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accumulation, increased ROS and shorter
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 Exposure to toxic metals alters host response and that leads to disease development. Studies have revealed the effects
of metals on microbial physiology, however, the role of metal resistant bacteria on host response to metals is unclear.
The hypothesis that xenobiotic interactions between gut microbes and arsenic influence the host physiology and tox-
icity was assessed in a Caenorhabditis elegans model. The arsenic-resistant Lysinibacillus sphaericus B1CDA was fed to
C. elegans to determine the host responses to arsenic in comparison to Escherichia coli OP50 food. L. sphaericus diet ex-
tended C. elegans lifespan compared to E. coli diet, with an increased expression of genes involved in lifespan, stress
response and immunity (hif-1, hsp-16.2, mtl-2, abf-2, clec-60), as well as reduced fat accumulation. Arsenic-exposed
worms fed L. sphaericus also had a longer lifespan than those fed E. coli and had an increased expression of genes in-
volved in cytoprotection, stress resistance (mtl-1, mtl-2) and oxidative stress response (cyp-35A2, isp-1, ctl-2, sod-1), to-
gether with a decreased accumulation of reactive oxygen species (ROS). In comparison with E. coli, L. sphaericus
B1CDA diet increased C. elegans fitness while detoxifying arsenic induced ROS and extending lifespan.
Keywords:
C. elegans
Arsenite
Arsenate
Lysinibacillus sphaericus
Lifespan
Reactive oxygen species
1. Introduction

Heavymetal pollutants in the environment pose a serious ecological risk
to living organisms. The first biota that undergoes direct and indirect nega-
tive impact of heavy metals are the microorganisms. Metals not only affect
microorganisms by reducing their number, diversity, biochemical activity,
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but also leads to the establishment of metal tolerant microbial populations
(Babich and Stotzky, 1985; Ben Fekih et al., 2018; Giller et al., 1998;
Prabhakaran et al., 2016). Arsenic is one of the most widely distributed
metalloid, commonly found in soil and water, and exists in either organic
or inorganic forms. The degree of toxicity of arsenic species depends on
its oxidation state, where the +5 oxidation state (arsenate) is presumed
to be less toxic than the +3 oxidation state (arsenite). Both inorganic and
organic species bioaccumulate in animals and plants, and pose a health con-
cern worldwide (Bhattacharjee et al., 2013; Naujokas et al., 2013;
Tchounwou et al., 2019).
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Chronic exposure to arsenic through contaminated food and water is a
global concern (Cubadda et al., 2017; Gundert-Remy et al., 2015). Arsenic
exposure in humans, is known to cause cancer, diabetes, and cardiovascular
disorders (Choiniere and Wang, 2016; Naujokas et al., 2013; Renu et al.,
2018; Tchounwou et al., 2019). Research conducted on arsenic exposed
human populations, as well as vertebrate and invertebrate animal models
proposed several mechanisms of arsenic toxicity, such as aberrant cellular
signaling (Druwe and Vaillancourt, 2010), immunotoxicity (Bellamri
et al., 2018), abnormal lipid metabolism (Renu et al., 2018), and epigenetic
alterations (Argos, 2015). At the level of host gut microbiota, arsenic expo-
sure is also shown to alter the microbial diversity, which affects the accu-
mulation and bioavailability of arsenic species, and perturbs the host and
microbial physiological responses (Chi et al., 2017; Dong et al., 2017;
Gokulan et al., 2018; Lu et al., 2014; Richardson et al., 2018).

Variability in response to arsenic toxicity is observed in humans and an-
imal models, and points at adaptative arsenic detoxification mechanisms.
These mechanisms have developed through genetic modifications
(Schlebusch et al., 2015), nutritional factors (Gamble et al., 2005), and xe-
nobiotic interactions with the gut microbial communities (Coryell et al.,
2018). Recent evidence also suggests a role for gut colonizing microbes in
the conversion of arsenic species both in vitro and in vivo (Pinyayev et al.,
2011; Van de Wiele et al., 2010), which can affect the host.

Bacterial adaptation and resistance to arsenic stress has been exten-
sively studied and is dependent upon several mechanisms (Yan et al.,
2019). Presence of arsenate resistance (ars) and arsenate oxidation (aio /
arx) genes gives bacteria the ability to convert toxic arsenite to lesser
toxic arsenate species, while arsenite reduction (arrAB) system converts
the arsenate back to arsenite within the periplasm. Alternatively, arsenic
methylation genes assist bacteria in converting toxic inorganic arsenic spe-
cies to the less toxic methylated arsenics species thus contributing to detox-
ification (Yan et al., 2019). Lysinibacillus sphaericus B1CDA is an arsenic
tolerant and remediating bacterium and was shown to tolerate up to
500 mM arsenics. L. sphaericus B1CDA possesses several genes known to
provide resistance to arsenic and metal detoxification (Rahman et al.,
2016; Rahman et al., 2014). Most studies have reported effects of metal
contamination on the physiology of metal tolerant microbes, however the
subsequent impact of these microbes on the host is understudied.

Caenorhabditis elegans is a bacterivorous nematode that thrives in
soil microenvironments rich with microorganisms. It feeds on bacteria
and fungi, and is thus naturally colonized with a mixture of microorgan-
isms from their environment (Schulenburg and Félix, 2017). In the lab-
oratory, nematodes are usually monoxenically grown with the
auxotrophic strain Escherichia coli OP50 (Stiernagle, 2006). The success
of C. elegans as an important model organism has been ascribed to its
short life cycle, ease of maintenance, completely characterized genome,
availability of tools for genetic manipulation, high degree of homology
to human genome, and similar metabolic pathways to humans (Kaletta
and Hengartner, 2006), making it an interesting model to study host-
microbiota interactions (Zhang et al., 2017).

Based on the study hypothesis that xenobiotic interactions between gut
microbes and arsenic influence the host physiology and thus toxicity,
C. elegans physiologywas investigated in nematodes fed the arsenic tolerant
and accumulating bacteria, L. sphaericus B1CDA, in the presence and ab-
sence of arsenic. Lifespan, fat accumulation, reactive oxygen species
(ROS) accumulation and gene expressionwere used to assess the physiolog-
ical responses of the nematode.
2. Materials and methods

2.1. Metal solutions

Sodium dioxoarsenate (NaAsO2) and di-Sodium hydrogen arsenate
heptahydrate (Na2AsO4 7.H2O) were purchased from Sigma andMerck, re-
spectively. A 1.0 g/Lmetal stock solution of eachmetalloid was prepared in
milli-Q water.
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2.2. Bacterial strains and growth conditions

Lysinibacillus sphaericus B1CDA is a Gram-positive, rod-shaped and mo-
tile bacterium. At the genetic level, L. sphaericus B1CDA possesses arsenic
biotransformation (acr3, arsR, arsB and arsC) and metal resistance genes
(Rahman et al., 2016; Rahman et al., 2014). L. sphaericus B1CDA and
Escherichia coli OP50 were maintained in Luria Bertani (LB) agar/broth
(BD Difco). For C. elegans experiments with metals, the bacteria were
grown overnight in LB broth at 37 °C and 180 rpm to an optical density
(λ= 600 nm) of 0.9 and subsequently washed and re-suspended in equiv-
alent volume of M9 buffer (22 mM KH2PO4, 42.2 mM Na2HPO4, 85.5 mM
NaCl, 1 mM MgSO4). The bacterial suspensions in M9 buffer were incu-
bated in 10 mg/L arsenite (NaAsO2) or arsenate (Na2AsO4 7H2O) solution,
or control K-media (51 mM NaCl, 32 mM KCl) for 1 h at 37 °C and shaking
at 180 rpm. Finally, the bacterial suspensions were centrifuged at 2000×g
for 5 min, and the bacterial pellets were resuspended in 300 μL of K-media
to 20× the original bacterial density. The bacterial suspensions were used
to prepare bacterial lawns on nematode growth medium (NGM) plates for
C. elegans exposures.

2.3. Synchronizing of C. elegans

Bristol wild type N2 C. elegans strain was maintained at 20 °C on
nematode growth medium (NGM) with E. coli OP50 as food according to
previously established protocols (Stiernagle, 2006). To obtain age-
synchronized worms, adult hermaphrodites were washed and collected in
M9 buffer and treated with alkaline sodium hypochlorite solution (20%
NaClO, 3% NaOH). The released eggs were washed three times, collected
inM9 buffer, and allowed to hatch overnight without food at constant rota-
tion. Age synchronized L1 larvae were used for subsequent experiments.

2.4. C. elegans exposures to Arsenic

For the analysis of metal toxicity on C. elegans, a concentration of 10
mg/L arsenite or arsenatewas chosen based on the lowest observed adverse
effect concentration (LOAEC) (Liao and Yu, 2005; Yu et al., 2016). For
C. elegans exposures to the metals, NGM plates were prepared with final
metal concentrations of 10 mg/L in K-media and were supplemented with
bacteria pre-treated for 1 h with 10 mg/L arsenite or arsenate in K-media.

2.5. C. elegans lifespan

Age synchronized L1 worms were transferred onto NGM prepared with
arsenite or arsenate to a final concentration 10 mg/L or K-media, supple-
mented with 50 μL of bacterial food (E. coli OP50 or L. sphaericus B1CDA)
in a 60 mm petri dish (Sarstedt). Upon reaching L4 stage, approximately
50worms (10worms/replicate/condition)were transferred to their respec-
tive NGM media supplemented with 5-fluoro-2-deoxyuridine (FUdR) as
previously described and live nematodes were counted daily (Lionaki and
Tavernarakis, 2013). Worms were considered alive based on their move-
ment and pharyngeal pumping, whereas worms were considered dead
when they did not respond to tapping or poking with a platinum wire.
C. elegans life span experiments were repeated twice with at least 5 repli-
cates per condition per experiment.

2.6. RNA extraction and qRT-PCR

Approximately 1500 age synchronized L1 worms were dropped onto
NGM prepared with K-media or with the different metals (4 replicates / ex-
posure) supplemented with bacterial food and harvested upon reaching L4.
The exposed worms were collected in 1.5 mL microfuge tubes and washed
with M9 buffer. For RNA extraction, the worms were transferred to 2 mL
cryotubes containing 1.4 mm ceramic beads (Precellys), with 700 μL of
Tri Reagent (Sigma-Aldrich) and frozen overnight at −80 °C. Worms
were thawed and lysed at 6000 rpm thrice for 20 s with a 20 s pause be-
tween each cycle in a homogenizer (Precellys), and RNA was isolated



Fig. 1. Arsenite and arsenate influence lifespan of C. elegans fed either E. coli or L.
sphaericus. (A) C. elegans fed with E. coli OP50 or Lysinibacillus sphaericus B1CDA
on nematode growth media with K-media control, arsenite (10 mg/L) or arsenate
(10 mg/L). (B) Summary of median survival and statistical analysis. The “-” and
“+” indicates decrease and increase in lifespan, respectively. Median survival and
significance of survival data were generated using Kaplan-Meier curves and
Mantel-Cox test, respectively.
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using the Directzol RNA kit (Zymo Research) following manufacturer's pro-
tocol. The RNA was quantified using the Nanodrop spectrophotometer
(DeNovix) and cDNAwas synthesized using 500 ng of RNAwith the qScript
cDNA synthesis kit (Quanta Biosciences). qRT-PCR of 46 genes (Supple-
mentary Table 1) was performed using KAPA SYBR FAST qPCR Kit (Kapa
Biosciences). Thermocycling conditions for qRT-PCR consisted of a dena-
turation step for 3 min at 95 °C followed by 35 cycles of 95 °C for 2 s and
60 °C for 30 s in CFX 96 Real time PCR detection system (Biorad). The
values were normalized using the reference gene iscu-1 (Y4510D.4) as de-
scribed earlier (Kumar et al., 2015; Rai et al., 2019). The relative fold ex-
pression was normalized to the C. elegans fed with E. coli OP50 in K-
media control, and the fold expression was calculated using the ΔΔCt
method. Gene expression experiments were done at least twice with four
technical replicates per condition.

2.7. Reactive oxygen species assay

Intracellular accumulation of ROS was performed as described previ-
ously (Thabit et al., 2019) with some modifications. Synchronized L1 nem-
atodes (1000 worms per exposure) grown on NGM plates with K-media,
with different metals, or 70 μM paraquat (positive control, Acros organics)
were harvested upon reaching L4 / young adults (44 h) stage andwashed in
M9 buffer to remove excess bacteria. The worms were then incubated in 1
mL of M9 buffer containing 50 μM of 5′,6′-chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA)
(Invitrogen) for 1 h at room temperature in the dark. Subsequently
worms were washed in M9 buffer to remove excess dye, paralyzed on
cover slips using 25 mM Levamisole (Sigma), and imaged using a Scanning
Confocal microscope (Fluoview 1000, Olympus IX81) with the FITC chan-
nel (465–495 nm excitation/515–555 nm emission). The fluorescence in-
tensity of individual worms was measured using NIH Image J 1.46r
software.

2.8. Fat staining

Nile red (NR) and oil red O (ORO) staining was performed as previously
described (Rai et al., 2019). L1 exposed nematodes (1000 worms/expo-
sure) were grown on E. coli or L. sphaericus bacterial lawns on nematode
growth plates supplemented with metals or K-media. Worms were har-
vested upon reaching L4/ young adults (44 h) stage and washed in phos-
phate buffered saline containing 0.01% Triton X-100 (PBS-T), fixed in
40% isopropanol, and stained with Nile red or oil red O (Sigma). The nile
red stained worms were imaged using FITC channel (465–495 nm
excitation/515–555 nm emission) in Fluoview 1000 Scanning Confocal mi-
croscope (Olympus) and the oil red O stained worms were visualized using
bright field illumination microscope (Olympus BX51). The staining inten-
sity of individual worms was measured using NIH Image J 1.46r software.
For oil red O stained worms, the background light intensity was corrected
using the background correction function, and micrographs were inverted
before quantification in ImageJ software.

2.9. Statistical analysis

Statistical significance of qRT-PCR, Nile red, oil red O staining, body
area, and ROS assay were determined using either unpaired t-test, or the
one-way analysis of variance followed by Dunnett posttest or Tukeys post-
test for multiple group comparison, and the differences were considered
significant if the p-values were < 0.05 (*, p < 0.05; **, p < 0.01; ***, p <
0.001). For the lifespan analysis, Log rank (Mantel-Cox) test was used to de-
termine statistical significance. All the statistical analyses were performed
using GraphPad Prism 8 (GraphPad software). Principal component analy-
sis was performed to explain the variation within the models using SIMCA
software version 13.0.3 (Umetrics) at a significance level of 0.05. Accept-
able models were developed to explain the variation within the data
which fulfilled both the goodness of fit (R2X> 0.7) and goodness of predic-
tion (Q2X > 0.4) metrics.
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3. Results

3.1. L. sphaericus B1CDA fed C. elegans presented extended lifespan when com-
pared to E. coli in the presence of arsenics

C. elegans fed L. sphaericus had increased body size, brood and life span
in previous reports (Go et al., 2014). Since the L. sphaericus B1CDA strain is
resistant to arsenics and can transform between arsenite and arsenate, we
postulated that it would confer beneficial effects on C. elegans lifespan dur-
ing arsenic exposure when compared to the standard E. coli OP50 fed
worms. Worms fed E. coli OP50 had a median survival of 19 days (Fig. 1),
whereas worms fed L. sphaericus B1CDA had a median survival of 29
days, thus L. sphaericus B1CDA diet resulted in a significant increase in
the median lifespan of the worms (+10 days, p < 0.001) (Fig. 1B). The ef-
fect of the two arsenic species on C. elegans lifespan was determined by
feeding C. elegans with arsenic pre-treated E. coli or L. sphaericus on solid
NGM plates supplemented with 10 mg/L arsenite or arsenate. The median
survival of worms fed arsenite pre-treated E. coli OP50 was significantly re-
duced by 37% (p=0.003), whereas arsenate only reduced survival by 11%
(p=0.098) (Fig. 1). Although themedian survival of C. elegans fed arsenite
and arsenate pre-treated L. sphaericus was reduced by a greater number of
days, the lifespan decreased by 31% (p < 0.001) and 24% (p < 0.001), re-
spectively, when compared to the K-media control (Fig. 1).

Despite a clear lifespan reduction in C. elegans fed with arsenite pre-
treated bacteria, the worms had a significant increase in median survival
by 8 days (p < 0.001) when fed with L. sphaericus compared to the arsenite
pre-treated E. coli fed worms and this was comparable to the median sur-
vival in E. coli control (K-media) fed worms (Fig. 1). In contrast, arsenate
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pre-treated L. sphaericus fed worms lived longer and had an increased me-
dian survival of 5 days (p < 0.001) compared to its E. coli fed counterparts
(Fig. 1). This indicates that L. sphaericus confers a physiological benefit to
the C. elegans leading to an increased lifespan even in the presence of arse-
nics, which was not seen with the E. coli diet.

3.2. L. sphaericus B1CDA diet altered arsenic-induced stress response gene ex-
pression in C. elegans

L. sphaericus B1CDA appears to be beneficial to C. elegans, however the
mechanism for this effect is yet unknown. Newly hatched worms fed either
E. coli or L. sphaericus were exposed to arsenate or arsenite on NGM until
they reached young adults (L4/ 44 h exposure) and the expression of 15
representative genes associatedwith heat shock, heavymetal and oxidative
stress response were examined using qRT-PCR (Supplementary Table S1).
The genes were selected based on their role in metal toxicity and nematode
lifespan (Murphy et al., 2003a; Uno and Nishida, 2016). Of the 15 genes
tested, 5 genes were significantly modulated in response to L. sphaericus,
while 10 genes showed no change in expression (Supplementary
Table S2). Amongst the significantly modulated genes, 5 genes had in-
creased expression in L. sphaericus fed worms, including hsp-16.2 (p =
0.007), mtl-1 (p = 0.004), mtl-2 (p = 0.027), ctl-2 (p = 0.005) and cyp-
35A2 (p < 0.001) when compared to E. coli fed worms. This revealed that
L. sphaericus diet influenced the expression of genes involved in stress
response.

An initial comparison was made of the gene response in C. elegans fed
E. coli OP50 to arsenate and arsenite. Of the 15 genes analyzed, the expres-
sion of 6 genes was increased in arsenite exposed worms fed with E. coli
OP50, while 9 genes showed no significant change (Supplementary
Table S2). Upregulated genes included those associated with heat shock,
hsp-16.1 (p = 0.013), hsp-16.2 (p = 0.015) and hsp-48 (p = 0.039);
metal response, mtl-1 (p = 0.002) and numr-1 (p = 0.001); and oxidative
stress response gst-4 (p < 0.001) and prdx-2 (p=0.033) (Fig. 2). Similarly,
arsenate exposedworms fed E. coliOP50 showed a significant change in the
expression of 8 genes (Fig. 2 and Supplementary Table S2). The gene ex-
pression increased for hsp-16.1 (p = 0.015), hsp-16.2 (p = 0.019), numr-1
(p = 0.002) and gst-4 (p < 0.001), whereas the expression of mtl-2 (p =
0.001), aip-1 (p = 0.035) and prdx-2 (p = 0.032) decreased.

C. elegans fed L. sphaericus B1CDA in the control K-media were com-
pared to those fed L. sphaericus B1CDA in the presence of the arsenic spe-
cies. Overall, the worms exhibited a significant change in gene expression
in 4 of the 15 genes analyzed (Fig. 2 and supplementary Table 2). In
worms fed arsenite or arsenate pre-treated L. sphaericus, one gene belonging
to oxidative stress- gst-4 (p < 0.001) was significantly increased (Fig. 2A).
While worms fed arsenite pre-treated L. sphaericus showed a significant de-
crease in expression of cyp-35A2 (p < 0.001), worms fed arsenate pre-
treated L. sphaericus presented a decrease in expression for metal response
genes (aip-1, p = 0.03) and mtl-2 (p = 0.04) (Fig. 2A).

In comparison to the E. coli fed worms in the respective arsenic species,
L. sphaericus fed worms in arsenite showed increase in the expression for 3
metal (mtl-1, p= 0.03) and oxidative stress response (cyp-35A2, p = 0.04;
sod-1, p < 0.001) genes, whereas worms in arsenate showed an increase in
the expression for 5 metal (mtl-1, p=0.02;mtl-2, p < 0.001) and oxidative
stress response (cyp-35A2, p= 0.04; isp-1, p=0.05; ctl-2, p=0.04). These
results suggest both E. coli and L. sphaericus fedworms, exposure to arsenics
have increased stress response gene expression, however the extent of the
response is relatively higher in L. sphaericus fed worms. In general,
L. sphaericus fedworms concomitantly had increased expression of genes in-
volved in metal response and oxidative stress response compared to the
E. coli fed counterparts.

3.3. L. sphaericus B1CDA diet reduced the accumulation of reactive oxygen spe-
cies in C. elegans

ROS and the resultant oxidative stress response have an important func-
tion in the health and lifespan of organisms (Ristow and Schmeisser, 2011).
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To determine if L. sphaericus influenced oxidative stress in C. elegans by re-
ducing ROS, accumulation of ROS was analyzed using the fluorescent dye
CM-H2DCFDA. E. coli fed worms presented a higher fluorescence intensity
(23.98 ± 5.43) associated with the accumulation of ROS than those fed L.
sphaericus (15.09 ± 3.41) (p < 0.001) (Fig. 3). Similarly, the ROS accumu-
lation was also reduced in the positive control (paraquat) in worms fed L.
sphaericus in comparison to those fed E. coli (Fig. 3B, Supplementary
Fig. S1).

Arsenic induced oxidative stress response is a known mechanism of
metal toxicity that could lead to a reduced lifespan. To determine if L.
sphaericus can influencemetal-associated oxidative stress inC. elegans by al-
tering the accumulation of ROSwas assessed inworms fed eitherE. coli or L.
sphaericus exposed to arsenite or arsenate. In comparison to the respective
K-media controls, both E. coliOP50 and L. sphaericus fed worms in the pres-
ence of arsenite had a significant increase in ROS (28.46±4.55, p< 0.001;
21.63± 4.77, p < 0.001). Interestingly, only E. coli fed worms subjected to
arsenate had significant increase in ROS (30.55±5.31, p< 0.001) (Fig. 3B,
Supplementary Fig. S1). Furthermore, L. sphaericus reduced ROS accumula-
tion with both arsenic exposures in comparison to the E. coli fed worms
(Fig. 3B). These results suggest that L. sphaericus both reducedROS accumu-
lation in C. elegans as well as increased the expression of genes associated
with protection against oxidative stress.

3.4. L. sphaericus B1CDA diet altered the effects of arsenic on genes associated
with lifespan and immune response in C. elegans

To determine the possible molecular mechanisms of arsenic toxicity on
the longer-living L. sphaericus fedworms, the expression of 15 genes belong-
ing to lifespan and immunity were compared to E. coli fed worms. Of the
genes evaluated, 7 genes not affected by either L. sphaericus or arsenic treat-
ment were skn-1, cep-1, daf-12, daf-16, tol-1, tir-1 and lys-7 (Supplementary
Table S3). L. sphaericus fed worms in K-media showed significant change in
expression of 4 genes; 3 genes whose expression increased were hif-1 (p=
0.021), abf-2 (p=0.037), and clec-60 (21.8-fold, p=0.027),whereas pgp-5
(p = 0.002) decreased (Fig. 4A).

E. coli fed worms in arsenics showed a significant decrease in the ex-
pression of lifespan associated genes (age-1, p = 0.034; sir-2.1 p =
0.041) and an increase in expression for the infection response gene,
pgp-5 (p = 0.020) (Fig. 4A). Whereas C. elegans fed L. sphaericus in the
control K-media compared to those fed L. sphaericus in the presence of
either arsenic exhibited a significant change in gene expression in 5 of
the 15 genes analyzed (Fig. 3A, supplementary Table 4). Genes associ-
ated with lifespan (hif-1, p = 0.006) and immune response (abf-2, p =
0.005; bar-1, p = 0.003; clec-60, p = 0.02; lys-8 p = 0.02) were signif-
icantly decreased in worms fed arsenite pre-treated L. sphaericus
(Fig. 3A). However, worms fed arsenate pre-treated L. sphaericus pre-
sented a decrease in expression of lifespan (hif-1, p = 0.01), and im-
mune response genes (lys-8, p = 0.03) (Fig. 3A). Furthermore, in
comparison to the E. coli fed worms in arsenics, L. sphaericus fed
worms showed an increase in expression for abf-2 (p = 0.02) and clec-
60 (p = 0.01) and decrease in expression of pgp-5 (p = 0.003) involved
in immune response (Fig. 3A). These results suggest that arsenic expo-
sure affects both lifespan and infection response gene expression in
C. elegans with both E. coli as well as L. sphaericus diets, however L.
sphaericus fed worms show reduced infection response gene expression.

3.5. L. sphaericus diet alters C. elegans fat associated gene expression and fat ac-
cumulation

Diet is known to affect lipid metabolism, and this has an important role
in animal lifespan (Reinke et al., 2010). Since the L. sphaericus diet im-
provedC. elegans lifespan, expression of 15 genes associatedwith fat metab-
olism (Supplementary Table S4) and total fat accumulation were assessed
in L4/pre-adults stage worms. Nile red and oil red O staining were used
to estimate the intracellular lipids in C. elegans fed either E. coli or L.
sphaericus in the presence of K-media controls or arsenic species.



Fig. 2.Relative expression of genes associatedwith stress response in C. elegans fed E. coli or L. sphaericus exposed to arsenic species. Differential expression of genes belonging
to (A)Heat shock (B)Metal response and (C) Oxidative stress response inC. elegans fed a diet ofE. coli or L. sphaericus and exposed to arsenite (10mg/L) or arsenate (10mg/L).
Data represent mean± standard deviation from at least 4 biological replicates. Statistical significance was determined by two tailed unpaired t-test (*p≤ 0.05; **p≤ 0.01;
***p < 0.001). hsp-70 and gcs-1 are not represented in the figure since the change in expression was not significant for any condition. Data are provided in supplementary
Table S2.
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Fig. 3.Accumulation of reactive oxygen species inC. elegans fed E. coli or L. sphaericus exposed to arsenics. (A) Fluorescentmicrographs of reactive oxygen species stainedwith
CM-H2DCFDA and (B) quantification in C. elegans fed with E. coli OP50 or L. sphaericus B1CDA, when exposed to K-medium (control), paraquat (70 μM, positive control),
arsenite (10 mg/L) or arsenate (10 mg/L). Scale bars represent 100 μm. Data represent the mean ± standard deviation from 4 independent experiments. Statistical
significance was determined by one-way ANOVA followed by Tukeys multiple comparison test (*p ≤ 0.05; **p ≤ 0.01; ***p < 0.001).
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Relative to the E. coliK-media control L. sphaericus diet increased the ex-
pression of 2 genes, fat-4 (p = 0.006) and fat-7 (p < 0.001) (Fig. 4B), both
involved in the polyunsaturated fatty acid synthesis, whereas expression
was decreased in 4 genes involved in fatty acid biosynthesis, metabolism,
and transport (folt-2, p = 0.006; acl-6, p = 0.01; acly, p = 0.04; and vit-6,
p = 0.01), (Fig. 3B). In the fat accumulation assay using Nile red staining,
E. coli showed a relative mean intensity of 31.19 ± 4.15, whereas in L.
sphaericus fed worms the relative intensity was significantly reduced to
19.06 ± 3.09 (p < 0.001) (Fig. 5A and D, Supplementary Fig. S2 and Sup-
plementary Table S4). Similarly, oil red O staining showed a significant de-
crease in staining intensity in L. sphaericus fed worms (36.14 ± 7.11)
relative to the E. coli (58.48 ± 14.09) (Fig. 4B and E, Supplementary
Fig. S2 and Supplementary Table S4). Furthermore, L. sphaericus fed
worms showed no significant changes in body area to E. coli fed worms
(Fig. 4C and supplementary Table S4). This suggests that L. sphaericus
diet altered fat metabolism gene expression and concomitant decreased
fat accumulation in C. elegans.

Humans and animals exposed to arsenics have alterations in fat metabo-
lism (Garciafigueroa et al., 2013; Renu et al., 2018). Both E. coli and L.
sphaericus fed worms exhibited differences in lifespan in the presence of arse-
nite or arsenate, therefore fat metabolism gene expression and fat accumula-
tion were analyzed. Of the 15 genes evaluated, 2 genes not affected by either
L. sphaericus, or arsenic treatment were acs-5 and elo-2 (Supplementary
Table S4). E. coli fed worms in arsenite presented a significant increase in
the expression of 3 genes, two were associated with biosynthesis (fat-5, p
= 0.03; folt-2, p = 0.04) and one associated with lipid metabolism (acs-2,
p = 0.023) when compared to the C. elegans fed E. coli in K-media
(Fig. 4B), whereas 6 genes had reduced expression, 2 associated with biosyn-
thesis (fat-6, p=0.018; fasn-1, p=0.037) and 4 with lipid metabolism (acl-
4, p=0.029; acl-6, p=0.002; acs-11, p=0.017; vit-6, p=0.015). Arsenate
exposure of E. coli fed worms had increased expression of only one gene (fat-
5, p=0.02), and decreased expression of 8 genes analyzed (acl-4, p=0.008;
acl-6, p=0.002; acs-11, p=0.003; acly, p=0.02; vit-,6 p=0.013; fat-6, p<
0.001; pod-2, p = 0.012; fasn-1, p = 0.013) (Fig. 4B). Worms had a signifi-
cant decrease in fat accumulation based on the relative intensity of Nile red
when treated with either arsenite (20.98 ± 3.30; p < 0.001) or arsenate
(22.91± 3.36; p < 0.001) (Fig. 5A and D, Supplementary Fig. S2), however
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oil red O as an alternative fat stain presented a significant decrease in fat ac-
cumulation only in arsenate fed worms (51.99 ± 14.38; p < 0.001) (Fig. 5B
and E, Supplementary Fig. S2). Neither arsenite or arsenate exposure of E. coli
fed worms altered body area (Fig. 5C).

L. sphaericus fed worms in the presence of arsenite or arsenate showed re-
duced expression of the fat-6 (p< 0.001) and fat-7 (p< 0.001) in comparison
to the K-media control (Fig. 4B, Supplementary Table S2). Furthermore,
L. sphaericus fed worms showed a reduced relative Nile red intensity in the
presence of either arsenite (13.91 ± 2.72; p < 0.001) or arsenate (12.78 ±
2.90; p < 0.001) when compared to the control indicating reduced fat accu-
mulation (Fig. 5A, D and Supplementary Fig. S2), whereas oil red O staining
only showed a significant change in fat accumulation in arsenite fed worms
(30.25 ± 9.80; p < 0.01) (Fig. 5B and E, Supplementary Fig. S2). A reduced
body area was observed in L. sphaericus fed worms exposed to arsenite (0.84
± 0.16; p < 0.001) and arsenate (0.88 ± 0.15; p < 0.001) in-comparison to
the K-media controls (Fig. 4C). Taken together these results suggest that both
arsenic species affect the expression of fat metabolism gene expression and
accumulation of fat inworms despite the bacterial diet, however L. sphaericus
diet appeared to have altered C. elegans fat metabolism gene expression asso-
ciated with lipid synthesis and transport.

3.6. Multivariate analysis of gene expression showed association with bacterial
food and arsenic exposure

Principal component analysis (PCA) was performed on the C. elegans
gene expression data fed with either E. coli or L. sphaericus and exposed to
K-media control or arsenics during the larvae stages. PCA model had an
overall goodness of fit (R2X) value of 1.0 and goodness of prediction of
(R2Q) value of 0.99, with the first two components explaining 70.5% of
the variation. The principal components 1 (PC1) explained 37.2%, while
the principal component 2 (PC2) explained 33.3% of the variation in the
data (Fig. 6A). The first dimension separated the gene expression according
to E. coli and L. sphaericus food source while the second dimension sepa-
rated according to arsenic exposure. The loading plot (Fig. 6B) identified
that most of the lifespan and immunity genes were associated with L.
sphaericus, affecting C. elegans physiology and immunity. However, the
strongest association for both food types were different immunity genes,



Fig. 4. Relative expression of genes associated with lifespan, immune response and fat metabolism in C. elegans fed E. coli or L. sphaericus treated with arsenics. Differential
expression of genes associated with (A) lifespan and immune response and (B) fat metabolism in C. elegans upon exposure to E. coli or L. sphaericus diet in K-media (control),
arsenite (10 mg/L) and arsenate (10 mg/L) when compared to E. coli K-media control. Data represents mean± standard deviation of fold change in gene expression from at
least 4 biological replicates. Two tailed unpaired t-test was used to establish statistical significance (*p≤ 0.05; **p≤ 0.01; ***p < 0.001). cep-1, daf-12, daf-16, skn-1, tol-1,
tir-1, lys-7 and acl-5 were not significantly changed and are not represented in the figure. Data are provided in supplementary Tables S3 and S4.
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Fig. 5. Fat accumulation and body area inC. elegans fed bacteria exposed to arsenics.Micrographs ofC. elegans stained for stored lipids with (A)Nile Red and (B) oil redO after
being fed with E. coliOP50 or L. sphaericus B1CDA exposed to K-medium (control), arsenite (10mg/L) or arsenate (10mg/L). The scale bar represents 200 μm.Quantification
ofC. elegans (C) body area, (D) Nile Red intensity and (E) Oil RedO intensity ofmicroscopy images. Data represent themean± standard deviation fromat least 3 independent
experiments. Statistical significance was determined by (C, D, E) one-way ANOVA followed by Tukeys multiple comparison test (*p≤ 0.05; **p≤ 0.01; ***p < 0.001).
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where L. sphaericus had the strongest association with clec-60 (C-type
LECtin-60), while E. coli had the strongest association with pgp-5 (P-glyco-
protein related-5). The response to arsenic differed according to the food
source with the metal protective genes, mtl-1 (Metallothionein-1) and
numr-1 (Nuclear localized metal responsive-1), were associated with
L. sphaericus and the oxidative stress response gene, gst-4 (Glutathione S-
transferase-4), was associated with E. coli, while the remaining genes
were common to both. The hierarchical cluster analysis (Fig. 6C) showed
3 distinct groupings, with food groups clustering together and arsenic treat-
ment resulting in separate and distinct clustering. In addition, the effects of
arsenic exposure were more pronounced in the presence of E. coli than L.
sphaericus.

4. Discussion

Microbes act as an interface between the host and environment, there-
fore they should have an important role in mediating the host's response
to xenobiotic substances. Chronic exposure to arsenics is a global problem
8

and has been implicated in various physiological diseases and cancer, there-
fore it is important to increase our understanding of howmicrobes can alter
host response to toxicmetals. The present study showed thatC. eleganswere
more resilient to arsenic when fed the arsenic-tolerant L. sphaericus B1CDA
than the standard E. coliOP50 food. This was evidenced through the signif-
icantly longer lifespan and distinct physiological and genetic responses to
arsenic when fed L. sphaericus.

The significant extension in lifespan in C. elegans fed L. sphaericus
B1CDA compared to E. coli OP50 corroborates previous observations, indi-
cating that the microbial food source impacts C. elegans fitness (Go et al.,
2014). Previous studies have also reported that arsenic influences lifespan
in C. elegans fed the standard E. coli OP50 food (Liao and Yu, 2005;
Schmeisser et al., 2013; Yu et al., 2016). Similarly, L. sphaericus fed
worms treated with arsenite or arsenate had a reduced lifespan, neverthe-
less, they still survived significantly longer than their untreated E. coli fed
counter parts (Fig. 1). Several candidate probiotic bacterial species were
previously shown to alter metal and chemical toxicants exposure directly
through detoxification and indirectly through modulation of the host



Fig. 6.Multivariate analysis of the C. elegans gene expression under the various conditions. Principal component analysis of the C. elegans gene expression responses in E. coli
and L. sphaericus diets in the presence and absence of arsenics. (A) Score plot indicating 70.5% of the variation in the data are explained by the first 2 principal components
(PC1 and PC2), (B) loading plot presenting the distribution of the genes in the different groups and (C) hierarchical cluster analysis based on the dissimilarity demonstrating
the connectivity of the C. elegans gene expression responses with different diets and arsenic treatment.
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responses (Kamaladevi et al., 2016; Zanjani et al., 2017). This prompted the
hypothesis that the arsenic tolerant L. sphaericus B1CDA could protect
C. elegans from arsenic toxicity and extend lifespan.

Metal-induced stress response is part of the cellular detoxification sys-
tem and a primary indicator of the arsenic toxicity (Flora and Pachauri,
2013). In response to arsenite and arsenate exposures, E. coli fed worms
showed an increased expression of several markers of arsenic toxicity, par-
ticularly genes involved in heat shock (hsp-16.1, hsp-16.2, hsp-48), metal
(mtl-1, numr-1), oxidative stress (gst-4, prdx-2), as well as the accumulation
of ROS (Fig. 2). These are consistent with the previous studies of arsenic
andmetal toxicity inC. elegans (Sahu et al., 2013; Yu et al., 2016). An excep-
tion to the previous studies was the downregulation of arsenic inducible
protein (aip-1), which was previously shown to be upregulated in the pres-
ence of arsenic, however these studies used higher metal concentrations
(Sahu et al., 2013). Heat shock proteins and metallothionein's play an im-
portant role in cellular stress response, homeostasis and are implicated in
disease and development (Nielsen et al., 2007; Swindell, 2011). In
C. elegans upregulation of hsp-16 molecular chaperones were shown to ex-
tend lifespan (Mendenhall et al., 2012; Walker and Lithgow, 2003).

L. sphaericus fed worms showed increased expression of fewer genes im-
plicated in stress responses, importantly heat shock (hsp-16.2), metal re-
sponse (mtl-1, mtl-2), oxidative stress (ctl-2, cyp-35A2), compared to
E. coli fed worms, which could be associated with the accompanying de-
crease in the accumulation of ROS. Arsenic exposure in L. sphaericus fed
worms also showed fewer changes in the expression of metal response
(mtl-1, mtl-2) and oxidative stress response biomarker (gst-4), and higher
levels of ROS were only present for arsenite treatment. Overall, the L.
sphaericus fed worms had significantly lower levels of ROS than the E. coli
fed worms, which likely contributes to the altered gene responses. More-
over, relative to the E. coli counterparts, L. sphaericus fed worms in arsenics
showed increased gene expression for the metal (mtl-1, mtl-2), oxidative
stress and detoxification response (isp-1, ctl-2 and sod-1) (Fig. 2). Coloniza-
tion of soil bacteria and biofilm formation of commensal bacteria in
C. elegans intestine is implicated in increasing tolerance to stress, and in-
crease in lifespan involving mtl-1 and mtl-2 (Coolon et al., 2009;
Smolentseva et al., 2017). According to the free radical theory of aging, un-
controlled production of ROS coupled with an imbalance in antioxidant de-
toxification leads to increased cellular damage and this influences the
progression of aging and disease (Vatner et al., 2020). Oxidative stress re-
sponse detoxification genes, catalase and cytochrome monooxygenase per-
form several metabolic functions and are necessary for the detoxification of
ROS, maintenance of fat metabolism and lifespan. Depletion of ctl-2 or cyp-
35 were shown to affect both lifespan and fat accumulation in worms
(Imanikia et al., 2015; Petriv and Rachubinski, 2004). Previous studies
have shown that some strains of Lactobacillus and Bifidobacterium decrease
the accumulation of ROS in worms and enhancing the nematode lifespan,
primarily through increased antioxidant response and decreased lipid me-
tabolism (Jin et al., 2020; Martorell et al., 2016). Since several stress re-
sponse signatures upregulated with L. sphaericus B1CDA serves in
improving cellular homeostasis in response to stress, it is likely that arsenic
induced cellular stress is also reduced through increased antioxidative and
cytoprotective mechanisms by the microbe.

Exposure to arsenics in humans as well as in animal models have been
shown to affect development, lifespan, immune responses and fat metabo-
lism (Carlson and Van Beneden, 2014; Farkhondeh et al., 2019). This sug-
gests that microbes can influence the expression of genes involved in
lifespan, immune response, fat metabolism and fat accumulation in
C. elegans exposed to arsenic. In E. coli fed worms a decreased expression
of genes associated with lifespan (age-1, sir-2.1) and increased expression
of infection response gene pgp-5were observed in arsenite and arsenate ex-
posures, (Fig. 3A). Both heavy metals and bacterial infections in C. elegans
have been shown to upregulate pgp-5 through TIR-1 and p38 MAP kinase
pathways (Kurz et al., 2007), thus a combination of these challenges
could explain the strong correlation to both E. coli diet and arsenic treat-
ment (Fig. 6). An exception with the previous studies, is the downregula-
tion of daf-16, though we observed a slight but not significant decrease in
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expression for daf-16 (supplementary Table 2) as reported earlier (Yu
et al., 2016).

L. sphaericus fed worms showed an increased expression of genes associ-
atedwith lifespan (hif-1) and immunity (abf-2 and clec-60), whereas arsenic
exposure showed a decresed expression of these genes as well as lys-8 and
bar-1. When compared to the E. coli exposed to arsenics, L. sphaericus fed
worms also showed differences in expression in abf-2 and clec-60, genes
encoding for defensin molecules (Fig. 3A, Supplimentary Table S3). Low
oxygen environment induces activation of the conserved transcription fac-
tor, hypoxia-inducible factor (hif-1). HIF-1 alters cellular responses that me-
diate immunity and longevity in-concert with other regulators of aging
(Leiser and Kaeberlein, 2010). In C. elegans, both over expression and
loss-of-function of hif-1 was shown to influence stress resistance and
lifespan, and is mediated by other transcription factors (Zhang et al.,
2009). Moreover long-lived AGE-1 mutants or pre-treatment of the AGE-1
mutants with the beneficial bacterium, Lactobacillus zeae were shown to
have an increased expression of the defensin molecules (abf-2 and clec-
60) (Zhou et al., 2018). Although reduced expression of the p53 homologue
(cep-1) was shown to improve nematode lifespan, it was not significantly al-
tered in the present study (Arum and Johnson, 2007). These observations
suggest that L. sphaericus helps preserve C. elegans immune function and
thus contribute to extended lifespan even in the presence of arsenics.

Lipid metabolism is important in stress resistance and thus lifespan
(Hou and Taubert, 2012). Exposure to toxic metals such as arsenics in
humans and animal models have been shown to affect fat metabolism
(Carlson and Van Beneden, 2014; Farkhondeh et al., 2019). Therefore, an
altered bacterial diet could influence C. elegans lipid metabolism and by ex-
tension response to arsenic. L. sphaericus diet increased expression of fat-4
and fat-7, genes involved in polyunsaturated fatty acid synthesis, whereas
folt-2, acl-6, acly and vit-6, genes associatedwith fatty acid synthesis,metab-
olism, and transport had reduced expression when compared to E. coli diet
(Fig. 3B). Arsenic exposed worms fed L. sphaericus diet affected the overall
expression of fewer genes, primarily those involved in lipid synthesis (fat-6,
fat-7) rather than lipid metabolism and transport. Several probiotic strains
were previously shown to decrease lipid accumulation and modulate fat
metabolism while enhancing the nematode host lifespan (Martorell et al.,
2016). Studies with long lived daf-2 and age-1 mutants showed increased
expression of genes involved in polyunsaturated fatty acid synthesis (fat-
7), which are suggested to increase resistance to stress (Horikawa and
Sakamoto, 2010; Murphy et al., 2003b; Shmookler Reis et al., 2011). Fur-
thermore, RNAi inhibition of fat genes (fat-6, fat-7, pod-2, fasn-1) were
shown to alter both resistance to stress and affect the survival of the
worms (Dancy et al., 2015; Horikawa and Sakamoto, 2009; Zhang et al.,
2013).

In addition to the changes in gene expression, both Nile red and oil red
O staining showed L. sphaericus reduced the accumulation of lipids when
compared to E. coli fed worms (Fig. 4A-D). Subsequent exposure to arsenics
resulted in decreased fat accumulation inworms fed either bacterium using
Nile red, and although it was not significant for oil red O staining, a down-
ward trend was also observed (Fig. 4A-D). Nile red and oil red O staining
were demonstrated to stain homeostasis lipids and triacylglycerols, respec-
tively (Horikawa and Sakamoto, 2010). Nile red serves as a quantative tech-
nique for analysis of lipids, whereas oil red O is used for qualitative analysis
of fat distribution and is considered unreliable for quantification of lipid
levels (Escorcia et al., 2018). Studies in model organisms have shown al-
tered fat metabolism in response to the arsenics (Farkhondeh et al.,
2019), and recent studies also highlighted arsenic role in the decreased
lipid accumulation as well as affected fat metabolism in monoculture and
animal studies (Afolabi et al., 2015; Carlson and Van Beneden, 2014;
Song et al., 2017; Zdraljevic et al., 2019; Zuo et al., 2019). Taken together,
gene expression and lipid accumulation in the present study demonstrate
that both bacteria and arsenic contribute to the modulation of host fat
metabolism.

In summary the multivariate analysis of the gene expression data re-
vealed that the main factor influencing C. elegans response was according
to the bacterial food, while arsenic exposure was secondary. It showed
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that L. sphaericus primarily influenced the immune response and fat metab-
olism to increase fitness and extend lifespan, indicating that host fitness is
of primary importance in increasing resilience to toxic challenges. Arsenic
exposure induced different stress responses which is likely due to the
lower ROS levels in C. elegans fed L. sphaericus, suggesting that the bacteria
contributed with its own detoxification mechanisms to reduce arsenic tox-
icity on the host. Taken together, the arsenic-tolerant and accumulating L.
sphaericus contributed to the extendedC. elegans lifespan though amultifac-
torial mechanism; by increasing worm fitness, while concomitantly de-
creasing arsenic toxicity and ROS exposure. This highly simplified model
illustrated the role of food (nutrition) on host fitness as well as emphasises
the role microbes have in detoxification of environmental contaminants.
More complexmodels would provide furhter insight into howmicrobial in-
teraction with each other and the host influences xenobiotic toxicity of
contaminats such as arsenic.
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