found in related strains. Nearly all
unique genes that are associated with metal resistance and arsenic oxidation are localized within the
pSinA and pSinB megaplasmids. Comparative genomics revealed that multiple copies of high-affinity
phosphate transport systems are common in AOBs, possibly as an As-resistance mechanism. Genome
and antibiotic sensitivity analyses further suggested that the use of Ensifer sp. M14 in biotechnology
does not pose serious biosafety risks. Therefore, a novel two-stage installation for remediation
of arsenic-contaminated waters was developed. It consists of a microbiological module, where
M14 oxidizes As(III) to As(V) ion, followed by an adsorption module for As(V) removal using
granulated bog iron ores. During a 40-day pilot-scale test in an abandoned gold mine in Zloty Stok
(Poland), water leaving the microbiological module generally contained trace amounts of As(III),
and dramatic decreases in total arsenic concentrations were observed after passage through the
adsorption module. These results demonstrate the usefulness of Ensifer sp. M14 in arsenic removal
performed in environmental settings.

Keywords: Ensifer (Sinorhizobium) sp. M14; arsenic-oxidizing bacteria; heavy metal resistance; draft
genome sequence; comparative genomic analysis; biosafety; biotechnology for arsenic removal;
adsorption; water treatment; in situ (bio)remediation

1. Introduction

The development and implementation of bioremediation technologies based on bioaugmentation
requires the selection of appropriate microbial strains. A basic requirement of strains used as

Genes 2018, 9, 379; doi:10.3390/genes9080379 www.mdpi.com/journal/genes189



Genes 2018, 9, 379

bioaugmentation agents is their ability to survive in the environment into which they are introduced.
Thus, such strains are usually characterized by high tolerance to heavy metals [1,2], resistance and
ability to use organic (sometimes toxic) compounds [3,4], resistance to antibiotics [5], and an ability to
thrive in the presence of local bacteriophages and microorganisms. Another important feature of strains
used in bioaugmentation is their ability to perform effective transformation of the particular compound
under changing environmental conditions (e.g., temperature, humidity, and pH). This is always the
critical limitation, as many strains effective under laboratory conditions are, in fact, ineffective in field
applications. Microorganisms suitable in bioremediation should maintain their activity in various
seasons and under variable substrate inflow. A very important factor influencing the decision to
apply a given microorganism in practice is also its interaction with the environment [6]. Strains that
contribute to the uncontrolled release of contaminants, dissemination of antibiotic resistance genes,
or disrupt the functioning of the ecosystem (e.g., by eliminating key microorganisms) should not be
applied in open (uncontrolled) usage.

In this study, we provide a detailed characterization of Sinorhizobium sp. M14 (renamed here to
Ensifer sp. M14 due to its phylogenetic positioning within the Ensifer clade), which is a strain with
high potential to be used in bioremediation technologies for the removal of arsenic from contaminated
waters and wastewaters. Ensifer sp. M14 is a psychrotolerant strain that was isolated from the microbial
mats present in the arsenic-rich bottom sediments of an abandoned gold mine in Zloty Stok (Poland) [7].
The arsenic concentration in the mine waters reaches ~6 mg L−1, while in the microbial mats the level of
accumulated arsenic is close to 20 g L−1 [8]. Previous physiological studies showed that Ensifer sp. M14
tolerates extremely high concentrations of arsenate [As(V)—up to 250 mM] and arsenite [As(III)—up
to 20 mM], and is able to oxidize As(III) both chemolithoautotrophically [using arsenite or arsenopyrite
(FeAsS) as a source of energy] and heterotrophically [7]. Batch experiments performed under various
conditions of pH, temperature, and arsenic concentration confirmed the high adaptive potential of
Ensifer sp. M14 [9]. The strain was capable of intensive growth and efficient biooxidation in a wide
range of conditions, including low temperature [As(III) oxidation rate = 0.533 mg L−1 h−1 at 10 ◦C].
Continuous flow experiments under environment-like conditions (2 L flow bioreactor) showed that
Ensifer sp. M14 efficiently transforms As(III) into As(V) [24 h of residence time was sufficient to oxidize
5 mg L−1 of As(III)], but its activity depended mainly on the retention time in the bioreactor, which
may be accelerated by stimulation with yeast extract as a source of nutrients [9].

Analysis of the extrachromosomal replicons of Ensifer sp. M14 revealed that its arsenic metabolism
properties are linked with the presence of the mega-sized plasmid pSinA (109 kbp) [10]. The loss of
the pSinA plasmid from Ensifer sp. M14 cells (using a target-oriented replicon curing technique [11])
eliminated the ability to oxidize As(III), and caused deficiencies in resistance to arsenic and heavy
metals (Cd, Co, Zn, and Hg). In turn, the introduction of this plasmid into other representatives of the
Alphaproteobacteria showed that cells with pSinA acquired the ability to oxidize arsenite and exhibited
higher tolerance to arsenite than their parental, pSinA-less, wild-type strains. Horizontal transfer
of arsenic metabolism genes by Ensifer sp. M14 was also confirmed in microcosm experiments [10].
The plasmid pSinA was successfully transferred via conjugation into indigenous bacteria of Alpha- and
Gammaproteobacteria classes from the microbial community of As-contaminated soils. Transconjugants
carrying plasmid pSinA expressed arsenite oxidase and stably maintained pSinA in their cells after
approximately 60 generations of growth under nonselective conditions [10].

The second mega-sized replicon of Ensifer sp. M14—plasmid pSinB (300 kbp)—also plays
an important role in the adaptation of the host to the mine environment. Structural and functional
analysis of this plasmid showed that it carries gene clusters involved in heavy metals resistance. Among
these are genes encoding efflux pumps, permeases, transporters, and copper oxidases, which are
responsible for resistance to arsenic, cobalt, zinc, cadmium, iron, mercury, nickel, copper, and silver [12].

In this paper, we obtained a draft genomic sequence of Ensifer sp. M14 and performed
complex genome-guided characterization of this bacterium. Special considerations were given
to (i) determination of the metabolism of phosphate, sulfur, iron, and one-carbon substrates,
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and (ii) investigation of the biosafety of Ensifer sp. M14 in the context of its release to the environment
(e.g., determination of the presence of virulence and antibiotic resistance genes). These analyses
revealed hints about the potential application of this strain in biotechnological applications; for
example, the ability of it to survive environmental stresses, and whether it is likely to pose a safety
risk. As the genomic analyses were consistent with Ensifer sp. M14 having potential application
in biotechnology, we performed a large-scale simulation of the usage of M14 in the biological and
chemical removal of arsenic from contaminated waters. The results support that the developed
low-cost approach is an efficient method for the removal of arsenic from contaminated water.

2. Materials and Methods

2.1. Genome Sequencing, Assembly, and Annotation

Ensifer sp. M14 (available on request from the authors) was grown at 30 ◦C to stationary phase
in TY medium (5 g L−1 tryptone, 3 g L−1 yeast extract, and 0.4 g L−1 calcium chloride). Genomic
DNA was isolated from the culture using a cetyltrimethylammonium bromide (CTAB) method [13]
modified for bacterial DNA isolation as described by the Joint Genome Institute [14]. Sequencing was
performed at IGATech (Udine, Italy) using an Illumina HiSeq2500 instrument with 125-bp paired-end
reads. Two independent sequencing runs were performed. Reads were assembled into scaffolds
using SPAdes v3.9.0 [15,16]. The scaffolds returned by SPAdes were parsed to remove those with
less than 10× coverage or with a length below 200 nucleotides. Using FastANI [17], one-way
average nucleotide identity (ANI) of the Ensifer sp. M14 assembly was calculated against the 887
alpha-proteobacterial genomes available through the National Center for Biotechnological Information
(NCBI) with an assembly level of ‘complete’ or ‘chromosome’. The 10 genomes most closely related
to Ensifer sp. M14 were identified on the basis of the ANI results. These 10 genomes, together with
the complete pSinA and pSinB plasmid sequences [10,12], were used as reference genomes for further
scaffolding of the assembly using MeDuSa [18]. The Ensifer sp. M14 assembly was then annotated using
prokka version 1.12-beta [19], annotating coding regions with Prodigal [20], tRNA with Aragon [21],
rRNA with Barrnap (github.com/tseemann/barrnap), and ncRNA with Infernal [22] and Rfam [23].
The predicted coding sequences were associated with Cluster of Orthologous Genes (COG) categories,
Gene Ontology (GO) terms, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway terms,
and eggNOG annotations using eggNOG-mapper version 0.99.2-3-g41823b2 [24]. The assembly was
deposited to NCBI with the GenBank accession QJNR00000000 (the version described in this paper is
version QJNR01000000) and the BioSample accession SAMN09254189.

2.2. Phylogenetic Analysis

Initially, all 133 Sinorhizobium/Ensifer genomes available through NCBI, regardless of assembly
level, were downloaded. FastANI [17] was used to calculate one-way ANI values between
Ensifer sp. M14 and each of the 133 downloaded genomes. Only the strains meeting at least one
of the following two requirements were kept for further analyses: (i) had a genome assembly level
of ‘complete’ or ‘chromosome’, or (ii) had an ANI value of at least 85% compared to Ensifer sp. M14.
This resulted in a final set of 46 strains, when including Ensifer sp. M14.

The pangenome of the 46 strains was calculated using Roary version 3.11.3 [25], as described
below, following re-annotation with prokka version 1.12-beta [19]. Included in the Roary output
was a concatenated nucleotide alignment of the 1652 core genes, each individually aligned with
PRANK [26]. The core gene alignment was used to build a maximum likelihood phylogeny with
RAxML version 8.2.9 [27] using the following command:

raxmlHPC-HYBRID-SSE3-T 5-s input.fasta-N autoMRE-n output-f a-p 12345-x 12345-m GTRCAT.

The final tree is the bootstrap best tree following 50 bootstrap replicates, and was visualized using
the online iTOL (Interactive Tree of Life) webserver [28].
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Strains were grouped into putative species on the basis of ANI and average amino acid
identity (AAI) values, using thresholds of 96% for both measures. Groupings for ANI were the
same at thresholds of 96% and 94%. Pairwise ANI values were calculated between each strain
using FastANI [17], and the values in both directions were averaged. The CompareM workflow
(github.com/dparks1134/CompareM) was used for calculating the AAI values. In the CompareM
workflow, orthologous proteins were first identified using DIAMOND with the sensitive setting [29],
and thresholds of 40% identity over 70% the length of the protein and a maximum e-value of 1e−12

were applied, as these are the thresholds used in the myTaxa program [30].

2.3. Sinorhizobium/Ensifer Pangenome Calculation

All 46 strains included in the phylogenetic analyses were reannotated using prokka version
1.12-beta [19], to ensure consistent annotation. The pangenome of the 46 reannotated strains was then
determined with Roary version 3.11.3 [25], using an amino acid identity threshold of 80% and the
following command:

roary-p 20-f Output-e-I 80-g 100,000 Input/*.gff.

For comparison of the gene content of Ensifer sp. M14, Ensifer sp. A49, Ensifer adhaerens OV14,
and Ensifer adhaerens Casida A, the data was extracted from the full 46-strain pangenome. The complete
gene presence/absence output from Roary is provided as Data Set S1. Several short proteins of
Ensifer sp. M14 were not present in the output of the Roary analysis; these proteins were not considered
when identifying unique genes.

2.4. Comparative Genomics of Arsenic Oxidizing Bacteria

The genomes of Agrobacterium tumefaciens 5A [31], Agrobacterium tumefaciens Ach5 [32],
Ensifer adhaerens OV14 [33], Neorhizobium galegae HAMBI 540 [34], and Rhizobium sp. NT-26 [35] were
downloaded from NCBI GenBank and reannotated using prokka, as described above for Ensifer sp. M14.
The GenBank files of the re-annotated genomes, and the Ensifer sp. M14 genome, were uploaded to the
KBase webserver [36], and OrthoMCL [37] was run on the KBase server using an e-value threshold of
1e−12. Identification of phosphate transport and arsenic resistance genes in other bacterial genomes
(Achromobacter arsenitoxydans SY8 [38], Herminiimonas arsenicoxydans ULPAs1 [39], and Pseudomonas
stutzeri TS44 [40]) was accomplished by manually searching the GenBank file of the RefSeq annotated
genomes [41].

2.5. Identification of Prophage Loci

PhiSpy version 3.2 [42], implemented in Python, was used to predict phage genes.
The Ensifer sp. M14 GenBank file produced with prokka was converted to SEED format using the
genbank_to_seed.py script. The converted file was then used as input for the PhiSpy.py script, using
the generic test set for training.

2.6. Identification of Putative Antibiotic Resistance Genes

To identify putative antibiotic resistance genes, the Resistance Gene Identifier (RGI) in the
Comprehensive Antibiotic Resistance Database (CARD) software was used [43]. Hits showing at
least 50% identity with the reference protein were considered significant. Each hit was verified
manually using BLASTp analysis.

2.7. Analysis of the Antimicrobial Susceptibility Patterns

To determine the antimicrobial susceptibility patterns of Ensifer sp. M14, minimum inhibitory
concentrations (MICs) of 11 antimicrobial agents were assessed using Etest™ (Liofilchem, Roseto degli
Abruzzi, Italy). The analysis was conducted according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) recommendations [44]. The following antibiotics (selected based
on the bioinformatic analyses that identified putative antibiotic resistance genes) were used:
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(i) aminoglycosides–gentamicin (GN; concentration of antibiotic: 0.064–1024 μg mL−1 Roseto degli
Abruzzi1); (ii) β-lactams (penicillin derivatives)–ampicillin (AMP; 0.016–256 μg mL−1); (iii) β-lactams
(cephalosporins)–cefixime (CFM; 0.016–256 μg mL−1); (iv) β-lactams (cephalosporins)–cefotaxime
(CTX; 0.016–256 μg mL−1); (v) β-lactams (cephalosporins)–ceftriaxone (CRO; 0.016–256 μg mL−1);
(vi) fluroquinolones–ciprofloxacin (CIP; 0.002–32 μg mL−1); (vii) fluroquinolones–moxifloxacin
(MXF; 0.002–32 μg mL−1); (viii) phenicols–chloramphenicol (C; 0.016–256 μg mL−1);
(ix) rifamicyns–rifampicin (RD; 0.016–256 μg mL−1); (x) sulfonamides–trimethoprim (TM;
0.002–32 μg mL−1); and (xi) tetracyclines–tetracycline (TE; 0.016–256 μg mL−1). The susceptibility
testing was performed at 30 ◦C for 20 h. After incubation, plates were photographed and MICs were
defined. Antimicrobial susceptibility data were interpreted according to the EUCAST breakpoint table
version 8.0 [45].

2.8. Search for Symbiotic Proteins

A custom pipeline based on the use of hidden Markov models (HMM) was used to search the
proteomes of all 46 Sinorhizobium/Ensifer strains for the presence of the nodulation proteins NodA,
NodB, and NodC, as well as for the nitrogenase proteins NifH, NifD, and NifK. This pipeline is
dependent on HMMER version 3.1b2 [46], and the complete Pfam-A version 31.0 (16,712 HMMs) and
TIGERFAM version 15.0 (4488 HMMs) databases [47,48]. After downloading the HMM databases,
hmmconvert was used to ensure consistent formatting. The two databases were combined into a single
HMM database, and then converted into a searchable database with hmmpress. Additionally, the HMM
seed alignments for NodA (TIGR04245), NodB (TIGR04243), NodC (TIGR04242), NifH (TIGR01287),
NifD (TIGR01282), and NifK (TIGR01286) were downloaded from the TIGRFAM database [47].

For each HMM seed alignment, a HMM was built using hmmbuild, and the output was then
searched against the complete set of Sinorhizobium/Ensifer proteins using hmmsearch. The output
was parsed, and the amino acid sequences for each of the hits (regardless of e-value) were collected.
Each set of sequences were then searched against the combined HMM database using hmmscan,
and the output parsed to identify the top scoring HMM hit for each query protein. Proteins were
annotated as follows: NodA if the top hit was TIGR04245 (TIGRFAM) or NodA (Pfam); NodB if the
top hit was TIGR04243 (TIGRFAM); NodC if the top hit was TIGR04242 (TIGRFAM); NifH if the top
hit was TIGR01287 (TIGRFAM) or Fer4_NifH (Pfam); NifD if the top hit was TIGR01282 (TIGRFAM),
TIGR01860 (TIGRFAM), or TIGR01861 (TIGRFAM); NifK if the top hit was TIGR02932 (TIGRFAM),
TIGR02931 (TIGRFAM), or TIGR01286 (TIGRFAM).

2.9. Cluster of Orthologous Genes Functional Annotation

Proteomes were annotated with COG functional categories using eggNOG-mapper version
0.99.2-3-g41823b2 [24]. The output of eggNOG-mapper was parsed with a custom Perl script to count
the percentage of proteins annotated with each functional category. Fisher exact tests, performed
using MATLAB R2016b (www.mathworks.com), were performed to identify statistically significant
differences (p < 0.05) between Ensifer sp. M14 and the other strains.

2.10. In Silico Metabolic Reconstruction and Constraint-Based Modelling

Metabolic reconstruction steps and constraint-based metabolic modeling were performed
in MATLAB 2017a (Mathworks, Natick, MA, USA), using the Gurobi 7.0.2 solver (gurobi.com),
SBMLToolbox 4.1.0 [49], libSBML 5.13.0 [50], and scripts from the COBRA Toolbox [51] and the Tn-Core
Toolbox [52]. The ability of the Ensifer sp. M14 model to grow when individually provided with 163
carbon sources was tested using flux balance analysis (FBA) as implemented in the ‘optimizeCbModel’
function of the COBRA Toolbox.

An initial draft metabolic reconstruction was prepared using the online KBase webserver [36].
The Ensifer sp. M14 genome was uploaded and re-annotated with RAST functions using the ‘annotate
microbial genome’ function. The re-annotated genome was used to build a draft model with the ‘build
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metabolic model’ function, performing gap-filling on a glucose minimal medium, and with automatic
biomass template selection. This reconstruction was downloaded in SBML format, and then imported
into MATLAB as a COBRA formatted metabolic model for further manipulation. After removing
duplicate genes from the gene list and updating the gene-reaction rules appropriately, the model was
expanded based on the reaction content of the curated iGD1575 and iGD726 metabolic reconstructions
of the closely related species Sinorhizobium meliloti [53,54]. First, a BLAST bidirectional best hit approach
was used to identify putative orthologs (at least 70% identity over at least 70% the protein length)
between S. meliloti Rm1021 and Ensifer sp. M14. All S. meliloti genes without a putative ortholog in
Ensifer sp. M14 were deleted from the iGD1575 and iGD726 models, and the constrained reactions
removed. Next, the reactions of iGD726 and the draft Ensifer sp. M14 model were compared based on
their equations, and all reactions unique to iGD726 were identified and transferred to the Ensifer sp. M14
model. Exceptions were iGD726 reactions that differed from a reaction in the Ensifer sp. M14 model only
in the presence/absence of a proton or in metabolite stoichiometry. This process was then repeated,
transferring the unique reactions of iGD1575 to the partially expanded model. When transferring
reactions, associated genes were also transferred and changed to the name of the Ensifer sp. M14
orthologs. Following the expansions, all reactions producing dead-end metabolites were iteratively
removed from the model. The final model contained 1491 genes, 1561 reactions, and 1105 metabolites,
and is available in Data Set S2.

2.11. Prediction of Secondary Metabolism

Loci encoding secondary metabolic pathways were predicted in the Ensifer sp. M14 genome using
the antiSMASH webserver [55]. The Ensifer sp. M14 GenBank file was uploaded to the bacterial version
of antiSMASH, and the analysis was run with all options selected with default parameters.

2.12. Construction of a Pilot-Scale Installation for Arsenic Bioremediation

A pilot-scale installation for the removal of arsenic from contaminated waters was developed.
The installation was operated using water from a dewatering system of a former gold mine located in
the Zloty Stok area (SW Poland), which is highly polluted with arsenic. The total arsenic concentration,
arsenic speciation, as well as detailed chemical and physical characteristics of the water are presented
elsewhere [56]. The installation consisted of two modules: the microbiological module and the
adsorption module (Figure 1).

Figure 1. The pilot-scale installation used for remediation of arsenic contaminated water. The image
is a schematic representation of the pilot-scale installation developed as part of this work. Both the
microbiological and adsorption modules are shown.

The microbiological module was based on the activity of Ensifer sp. M14, which was used
as an arsenite biooxidizer. This module included a 200 L bioreactor with an electric heater.
The contaminated water flowing out from the gold mine was fed into the bioreactor through a pressure
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reducer and a peristaltic pump at a volume flow rate of 8.33 L h−1, corresponding to a residence
time of 24 h in the bioreactor. Outflow of the water occurred as overflow in the upper part of the
bioreactor. To increase the effectiveness of the arsenite biooxidition, the bioreactor was equipped with
an additional aeration system that consisted of an air pump producing compressed air. The additional
aeration system was included in our previous study and showed that the arsenite oxidation efficiency
of Ensifer sp. M14 is higher in the presence of additional aeration during continuous culturing [9].
Moreover, yeast extract was added to the bioreactor as a source of vitamins (growth supplements).
Fifty grams of powdered yeast extract (Sigma-Aldrich, St. Louis, MO, USA) was added to the
bioreactor twice a week. This was done as we previously observed that the presence of yeast extract
led to an increase in the growth and efficiency of arsenite biooxidation of Ensifer sp. M14 during
continuous culturing [9]. This relationship was also confirmed in other papers [10,57]. The supply
of air also contributed to the mixing of the bioreactor content. The bioreactor was equipped with
a multifunctional electrode dedicated to controlling the chemical and physical parameters of water,
specifically, to monitor pH, redox potential, and temperature (Hydrolab HL4, OTT Hydromet, Kempten,
Germany). The water leaving the bioreactor was fed into a 60 L buffer tank, which functioned as the
connecting element between the bioreactor and the adsorption module. The inclusion of the buffer
tank helped maintain a constant water level in the adsorption columns and ensured a constant flow of
water from the bioreactor to the adsorption columns.

The adsorption module consisted of three columns (17 L volume each) filled with granulated
bog iron ores (about 15 kg per column) and connected in series (Figure 1). The detailed chemical
and physical parameters, chemical composition, and stability of the adsorbent were presented
previously [56]. Contaminated water from the buffer tank (after passing through the microbiological
module) was fed into the first column using a second peristaltic pump at a volume flow rate of
8.33 L h−1, which corresponded to approximately one hour of residence time per column.

The installation was also equipped with a process control system (operated at the location of the
pilot plant or remotely via a Global System for Mobile Communications (GSM)) that monitored and
controlled key process parameters including the volume flow rate of the water, the water temperature
at the inlet, in the bioreactor, and at the outlet of the pilot plant, as well as the ambient temperature.

2.13. Installation Start-Up

Scale-up of the installation (from laboratory scale to pilot scale) required the development of
procedures for successful start-up based on the results of our previous study [9]. The first step of
the start-up of the microbiological module was inoculation of the bioreactor with an appropriate
amount of Ensifer sp. M14. The bioreactor filled with arsenic contaminated water was inoculated with
200 mL of a highly concentrated overnight culture of Ensifer sp. M14 suspended in 0.85% NaCl solution.
The initial OD600 in the bioreactor was 0.01. In earlier experiments, it was determined that a starting
cell density of 108 CFU mL−1 (which corresponds to an OD600 of 0.1) is required for the installation
to work properly [9]. To increase the density of the Ensifer sp. M14, the water in the bioreactor was
supplemented with powdered yeast extract to a final concentration of 0.04%. Additionally, aeration
was applied. Finally, the temperature of the water was increased (from 10 to 22 ◦C) with the use of
an electric heater placed in the bioreactor. Application of all these treatments led to an OD600 value of
0.1 within 24 h.

Start-up procedures related to the adsorption module mainly concerned the preparation of the
adsorbent for its usage. After filling the columns with granulated bog iron ores, it was necessary to
condition the adsorbent (rinsing the adsorbent with the tap water without arsenic) to remove all the
loosely bound fractions.

2.14. Biological and Chemical Analyses

Arsenic speciation was investigated with the use of ion chromatography on an IonPac AS18
(2 mm, Dionex, Lübeck, Germany) column on an ICS Dionex 3000 (Lübeck, Germany) instrument
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equipped with an ASRS® 2 mm suppressor, which was coupled to a ZQ 2000 mass spectrometer
via an electrospray source (Waters, Milford, MA, USA) according to the method described by
Debiec et al. [9]. In the adsorption module, the total arsenic concentration was investigated.
Total arsenic concentration was measured using a Graphite Furnace Atomic Absorption Spectrometry
(GFAAS; AA Solaar M6 Spectrometer, TJA Solutions, Waltham, MA, USA). Arsenic standard solutions
(Merck, Darmstadt, Germany) were prepared in 3% HNO3. The pH and redox potential were measured
only in the microbiological module. Samples of raw water, water from the bioreactor, as well as water
at the inflow and outflow of each adsorption column were collected once a day during the first 8
days, and then three times a week up to day 40. Samples taken from the bioreactor were stored at
−20 ◦C, while samples collected from the adsorption module were stored at 4 ◦C. This experiment
was repeated twice.

3. Results and Discussion

3.1. Sequencing of the Ensifer sp. M14 Genome

The draft genome sequence of Ensifer sp. M14 was obtained as described in the Materials and
Methods, and the general genomic features are described in Table 1.

Table 1. Features of the Ensifer sp. M14 genome assembly.

Length 7,345,249 bp
G + C content 61.47%
CDS 6874
rRNA 3
tRNA 53
Miscellaneous RNA 33
Scaffolds 45
Scaffold N50 (L50) 4400,487 (1)
CDS with COG terms *,† 64.00%
CDS with GO terms * 28.70%
CDS with KEGG pathway terms * 35.50%
CDS with eggNOG annotations *,¥ 80.50%
CDS with no similarity * 9.40%

* As determined using eggnog-mapper [24]. Those genes not returned in the eggNOG-mapper output were said
to have no similarity; † Excluding those annotated with COG category S (unknown function); ¥ Excluding those
annotated as protein/domain of unknown/uncharacterized function. CDS (Coding Sequences); COG (Cluster of
Orthologous Genes); KEGG (Kyoto Encyclopedia of Genes and Genomes); GO (Gene Ontology).

The assembly consists of 7,345,249 bp spread over 45 scaffolds at an average coverage of 118×.
Of the 45 scaffolds, 12 are over 40 kbp in size and account for 98.7% of the assembly. Based on similarity
searches of the scaffolds, previous plasmid profiling of Ensifer sp. M14 [10,12], and the finished genomes
of related strains [33,58], we predict that the Ensifer sp. M14 genome consists of one chromosome
(at least 4.4 Mbp in size), two additional large replicons (chromids and/or large megaplasmids, at least
1.6 Mbp and 0.6 Mbp in size), and the two previously reported smaller megaplasmids (pSinA and
pSinB, 109 kbp and 300 kbp, respectively, based on previous papers [10,12]). A total of 6874 coding
sequences were predicted, which is more than the 6218 predicted in S. meliloti Rm1021 and the 6641 of
E. adhaerens Casida A, but less than the 7033 predicted in E. adhaerens OV14 [33,58,59]. Six putative
prophages were identified on Scaffold 4 (the chromosome) using PhiSpy [42]; these ranged in size
from 21 to 65 genes, and accounted for a total of 292 genes (Data Set S3). However, no CRISPR loci
were detected during annotation with prokka [19]; a questionable, short CRIPSR with one spacer
was detected with CRISPRfinder [59], but its location within a predicted coding region suggests it is
unlikely to be a true CRISPR locus. No evidence for the presence of the common nodulation genes
nodABC or the nitrogenase genes nifHDK was found using a hidden Markov model based approach.
The Ensifer sp. M14 assembly has been deposited in GenBank under the accession QJNR00000000,
as part of the BioSample SAMN09254189.
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3.2. Taxonomic Analysis of Ensifer sp. M14

Phylogenetic analyses were performed to identify the relationships between Ensifer sp. M14 and
previously sequenced Sinorhizobium/Ensifer strains. Forty-five Sinorhizobium/Ensifer genomes were
downloaded from the NCBI database (see Materials and Methods for criteria for strain inclusion),
and a maximum likelihood phylogeny of these strains plus Ensifer sp. M14 was built based on 1652
core genes (Figure 2).

The 46 strains were grouped into putative species on the basis of whole genome ANI and AAI
values (Figures S1 and S2). The results revealed that Ensifer sp. M14 is closely related to Ensifer
(Sinorhizobium) sp. A49 (98.5% ANI and 98.9% AAI), and that these strains likely belong to a new
species. Ensifer sp. A49 was previously isolated from soil of the Fureneset Rural Development Centre
of Fjaler, Norway [60]. However, the pSinA and pSinB plasmids, carrying genes involved in arsenic
oxidation and heavy metal resistance [10,12], appear to be specific to Ensifer sp. M14 and may therefore
have been gained during growth in the Zloty Stok gold mine [7]. The most closely related named
species is Ensifer adhaerens, which includes bacterial predators capable of feeding on organisms such as
Micrococcus luteus [58,61].

 
Figure 2. Phylogeny of a selected 46 Sinorhizobium/Ensifer strains with a publicly available whole
genome sequence. An unrooted RAxML maximum likelihood phylogeny of 46 Sinorhizobium/Ensifer
strains was prepared on the basis of the concatenated nucleotide alignments of 1652 core genes.
The presented tree is the bootstrap best tree following 50 bootstrap replicates, and the scale represents
the mean number of nucleotide substitutions per site. Nodes with 100% bootstrap support are indicated
by the black circles. The colors and numbers to the right of the tree are used to indicate strains that
group into putative species on the basis of average nucleotide identity (>96% ANI; same results were
obtained with >94% ANI) and average amino acid identity (>96% AAI), as described in the Materials
and Methods. Type strains are indicated by the ‘T’. The accessions for all strains included in this figure
are provided in Table S1.

3.3. Identification of Unique Features of the Ensifer sp. M14 Genome

A global, functional analysis of the Ensifer sp. M14 proteome was performed using COG categories,
and the proteome was compared with closely related species to identify general functional biases.
This analysis was performed with the goal of identifying recently acquired genomic islands that
may contribute to the adaptation of Ensifer sp. M14 to the gold mine environment. When compared
with Ensifer sp. A49, E. adhaerens OV14, and E. adhaerens Casida A, no statistically significant biases
(pairwise Fisher’s exact tests, p > 0.05 in all cases) in COG category abundances were detected in
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the Ensifer sp. M14 proteome (Figure 3A). However, there was a slight, but statistically insignificant
(pairwise Fisher’s exact tests, p > 0.05), enrichment in inorganic ion transport and metabolism (COG P)
in the proteomes of Ensifer sp. M14 and Ensifer sp. A49 compared to the other two strains (Figure 3A).
These results suggest no gross functional changes in the Ensifer sp. M14 genome occurred during
adaptation to growth in the Zloty Stok gold mine, at least at the general level of COG categories.

 

Figure 3. General features of the genome of Ensifer sp. M14 and related strains. (A) The percentage of
proteins encoded by each strain annotated with each COG (Cluster of Orthologous Genes) functional
category. COG categories not represented in the proteome are excluded from the graph. COG category
definitions are provided in Table S4. (B) A Venn diagram indicating the number of genes shared among
these four strains, as extracted from the pangenome of the 46 strains shown in Figure 2. (C) A circular
plot, prepared with Circos version 0.67-7 [62], showing the scaffolds of the Ensifer sp. M14 assembly
(outer black curved lines) including the plasmids, and the predicted coding sequences on the positive
strand (outer ring) and negative strand (inner ring). Scaffolds are drawn proportional to their size,
and they are presented in the order they are numbered. Scaffold 4 (chromosome), 8 (pSinB), and 11
(pSinA) are labelled. The coding regions are colored according to their conservation level, with red
indicating genes unique to Ensifer sp. M14, and yellow indicating species common and unique to
Ensifer spp. M14 and A49. Some multi-gene loci unique to M14 (red asterisks) or unique to M14 and
A49 (blue asterisks) are indicated.
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Despite the similarity in COG abundances, the Ensifer sp. M14 genome contains a large number
of unique genes. There are 899 genes found in Ensifer sp. M14 but not in Ensifer sp. A49, E. adhaerens
OV14, or E. adhaerens Casida A, while an additional 812 are found in M14 and A49, but not OV14 or
Casida A (Figure 3B). Of the 899 genes specific to Ensifer sp. M14, 656 (9.4% of the genome) were not
detected in any of the other 45 Sinorhizobium/Ensifer strains included in the phylogenetic analysis (Data
Sets S1 and S4). Five hundred and ninety of the 656 unique proteins had a blast hit (e-value ≤ 1e−10)
when queried against the NCBI non-redundant protein database, consistent with the corresponding
genes being real genes that were likely acquired from other organisms through horizontal gene transfer
(HGT). Mapping the location of the 656 unique genes across the assembly revealed the presence of
several putative genomic islands (GIs) likely acquired through recent HGT since the divergence of
Ensifer sp. M14 from Ensifer sp. A49 (Figure 3C, Data Set S4). Scaffolds 11 and 8, which correspond to the
pSinA and pSinB plasmids, respectively, were not surprisingly enriched in unique genes, and together
account for 217 (33%) of the unique genes. As described in detail elsewhere, these plasmids carry
numerous functions associated with arsenic oxidation [10] and heavy metal resistance [10,12]. Of the
439 unique genes spread among the other scaffolds, 309 (70.4%) were annotated as hypothetical genes.
Little else of interest was detected among the unique genes (Data Set S4); however, scaffold 36 was
predicted to encode a zinc transporting ATPase, and a few genes related to stress resistance or drug
resistance were found (discussed later). Overall, these results suggest that essentially all of the recently
acquired traits associated with heavy metal resistance, arsenic oxidation, and adaptation to the stressful
conditions of the Zloty Stock gold mine are associated with the pSinA and pSinB plasmids.

3.4. Metabolism of Ensifer sp. M14

Detailed phenotypic characterization of Ensifer sp. M14 was previously reported [7]. To further
evaluate (in silico) the metabolic and transport potential of Ensifer sp. M14, a draft metabolic
reconstruction was prepared encompassing 1491 genes and 1289 gene-associated reactions (Data Set S2).
As expected based on the metabolism of related organisms [63], glycolysis in Ensifer sp. M14 is predicted
to proceed through the Entner–Duodoroff pathway (Figures S3–S5). Growth simulations using Flux
Balance Analysis suggested that Ensifer sp. M14 has a broad metabolic capacity, with a predicted
ability to catabolize 72 carbon sources, including a variety of sugars, sugar alcohols, and organic acids
(Table S2). This is consistent with previous work, which found that Ensifer sp. M14 could grow on 12
of 16 tested carbon substrates, including glucose, xylose, and lactate [7]. The following paragraphs
provide a description of several metabolic capabilities that may be relevant to survival in the stressful
environment of the Zloty Stok gold mine, and/or to resistance to elevated arsenic concentrations.

3.4.1. Phosphate Transport

The metabolic reconstruction indicated that Ensifer sp. M14 encodes two copies of the
PstSCAB-PhoU high-affinity phosphate transporter (BLJAPNOD_00112 through BLJAPNOD_00116;
and BLJAPNOD_05453 through BLJAPNOD_05457). Further examination of the Ensifer sp. M14
genome additionally revealed two copies of the PhnCDE(T) high-affinity phosphate and phosphonate
transport system (BLJAPNOD_04783 through BLJAPNOD_04786; and BLJAPNOD_05447 through
BLJAPNOD_05450). Notably, one copy of PstSCAB-PhoU and one copy of PhnCDE(T) were adjacent
to the arsenic oxidation gene cluster within pSinA. This led us to explore the presence of phosphate
transport systems in other arsenic-oxidizing bacteria (AOB). Using OrthoMCL [37], orthologous
proteins were identified among six strains from the family Rhizobiaceae (Table S3): these included
three AOB (Ensifer sp. M14, A. tumefaciens 5A, and Rhizobium sp. NT-26), as well as three related
strains that are not AOB (E. adhaerens OV14, N. galegae HAMBI 540, and A. tumefaciens Ach5). Thirteen
proteins were found to be common and specific to the three AOB, which not surprisingly included
the arsenic oxidation gene cluster [10]. Notably, included within these 13 proteins were subunits of
the PstSCAB-PhoU and PhnCDE(T) transporters. While all six strains encoded orthologous versions
of PstSCAB-PhoU and PhnCDE(T), all three AOB encoded additional copies adjacent to their arsenic
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oxidation loci. Examining the genomes of three additional diverse AOB (H. arsenicoxydans ULPAs1,
A. arsenitoxydans SY8, and P. stutzeri TS44) revealed that the first two also contained a second copy of
the PstSCAB transporter in close proximity to arsenite related genes.

Based on the above results, we predict that phosphate transport genes are commonly associated
with arsenite resistance loci [64]. Arsenates and phosphate are chemical analogs, with the toxicity
of arsenic being a result of arsenic replacing phosphate in key biological molecules [65]. Similarly,
arsenic competes with phosphate for transport through phosphate transport systems, including the
PstSCAB and PhnCDE(T) systems [66–68], potentially resulting in phosphate starvation. However,
the phosphate periplasmic binding proteins of at least some PstSCAB-PhoU systems, such as from the
arsenic-resistant strain Halomonas strain GFAJ-1, display a strong preference for binding phosphate
over arsenic [68]. Thus, the presence of additional high-affinity phosphate systems in AOB may be
a mechanism to increase the rate (and selectivity) of phosphate import, thereby reducing the toxic
effects of elevated environmental arsenic concentrations.

3.4.2. Sulfur Metabolism

We evaluated sulfur metabolism by Ensifer sp. M14, as sulfur compounds, such as sulfide, can
be abundant in gold mines, and the arsenic oxidase enzyme contains an iron-sulfur subunit [64].
Ensifer sp. M14 appears to have a variety of mechanisms for sulfate assimilation. Based on the metabolic
reconstruction, the genome is predicted to encode multiple sulfate and thiosulfate transporters. It is
further predicted to encode several putative thiosulfate sulfurtransferases and a hydrogen sulfide
oxidoreductase (BLJAPNOD_03089); in contrast, a sulfite oxidoreductase was not identified. Genes
BLJAPNOD_05764 through BLJAPNOD_05768 may encode for the transport and metabolism of taurine,
while BLJAPNOD_05769 may encode the TauR taurine transcriptional regulator. Ensifer sp. M14 is also
predicted to encode an alkanesulfonate monoxygenase (BLJAPNOD_06609). At least one copy of each
of the subunits of the SsuABC alkanesufonate ABC-type transporter are also predicted to be encoded
in the genome; however, no locus appeared to contain all three.

3.4.3. One-Carbon Metabolism

Ensifer sp. M14 is capable of growing with carbon dioxide or bicarbonate as the sole
source of carbon [7], although the underlying metabolic pathway for this capability has not
been examined. The metabolic reconstruction identified a putative formamide amidohydrolase
(BLJAPNOD_04973) and putative formate dehydrogenases (BLJAPNOD_00952 and BLJAPNOD_03433),
suggestive of the utilization of these one-carbon compounds. No clear evidence for genes
associated with methanol or methylamine metabolism were found. However, the mechanism
underlying one-carbon metabolism remains unclear. Unlike S. meliloti [69], Ensifer sp. M14
does not appear to encode the Calvin–Benson–Bassham cycle, nor were we able to identify
any of the complete carbon-fixation pathways [70]. However, multiple enzymes potentially
involved in the incorporation of bicarbonate were identified. These include putative acetyl-CoA
carboxylases (BLJAPNOD_03269, BLJAPNOD_04937, BLJAPNOD_04938), a putative 3-oxopropanoate
oxidoreductase (BLJAPNOD_03990), putative propanoyl-CoA carboxylases (BLJAPNOD_06206,
BLJAPNOD_06208), a putative pyruvate carboxylase (BLJAPNOD_00700), and a phosphoenolpyruvate
carboxylase (BLJAPNOD_01050).

3.4.4. Iron Transport and Metabolism

Due to the involvement of iron in arsenic oxidation, the transport and metabolism of this metal
was examined. Ensifer sp. M14 is predicted to encode several transporters of iron or iron containing
compounds. The genes BLJAPNOD_01755 and BLJAPNOD_01831 are predicted to encode a ferrous iron
(Fe2+) permease (EfeU) and a ferrous iron efflux pump (FieF), respectively. Genes BLJAPNOD_05889
through BLJAPNOD_05891 may encode a FecBDE ferric dicitrate transporter, while BLJAPNOD_05888
may encode the FecA ferric dicitrate outer membrane receptor protein. The genes BLJAPNOD_00861
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through BLJAPNOD_00863 may encode a second ferric dicitrate transporter. Additionally,
the genes BLJAPNOD_05777, BLJAPNOD_05780, and BLJAPNOD_05781 may form an ABC-type
transport system for iron or an iron complexes. Moreover, three putative FhuA ferrichrome (iron
containing siderophore) transporting outer membrane proteins (BLJAPNOD_04144, BLJAPNOD_04445,
BLJAPNOD_05778), and a FcuA ferrichrome receptor (BLJAPNOD_05962) are predicted to be
encoded in the genome. A putative FepCDG ferric enterobactin transporter (BLJAPNOD_04147,
BLJAPNOD_04148, BLJAPNOD_04149) and a PfeA enterobactin receptor (BLJAPNOD_05560) are
also annotated. Aside from transport, Ensifer sp. M14 is predicted to encode a ferric reductase
(BLJAPNOD_01976–fhuF), a ferrous oxidoreductase (BLJAPNOD_01631), and a ferric-chelate reductase
(BLJAPNOD_02273). Additionally, the five gene operon (BLJAPNOD_05798-BLJAPNOD_05802) was
predicted (using antiSMASH [55]) to encode a siderophore (aerobacin-like) biosynthetic pathway.
Finally, the ferric uptake regulator (Fur) is predicted to be encoded by BLJAPNOD_00930.

3.4.5. Halotolerance

The Ensifer sp. M14 genome was searched for genes relevant to halotolerance as Ensifer sp. M14
has been shown to grow in highly saline environments with up to 20 mg L−1 NaCl [10]. Examination
of the Ensifer sp. M14 genome with antiSMASH [55] identified a 13 gene locus (BLJAPNOD_06859 to
BLJAPNOD_06872) in which 12 of the genes showed similarity to 12 of the 15 genes of a known salecan
biosynthetic cluster. Salecan is a water-soluble β-glucan also produced by the salt tolerant strain
Agrobacterium sp. ZX09 [71]. Thus, this locus in Ensifer sp. M14 may encode for the biosynthesis of
salecan, or another carbohydrate, that contributes to halotolerance. Additionally, Ensifer sp. M14
is predicted to be capable of synthesizing the compatible solute betaine from choline using
the BetA (BLJAPNOD_01468, BLJAPNOD_03726, BLJAPNOD_06536) and BetB (BLJAPNOD_00678,
BLJAPNOD_03725, BLJAPNOD_05671) pathway, as well as from choline-O-sulfate with BetC
(BLJAPNOD_02271, BLJAPNOD_03724). The genome is further predicted to encode numerous proteins
related to glycine betaine and proline betaine transport. Finally, as previously reported [10], pSinA
encodes a putative NhaA pH-dependent sodium/proton antiporter (BLJAPNOD_05431), which may
contribute to adaptation to high salinity [72].

3.4.6. Heavy Metal Resistance

Ensifer sp. M14 displays high resistance to numerous heavy metals [7]. Previous work identified
eight modules related to heavy metal resistance on the pSinB replicon of Ensifer sp. M14 [12]. These
modules were involved in resistance to arsenic, cadmium, cobalt, copper, iron, mercury, nickel, silver,
and zinc [12]. Additionally, pSinA contains a locus involved in resistance to cadmium, zinc, cobalt,
and mercury [10]. Our analyses reported above suggested that the majority, if not all, genes relevant to
adaptation to the heavy metal-rich environment in the Zloty Stok gold mine are located on the pSinA
and pSinB plasmids [10,12].

3.5. Biosafety Considerations of Ensifer sp. M14

The Sinorhizobium/Ensifer group of bacteria contain numerous plant symbionts and other
biotechnologically relevant strains, but it lacks known pathogens. Considering this, and the observation
that none of the genomic islands detected in Ensifer sp. M14 appear to be pathogenicity islands, it is
unlikely that Ensifer sp. M14 is pathogenic. Therefore, the environmental release of Ensifer sp. M14 is
not expected to pose a biosafety risk from that perspective. Additionally, analysis of the secondary
metabolism of Ensifer sp. M14 with antiSMASH [55] did not identify antibiotic synthesis loci. However,
Ensifer sp. M14 may carry several antimicrobial resistance (AMR) genes. The analysis applying
the RGI analyzer revealed the presence of 12 putative antibiotic resistance genes/gene clusters
(Table 2). It is worth mentioning that the best hits were found for four acrAB(-TolC) modules encoding
resistance-nodulation-cell division (RND) type multidrug efflux systems, while the remaining eight
genes were much more divergent compared with the reference proteins (they were detected only when
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applying the LOOSE algorithm of the RGI analyzer). This may suggest that these hits are accidental,
and that the identified genes are not truly AMR genes, or that these are novel, emergent threats and
more distant homologs of known reference genes.

Table 2. Putative antimicrobial resistance genes found in the Ensifer sp. M14 genome.

Scaffold Gene ID CARD Database Hit Predicted Resistance to Tested Antibiotics

Scaffold_4 BLJAPNOD_00187- acrAB Fluoroquinolone CIP (S); MXF (S)
BLJAPNOD_00188 Tetracyclines TE (S/R)

Scaffold_4 BLJAPNOD_00458 cmlA/floR Chloramphenicol C (R)

Scaffold_4 BLJAPNOD_00485- acrAB-TolC Tetracyclines TE (S/R)
BLJAPNOD_00487 Cephalosporins CFM (S); CRO (S); CTX (S)

Penams AMP (R)
Phenicols C (R)

Rifamycins RD (R)
Fluoroquinolones CIP (S); MXF (S)

Scaffold_4 BLJAPNOD_00960 aph(3′)-IIa Aminoglycosides CN (S)

Scaffold_4 BLJAPNOD_01284 adeF Fluoroquinolones CIP (S); MXF (S)
Tetracyclines TE (S/R)

Scaffold_4 BLJAPNOD_02256 blaOXA Cephalosporins CFM (S); CRO (S); CTX (S)
Penams AMP (R)

Scaffold_4 BLJAPNOD_02798 aph(6)-Ic Aminoglycosides CN (S)

Scaffold_7 BLJAPNOD_04982 aph(3′ ′)-Ib Aminoglycosides CN (S)

Scaffold_8 BLJAPNOD_05149- acrAB-TolC Tetracyclines TE (S/R)
BLJAPNOD_05151 Cephalosporins CFM (S); CRO (S); CTX (S)

Penams AMP (R)
Phenicols C (R)

Rifamycins RD (R)
Fluoroquinolones CIP (S); MXF (S)

Scaffold_14 BLJAPNOD_05841- acrAB Fluoroquinolone CIP (S); MXF (S)
BLJAPNOD_05842 Tetracyclines TE (S/R)

Scaffold_17 BLJAPNOD_06442 dfrA12 Trimethoprim TM (S)

Scaffold_18 BLJAPNOD_06615 aph(6)-Ic Aminoglycosides CN (S)

The most significant hits, defined with the usage of the STRICT algorithm of the RGI analyzer, are bolded.
Abbreviations: AMP—ampicilin; C—chloramphenicol; CN—gentamicin; CFM—cefixime; CTX—cefotaxime,
CRO—ceftriaxone; CIP—ciprofloxacin; TE—tetracycline; TM—trimethoprim; MXF—moxifloxacin; RIF—rifampicin;
R—resistant; S—susceptibility; S/R—inability of interpretation of the result (threshold value).

Previous analyses revealed that the closely related organism E. adhaerens OV14 displays
resistance to numerous antibiotics, including, among others, ampicillin, spectinomycin, kanamycin,
and carbenicillin [73]. Therefore, to check whether the predicted antibiotic resistance genes truly
associated with antibiotic resistance in Ensifer sp. M14, the MICs of 11 antibiotics were determined using
Etests. Results from the Etests showed that Ensifer sp. M14 is resistant to ampicillin (MIC: 12.0 mg L−1),
chloramphenicol (MIC: 8.0 mg L−1), and rifampicin (MIC 4.0 mg L−1), while it is susceptible to
cefixime, cefotaxime, ceftriaxone, ciprofloxacin, gentamicin, moxifloxacin, and trimethoprim. In the
case of tetracycline, the MIC values fluctuated around the threshold for classification as resistant
(1–4 mg L−1); hence, precise interpretation of this result is not possible. Resistance to antibiotics
belonging to the penams, phenicols, and rifamicyns families may be explained by the presence of
efflux pumps belonging to the RND family. These multidrug resistance systems are highly prevalent
in Gram-negative bacteria, and play an important role in resistance to various types of stress factors,
including antibiotics [74]. It is also worth mentioning, that environmental isolates of Alphaproteobacteria
usually possess several copies of genetic modules encoding RND type multidrug efflux systems, which
may be linked with their adaptation to the heterogeneity of the soil habitat [75,76]. Therefore, we think
that the environmental release of Ensfier sp. M14 is unlikely to pose a biosafety risk.
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3.6. Development of a Pilot-Scale Installation for Arsenic Bioremediation

The genomic analyses suggested that Ensifer sp. M14 contains several genetic features that may
allow it to be successfully used in environmental bioremediation applications. In addition, previous
experimental studies demonstrated that this strain can efficiently transform As(III) into As(V) (24 h
of residence time was sufficient to oxidize 5 mg L−1 of As(III) in the laboratory) [9]. We therefore
attempted to prepare an installation for environmental bioremediation of arsenic contaminated water
involving Ensifer sp. M14. The purification of arsenic contaminated waters constitutes a serious
environmental challenge, as most of the available chemical and physical methods are dedicated to the
selective removal of As(V), and are inefficient with regard to As(III). Thus, the aim of the microbiological
module of the installation was to harness the arsenite oxidation capabilities of Ensifer sp. M14 to
ensure efficient oxidation of As(III) to facilitate its subsequent removal. We reasoned that combining
a biological approach with an appropriate physicochemical process (i.e., adsorption) could overcome
the constraints and reservations of the conventional methods dedicated to the removal of arsenic from
contaminated waters [77,78].

3.7. The Activity and Characterization of the Microbiological Module of the Pilot-Scale Installation

In our preliminary study [9], we observed that efficient functioning of the laboratory-scale
installation required a high density of Ensifer sp. M14 (OD600 between 0.1 and 0.2). This is in part
because the quantity of Ensifer sp. M14 usually decreases quite intensively during the first hours/days
of continuous culturing in the bioreactor [9]. Although appropriate growth conditions and length
of residence time during continuous cultures were previously determined [9], the move from the
laboratory-scale to pilot-scale installation meant it was necessary to re-evaluate them. In particular,
replacement of the synthetic medium by natural arsenic contaminated water, as well as increasing the
scale of application, may result in a deceleration of bacterial growth and a decrease in the efficiency of
the biooxidation processes [79].

3.7.1. Microbial Growth and Efficiency of Arsenic Biooxidation in the Bioreactor

Using the start-up procedures described in the Materials and Methods, the initial quantity of
bacteria in the bioreactor after yeast extract augmentation was about 108 CFU mL−1 (Figure 4).
The value was almost nine orders of magnitude higher compared to raw arsenic-contaminated water,
where the CFU mL−1 (when plated on Luria-Bertani agar medium) was about 100.

As expected based on our preliminary study [9], the density of bacteria decreased systematically
during the first few days of operation, reaching a density on the magnitude of 103 CFU mL−1 on
day seven (Figure 4A). After this point, the density of bacteria largely stabilized, with the exception
of a few days (days 17–20), when an ~100-fold drop in bacterial density was observed (Figure 4A).
A bacterial concentration of 103 CFU mL−1 in the bioreactor generally appeared sufficient for efficient
biooxidation of the arsenite in the contaminated water, as there was generally little to no arsenite
detected in the water following passage through the bioreactor (Figure 4D). The exceptions were five
of the nine measurements taken between days 15 and 31, inclusive, when arsenite accounted for up to
62.86% of the total arsenic concentration; this corresponded with the drop in the density of bacteria
within the bioreactor (Figure 4A). Thus, the low arsenite concentration throughout the majority of the
experiment suggests that the microbiological module efficiently converted the As(III) to As(V).

Recently, Tardy et al. [52] showed that efficient arsenite biooxidation in environmental samples of
water at 20 ◦C occurred after eight days of culture (batch experiment), and the quantity of bacteria at
the end of their experiment was about 105 CFU mL−1. On the other hand, Kamde et al. [80] reported
that arsenic removal was most intensive when the quantity of bacteria was about 28 CFU mL−1 (batch
cultures with the use on synthetic medium). The higher quantity of bacteria in the abovementioned
papers in comparison with our study is presumably related to differences in culture conditions (various
media and/or culturing methods).
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Our data (Figure 4A,D) is also consistent with a relationship between the quantity of
Ensifer sp. M14 and the efficiency of arsenic biooxidation, as were our preliminary experiments
in batch cultures (data not shown). Indeed, many studies have observed a positive correlation between
the density of bacteria and the rate of metal metabolism or biotransformation for arsenic compounds
and other elements [80–82].

 

Figure 4. Parameters of the water in the bioreactor of the microbiological module. The graphs display
(A) the quantity of bacteria, (B) the pH of the water, (C) the redox potential of the water, and (D) the
concentration of As(III) (blue) and total arsenic (red) in the water.

3.7.2. Physical and Chemical Characterization of the Bioreactor

Previous studies have observed that there is a relationship between pH and redox potential with
the arsenite/arsenate ratio; arsenites are the predominant form in reducing conditions and lower
pH values, as the concentration of the arsenate form increases, both pH and redox potential also
increase [83,84]. We therefore evaluated the pH and the redox potential in the treated water. For both
parameters, the biological treatment had a small but noticeable effect. In the raw water, the pH and
the redox potential were 7.48 and 170.90 mV, respectively [56]. In the case of the pH, the value in the
bioreactor systematically increased up to the eighth day, with the treated water reaching a pH of 8.09
(Figure 4B). The pH returned to 7.60 by day 17, following which the pH stabilized in the range of 7.60
to 7.65 until the end of the experiment (day 40). In general, the redox potential remained relatively
stable (Figure 4C). For the first three days, a value around 155.00 mV was observed, following which
the redox potential increased and stabilized (with a slight, gradual decrease) within a range from
177.00 mV and 193.00 mV, with the exception of day 20. Water for human consumption is expected
to have a pH in the range of 6.50–9.00 [85] and a redox potential between 100 and 300.00 mV [86].
Thus, both the pH and the redox potential of the water treated with our installation fell within the
acceptable range for drinking water.
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3.8. Effectiveness of the Adsorption Module of the Pilot-Scale Installation

Granulated bog iron ores are characterized by high arsenic adsorption capacity (up to
5.72 mg kg−1, depending on the adsorbate concentration), short residence time (20 min) [56],
they display high chemical stability, and they are resistant to bioweathering processes [87]. These
properties allow this material to function as an effective adsorbent for removal of arsenics from
contaminated water in both passive and active remediation systems, as demonstrated in our earlier
work [56]. Here, we have coupled the use of granulated bog iron ores as an input to the adsorption
module as well as the microbiological module described above, as a way to ensure the efficient
conversion of As(III) to As(V) by Ensifer sp. M14, followed by the removal of As(V) by the bog iron
ores. The pre-conversion of As(III) to As(V) is important as bog iron ores saturated with As(V) display
higher chemical stability than bog iron ores saturated with As(III) [87].

Treatment of the arsenic contaminated water with the pilot-scale installation led to a dramatic
decrease in arsenic concentrations, going from 2400 μg L−1 in the raw water to less than 10 μg L−1

(Figure 5). Analysis of the breakthrough curves for each of the adsorption columns indicated that the
adsorbent in none of the columns reached equilibrium saturation during the 40-day experiment
(Figure 5). Equilibrium saturation is herein defined as the maximum adsorption capacity (full
saturation) of the adsorbent at a given concentration of the adsorbate; i.e., when the arsenic
concentration in the input and output water is equal. Upon reaching equilibrium saturation,
the adsorbent would be completely consumed and unable to further remove arsenic from the water,
and it would therefore require regeneration or replacement. As the total arsenic concentration in
water after each column was lower than the water entering the column, none of the columns reached
equilibrium saturation. Thus, under the tested environmental conditions, the pilot-scale installation is
expected to have been able to effectively continue the bioremediation process for much longer than the
40 days of the experiment (during which, 8 m3 of water flowed through the system).

 

Figure 5. Arsenic adsorption breakthrough curves. The arsenic adsorption breakthrough curves for
each column of the adsorption module are shown. Total arsenic concentrations in the raw water (black),
and after column I (blue), column II (red), and column III (purple) are shown.

In Poland, the Regulation of the Polish Ministry of the Environment [88] currently sets the upper
limit for arsenic contamination in water for use in technological purposes at 100 μg L−1. In the
experiment reported here, the arsenic concentration in the treated water remained below 100 μg L−1

for the first ten days of the experiment (Figure 5), and never exceeded 220 μg L−1 during the 40 day
test. Thus, at least the first 2.0 m3 of water treated by pilot-scale installation was below the Polish
limit for use in technological purposes. However, if pooling the treated water (and thus averaging the
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arsenic concentration), it is likely that the cumulative concentration of arsenic in the 4.0 m3 of water
treated over the first 20 days remained below the limit.

The local adsorption capacity of the adsorbent varied between the columns and depended on the
arsenic concentration of the inflowing water. The adsorbent from the first column was characterized
by the highest adsorption capacity, which was 0.500 mg kg−1. Adsorbent placed in the second and
third columns had lower adsorption capacities of 0.031 and 0.021 mg kg−1, respectively. Likely,
these differences are due to the later columns adsorbing less arsenic and being farther from reaching
equilibrium saturation. The adsorption capacities recorded in the current study were significantly
lower than those described in our previous work, presumably due to the adsorbent not reaching
equilibrium saturation [56].

4. Conclusions

Here, we reported the draft genome sequence of Ensifer sp. M14 in order to gain insights into
the genomic adaptation of this organism to the stressful environment of the abandoned Zloty Stok
gold mine from which it was isolated. In addition, we were interested in the genetic basis of the
strains arsenic oxidation and resistance capabilities, resistance to arsenic and other heavy metals,
and the biosafety of the strain for use in biotechnological applications. The results revealed hundreds
of genes present in Ensifer sp. M14 that are not found in related species, and these genes are often
colocalized in genomic islands. However, the majority of these genes encoded hypothetical proteins of
unknown function. Based on the genome sequence, it appears that the majority of the genes have been
acquired to deal with the hostile environment of the Zloty Stok gold mine, i.e., conferring resistance to
heavy metals, and enabling arsenic oxidation, are located on the self-transmissible pSinA and pSinB
megaplasmids. Additionally, analysis of the Ensifer sp. M14 genome suggested that this strain should
be safe for use in biotechnology and bioremediation. However, it was noted that several putative
antibiotic resistance genes are present in the genome, as is also true for the related strain Ensifer
adhaerens OV14 that is used in biotechnological applications [89]. This property of Ensifer sp. M14
should be kept in mind during its application in order to limit the spread of antimicrobial resistance.
The results of these genomic analyses provide hints into the genetic potential of Ensifer sp. M14.
They will help focus future experimental research aimed at further characterizing the biology of
this organism, and may contribute to the development of procedures for large-scale cultivation of
this strain.

This study also reports the construction and validation of a pilot-scale installation designed for the
remediation of arsenic contaminated waters. This novel installation couples a microbiological module,
based on the arsenic oxidation abilities of Ensifer sp. M14, with an adsorption module, based on the
use of granulated bog iron ores. The underlying principle is to use Ensifer sp. M14 to efficiently oxidize
the As(III) ions to As(V), followed by the removal of the As(V) through adsorption by the bog iron ores.
Characterization of the arsenic contaminated water following passage through the microbiological
module generally revealed little to no As(III), consistent with the Ensifer sp. M14 generally ensuring
effective conversion of As(III) to As(V). Additionally, a dramatic decrease (from 10-fold to greater than
250-fold) in the arsenic concentration of the water was observed following passage of this water through
the adsorption module. These results therefore confirm the effectiveness of the tested installation
for the remediation of arsenic contaminated waters, which pose risks to both the environmental and
human health. Future work will be aimed at further developing and optimizing this system, which
could involve, for example, the addition of beads to the reactor containing Ensifer sp. M14 biofilms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/8/379/s1.
Table S1: Accession numbers for all genomes used in this work, Table S2: In silico test of the metabolic capacity
of Ensifer sp. M14, Table S3: Orthologous groupings of six Rhizobiaceae strains, including three AOB and three
strains that are not AOB, Table S4: COG category descriptions, Figure S1: Average nucleotide identity matrix.
A matrix of the two-way ANI values for 46 Sinorhizobium/Ensifer strains is shown. Clustering was performed
along both axes using hierarchical clustering with Pearson distance and average linkage, Figure S2: Average
amino acid identity matrix. A matrix of the two-way AAI values for 46 Sinorhizobium/Ensifer strains is shown.
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Clustering was performed along both axes using hierarchical clustering with Pearson distance and average
linkage, Figure S3: Entner–Duodoroff pathway and the pentose phosphate pathway. A modified version of
the KEGG pathway map ko00030 [90] displaying the Entner–Duodoroff pathway and the pentose phosphate
pathway is shown. Reactions encoded by the Ensifer sp. M14 genome are colored green; those in white are
missing. The figure was prepared using the KAAS webserver [91] using BLAST search with the bi-directional
best hit assignment method, and with the default organism list for ‘prokaryotes’ plus Sinorhizobium meliloti
Rm1021, Figure S4: Gluconeogenesis. A modified version of the KEGG pathway map ko00010 [90] displaying
the pathway for gluconeogenesis is shown. Reactions encoded by the Ensifer sp. M14 genome are colored green;
those in white are missing. The figure was prepared using the KAAS webserver [91] using BLAST search with the
bi-directional best hit assignment method, and with the default organism list for ‘prokaryotes’ plus Sinorhizobium
meliloti Rm1021, Figure S5: Tricarboxylic acid cycle. A modified version of the KEGG pathway map ko00020 [90]
displaying the tricarboxylic acid (TCA) cycle is shown. Reactions encoded by the Ensifer sp. M14 genome are
colored green; those in white are missing. The figure was prepared using the KAAS webserver [91] using BLAST
search with the bi-directional best hit assignment method, and with the default organism list for ‘prokaryotes’ plus
Sinorhizobium meliloti Rm1021, Data Set S1: Sinorhizobium/Ensifer gene presence and absence. This file contains
the gene presence/absence output data from Roary for the pangenome analysis of 46 Sinorhizobium/Ensifer
strains. Details on the information provided in the file is available at: https://sanger-pathogens.github.io/Roary/,
Data Set S2: Metabolic reconstruction of Ensifer sp. M14. This archive contains the expanded, draft metabolic
reconstruction of Ensifer sp. M14. The reconstruction is provided in COBRA format as a MATLAB file, as well
as in a table within an Excel workbook. A readme file is included to explain the contents, Data Set S3: PhiSpy
phage prediction. This file contains the PhiSpy phage prediction output for all Ensifer sp. M14 genes, as well as
separate sheets for each of the putative prophage loci. Details on the information provided in the file is available
at: https://github.com/linsalrob/PhiSpy, Data Set S4: Functional annotation of the Ensifer sp. M14 genome.
This file contains the genome annotation and the eggNOG-mapper output for three sets of genes: (i) all genes in
the Ensifer sp. M14 genome; (ii) all genes unique to the Ensifer sp. M14 genome; and (iii) all genes unique and
common to the Ensifer sp. M14 and A49 genomes. Details on the eggNOG-mapper output provided in the file is
available at: https://github.com/jhcepas/eggnog-mapper/wiki/Results-Interpretation.
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Abstract: Acidithiobacillus ferrooxidans resists extremely high concentrations of copper. Strain ATCC
53993 is much more resistant to the metal compared with strain ATCC 23270, possibly due to the
presence of a genomic island in the former one. The global response of strain ATCC 53993 to
copper was analyzed using iTRAQ (isobaric tag for relative and absolute quantitation) quantitative
proteomics. Sixty-seven proteins changed their levels of synthesis in the presence of the metal.
On addition of CusCBA efflux system proteins, increased levels of other envelope proteins, such
as a putative periplasmic glucan biosynthesis protein (MdoG) involved in the osmoregulated
synthesis of glucans and a putative antigen O polymerase (Wzy), were seen in the presence of
copper. The expression of A. ferrooxidans mdoG or wzy genes in a copper sensitive Escherichia coli
conferred it a higher metal resistance, suggesting the possible role of these components in copper
resistance of A. ferrooxidans. Transcriptional levels of genes wzy, rfaE and wzz also increased in strain
ATCC 23270 grown in the presence of copper, but not in strain ATCC 53993. Additionally, in the
absence of this metal, lipopolysaccharide (LPS) amounts were 3-fold higher in A. ferrooxidans ATCC
53993 compared with strain 23270. Nevertheless, both strains grown in the presence of copper
contained similar LPS quantities, suggesting that strain 23270 synthesizes higher amounts of LPS to
resist the metal. On the other hand, several porins diminished their levels in the presence of copper.
The data presented here point to an essential role for several envelope components in the extreme
copper resistance by this industrially important acidophilic bacterium.

Keywords: Acidithiobacillus ferrooxidans; copper resistance; biomining; envelope components;
proteomics; lipopolysaccharide

1. Introduction

Acidithiobacillus ferrooxidans is a gram-negative, acidophilic, chemolithoautotrophic bacterium able
to use ferrous iron, reduced species of sulfur or metal sulfides as energy sources [1–5]. These bacteria
are able to grow at high concentrations of several metals. This is an important property since they
are used in biomining processes where copper concentrations are in the range of 15 to 100 mM [6–8].
Furthermore, these microorganisms can be used to exploit these natural resources sustainably [9].
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Current knowledge indicates that A. ferrooxidans uses key elements involved in copper resistance in all
bacteria [10–12], but in addition, it may have a broader repertoire of these known copper resistance
determinants [13,14].

In the biomining environment, copper and other toxic metals are present in concentrations that
are one to two orders of magnitude greater than those tolerated by neutrophils [6,15–18]. Most likely,
the microorganisms forming part of the biomining consortium have developed additional strategies to
resist the harsh conditions in which they live, and their study is therefore of great interest [19,20].

A. ferrooxidans ATCC 53993 is much more resistant to copper and other metals than A. ferrooxidans
ATCC 23270. Both strains have the same copper resistance determinants but strain ATCC 53993
contains a genomic island (GI) having 160 extra genes, some of which code for additional copies of
proteins involved in copper tolerance [13,14].

The response to copper of both A. ferrooxidans ATCC 53993 and ATCC 23270 was previously
compared at 40 mM CuSO4 [14,21,22]. These preliminary studies were done by using ICPL
(isotope-coded protein labeling) quantitative proteomics [22] and showed that strain ATCC 23270
synthesized much more oxidative-stress-related proteins than strain 53993 in response to copper,
clearly indicating that the former strain is much more sensitive to the metal [22]. A high overexpression
of RND (Resistance-Nodulation-Division) efflux systems and copper periplasmic chaperones CusF
were seen in both strains subjected to copper. However, in strain ATCC 53993 both of its additional
genes present in its genomic island were also overexpressed. This behavior suggested a possible
explanation for the much higher copper resistance of strain ATCC 53993. In addition, changes in the
levels of the respiratory system copper-binding proteins AcoP, Rus and several other proteins with
predicted functions suggested that numerous metabolic changes are involved in controlling the effects
of the toxic metal in strain ATCC 53993 [22].

To understand in more detail the reason by which A. ferrooxidans ATCC 53993 stands higher
copper concentrations compared with strain 23270, iTRAQ (isobaric tag for relative and absolute
quantitation) proteomics, transcriptional expression of genes of interest and functional assays were
used in the current report. Increased levels of novel possible copper resistance determinants present
in the envelope of A. ferrooxidans ATCC 53993 such as outer membrane proteins, the periplasmic
glucans synthesizing protein MdoG and proteins involved in lipopolysaccharide (LPS) synthesis,
amongst others, were found in cells grown in the presence of copper. In addition, determination of the
relative amounts of LPS present in the cells of each A. ferrooxidans strain also supports the idea that
these polymers may also have an important role in copper resistance in these biomining bacteria.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

A. ferrooxidans strains ATCC 53993 and ATCC 23270 were grown at 30 ◦C in liquid 9 K medium
containing ferrous sulfate (33.33 g/L) with an initial pH of 1.45 as previously described [23] and in
absence or presence of CuSO4. Copper concentrations between 40 and 300 mM were used depending
on the experiment. In some experiments, concentrations of 100 or 200 mM were used for A. ferooxidans
ATCC 53993 without prior adaptation since under these two conditions, similar cells numbers to
control cells (in absence of copper) were obtained at their respective late exponential growth phases.
At 300 mM copper strain ATCC 53993 required previous adaptation. On the other hand, to compare
the effect of the metal at the same copper concentration in both strains, it was necessary to adapt strain
ATCC 23270 to grow at 100 mM copper. For LPS determinations, strain ATCC 23270 was adapted to
grow at 100 mM and strain ATCC 53993 to 200 mM copper. These adaptations were done starting with
cells grown at 50 mM copper by increasing 5 mM copper in each successive culture until the desired
concentrations were reached. After cells attained late exponential growth phases they were collected
and triplicate separate cultures were employed for all experiments. Bacterial growth was determined
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by measuring the increase in cell numbers by using an Olympus BX50 optical microscope (Olympus,
Tokyo, Japan) and a Petroff–Hausser counting chamber (Horsham, PA, USA).

2.2. Preparation of Total Protein Extracts for iTRAQ Analysis

A. ferrooxidans ATCC 53993 was grown with ferrous iron as oxidizable substrate until late
exponential phase in absence or presence of 100 or 200 mM CuSO4. Cells were harvested by
centrifugation (4000× g for 15 min) and washed three times by centrifugation at 4 ◦C with dilute
sulfuric acid (pH 1.5). This was followed by three washes with 50 mM sodium citrate, pH 7.0 by
centrifugation at 4 ◦C to remove any minor ferrous iron remaining and at the same time, to neutralize
the pH before cell rupture by sonic oscillation. Cells were then resuspended in sonication buffer (50 mM
Tris-HCl pH 8.0, 1 mM ethylenediaminetetra-acetic acid (EDTA) containing phenylmethylsulfonyl
fluoride (PMSF) as protease inhibitor (100 μg/mL) and were disrupted by sonic oscillation during
25 min on ice by using successive 5 s pulses and pauses. Finally, the lysate was centrifuged at 10,000×
g for 10 min to remove unbroken cells and cell debris and the total protein amount in the cell-free
extract was determined [21].

2.3. Protein Digestion and Tagging with iTRAQ-8-Plex® Reagent

Total protein concentration was determined using microBCA protein assay kit (Pierce,
Appleton, WI, USA). For digestion, 50 μg of protein from each condition was precipitated by the
methanol/chloroform method. Protein pellets were resuspended and denatured in 20 μL of 7 M
urea, 2 M thiourea, 100 mM TEAB (triethylammonium bicarbonate), reduced with 2 μL of 50 mM Tris
2-carboxyethyl phosphine (TCEP) (AB SCIEX, Foster City, CA, USA), pH 8.0, at 37 ◦C for 60 min and
followed by 2 μL of 200 mM cysteine-blocking reagent methyl methanethiosulfonate (MMTS) (Pierce)
for 10 min at room temperature. Samples were diluted up to 120 μL with 50 mM TEAB to reduce
the concentration of urea. Two μg of sequence grade-modified trypsin (Sigma-Aldrich, St. Louis,
MO, USA) was added to each sample (ratio 1:25 enzyme:sample, which were then incubated at 37 ◦C
overnight on a shaker. After digestion, samples were dried in a SpeedVac (Thermo Scientific, Waltham,
MA, USA).

Each sample was reconstituted with 180 μL of 70% ethanol/50 mM TEAB, the different versions of
the iTRAQ reagent 8-plex (AB SCIEX) were added in additional 20 μL and the mixture was incubated
for 2 h at room temperature, according to the following labeling scheme: iTRAQ 113/117 reagent:
control 1 and control 2 A. ferrooxidans; iTRAQ 115/119 reagent: A. ferrooxidans grown in 100 mM CuSO4,
1 and grown in 100 mM CuSO4, 2; iTRAQ 116/121 reagent: A. ferrooxidans grown in 200 mM CuSO4,
1 and grown in 200 mM CuSO4, 2. Two biological replicas were used in each case. After labeling,
samples were combined and the reaction was stopped by evaporation in the SpeedVac.

2.4. Liquid Chromatography and Mass Spectrometry Analysis

A 2-μg aliquot of the combined sample was subjected to 2D-nano Liquid
Chromatography-Electrospray Ionization Tandem Mass Spectrometry LC ESI-MSMS analysis
using a nano liquid chromatography system nanoLC Ultra 1D plus, (Eksigent Technologies, AB SCIEX)
coupled to a Quadrupole time of flight (QTOF) type, high speed Triple TOF 5600 mass spectrometer
(AB SCIEX) equipped with a nanospray source. Injection volume was 5 μL and three independent
technical replicas were analyzed. The analytical column used was a silica-based reversed phase
Acquity UPLC Peptide BEH C18 column 75 μm × 15 cm, 1.7 μm particle size and 130 Å pore size
(Waters, Dublin, Ireland). The trap column was a C18 Acclaim PepMap (Eksigent Technologies,
AB SCIEX), 100 μm × 2 cm, 5 μm particle diameter, 100 Å pore size, switched on-line with the
analytical column. The loading pump delivered a solution of 0.1% formic acid in water at 2 μL/min.
The nano-pump provided a flow-rate of 300 nL/min and was operated under gradient elution
conditions, using 0.1% formic acid in water as mobile phase A, and 0.1% formic acid in acetonitrile
as mobile phase B. Gradient elution was performed according to the following scheme: Isocratic
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conditions of 96% A: 4% B for 5 min, a linear increase to 40% B in 205 min, then a linear increase to 90%
B for 15 additional minutes, isocratic conditions of 90% B for 10 min and return to initial conditions in
2 min. Total gradient length was 250 min.

Data acquisition was performed with a TripleTOF 5600 System (AB SCIEX). Ionization occurred
under the following conditions: Ionspray voltage floating (ISVF) 2800 V, curtain gas (CUR) 20, interface
heater temperature (IHT) 150, ion source gas 1 (GS1) 20, declustering potential (DP) 85 V. All data
was acquired using information-dependent acquisition (IDA) mode with Analyst TF 1.5 software (AB
SCIEX). For IDA parameters, 0.25 s MS survey scan in the mass range of 350–1250 Da were followed by
25 MS/MS scans of 150 ms in the mass range of 100–1500 (total cycle time: 4 s). Switching criteria were
set to ions greater than mass to charge ratio (m/z) 350 and smaller than m/z 1250 with charge state of
2–5 and an abundance threshold of more than 90 counts (cps). Former target ions were excluded for
20 s. IDA rolling collision energy (CE) parameters script was used for automatically controlling the CE.

2.5. Data Analysis and Statistics

MS/MS spectra were exported to Mascot generic format (mgf) using Peak View v1.2.0.3 and
searched using OMSSA 2.1.9, X!TANDEM 2013.02.01.1, Myrimatch 2.2.140 and MS-GF+ (Beta
v10072) [24] against a composite target/decoy database built from the 2748 A. ferrooxidans sequences at
UniprotKB (June 2014). Search engines were configured to match potential peptide candidates with
mass error tolerance of 25 ppm and fragment ion tolerance of 0.02 Da, allowing for up to two missed
tryptic cleavage sites and a maximum isotope error (13C) of 1, considering fixed MMTS modification
of cysteine and variable oxidation of methionine, pyroglutamic acid from glutamine or glutamic acid
at the peptide N-terminus, and modification of lysine and peptide N-terminus with iTRAQ 8-plex
reagents. Score distribution models were used to compute peptide-spectrum match p-values [24],
and spectra recovered by a false discovery rate (FDR) ≤ 0.01 (peptide-level) filter were selected for
quantitative analysis. Approximately 5% of the signals with the lowest quality were removed prior
to further analysis. Differential regulation was measured using linear models [25], and statistical
significance was measured using q-values (FDR). All analyses were conducted using software from
Proteobotics (Madrid, Spain) [24].

2.6. Extraction of Total RNA from Acidithiobacillus ferrooxidans and Complementary DNA Synthesis

To determine the effect of copper on the expression of some genes of interest, A. ferrooxidans
ATCC 23270 and ATCC 53993 cells were grown in absence or presence of CuSO4 until cells reached
late exponential phase of growth. At this time, total RNA was extracted from each culture condition
by lysing the cells as previously reported [26], except that TRIzol (Invitrogen, Carlsbad, CA, USA)
was used for the extraction [27,28]. Between three to five biological replicas were used for each
experimental condition. Any remaining DNA was eliminated from RNA preparations by addition of
4 U of TURBO DNA-free DNase (Ambion, Thermo Scientific) following manufacturer’s instructions.
For complementary DNA (cDNA) synthesis, 0.8 μg of total RNA was reverse transcribed for 1 h at
42 ◦C using ImProm-II (Promega, Madison, WI, USA) reverse transcription system, 0.5 μg of random
hexamers (Promega) and 3 mM MgCl2 [28].

2.7. Primer Design, Real-Time PCR and Cloning of A. ferrooxidans Genes

Primers for quantitative real time PCR (qRT-PCR) were designed using the Primer3 software [29].
After separating PCR products by electrophoresis in a 1% agarose gel (0.5× Tris–acetate–EDTA pH 8.0
buffer), no cross-amplification or non-specific bands were detected. Copper-resistance related gene
expression was analyzed by qRT-PCR with either the Corbett Rotor Gene 6000 system as described
previously [21] or with the 96-well PikoReal Real-Time PCR System and Thermo Scientific PikoReal
Software 2.2. Efficiency of each primer pair was calculated from the average slope of a linear regression
curve, which resulted from qPCRs using a 10-fold dilution series (10 pg–10 ng) of A. ferrooxidans DNA
as template. Efficiencies between 90 and 110% were used. Quantification cycle (Cq) values were
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automatically determined by Real-Time Rotor-gene 6000 PCR software (Corbett Life Sciences, Thermo
Scientific/Qiagen, Hilden, Germany) or by Thermo Scientific PikoReal Software 2.2.

For transcriptional analysis of the different genes studied, a relative quantification method was
used which is based in the ratio between the transcripts of a study sample (in presence of copper) versus
a control sample (no copper) [30]. 16S rRNAAf was selected as a reference gene since its expression
was found to be the most stable under our experimental conditions. To carry out the real-time PCR,
0.5 μL of 1:20 diluted cDNA or 0.5 μL of 1:200 diluted 16S rRNAAf, 0.2 μL of each primer (10 μM) and
5.0 μL of master mix Rotor-Gene SYBR Green PCR (Qiagen) in a final volume of 10 μL, completed
with RNA-free water were used. The program used was 10 min at 95 ◦C followed by 40 cycles of 5 s at
95 ◦C and 20 s at 60 ◦C.

2.8. Cloning A. ferrooxidans Genes in an Expression Vector

The functionality of different putative copper resistance genes from A. ferrooxidans was
tested by using heterologous expression in Escherichia coli. A copper-sensitive E. coli K-12
(ΔcopA/ΔcusCFBA/ΔcueO) mutant was transformed with vector pTrc-His2A (Invitrogen) containing
the genes of interest under the control of a promoter induced by IPTG, and minimal inhibitory
concentration (MIC) values of these transformants were determined as described before [14,28].

2.9. Lipopolysaccharide Extraction

A. ferrooxidans cells grown in absence or presence of CuSO4 were harvested by centrifugation
(10,000× g for 5 min, at 4 ◦C). Cell pellets were washed twice with sulfuric acid solution (pH 1.5) and
twice with 10 mM sodium citrate (pH 7) by resuspension followed by centrifugation (9200× g for 1
min). Cells were then resuspended in sulfuric acid solution. To normalize the number of cells, optical
density of cell suspensions was measured at 600 nm, adjusting them to an optical density of 2 (OD600nm

= 2) in 1 mL of sulfuric acid solution. Cell suspensions were then centrifuged at 10,000× g for 5 min.
A partially modified Hitchcock & Brown method for LPS extraction was used [31]. The cell pellet
was resuspended in 90 μL of lysis buffer solution (2% Sodium dodecyl sulfate (SDS); 4% 2-ME; 0.5 M
Tris-HCl, pH 9.0). The suspension was heated for 30 min at 100 ◦C. Lysed cells were then digested with
100 μg/mL of DNase I (Ambion) for 90 min at 37 ◦C. Samples were thereafter treated with 1 mg/mL
of Proteinase K (Sigma-Aldrich) for 90 min at 60 ◦C. Finally, samples were dialyzed for 30 min against
nano-pure water using a nitrocellulose membrane, 0.025 μm pore size. Dialyzed samples were finally
stored at 4 ◦C for further analysis.

2.10. Lipopolysaccharide Quantification

Extracted LPS was quantified by purpald assay [32]. Unsubstituted terminal vicinal glycol (UTVG)
groups of the sugar residues such as Kdo and heptose in LPS can be subjected to periodate oxidation,
yielding quantitative formaldehyde measurable by the purpald reagent. This assay provides the
molarity of the UTVG present in LPS. LPS molarity can be found by dividing the molarity of the
UTVG by the theoretical number of UTVG per LPS molecule. The numbers of UTVG present in
LPS of A. ferrooxidans is unknown. Therefore, LPS concentration was expressed in relation to the
molarity of UTVG present in each sample. The experimental procedure was carried out as previously
described [33].

3. Results and Discussion

3.1. Proteomic Analysis of the Copper Response of A. ferrooxidans ATCC 53993

Proteins of cells grown in ferrous iron and in presence of 100 or 200 mM CuSO4 were analyzed by
quantitative iTRAQ proteomics. In cells subjected to 100 mM of copper 1656 proteins were identified,
of which 28 changed their levels compared to control cells grown in absence of copper. Of these
proteins, 11 had higher levels and 17 showed lower amounts (Table S1). On the other hand, in cells
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grown in 200 mM copper 1567 proteins were identified and 59 of these showed changes in their levels
compared to the control. Seventeen showed higher levels than the control and 42 lower amounts
(Table S1). This corresponds to about 2-fold more proteins changing at 200 mM than at 100 mM copper
(Table S1). Most of the proteins changing at 100 mM copper were also seen to vary at 200 mM of the
metal (Tables S2 and S3). The functional categories of all proteins changing in A. ferrooxidans 53993 are
shown in Table S1 and Figure S1 and the data obtained is seen in Tables S2 and S3. Although at 200 mM
copper ATCC 53993 cells grew reaching similar numbers to the control, they were apparently more
affected than cells subjected to 100 mM copper since a greater number of proteins related to metabolism
and protein biosynthesis decreased their levels whereas others related to energy production and copper
resistance increased their amounts. Nevertheless, at 200 mM copper cells are still actively expressing
the proteins related to the RND efflux systems (Table 1), as seen before at 40 mM copper sulfate [22].
In addition, an interesting group of proteins that also form part of the cell envelope changed their
synthesis levels in presence of the metal (Table 1). Most of these proteins may be new possible copper
resistance determinants present in A. ferrooxidans ATCC 53993.

Table 1. Levels of some selected known and new possible copper resistance determinants in A.
ferrooxidans ATCC 53993 grown in the presence of 200 mM CuSO4.

Function/Similarity ORF Name
q Value
(FDR)

Coverage
(%)

Peptide
Number

Log2 Fold Change
(Cu 200/0 mM)

Outer membrane efflux
protein Lferr_1619 CusC1 0.001 45 9 1.258

Efflux transporter, RND
family, MFP subunit Lferr_1618 CusB1 0.001 63.3 15 0.859

Uncharacterized protein Lferr_2057 CusF2 0.001 60 3 1.92

Uncharacterized protein Lferr_0174 CusF3 0.001 60 3 1.63

Heavy metal efflux pump,
CzcA family Lferr_0172 CusA3 0.001 39.1 10 1.019

Outer membrane efflux
protein Lferr_2062 CusC2 0 45 12 1.084

Heavy metal efflux pump,
CzcA Lferr_1617 CusA1 0.002 35 9 0.855

Efflux transporter, RND
family, MFP subunit Lferr_2061 CusB2 0.003 68.3 6 0.968

Heavy metal efflux pump,
CzcA family Lferr_2060 CusA2 0.003 38.3 9 0.846

Periplasmic glucan
biosynthesis protein

MdoG
Lferr_1075 MdoG 0.009 48.1 15 0.415

Carbohydrate-selective
porin OprB Lferr_1898 OprB 0.005 36.46 10 −0.635

O-antigen polymerase Lferr_0408 Wzy 0.026 3.19 1 1.795

3.2. Overexpression of Resistance-Nodulation-Division Efflux Transporters and Possible Generation of
Excess Acidity

Transcriptional levels of some genes coding for possible components of the RND family of efflux
transporters [10] are shown in Figure 1. These correspond to most of the genes coding for Cus system
components in both A. ferrooxidans ATCC 53993 [20,22] and ATCC 23270 [28]. All these genes showed
increased transcriptional levels in cells grown at the indicated copper concentrations. These Cus
transporter systems are widely present in bacteria to remove copper from the cell [10]. A. ferrooxidans
lives at an acid external pH (1–3) and its cytoplasmic pH is up to 5 units higher than external pH.
This generates an elevated pH gradient across the cytoplasmic membrane that contributes to the
proton motive force (PMF) comprising membrane potential (ΔΨ) and transmembrane pH difference

218



Genes 2018, 9, 347

(ΔpH) [22,34]. RND type transporters are antiporters taking advantage of the proton gradient to efflux
copper with the concomitant protons entrance to the cytoplasm. Due to its economy from the energetic
point of view, these systems would be used preferentially by acidophilic microorganisms to remove
intracellular copper.

(A) (B) (C) 

(D) (E) (F) 

Figure 1. Transcriptional levels of several genes coding for Cus system components in Acidithiobacillus
ferrooxidans ATCC 53993. The transcriptional levels of genes (A) cusF2; (B) cusF3; (C) cusA3; (D) cusA1;
(E) cusC1 and (F) cusC2 were determined at the indicated copper concentrations as described in Material
and Methods section. Error bars indicate the standard deviations based on three different experimental
values. Application of t-Student test were: *** p ≤ 0.001 ** p ≤ 0.01 and * p ≤ 0.05.

A possible cytoplasmic acidification would be expected if these efflux pumps were excessively
used by A. ferrooxidans in presence of high metal concentrations. Conversely, as previously pointed
out [22], this acidification could be diminished by the energetic metabolism of the bacterium,
since oxidation of Fe(II) by molecular oxygen as the final electron acceptor consumes protons [35]. Still,
RND systems may introduce an excess of protons from the acid culture medium to the cell during
copper detoxification. This idea has not been demonstrated in A. ferrooxidans. However, a possible
increase in the extracellular pH of the growth medium could be expected during growth in the presence
of copper. Figure 2A shows growth curves of A. ferrooxidans ATCC 53993 and how cell growth was
affected at the indicated copper concentrations. Initially, there was a strong partial inhibition of growth
only at 300 mM copper.

Figure 2B clearly shows an increase in external pH of the growth medium (reaching around 0.6 pH
units at 300 mM copper). On the contrary, pH values of control media containing different copper
concentrations and no cells inoculated showed only very minor pH variations. Clearly, whether this
interesting preliminary observation is due to intracellular acidification remains to be demonstrated.
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Figure 2. Growth medium pH changes of A. ferrooxidans ATCC 53993 grown in absence or presence of
copper. (A) Cells were grown in ferrous iron medium at the indicated copper concentrations. Once cells
reached stationary phase of growth (indicated by the arrow), aliquots of the cultures were taken and
centrifuged to remove cells; (B) pH values of the media supernatants were determined and compared
with pH changes of the medium containing the same copper concentrations but in absence of inoculated
cells. Error bars indicate standard deviations based on three different experimental values. Application
of t-Student test were: *** p ≤ 0.001 ** p ≤ 0.01 and * p ≤ 0.05.

3.3. Changes of Several Additional Envelope Components Occur in Presence of High Copper Concentrations

Another protein with increased levels in cells grown in presence of copper was a putative
periplasmic glucan biosynthesis protein MdoG coded by Lferr_1075 (Table 1). This protein is involved
in the synthesis of ramifications present in the osmoregulated periplasmic glucans (OPGs) in bacteria.
These OPGs are present in all known proteobacteria and are formed by 5–24 D-glucose molecules
bound by means of β-glycosidic bonds. The concentration of these glucans has been reported to
change with variations in periplasmic osmolarity [36]. Due to their big size, OPGs are trapped in the
periplasm, being unable to diffuse to the outside of cells. In E. coli, the carbon skeleton is synthesized
by proteins coded by genes opgG (mdog orthologous) and opgH. OpgH is a glucosyl transferase that
synthesizes the lineal skeleton of glucose units by means of β-1,2 bonds. In E. coli, MdoG is a 56 kDa
periplasmic protein necessary for the polymerization of sugar molecules, although its function has not
being completely established [36]. In A. ferrooxidans, putative MdoG (57.4 kDa) has been previously
identified as a component of its periplasm [37]. In E. coli both opgG and opgH genes form part of
the same operon. By analyzing the genomic context of A. ferrooxidans instead, it was found that
mdoG and mdoH are separated by an open reading frame (ORF) coding for a protein of unknown
function. On the other hand, protein MdoH did not change its levels in the results obtained here.
The system for OPGs synthesis in E. coli involves four additional proteins (OpgD, OpgB, OpgC and
OpgE) whose equivalent genes are absent in A. ferrooxidans genome. Nevertheless, only OpgG and
OpgH are strictly necessary for the OPGs synthesis in E. coli [38]. OPGs biosynthesis starts with glucose
transport to form glucose-6P, which is used to generate (uridine diphosphate glucose) UDP-glucose
for production of OPGs via OpgH/OpgG [36]. It is known this molecule is formed by a glucose
1-phosphate uridil transferase that catalyzes the UTP and a proton addition to D-glucose-1-phosphate
to generate UDP-D-glucose [39]. It can be suggested that generation of OPGs in A. ferrooxidans would
involve also a higher UDP-glucose synthesis. Since this process consumes protons, it should alleviate
excessive entrance of these cations when RND efflux pumps are heavily used to remove copper.

The CusA proton/Cu antiporter system is overexpressed in A. ferrooxidans subjected to copper as
already seen in Figure 1, and under those conditions, a higher number of protons would be expected
to enter the cytoplasm from the growth medium, as already suggested by the results shown in Figure 2.
Thus, a higher synthesis of OPGs would also consume protons, in favor of keeping the normal
cytoplasmic pH. Furthermore, it has been shown that an OPGs preparation acts as a blocker and
a regulator of an OMPC-like porin channel selective of cations in E. coli [40]. On the other hand,
cells unable to form OPGs showed an increased synthesis of OmpC [41]. It has also been documented
that porins mediate copper entrance in Mycobacterium tuberculosis [42]. The existence of a relationship
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between both copper entrance and porins closing or decreasing their levels of synthesis is possible
then, as seen here for OprB in A. ferrooxidans ATCC 53993 (Table 1). Examples of this behavior were
previously reported for the major A. ferrooxidans porin Omp40 (Afe_2741) and OmpA (Afe_2685) in A.
ferrooxidans ATCC 23270 [21].

To support proteomic results, transcriptional levels of genes coding for proteins MdoG and
porins, were also determined in cells grown at different copper concentrations as shown in Figure 3.
The results clearly indicate increasing levels of synthesis of mRNA coding for MdoG and decreasing
levels of messenger RNAs for porin genes omp40, oprB and ompA, confirming the proteomic results
already discussed. It is, therefore, possible that lower levels of porins, together with higher OPGs
amounts, constitute a defense response to extreme copper conditions as seen here in A. ferrooxidans
ATCC 53993, an idea that should be proven.

Figure 3. Transcriptional levels of selected envelope genes. (A) mdoG; (B) oprB, (C) ompA and (D)
omp40 in A. ferrooxidans ATCC 53993 grown in different copper concentrations. Error bars indicate
standard deviations based on three different experimental values. Application of t-Student test were:
*** p ≤ 0.001 ** p ≤ 0.01 and * p ≤ 0.05.

Currently there are no efficient and easy to reproduce methods to generate knock-outs of genes
in A. ferrooxidans [43]. Therefore, to ascertain whether the mdoG gene confers Cu-resistance to a
heterologous host, it was expressed in E. coli as described in Materials and Methods. As seen in
Figure 4, A. ferrooxidans putative mdoG gene conferred resistance to Cu when expressed in E. coli due to
the increase of its MIC value from 1.0 to 3.0 mM copper. This result supports the possibility of MdoG
being a copper resistance determinant in this acidophilic microorganism. In addition, the effect of
overexpressing mdoG in E. coli was also tested in cells grown in the presence of Zn or Ni as shown in
Figure 4.
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Figure 4. Heterologous functional analysis of the overexpression of A. ferrooxidans mdoG (Lferr_1075)
gene in the Cu-sensitive Escherichia coli (K-12 ΔcopA/ΔcusCFBA/ΔcueO) grown in zinc (Zn), nickel (Ni)
and copper (Cu). pTrcHis2A, empty vector; pTrcHis2A_1075 contains mdoG gene. Error bars indicate
standard deviations based on three different experimental values.

Compared with copper, MdoG did not confer tolerance to Ni and Zn. Interestingly, a proteomic
analysis of the response of Rhodobacter sphaeroides to high cobalt concentrations has been reported [44].
One of the changing proteins in presence of the metal was MdoG. It was previously suggested that
cobalt would generate an alteration of permeability of the envelope, periplasm or cell wall as a possible
resistance mechanism in this microorganism [44]. Whether the effect of copper is rather specific
for MdoG from A. ferrooxidans remains to be elucidated. Another interesting protein found to be
overexpressed in presence of copper was Lferr_0408 (Wzy) (Table 1), a protein involved in O-antigen
biosynthesis, the most external segment of LPS [45,46]. By expressing gene wzy from A. ferrooxidans in
the Cu-sensitive E. coli (K-12 ΔcopA/ΔcusCFBA/ΔcueO) strain already used for mdoG gene, the results
seen in Figure 5 were obtained. Once again, it is clear that expressing wzy gene in the heterologous
host confers it a higher copper resistance.

Figure 5. Heterologous functional analysis of overexpression of A. ferrooxidans antigen-O polymerase
gene wzy (Lferr_0408) in Cu-sensitive E. coli (K-12 ΔcopA/ΔcusCFBA/ΔcueO) grown in copper. pTrcHis2A,
empty vector; pTrcHis2A_0408 contains gene wzy. Error bars indicate standard deviations based on
three different experimental values.

To support this result, the analysis of transcriptional expression of this and other genes involved
in LPS generation was carried out. Figure 6 shows the levels of transcriptional expression of wzy,
wzz and rfaE genes, all involved with LPS synthesis, in both A. ferrooxidans strains grown in the absence
or presence of copper.
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Figure 6. Transcriptional levels of genes wzy, wzz and rfaE related to lipopolysaccharides (LPS) synthesis
in A. ferrooxidans exposed to copper. (A) Strain ATCC 23270; (B) Strain ATCC 53993. Values were
obtained from three biological replicates. Error bars indicate standard deviations based on three different
experimental values. Application of t-Student test were: **** p ≤ 0.0001 ** p ≤ 0.01 and * p ≤ 0.05.

Strain ATCC 23270 clearly showed an increased level in expression of tested genes in presence
of the metal (Figure 6A). On the contrary, the same genes did not show significant changes in their
expression when strain ATCC 53993 was grown in presence of copper (Figure 6B). These results
strongly suggest strain ATCC 23270 could synthesize higher amounts of LPS in presence of copper
compared to ATCC 53993. However, when the amounts of LPS were determined in both strains in
absence of the metal, ATCC 53993 showed about 3-fold higher amounts of LPS compared with ATCC
23270 (Figure 7A). This result indicates that normally, strain ATCC 53993 in addition of having extra
copper resistance determinants in its genomic island, contains higher LPS levels compared with strain
ATCC 23270. This could explain in part the higher copper tolerance of the former strain.

Figure 7. Relative LPS concentration of A. ferrooxidans ATCC 23270 and ATCC 53993 grown at different
concentrations of CuSO4. (A) Cells grown in absence of copper; (B) Cells grown in 100 mM CuSO4.
Values were obtained from three biological replicates. Error bars represent standard deviations for each
condition. A t-Student statistic analysis was performed, where: *** indicates p ≤ 0.001 and ns indicates
p > 0.05.

Nonetheless, in presence of 100 mM copper both strains showed similar LPS levels (Figure 7B),
suggesting that strain 23270 increases its LPS levels in presence of the metal, in agreement with results
of the transcriptional expression of its genes in the presence of copper seen in Figure 6. Previously,
A. ferrooxidans ATCC 53993 subjected to 40 mM Cu showed an increased level of protein RfaE possibly
involved in LPS synthesis [22]. Apparently, LPS could bind metals in the cell surface depending on the
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composition of the polymers [47]. A summary of the main results obtained is shown in the working
model of Figure 8.

Remarkably, it has been reported that A. ferrooxidans adapted to high copper and zinc ions
concentrations showed changes in the surface chemical properties of this bacterium. Under these
conditions, their surface negative charge was decreased due to changes in the structure of its surface
layers [48].

 

Figure 8. Summary working model of some proteins in A. ferrooxidans adapted to grow in presence
of copper mentioned in this study. Yellow, proteins that increase their synthesis or transcript levels
in presence of copper. Pink, proteins down-regulated in cells subjected to copper. OPG stands
for osmoregulated periplasmic glucans. The locations and order in which proteins are illustrated
are arbitrary.

4. Conclusions

The results presented here clearly indicate that several envelope components from A. ferrooxidans
such as RND efflux pumps, LPS, porins, and periplasmic protein MdoG may be of great relevance
for both, copper resistance and/or tolerance in their environment. Similar roles for these components
in other members of the biomining bacterial consortia are also possible and their study may be of
importance for industrial bioleaching operations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/7/347/s1.
Figure S1: Functional categories of A. ferrooxidans proteins changing their synthesis levels in cells grown in
presence of 100 and 200 mM CuSO4. Table S1: Functional categories and numbers of A. ferrooxidans ATCC
53993 proteins changing their synthesis levels in cells grown in presence of 100 and 200 mM CuSO4. Table S2:
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