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ABSTRACT: Lysogenic phages are known to serve as
transfer vectors for bacterial genes involved in biotransforma-
tion of various environmental pollutants. However, their role
in arsenic-contaminated environments is largely undocu-
mented. Here, lysogenic phages were chemically induced
(with mitomycin C) in soil samples from two contaminated
sites, and arsenic resistance genes arsC (coding for As(V)
reduction to excretable (via efflux pumps) but more toxic
As(III)) and arsM (coding for As(III) methylation) were
detected in these phage genomes. The relative abundance of
these genes (per phage particle) was positively correlated with
that in the corresponding indigenous soil bacterial commun-
ities (resistance gene per 16S rRNA), with R2 = 0.974 for arsC
and 0.761 for arsM. Microcosm studies with 100 mg/kg of arsenic soil showed that phages (amended at 5.0 × 107 phages per
gram soil) enhanced the propagation of arsC by 122-fold and arsM by 575-fold, relative to unamended soil. This increased the
As(III) concentration by 4.3 mg/kg (214%) after 15 days but also enabled arsenic methylation (to 0.8 mg/kg). Earthworm
avoidance tests corroborated the increase in soil arsenic ecotoxicity after phage addition. Overall, this study demonstrates that
arsenic resistance genes transduction by lysogenic phages can result in an overlooked but important phenomenon: a change in
arsenic speciation and a significant increase in soil ecotoxicity.

■ INTRODUCTION

Phages (bacterial virus) shape the structure and function of
bacterial communities through horizontal gene transfer (HGT)
and bacterial predation in almost all identified ecosystems,1−3

which can in turn have profound impacts on biogeochemical
cycling.4 Unlike lytic phages that rapidly kill their hosts,5

lysogenic phages can integrate their genome stably into the
host genome to form prophages,6,7 which has the potential to
introduce beneficial phage-harbored bacterial functional genes
to the host.8,9

Establishment of lysogeny often occurs when environmental
factors negatively impact phage decay rates or productive
infection (e.g., intense irradiation or nutrient limitation),
leading phages to take refuge inside hosts.10,11 This linkage
between phage and host survival may select for lysogenic
phages to transduce genes that enhance host fitness.12 For
instance, some lysogenic phages encode genes that mitigate
host photoinhibition under intense sunlight to protect
themselves and their hosts against intense irradiation.10

However, very few studies have investigated the impact of
lysogenic phages on contaminated soils, where microbial

communities have the potential to influence contaminant
biotransformation and mobility.
Arsenic contamination of soil and groundwater poses a

serious threat to public health due to its widespread
occurrence, toxicity, and persistence.13 Resistant bacteria
often harbor arsenic intracellular detoxification genes
(AIDGs) that encode defense mechanisms such as arsenic
oxidation (aioA), arsenic respiratory reduction (arrA),14 As(V)
reduction to As(III) (arsC) followed by As(III) excretion,15 or
As(III) methylation (arsM).16,17 Lysogenic phages may infect
arsenic-resistant hosts and acquire AIDGs for subsequent
transduction and expression during lysogeny to avoid
inactivation by high arsenic concentrations. However, the
occurrence of prophages in arsenic-resistant bacteria and their
interactions with their hosts remain largely unknown.
Considering that phage-like elements have been identified in

Received: September 26, 2019
Revised: October 23, 2019
Accepted: October 23, 2019

Letter

pubs.acs.org/journal/estlcuCite This: Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.estlett.9b00600
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

H
U

N
A

N
 U

N
IV

 o
n 

O
ct

ob
er

 3
0,

 2
01

9 
at

 0
0:

44
:5

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/journal/estlcu
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.estlett.9b00600
http://dx.doi.org/10.1021/acs.estlett.9b00600


nearly all sequenced bacterial species,18 it is important to
investigate the occurrence of AIDGs in prophages of arsenic-
resistant bacteria and their implications on arsenic speciation,
bioavailability, and toxicity.
This work discerns the role of lysogenic phages on bacterial

arsenic resistance in contaminated environments. Lysogenic
phages induced from arsenic-resistant bacteria were analyzed
for presence of AIDGs in their genomes. Microcosm studies
were conducted to investigate the effects of the lysogenic
phages on AIDG propagation, arsenic species biotransforma-
tion, and overall arsenic toxicity in the impacted soil.

■ MATERIALS AND METHODS
Arsenic-Resistant Microbe Collection and Lysogenic

Phages Induction. Arsenic-resistant microorganisms were
enriched in situ for two months using microbial immobilization
beads from two contaminated sites (SM and XHL) in Hunan
Province, China (Figure S1A and Table S1). The beads
(magnesium hydroxide aluminum colloids) with a high surface
area (25.4 m2/g based on BET adsorption method) and
bacterial affinity (Figure S2) were synthesized by hydrothermal
reactions followed by calcination,19 then equilibrated in
sodium arsenate solution with similar total arsenic levels as
the contaminated soil, and then buried in the arsenic-
contaminated sites for two months to allow for the attachment
and enrichment of arsenic-resistant bacteria. The details of the
bead preparation and microbe enrichment are available in the
Supporting Information. Induction of lysogenic phages (to
transform to a lytic lifecycle and be released from bacterial

hosts) can be achieved by chemical inducers (e.g., mitomycin
C) that damage bacterial genomes and activate the SOS repair
system.20 The bacteria were dispersed in a PBS buffer and then
exposed to1 μg/mL of mitomycin C overnight for lysogenic
phage induction and release,19 which was verified by
epifluorescence microscopy (EFM) after SYBR gold staining
and transmission electron microscopy (TEM) (Figure S3).21,22

The number of phages was expressed as viral-like particles
(VLPs) based on fluorescent VLPs under EFM.23,24

Bacterial and Viral Genome Analysis. Microbial DNA
was extracted using a DNeasy PowerSoil Kit (QIAGEN,
GERMANY) following the manufacturer’s protocol. The
induced phages were treated with DNase I (Thermo Scientific)
to degrade extracellular DNA before being concentrated by
centrifugation and ultrafiltration using an ultra-4 centrifugal
tube (Amicon 100kD). Phage DNA was extracted using a
TIANamp Virus DNA/RNA Kit following the manufacturer’s
protocol. PCR reactions were conducted to screen viral
AIDGs, and the abundance of bacterial 16S rRNA and
AIDGs that had been detected in the induced phage genome
(i.e., arsC and arsM) was measured by qPCR.16 The details of
the primer design, reagent mixture, and thermal programs are
included in the Supporting Information, Table S2.

Phage Transduction Test in Arsenic-Contaminated
soil. Microcosm studies were carried out in triplicate with 50 g
of homogenized soil from Yuelu Mountain (located in
Changsha city (CS)) at 20% soil moisture under four arsenic
levels (indigenous arsenic level (11), 100, 200, and 300 mg/
kg). Sodium arsenate solution (50 mg/mL) was used to

Figure 1. Relative abundance of lysogenic phage-encoded AIDGs in soil samples from three different locations at two contaminated sites. The
lysogenic phages were chemically induced from the soil bacteria. The copy numbers of arsC (A) and arsM (B) genes were normalized to the total
number of phage particles, counted as viral-like particles. Error bars indicate the standard deviation of triplicates. Gene arsM was not detected
(ND) in the XHL site. Correlations are also shown for relative AIDG abundance in phages versus bacteria: (C) arsC and (D) arsM.
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achieve the desired total arsenic concentration. The micro-
cosms were treated with free lysogenic phages (from SM site),
heat-inactivated phages, or an SM buffer as detailed in the
Supporting Information. The phage dosage (5.0 × 107 VLPs
g−1) was representative of indigenous phage concentrations in
soils (ranging from 107 to 108 g−1).25 After 15 days of
incubation in darkness at room temperature, the abundance of
arsC and arsM genes in the soil samples was measured by
qPCR, and the arsenic species (i.e., As(V), As(III), and methyl
As) were measured by liquid chromatography coupled with an
atomic fluorescence instrument (Haiguang LC-AFS 6500,
Beijing, China) as previously described.26 Multiple samples (n
= 5) were analyzed for each microcosm to reduce variability.
The recovery rates and detection limits of arsenic species are
also included in the Supporting Information.
Soil Toxicity Tests. Earthworm avoidance tests were

conducted using a stainless-steel avoidance wheel27 to compare
the ecotoxicity of phage-amended and unamended (control)
soil. Briefly, 60 adult earthworms (10 for each compartment) (
Pheretima guillelmi) were added in the wheel with alternating
compartments filled with soils from the treated and control
microcosms that had been spiked with the same initial total
arsenic concentration. After 48 h, the number of earthworms in
the control and treated soils were counted to calculate the
avoidance rate (AR) following eq 1 with higher ecotoxicity
reflected by larger AR.28 Analysis of variance for multiple
comparisons was performed to determine statistical signifi-
cance at a 95% confidence level (p = 0.05).

C T
N

AR
2

100%= − ×
(1)

where C and T are the average numbers of earthworms in the
control and treated soils after the tests, while N is the number
of earthworms initially added to each compartment.

■ RESULTS AND DISCUSSION

Lysogenic Phages from Arsenic-Resistant Bacteria
Harbored AIDGs. Higher arsenic levels in the contaminated
sites were correlated with more abundant and diverse AIDGs
in indigenous phage genomes. Both arsC and arsM genes (3.0
× 10−3 and 6.5 × 10−4 copies per phage, respectively) were
detected in lysogenic phages in arsenic-resistant microbes from
the SM site (with higher arsenic levels), while only the arsC
gene (2.0 × 10−3 copies per phage) was found in phages from
the XHL site (with lower arsenic levels) (Figure 1A and B).
Moreover, the relative viral AIDG levels were positively
correlated with those in the indigenous soil bacterial
communities (R2 = 0.974 for arsC and 0.761 for arsM)
(Figure 1C and D). The final product of arsenic methylation
(i.e., TMA) can be volatilized, which eliminates the arsenic
toxicity in the soil.29 However, efflux of As(III) is usually a
more common defense mechanism than the multistep
methylation pathway under acute exposure to arsenic.30,31

The increased As(III) in the surrounding soil would provide a
competitive advantage during interspecies competition against
bacteria with low arsenic resistance.32 Accordingly, arsC genes
were more abundant than arsM genes in lysogenic phage
genomes.15,33

Lysogenic Phage Enhanced AIDGs Propagation in
Indigenous Soil Microorganisms. The addition of phages
from the SM site increased the abundance of arsC and arsM

Figure 2. Lysogenic phage inoculation enhances microbial AIDG propagation in soil microcosms. Spiked with 5.0 × 107 phages per gram soil, the
microcosms were incubated for 15 days in the dark. Relative abundances of arsC (A1) and arsM (B1) are compared between the phage-amended
and unamended (control) treatments. Absolute abundances of arsC (A2) and arsM (B2) are also compared. Error bars indicate the standard
deviation of triplicates.
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genes in the CS soil compared with the unamend control
(Figure 2). In the 100 mg/kg of arsenic microcosm spiked with
active phages, the relative abundance of arsC and arsM genes
increased by 122-fold and 575-fold, respectively, after 15 days
compared with heat-inactivated phage and phage-free groups
(Figure 2). The total abundance of arsC directly introduced by
lysogenic phages (1.5 × 105 copies per gram soil) was much
lower than the final arsC abundance after treatment (1.6 × 107

copies per gram soil), indicating that AIDGs propagation was
caused by phage-mediated HGT and subsequent replication in
transduced bacteria. Moreover, higher soil arsenic levels
resulted in faster AIDG propagation (Figure 2). Specifically,
the relative abundance of arsC increased significantly with the
total arsenic concentration in soil (i.e., 1.2 ± 0.2 × 10−1 for
100 mg/kg, 2.7 ± 0.5 × 10−1 for 200 mg/kg, and 4.5 ± 0.8 ×
10−1 for 300 mg/kg). This trend was also observed for arsM
(i.e., 1.7 ± 0.03 × 10−2, 6.0 ± 0.1 × 10−2, and 1.1 ± 0.2 × 10−1,
respectively) (Figure 2). Therefore, the proliferation of AIDGs
due to transduction by lysogenic phages could be significant in
microbial communities at arsenic-contaminated sites. Notably,
AIDG propagation was not significant under the original
arsenic concentration (11 mg/kg), which suggests that there
may be a threshold arsenic level to drive significant phage-
mediated transduction and subsequent replication of AIDGs in
soil.
It has been theorized that the introduction of foreign genes

by lysogenic phages could confer beneficial phenotypes and
improve bacterial fitness in unfavorable conditions,18 which
was supported by our results. The prophages may repress not
only their own lytic genes but also unnecessary host metabolic
genes, which further facilitate the host survival in unfavorable
conditions.18 Lysogenic phages harboring AIDGs may confer
intracellular detoxification to host bacteria, which is crucial for
the host (and the prophage) survival under arsenic stress.34

Therefore, higher soil arsenic levels resulted in faster AIDG
propagation.
Lysogenic Phages Induced Changes in Arsenic

Speciation and Increased Overall Soil Toxicity. The
introduction of AIDG-encoding lysogenic phages enhanced
microbial reduction of As(V) to As(III). Microcosm studies
with 100 mg/kg of arsenic soil showed that As(V)
concentrations decreased by 5.3 ± 0.4 mg/kg (5.4 ± 0.4%),
while the As(III) concentrations increased by 4.3 ± 0.4 mg/kg
(214.0 ± 50.4%) compared with the unamended soil (Figure
3A and Table S4). The transformation of arsenic species was
verified to be caused by transduction since no significant
difference in arsenic speciation was observed when inactivated
phages were used (Figure S4). Phage treatment also stimulated
the methylation of arsenic, resulting in the production of
methyl arsenic (0.78 ± 0.10 mg/kg), and higher arsenic levels
were associated with higher methylated arsenic levels (Figures
3A and Table S4). The earthworm avoidance tests showed that
the total arsenic toxicity of the phage-amended soil was
significantly higher than the unamended soil after 15 days
(Figure 3B).35 As with the case that higher arsenic levels
facilitated AIDG propagation, higher arsenic levels also
enhanced the reduction of As(V) to As(III) and increased
soil toxicity to a greater extent. The earthworms were more
likely to escape from the phage-amended soil to the control
soil without added phages (Figure 3B).
Implications. There seems to be a beneficial bacteria−

phage association in microbial communities under arsenic
stress, as the phage transduces resistance genes to bacteria,

where they can take refuge and avoid exposure to toxic arsenic.
Previous studies usually focused on bacterial community
structure and function while overlooking the impact of
coexisting lysogenic phages,36 and our results suggest that
more attention should be paid to their indirect biogeochemical
effects. In this work, the lysogenic phages from arsenic-resistant
bacteria harbored AIDGs, and the inoculation of such phages
resulted in a surprising increase in soil arsenic toxicity. These
results suggest the contribution of phages in the spread of
heavy metal resistance, antibiotic resistance, and pathogenic
genes may be underestimated in certain environments.
In summary, lysogenic phages from arsenic-resistant bacteria

mediated the transfer of AIDGs between different microbial
communities, and lysogenic phage introduction in the arsenic-
contaminated soil promoted arsenic transformation from
As(V) to As(III) in soil, which increased the total arsenic
toxicity. This work is the first demonstration of phage-
mediated HGT of AIDGs with a resulting significant alteration
of arsenic speciation and activation in contaminated soil and
highlights the overlooked potential role of transduction in
increasing ecotoxicity in arsenic-contaminated environments.

Figure 3. Lysogenic phage inoculation altered soil arsenic speciation
and increased overall toxicity in microcosms. (A) Arsenic speciation
profile in soil microcosm with different initial total arsenic
concentrations (100, 200, 300 mg/kg soil). (B) Increase in overall
arsenic toxicity due to phage inoculation based on earthworm
avoidance tests. The initial total arsenic concentration in the CS soil
was 11 mg/kg. Error bars indicate the standard deviation of triplicate
measurements.
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