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Bacterial resistance to arsenic protects against protist killing
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Abstract Protists kill their bacterial prey using toxic
metals such as copper. Here we hypothesize that the
metalloid arsenic has a similar role. To test this
hypothesis, we examined intracellular survival of
Escherichia coli (E. coli) in the amoeba Dictyostelium
discoideum (D. discoideum). Deletion of the E. coli
ars operon led to significantly lower intracellular
survival compared to wild type E. coli. This suggests
that protists use arsenic to poison bacterial cells in the
phagosome, similar to their use of copper. In response
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to copper and arsenic poisoning by protists, there is
selection for acquisition of arsenic and copper resis-
tance genes in the bacterial prey to avoid killing. In
agreement with this hypothesis, both copper and
arsenic resistance determinants are widespread in
many bacterial taxa and environments, and they are
often found together on plasmids. A role for heavy
metals and arsenic in the ancient predator—prey
relationship between protists and bacteria could
explain the widespread presence of metal resistance
determinants in pristine environments.
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Introduction

The Great Oxidation Event changed the bioavailabil-
ity of many metals and metalloids and increased the
concentrations of both copper and zinc but also arsenic
but peaked at different time points (Chi Fru et al.
2015, 2016). Recent data show that at least some
protists forage on bacteria using toxic metals such as
copper and maybe zinc in their phagosomes (Hao et al.
2016). Dictyostelium discoideum (D. discoideum) as
an ‘early’ macrophage shares several unique functions
with mammalian phagocytic cells (Metchnikoff
1887). Since the basic mechanisms involved in
phagocytosis appear extremely conserved, this uni-
cellular soil amoeba could provide a better under-
standing of how bacteria can escape phagocytosis and
intracellular killing by both amoeba and macrophages
(Cosson and Soldati 2008). Here we propose a novel
hypothesis that protists also use the metalloid arsenic
to kill bacterial prey, thus, inducing a selective
pressure for bacteria to become more resistant to
arsenic.

Methods and materials
Intracellular bacteria survival in Dictyostelium

To test if arsenic resistance determinant could assist
bacterial survival in amoeba, gentamicin (Gm) pro-
tection assays were performed as reported previously
(Hao et al. 2015). Briefly, overnight growth of the wild
type Escherichia coli (E. coli) W3110 and the arsenic
sensitive mutant AW3110 (AarsRBC::Cm) (Carlin
et al.) were harvested, rinsed and suspended in
HL5:SorC (1:4) solution to Agpp nm of 0.1 [approxi-
mately 10% colony-forming units (CFUs)/ml], respec-
tively. A mid-exponential phase (1 x 10° cell/ml)
culture of D. discoideum was prepared in HL5:SorC
(1:4) solution. 900 pl of Dictyostelium cells was
placed into 24-well polystyrene plates and mixed with
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bacteria to a final multiplicity of infection (MOI) of 5.
The mixture was cultured at 22 °C for 6 h, centrifuged
(400x g; 2 min), and rinsed twice with 1 ml of SorC
buffer. Dictyostelium cells were treated with 400 pg/
ml Gm at room temperature for 1 h to remove
extracellular bacteria. After two times of washing by
SorC buffer, Dictyostelium cells were lysed in 1 ml
SorC with 0.4% Triton X-100. 100 ml of lysates were
plated on LB for CFU counting. Two sets of control
were prepared as follows: (1) we set amoebal suspen-
sion (1 x 10° cell/ml, 900 pl) mixed with 100 pl of
HL5:SorC (1:4) solution as negative control to make
sure the initial amoebal cultures were free from
bacteria, (2) we used 100 pl of bacterial suspension
mixed with 900 pl of HL5:SorC (1:4) solution (with-
out amoebae) to verify the efficiency of Gm. All
assays were performed in at least six replicates.

Co-occurrence network of metal resistance genes

To show the co-occurrence patterns between metal
resistance genes that most frequently occur together
on plasmids, publicly available completely sequenced
plasmids (n = 4582) were retrieved from the NCBI
plasmid genomes database (Acland et al. 2014) (ftp://
ftp.ncbi.nlm.nih.gov/genomes/Plasmids/). In addition,
metal resistance protein sequences were retrieved
from the BacMet predicted database (version 1.1;
http://bacmet.biomedicine.gu.se) (Pal et al. 2014). A
network showing the co-localization of resistance
genes on the same plasmid, was developed, explored
and visualized using Cytoscape (version 3.2.0)
(Shannon et al. 2003). To avoid dense clustering of
genes and show only the most common co-occur-
rences, the network was filtered on Cytoscape plat-
form in such a way so that two genes (i.e., nodes) co-
existed on at least ten plasmids were connected by a
line (e.g., an edge). In addition to co-localization of
resistance genes, resistance genes that frequently co-
occur together with well-known integron-associated
integrases or ISCR transposases was also shown (Pal
et al. 2015).

Results and conclusions
In support of our hypothesis, we examined the

intracellular survival of E. coli AW3110, a strain in
which the ars operon had been deleted. We found that
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the intracellular survival of E. coli AW3110 in D.
discoideum was significantly (two-sample ¢ test,
p < 0.0001) decreased as compared to the wild type
strain (Fig. 1). Our data suggests that D. discoideum
could use arsenic to kill the bacterial prey in the
phagosome, which is inline with the copper and zinc
poisoning of bacterial and fungi prey in the phago-
some of macrophages (German et al. 2013) and D.
discoideum (Hao et al. 2016). Notably, Cu(I) and
As(III) are far more toxic than Zn(II) and if available
would be a more toxic mix. It is known that Great
Oxidation Event increased the concentrations of both
copper and arsenic but peaking at different time points
(Chi Fru et al. 2015, 2016). Therefore we suggest that
arsenic and copper poisoning to be a potent weapon for
protists, beginning after the onset of the Great
Oxidation. Subsequently, it increased the bioavail-
ability of both copper and arsenic for the primitive
phagocytic eukaryotes. As a consequence, resistance
genes to these metals frequently occur in bacteria,
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Fig. 1 Arsenic resistance determinant arsRBC enhances bac-
terial survival in D. discoideum. Gentamicin (Gm) protection
assay was carried out to test the number of intracellular bacteria
within Dictyostelium. Dictyostelium (1 x 10° cell/ml, 0.9 ml)
was seeded in 24-well polystyrene plates and mixed with the
wild type E. coli W3110 and the arsenic sensitive mutant
AW3110 (AarsRBC::Cm), respectively, to a MOI of 5. Mono-
bacteria or Dictyostelium cells were set as control. The mixture
was co-cultured for 6 h at 22 °C, washed twice with SorC, and
treated with 400 pg/ml Gm for 1 h. Dictyostelium cells were
washed twice with SorC after Gm treatment and lysed with 0.4%
Triton X-100. Lysates (100 pl) were then plated on LB agar for
CFU counting. All assays were performed in at least six
replicates

which help in evading bacterial killing by macro-
phages and protists via clustering resistances.
Recently, it was hypothesized that metals get concen-
trated in endosomes “metallosomes” before merging
with their phagosome, the location of bacterial killing
(Kapetanovic et al. 2016). Nonetheless, so far zinc
accumulation into vesicles has been observed (Kape-
tanovic et al. 2016). In addition, protist-grazing
resistance as an important component in the evolution
of bacterial pathogenesis has also been recognized
(Amaro et al. 2015).

Metal resistance genes are ubiquitous in bacterial
communities across different environments and occur
in many different phyla (Pal et al. 2015, 2016). Based
on the analyses of 4582 fully sequenced plasmids,
common occurrence of copper, arsenic and silver
resistance genes have been reported (Fig. 2) (Pal et al.
2015). In our previous study, we revealed the fact that
silver resistance determinants were actually copper
resistance determinants. In fact, it is actually only
copper and arsenic resistance determinants which are
occurring together (Hao et al. 2015). A putative
explanation for the joint appearance of resistance
genes could be a response to selection pressure by
protists, dating back more than two billion years.
Protists, without harming themselves can utilize the
most toxic Cu(I) and As(IIl), which are sufficiently
bioavailable in the environment to be routinely used
for poisoning bacterial and fungal prey. Bacteria
carrying arsenic and copper resistance genes may also
carry antibiotic resistance genes, providing opportu-
nities for co-selection. While antibiotic resistance
genes are considerably more common in isolates from
human and domestic animals, i.e., where there often is
a strong antibiotic selection pressure, metal resistance
genes are common in a much wider set of environ-
ments (Pal et al. 2015). Consequently, co-selection by
antibiotics is not the prime reason of widespread
copper and arsenic resistance in bacteria. In fact, more
ancient and widespread selection pressures are likeli-
hood reasons for such resistance, and in line with our
finding of heavy metal resistance genes across taxa
(Pal et al. 2015) and metagenomes (Pal et al. 2016).
This principally also excludes recent uses of heavy
metals by humans, and thereby elevated exposure in
some bacterial communities, as a major driving force.
Nevertheless, recently introduced anthropogenic
selection pressures including metals and antibiotics
have the potential to propagate the spread of plasmids
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Fig. 2 Co-occurrence of metal resistance genes on plasmids.
The network depicts co-occurrences of metal resistance genes
included in the BacMet database (Pal et al. 2014) on 4582
plasmids retrieved from the NCBI plasmids database (see Pal
et al. 2015 for details). The thickness of each connection (i.e.,
edge) between two genes (i.e., nodes) is proportional to the

carrying multiple resistance determinants, also in
pathogens. While arsenic resistance determinants have
previously not been considered as a virulence factor,
which is as also evident from earlier studies (Neyt
et al. 1997; Tosetti 2014), many strains of Yersinia
pestis and Yersinia enterolytica harbor plasmids
containing an arsenic resistance operon arsHRBC
(Eppinger et al. 2012). We postulate the presence of
ars operons in Yersinia sp. is an adaptation to help the
bacteria evade arsenic poisoning by protist grazing
possibly with a role in bacterial virulence.
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number of times the genes co-occurred on the same plasmid.
Connections are only shown if the genes are found together on at
least 10 different plasmids. The network also includes connec-
tions between metal resistance genes and markers of mobile
genetic elements (integron-associated integrases and ISCR
transposases)
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