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Without effective homeostatic systems in place, excess
copper (Cu) is universally toxic to organisms. While increased
utilization of anthropogenic Cu in the environment has driven
the diversification of Cu-resistance systems within enter-
obacteria, little research has focused on how this change in
bacterial architecture impacts host organisms that need to
maintain their own Cu homeostasis. Therefore, we utilized a
simplified host—microbe system to determine whether the ef-
ficiency of one bacterial Cu-resistance system, increasing Cu-
efflux capacity via the ubiquitous CusRS two-component sys-
tem, contributes to the availability and subsequent toxicity of
Cu in host Caenorhabditis elegans nematode. We found that a
fully functional Cu-efflux system in bacteria increased the
severity of Cu toxicity in host nematodes without increasing
the C. elegans Cu-body burden. Instead, increased Cu toxicity
in the host was associated with reduced expression of a pro-
tective metal stress-response gene, numr-1, in the posterior
pharynx of nematodes where pharyngeal grinding breaks apart
ingested bacteria before passing into the digestive tract. The
spatial localization of numr-1 transgene activation and loss of
bacterially dependent Cu-resistance in nematodes without an
effective numr-1 response support the hypothesis that numr-1
is responsive to the bacterial Cu-efflux capacity. We propose
that the bacterial Cu-efflux capacity acts as a robust spatial
determinant for a host’s response to chronic Cu stress.

Bacteria define an organism’s relationship with the envi-
ronment. Their presence in a host at all three major routes of
environmental exposure (dermal, respiratory, digestive)
broadly impacts drug metabolism and efficacy (1-3), patho-
genicity (4), nutrient biosynthesis (5), and disease progression
(6-9). However, the effects of bacterial activity on a host’s
response to toxicant exposure are only beginning to be
examined (10). One such toxicant the environmental excess of
which elicits conserved homeostatic responses in prokaryotes
(11-13) and eukaryotes (14) alike is copper (Cu), an essential
transition metal recognized by the Agency of Toxic Substances
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and Disease Registry (ATSDR) for its ability to catalyze
Fenton-like reactions, displace metal cofactors lower on the
Irving-Williams series, and oxidize lipids when too much is
present in the environment (15-17). In conditions of excess
Cu, toxicity can develop rapidly and coincide with the devel-
opment of disease pathology if an organism’s homeostatic
responses fail to correct the situation (18, 19).

However, little is known about how challenged prokaryotic
and eukaryotic systems interact. Outside generalized treat-
ments that limit overall bacterial density (20), how specific
bacterial activity contributes to homeostatic responses in the
host has yet to be examined. Diversification rates in enter-
obacteria suggest that Cu-efflux systems are under consider-
able selective pressure from increasing anthropogenic Cu
deposition in the environment (21, 22). Furthermore, research
from the human microbiome project has found that bacterial
activity involved in metal detoxification, such as increasing Cu-
efflux capacity, is indeed a ubiquitous component of the
digestive microbiome today (23). The pervasiveness and ne-
cessity of bacterial Cu-efflux systems at major sites of
eukaryotic Cu-uptake, like the digestive tract, compel a more
thorough investigation into how specific bacterial responses
contribute to the development of Cu toxicity in host
organisms.

Previous work in our lab (24-26) developed strains of
Escherichia coli with variable Cu-efflux capacities as measured
by quantifying their Cu accumulation. Targeted deletions in
genes for a Cu-handling system, CusRS, within a Cu oxidase
(cueO) deletion background maximized the Cu(I) interaction
with Cu(I)-specific CusRS and produced mutants with
approximately 50 and 25% Cu-efflux capacity compared with
E. coli with AcueO alone (100%WT) (26). CusRS is a conserved
two-component system (TCS) composed of a Cu(I) histidine
kinase sensor (CusS) and response regulator (CusR) (24). The
combined action of this sensor and response regulator drives
the expression of a Cu-efflux pump, CusCFBA, with a narrow
substrate range that selectively removes excess periplasmic
Cu(l) (27) (Fig. 1). We hypothesized that alterations in bac-
terial Cu removal would modify the availability and subse-
quent toxicity of Cu in a simplified host—microbe system.
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E. coli Cu-efflux capacity regulates toxicity in C. elegans
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Figure 1. CusRS regulates Cu-efflux capacity in an E. coli model system. Cross section of E. coli showing a response system that deals with Cu* excess in
the environment. Removal of excess Cu™ by bacteria is dependent upon (1) activation of a TCS that responds to Cu* in the periplasm. Signal transduction
from the periplasmic domain of CusS, a histidine kinase, to the cytosol leads to temporary phosphorylation and activation of CusR, which promotes
expression of the cus operon. 2, expression of the cus operon drives increased efficiency in the removal of periplasmic Cu* via the CusCFBA antiporter. 3,
targeted deletions of the genes for the CusS-CusR TCS within a periplasmic copper oxidase (AcueO) background increase the ratio of accumulated Cu* to

removed Cu* by varying degrees.

Caenorhabditis elegans (C. elegans), a soil-dwelling nem-
atode that thrives on single-culture E. coli lawns in laboratory
conditions, is a well-established model for studying
conserved host—microbe interactions involved in Cu ho-
meostasis and detoxification (4, 28-30). Evidence for
conserved Cu-homeostatic elements is found in orthologs for
a passive Cu-uptake transporter (31) and the active Cu
exporter ATP7A/B (32), which are both expressed along the
nematode’s digestive tract, mirroring the expression patterns
and physiology of higher organisms (14, 20). Under Cu stress,
nematodes also present dose-dependent Cu-toxicity re-
sponses that encompass developmental, behavioral, repro-
ductive, and aging trajectories, which may be influenced by
bacterial activity (33—40). Furthermore, these responses to
metal stress are often consistent and conserved across spe-
cies, allowing for a detailed investigation of host stress re-
sponses mediated by bacterial activity. For instance,

2 J Biol. Chem. (2021) 297(3) 101060

activation of heat-shock factor 1 following metal toxicity is
observed in both humans and nematodes (41, 42), which is
signaled in C. elegans by the activation of a nuclear-localized
metal-responsive gene (numr-1) and is proposed to influence
RNA splicing in response to impaired RNA-processing ma-
chinery during metal stress (42).

Using this C. elegans/E. coli host—microbe system, we show
that an increase in bacterial Cu-efflux, through the activity of
CusRS, alters the magnitude and spatial distribution of numr-1
activation and sensitizes the host to environmental Cu over
time. Despite increasing sensitivity to equimolar Cu exposures,
the overall host Cu-body burden did not account for the
increasing toxicity in the host. Taken together, these findings
reveal how a ubiquitous bacterial response, selected for
through persistent anthropogenic Cu release over generations,
establishes the spatial distribution and efficiency of Cu
detoxification in a host model.

SASBMB
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Results

A simplified exposure paradigm to test the impact of bacterial
Cu-efflux capacity on host Cu sensitivity

We first assessed common Cu-toxicity endpoints observed
in C. elegans as hallmarks of Cu stress coping mechanisms to
determine whether they could be influenced by the bacterial
Cu-efflux capacity in the environment. To this aim, we used a
simplified exposure paradigm for the C. elegans/E. coli host—
microbe system that, first, used no (0 pM) or excess
(100 uM) exogenous Cu concentrations that did not strongly
impair bacterial growth rate (Fig. S1A) or plate density
(Fig. S1B) to ensure that the CusRS response could be active at
the same molarity at which C. elegans Cu toxicity is observed
(32). Second, Cu exposure to C. elegans was limited to devel-
opmentally synchronous populations that excluded early
developmental stress responses that can confound the severity

of toxicity endpoints (32, 39). As described below, this
experimental exposure paradigm allowed us to clearly distin-
guish the impact of varying bacterial Cu-efflux capacity on the
C. elegans host sensitivity to Cu stress.

The physiological response to environmental challenges can
vary greatly across C. elegans developmental stages (39).
Therefore, multiple, specific dose-dependent chronic Cu-
toxicity endpoints were originally selected to capture adverse
outcomes on two central biological processes: aging and
reproduction (Fig. 24). Initially, all endpoints were assessed for
their sensitivity to 100 uM Cu in the presence of bacteria with
100%WT Cu-efflux capacity (control). Across their life span,
nematode populations exposed to 100 pM Cu on 100%WT
control bacteria experienced a 41% reduction in median life
span (Fig. 2B, thick blues lines, p < 0.0001, log-rank Mantel—
Cox test), from 14.5 days to 8.5 days, when compared with
those exposed to 0 pM Cu in the media. The decreased
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Figure 2. Host sensitivity to chronic Cu excess is dependent on bacterial Cu-efflux capacity. A, experimental design. For chronic exposures, adults were
transferred to new plates at least every 48 h after initial L4 transfer. B, Kaplan—-Meier lifespan analysis with 0 pM or 100 uM Cu. Significance between life span
data was calculated using a Mantel-Cox log-rank test (N = 3-4, n > 50) where ****p < 0.0001. C, cumulative incidence MH risk through reproductive life
span in N2 nematodes (N = 5, n = 62-121). Each symbol on a graph denotes the average of one experimental replicate composed of at least 60 nematodes.
D, MH incidence risk analysis was performed on nematodes exposed to 0 uM or 100 pM Cu over time. Shaded regions on graphs highlight conditions of
excess Cu. Significance was determined using a two-way ANOVA with Tukey’s multiple comparison’s test where **p < 0.01, ****p < 0.0001, and error bars

mark the upper and lower SD from calculated mean.
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survival of C. elegans exposed to 100 uM Cu confirms the
sensitivity of median life span analysis to Cu.

To test whether nematode Cu toxicity also impacted earlier
life events in our simplified exposure paradigm, we monitored
the reproductive period—where active egg laying takes place
(Fig. 2A)—Dby assessing C. elegans neuromuscular inability to
lay eggs over time, resulting in Matricidal Hatching (MH), and
the total number of viable eggs laid (average viable brood size)
over the same period. MH, when the offspring of hermaph-
roditic nematodes hatch inside the parent without being
expelled from the vulva, is a response to environmental stress
that increased by 25.4% (Fig. 2C, blue circles, p > 0.0001, two-
way ANOVA with Tukey’s multiple comparisons) on 100%WT
control bacteria when 100 pM Cu exposures are compared
with 0 uM Cu exposures. Furthermore, this trend became
more pronounced in the later reproductive period (Fig. 2D,
thick blue lines). In contrast, over the same reproductive
period (Fig. S2A), cumulative brood size was unaffected by the
presence of 100 uM Cu. Further analysis found that brood size
was not significantly reduced by the addition of Cu in any
bacterial condition tested (Fig. S2B), indicating that any
bacterially dependent variation in brood size appears inde-
pendent of Cu stress in our simplified exposure paradigm.
Taken together, these results identify MH, but not brood size,
as a responsive and sensitive endpoint reflective of Cu stress.

To better understand the discrepancy between MH and
brood size in response to Cu stress, we also investigated the
impact of Cu exposure on the nematode germline. While
DAPI-stained germlines early in the reproductive period
showed some reduced proliferation of germline nuclei indic-
ative of developmental delay (43) (average number of nuclei
across in 0 pM Cu is 10, but only 8 in 100 puM Cu) (Fig. S2, C
and D), there were no strong indicators of acute germline
toxicity such as nuclear gaps or DNA aggregates, which
correlate with embryonic lethality and precede reductions in
the viable brood size (44) independent of MH. These results
suggest that germline toxicity does not contribute to the Cu
toxicity observed in C. elegans either because this endpoint is
less sensitive to Cu stress, as has previously been observed (38),
or is more dependent on early developmental exposures.

Role for bacterial Cu-efflux capacity in host toxicity endpoints

Next, we used the two Cu-sensitive endpoints, life span and
MH, to test whether an impaired bacterial Cu-efflux capacity
modifies the C. elegans host response to the addition of 100 uM
Cu in the media. Lifespan assays revealed that nematode pop-
ulations on bacterial lawns with reduced Cu-efflux capacity
(25% or 50% of normal Cu-efflux) exhibited increased median
survival compared with those grown with 100%W7T control
bacteria, increasing 47% from 8.5 days to 12.5 days (p < 0.0001,
log-rank Mantel-Cox test) (Fig. 2B). MH is similarly improved
by reduced bacterial Cu-efflux; 50%W7T Cu-efflux capacity
during Cu stress resulted in a reduced cumulative population
risk of just 6.2 + 4.4% compared with 27 + 4.8% on 100%WT
control bacteria (p < 0.0001, two-way ANOVA with Tukey’s
multiple comparisons) while 25%WT Cu-efflux capacity

4 Biol. Chem. (2021) 297(3) 101060

reduced cumulative risk of MH by over half of the risk
compared with control bacterial lawns (11.7 + 6.4 versus 27 +
4.8, respectively p = 0.0025, two-way ANOVA with Tukey’s
multiple comparisons) during exposure to 100 uM Cu (Fig. 2C).

We further assessed whether E. coli with impaired bacterial
Cu-efflux capacity could act on C. elegans Cu-toxicity end-
points independent of their variable Cu-handling induced by
100 pM Cu, for example, via changes to the bacterial nutri-
tional status or pathogenicity (45, 46). In testing the Cu-
independent effects of E. coli strains with 25% and 50%WT
Cu-efflux capacity in 0 pM Cu, we found that nematodes
raised on bacterial lawns with reduced Cu-efflux capacity did
not demonstrate any significant difference from those raised
on 100%WT control bacteria. Without exogenous Cu, median
survival ranged from 14.5 to 17.5 days (Fig. 2B, p = 0.3615, log-
rank Mantel-Cox test) and total cumulative MH ranged from
2.7 £ 19 to 1.1 + 1.5% (Fig. 2C, p = 0.9841, two-way ANOVA
with Tukey’s multiple comparisons) with increasing bacterial
Cu-efflux capacity. Thus, any variation observed in these Cu-
toxicity endpoints during exposures to 100 pM Cu could be
directly attributed to the variable bacterial Cu-efflux capacity.
Taken together, these experiments indicate that a decrease in
bacterial Cu-efflux capacity is correlated with a reduction in
two chronic Cu-toxicity endpoints in C. elegans.

Temporal dependence of MH on bacterial Cu-efflux capacity

We further examined MH risk and monitored how MH risk
changes over time to better distinguish the effects of Cu-
dependent and Cu-independent adverse outcomes. In the
absence of 100 pM Cu, an early uptick in MH risk is observed
in 25%WT Cu-efflux capacity; between 48 and 72 h after L4
transfer to the 0 uM exposure condition (Fig. 2D). However,
this early increase is not observed in the 50 or 100%WT
Cu-efflux capacity conditions. After 72 h, no further increase
in MH risk is observed in any bacterial genetic background
without 100 uM Cu in the media (Fig. 2D). Part of this
Cu-independent discrepancy may lie in the cusR deletion
unique to 25%WT Cu-efflux capacity E. coli, which impairs a
bacterial H,O, stress response that is activated by CusR in-
dependent of Cu stress (45). No such cross talk exists with the
cusS deletion responsible for the 50%W7T Cu-efflux capacity
E. coli. These results suggest that Cu-independent roles in the
25%WT Cu-efflux capacity E. coli are responsible for an early
increase in MH risk.

Conversely, the majority of nematode MH risk associated
with bacterial Cu-excess occurs later during the nematode’s
life span, i.e., at timepoints after 72 h of exposures in 100%WT'
control bacteria (Fig. 2D). However, this late MH risk is greatly
reduced when the bacterial Cu-efflux capacity is limited to
either 50% or 25% WT. In fact, no significant variation in MH
risk is observed in 50% W7T Cu-efflux capacity bacterial lawns
between 0 uM and 100 pM Cu exposures by the end of the
reproductive period (Fig. 2C). While starvation or nutrient
deprivation can be a contributing factor in the appearance of
nematode MH in late development (46), this effect was mini-
mized by 1) transferring nematodes to new bacterial lawns

SASBMB
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every 2 days and 2) utilizing Cu concentrations that had no
impact on bacterial growth rates or survival (Fig. S1). There-
fore, these results suggest that late MH risk is mostly depen-
dent on the bacterial response to Cu stress. The timing of MH
risk also suggests that bacterial Cu-efflux capacity acts directly
on the neuromuscular function of the vulva where age-related
degeneration can result in late MH during periods of Cu
excess (46).

Early Cu toxicity does not coincide with Cu-body burden in
C. elegans

Earlier developmental exposures to Cu strongly impact the
growth of C. elegans, manifesting as reduced length and larval
arrest at the L3 larval stage (32). The potential for our
simplified exposure paradigm to cause growth delays before
life span and MH risk becomes significant was suggested by
the slight reduction in germline proliferation observed after
just 24 h of Cu exposure (Fig. S2, C and D). Therefore, we
assessed whether reduced bacterial Cu-efflux capacity could
contribute to the nematode’s growth rate during a 48 h
exposure to 0 or 100 uM Cu starting at the L4 stage (Fig. 3A).
While we observed a Cu-dependent decrease in C. elegans
length on 100%WT control bacteria (Fig. 3B), the effect on
growth was less severe when nematodes were raised on bac-
terial lawns with 25% or 50%W7T Cu-efflux capacity: from
890 + 83 pum on 100%WT control to 950 + 120 (p = 0.001, two-
way ANOVA with Tukey’s multiple comparisons) and 950 +
97 um (p < 0.001, two-way ANOVA with Tukey’s multiple
comparisons) respectively. Thus, these results indicate that the
impact of Cu on L4 to young adult’s growth and the amelio-
rating effect of reduced bacterial Cu-efflux capacity followed
the same trends as later-life endpoints (MH and life span).
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Next, we tested whether reduced bacterial Cu-efflux ca-
pacity improved the aforementioned C. elegans Cu-toxicity
endpoints by reducing the overall quantity, or internal dose,
of Cu in C. elegans following the same 48 h exposure to
100 pM Cu since increases in measured Cu-body burden are
consistent indicators of excess metal concentration in the
environment and are predictive of dose-dependent toxicity
(40). To quantify the C. elegans Cu-body burden, nematodes
were collected after the limited 48 h exposure (Fig. 3A) and
washed to ensure that graphite furnace atomic absorption
spectroscopy (GFAAS) analysis would capture the nematode
Cu-body burden with minimal contamination from bacterially
accumulated Cu (Fig. S3). Contrary to expectations, we found
there was no significant reduction in Cu-body burden in
nematodes exposed to 100 pM Cu when the bacterial Cu-
efflux capacity was reduced (Fig. 3C). On the contrary, the
Cu-body burden showed a null or inverse trend, depending on
the extent of bacterial Cu-efflux capacity reduction. During
100 uM Cu exposures, reducing bacterial Cu-efflux capacity to
25%WT increased the overall body burden of the metal to 450
pg/nematode from 300 pg/nematode for worms raised on
bacterial lawns with 100%WT Cu-efflux capacity (p = 0.0150,
two-way ANOVA with Tukey’s multiple comparisons) while
raising nematodes on 50% W7 Cu-efflux capacity bacteria did
not significantly increase the Cu-body burden compared with
100%WT control bacteria. These results indicate that bacte-
rially dependent improvements in nematode Cu-toxicity end-
points are not the result of a broad bacterial sequestration of
excess Cu and subsequent reduction in the nematode Cu-body
burden.

We also asked whether nematode size could contribute to
the observed variation in Cu-body burden. Among Cu-
exposed groups, the longer length of C. elegans raised on some
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Figure 3. Association between bacterially dependent Cu-sensitivity and C. elegans Cu-body burden. A, experimental design. All measurements were
taken in developmentally synchronous 2d adult populations after 48 h exposure to 0 or 100 uM Cu. B, length of developmentally synchronous N2
nematodes (N = 3-6, n = 7-24). Dotted lines represent the average length of nematodes relative to their developmental stage as reported by WormAtlas. C,
nematode Cu-body burden normalized to pg/nematode (N = 6, n = 20 or 50) (C) or (D) nematode body burden normalized to average length of nematode
population. Shaded regions on graphs highlight conditions of excess Cu. Significance was determined by a two-way ANOVA with Tukey’s multiple com-
parisons test. Error bars denote SD and mean. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
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bacterial strains could artificially increase the Cu-body burden
calculated relative to smaller nematodes when reported as
pg/nematode. Nevertheless, using the average length collected
at the same timepoint, populations normalized to pg/pum did
not fully account for this variation in Cu-body burden
(Fig. 3D); pg/um of Cu-body burden increased by nearly 27%
(p = 0.0150, two-way ANOVA with Tukey’s multiple com-
parisons), from 0.34 + 0.05 pg/um on 100%WT to 0.47 + 0.09
pg/um when the bacterial lawn retained only 25% WT bacterial
Cu-efflux capacity. Together, these experiments show that
nematode Cu-body burden is not significantly reduced by
impairing the bacterial Cu-efflux capacity despite the marked
improvement in other toxicity measures in C. elegans.

Spatial activation of numr-1 is dependent on bacterial
Cu-efflux capacity

Since the nematode Cu-body burden did not explain the
bacterially dependent Cu resistance in C. elegans, we sought to
test whether the quality of a nematode metal stress response
could account for the variation. To this end, we monitored the
expression of a protective metal stress response gene, numr-1,
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which has been associated with improved survival during
metal stress as well as reduced MH risk related to neuro-
muscular function in the vulva (42, 43). We focused on
pharyngeal activation of a transgene reporter for numr-1,
mtEx60 [numr-1p:GFP + rol-6(sul006)] (JE85) within a 48 h
exposure window (Fig. 4A) since activation of this transgene in
the pharynx is unique to Cu and not responsive to other
environmental challenges such as pathogenic infection,
endoplasmic reticulum stress, starvation, or oxidative stress
responses (47). Furthermore, pharyngeal filter feeding is
responsible for concentrating and breaking down bacteria in
C. elegans; after expelling extra fluid from the anterior phar-
ynx, the nematode pushes a concentrated bacterial pellet via
neuromuscular contractions back to the posterior pharynx
where pharyngeal grinding disrupts most of the bacteria before
passage into the intestine (Fig. 4B) (48). Therefore, the in-
tensity and location of numr-Ip::GFP activation within the
nematode pharynx were used to characterize the impact of
bacterial Cu-handling dynamics on this metal stress marker.
Under control conditions (0 pM Cu), negligible corrected
mean intensities of numr-1p::GFP expression were reported in
all regions (Fig. S4) and minimal constitutive expression was
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Figure 4. Bacterial Cu-efflux capacity affects Cu-dependent pharyngeal numr-1 activation. A, exposure design prior to GFP transgene imaging. B,
diagram of nematode pharynx divided into four anatomical regions encompassing the anterior (procorpus and metacorpus) and posterior (isthmus and
posterior bulb) pharynx. C, representative fluorescence microscopy images of numr-1p::GFP responding to 0 uM or 100 pM Cu. Scale bar in upper right
corners is 20 um long. D, quantification of corrected mean intensity of GFP signal present in the pharynx or (E) the separate anatomical regions (N = 4-6, n =
5-12). Shaded regions on graphs highlight conditions of 100 pM Cu. A one-way ANOVA with Tukey’s multiple comparison analysis was used to determine
significance while error bars denote mean and SD. *p < 0.05. ** p < 0.01. ***p < 0.001. f, summary heat map of regional mean intensity of GFP signal present

in the pharynx when exposed to 100 uM Cu.
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noted in the head neurons surrounding the pharynx for all
bacterial conditions (Fig. 4C). As anticipated, following
100 uM Cu exposure over a 48 h window starting at the L4
stage (Fig. 4A4), a strong activation of the numr-Ip:GFP
transgene is observed when nematodes are raised in 100% W7T
bacteria (Fig. 4C). However, while under Cu stress, transgene
activation in the pharynx was variably impacted by reducing
the bacterial Cu-efflux capacity; 50% WT bacteria resulted in a
higher corrected mean intensity than the 100%W7T control
bacteria (p = 0.0127, one-way ANOVA with Tukey’s multiple
comparisons) while 25%WT bacteria had a comparable mean
intensity to the 100%WT control (p = 0.0455, one-way
ANOVA with Tukey’s multiple comparisons) (Fig. 4D).

The difference in cumulative mean intensity between bac-
terial conditions also coincided with highly variable transgene
activation within the four regions of the pharynx in response to
Cu (Fig. 4C), suggesting that pharyngeal numr-1 may be
spatially influenced by the bacterial Cu-efflux capacity. Thus,
we further analyzed and quantified the spatial regulation of
numr-1p::GFP expression in the pharynx. Within the anterior
pharynx, where diluted bacteria and media are collected from
the environment prior to filtration, the nematodes on 25%WT
bacteria exhibited a significant reduction in the most anterior
procorpus compared with either 50 or 100% WT bacterial Cu-
efflux groups (p = 0.0006 and 0.0256 respectively, one-way
ANOVA with Tukey’s multiple comparisons). All other cor-
rected mean intensities reported in the regions of the anterior
pharynx were unaffected by bacterial Cu-efflux. In contrast,
both regions of the posterior pharynx, encompassing the
isthmus and posterior bulb, which respectively concentrate
and grind the bacterial pellet, exhibited significant increases in
the corrected mean intensity for 50%W7T bacteria compared
with 100%WT control (isthmus p = 0.0120, posterior bulb p =
0.0067, one-way ANOVA with Tukey’s multiple comparisons).
Similarly, the levels of posterior transgene activation observed
in nematodes on 25%WT bacteria compensated for their
depressed activation in the procorpus enough to retain similar
cumulative mean intensity to 100%W7T controls (Fig. 4E).
Visualized in a heat map of the average reported intensities
(Fig. 4F), these observations show how reduced Cu-efflux ca-
pacity shifts the numr-1 metal stress response posteriorly. In
particular, these results suggest that numr-1 activation in the
anterior pharynx is dependent on the environmental concen-
tration of Cu in the media while numr-1 activation in the
posterior pharynx is dependent on the release of bacterially
accumulated Cu, which is present at higher levels in bacteria
with reduced Cu-efflux capacity.

numr-1 mediates toxicity responses to bacterially
accumulated Cu

Since spatial activation of numr-1p:GFP positively corre-
lated with reduced toxicity, we tested whether the numr-1
mediated metal stress response is required for bacterially
dependent Cu resistance (Fig. 5A4). To this end, we chose to
specifically monitor MH risk since this endpoint shows the
most sensitive (i.e., magnitude difference) response between
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different bacterial Cu-efflux capacities (Fig. 2, C and D) and
because endogenous expression of numr-1 is also observed in
the vulval muscles where maintained function is necessary for
egg laying (47). Without Cu, we did not observe a difference in
MH risk between WT and numr-1 loss-of-function mutants
(numr-1(0k2239)) (Fig. 5, B and D) despite previous reports of
metal-independent increases in MH risk in numr-1 loss of
function mutants (47). However, when Cu was added to the
media, a different pattern of MH risk emerged between the N2
control populations and mutants. While N2 nematodes raised
on bacterial lawns with reduced Cu-efflux capacity still
exhibited a significantly reduced MH risk relative to those
raised on bacteria with 100% W7 Cu-efflux capacity during Cu
stress (Fig. 5C, p = 0.0283, two-way ANOVA with Tukey’s
multiple comparisons), numr-1 mutants did not exhibit the
same reduction in MH risk in the presence of reduced bac-
terial Cu-efflux capacity (Fig. 5C, p = 0.9839, two-way ANOVA
with Tukey’s multiple comparisons). Though there is slightly
higher Cu-independent MH observed across all bacterial and
nematode strain combinations in these matched experimental
replicates when compared with earlier experiments, the loss of
bacterially dependent protection against MH at later time-
points in numr-1 (Fig. 5E) is consistent with our imaging re-
sults and suggests that numr-1 plays a role in Cu-dependent
MH risk associated with bacterial Cu handling. Taken
together, these results indicate that the expression of numr-1
in C. elegans plays a role in the decreased Cu-toxicity response
observed when the bacterial Cu-efflux capacity is reduced.

Discussion

Cu excess is a condition that organisms have evolved to
counteract for millions of years. Without the prospect of
degradation, homeostatic responses and methods of detoxifi-
cation through chelation are deeply conserved across phyla.
Though it is understood that single-celled and multicellular
organisms respond to environmental challenges such as Cu
excess (13, 49, 50), the coordination between organisms
exposed to the same environmental challenge has not been
thoroughly explored. In this work, we used a simplified host—
microbe system to isolate the contribution of a ubiquitous
bacterial response to Cu stress (Fig. 1). We found that
increasing bacterial Cu-efflux capacity drives increased sensi-
tivity to Cu stress in the host nematode (Fig. 2). Without the
addition of 100 puM Cu in the media, the contribution of
bacterial Cu-efflux capacity is negligible to nematode life span
(Fig. 2B), MH risk (Fig. 2C), length (Fig. 3B) and Cu-body
burden (Fig. 3, C and D). However, when 100 pM Cu is pre-
sent in the media, the contribution of bacterial Cu-efflux be-
comes a major determinant of life span (Fig. 2B) and MH risk
(Fig. 2D) over time. Rather than an increase in Cu-body
burden (Fig. 3, C and D) driving sensitization in the nema-
tode, worsened outcomes during Cu stress coincide with
reduced activation of a protective metal-responsive gene in the
posterior pharynx (Fig. 4E). Reduced activation of this gene
localized to the procorpus and increased activation localized to
the isthmus and posterior bulb (Fig. 4F) of the pharynx identify
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bacterial Cu-efflux capacity as a spatial determinant of the host
nematode’s early metal stress response system. Without this
effective early metal stress response system, bacterially
dependent Cu resistance observed in MH risk was no longer
present during 100 uM Cu exposures (Fig. 5). These results
support a model whereby an environment’s bacterial Cu-efflux
capacity determines the activation of the host nematode numr-
I-mediated metal stress response and the development of
subsequent Cu-toxicity endpoints (Fig. 6).

Disconnecting dose-dependent toxicity in the host

We assessed the impact of bacterial Cu resistance on the Cu-
homeostatic system in C. elegans. The removal or silencing of
Cu-homeostatic elements reduces Cu-body burden in nema-
todes while increasing the severity of Cu-toxicity endpoints at
higher concentration of environmental Cu (31, 32). Without
genetic silencing of Cu homeostatic elements in nematodes, the
free waterborne fraction of Cu in the environment was shown
to be the most significant contributor to the Cu-body burden
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and subsequent toxicity in conditions of Cu excess (33, 40).
While the potential role for bacterially associated Cu is
recognized, the impact was considered minimally additive to
the body-burden and toxicity of free waterborne exposures
(35, 38). Our work assesses the significance of bacterially
accumulated Cu in a host—microbe system. The protective
quality of a reduced bacterial Cu-efflux capacity in the
C. elegans/E. coli system challenges the previous assumption
that bacterially accumulated and waterborne Cu have similar
additive effects on nematode toxicity. We determined whether
altered Cu bioavailability or the nematode’s homeostatic
response contributed to the variable toxicity observed between
bacterial strains during Cu stress; rather than bacterially
accumulated Cu being less bioavailable, reducing the Cu-body
burden concurrently with Cu toxicity in vivo, the observed
dissociation of Cu-body burden from other Cu-toxicity end-
points suggests that the nematode’s own homeostatic response
to Cu is responsive to bacterial Cu-handling.

However, excess Cu elicits a range of transcriptomic and
behavioral responses that may contribute to organismal Cu
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toxicity related to longevity, MH risk, and development. For
instance, the late MH risk associated with Cu toxicity (Fig. 2D)
can also be seen after periods of starvation beginning at L4
(48). C. elegans MH has been proposed as a model for myo-
metrial degeneration (51), a disorder that manifests in condi-
tions of Cu excess and misregulation, as reported here, and
associates with spontaneous miscarriage for women afflicted
with Wilson’s disease, a disorder of impaired Cu homeostasis
that results in widespread Cu toxicity (52). Other factors that
can cause an increased MH risk include high salt, pathogen
infection, and developmental defects (48). However, these
factors typically associate with earlier MH than what is re-
ported here (Fig. 2D). Therefore, future work with altered
bacterial Cu-efflux capacities will serve to 1) identify the va-
riety of transcriptomic responses in the nematode impacted
before and after Cu stress and 2) determine the extent to
which the bacterial Cu-efflux capacity alters perceived food
quality, which may contribute to the development of starva-
tion. For example, reductions in pharyngeal pumping in
response to increasing Cu concentrations in the media or
changes to food quality and quantity could contribute to
starvation-associated MH (35, 38, 47). Similarly, behavioral
aversion to media Cu concentrations does not appear signifi-
cant in the literature until around 200 pM, which suggests that
altered bioavailability of the metal due to differing bacterial
Cu-efflux rates would not greatly increase the nematodes
aversion response to feeding in our model (31). Perceived and
functional food deprivation studies through these means can
determine whether starvation or aversion responses contribute
to the Cu-toxicity endpoints that are modified by the bacterial
Cu-efflux capacity.

Pharyngeal signal for protective Cu-stress response

Researchers previously identified the intestinal tract as the
major contributor to Cu homeostasis in C. elegans, in line with
what is known of other organisms such as mice and humans
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(20, 32). This conclusion was supported by the ability of
intestine-specific expression of an ATP7A/B homolog to rescue
mutant nematodes during Cu deficiency. However, expression
of the same homolog within the pharyngeal region implied that
this organ may play a role in Cu homeostasis (32). The Cu-
specific pharyngeal activation of numr-1p::GFP, dependent on
the bacterial Cu-efflux capacity, reported here further supports
the pharynx as an organ involved in Cu homeostasis.
Furthermore, numr-1 expression was previously reported to be
protective against metal-specific toxicity induced by RNA-
processing errors (42, 47). Our work also expands upon this
research by reporting on the unexpected impact of bacterial
Cu-efflux on the spatial distribution of this metal-specific
response; bacterially accumulated Cu has a greater impact on
numr-1 posterior pharyngeal expression while the media con-
centration appears to have a stronger influence on the anterior
pharynx (Fig. 4). Our results demonstrate the significance of
regional variation in microbial composition and function in the
digestive tract of higher organisms (20). Despite the ubiquitous
expression of microbial Cu-resistance genes across the diges-
tive tract (23), the developmental timing and early localization
of this activity may serve to inform the subsequent host re-
sponses to excess metal.

Implications of bacterial Cu resistance

Bacterial Cu-resistance has evolved in response to
increasing widespread anthropogenic release of Cu into the
environment (22). Gene clusters conferring this resistance
often persist and undergo horizontal gene transfer among
Enterobacteriaceae that require stronger resistance to survive
changing environments (21). However, the consequences of
this shift in a host—-microbe system have not been docu-
mented. Using a simplified host—microbe system, we found
that increasing one aspect of bacterial Cu resistance, conferred
by the Cus system, sensitized the host to Cu toxicity inde-
pendent of an increased Cu-body burden (Figs. 2 and 3) and
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disrupts the efficacy of a host metal-specific stress response
in vivo (Figs. 4 and 5). Nevertheless, while the Cus system is
particularly important for conferring Cu resistance in anaer-
obic environments through Cu removal, it does not act in
isolation. For instance, the plasmid-borne Cu-resistance sys-
tem (pco), homologous to the Cu-resistance operon (cop) in
Pseudomonas, serves to detoxify intracellular Cu rather than
remove it from the cell (21, 53). Earlier experiments in host—
microbe interactions using C. elegans found that bacterial
mutations that induce free radical detoxification in bacteria
activated mitochondrial stress responses nematodes (28). Our
own experiments suggest that variations in baseline and early
MH, independent of Cu stress, may result from the unique
disruption of the H,O, response pathway in E. coli (Fig. 2D).
Together, these experiments highlight the unexpected conse-
quences of increasingly Cu-resistant microbial populations in
the environment and describe how one aspect of bacterial Cu
resistance, Cu-efflux capacity, spatially modulates host metal
stress responses.

Experimental procedures
C. elegans genetics and strains

All C. elegans strains were obtained from the Caeno-
rhabditis Genetic Center (CGC). Only nonstarved cultures
maintained on OP50 at 20 °C on nematode growth media
(NGM: 3 g NaCl, 17 g agar, 2.5 g peptone, 1 ml 1 M CaCl,,
1 ml 5 mg/ml cholesterol in ethanol, 1 ml 1 M MgSO,, 25 ml 1
M KPOy, per liter) were used for all downstream experiments.
The C. elegans strains used were:

e N2: wild-type for all general toxicity endpoints

e JF85: mtEx60 [numr-1p:GFP + rol-6(sul006)] for visuali-
zation of a metal stress-specific transgene

® RB1749: numr-1(0k2239) 1II for matricidal-hatching
experiments.

E. coli genetics and strains

E. coli strains were either ordered from the CGC or previ-
ously isolated and characterized (1, 2) in which established
methods were used to disrupt targeted chromosomal genes.
The E. coli strains used were:

® OPS50 -E. coli B uracil auxotroph

e WT -BW25113/AcueO:catR/pET21b(+), control, 100%WT
bacterial Cu-efflux capacity

® AcusS -BW25113/AcueOAcusS/pET21b(+), 50%WT bacte-
rial Cu-efflux capacity

® AcusR -BW25113/AcueOAcusR/pET21b(+)
bacterial Cu-efflux capacity

e E. coli BL21(DE3), pLIC-egfp inducible expression

(1), 25%WT

All E. coli strains except OP50 and BL21(DE3) were main-
tained at 4 °C as single colony plates on Luria broth agar (10 g
bacto-tryptone, 10 g NaCl, 5 g yeast extract, 15 g bacto-agar
per liter) supplemented with 5 pl 100 ng/ml ampicillin.
OP50 and BL21(DE3) were maintained on Luria broth agar
without ampicillin.
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Bacterial culture conditions

Bacterial lawns were prepared by growing overnight cultures
at 37 °C from a single colony then normalizing to 1 x 10° cells/ml
before pipetting 200 pl of culture onto the appropriate NGM
plates. Seeded plates were incubated at room temperature for
48 h prior to storage at 4 °C.

Bacterial growth rate and plate density

For each bacterial strain, a single colony was grown over-
night at 37 °C. From this overnight culture, a 1:100 dilution
was made with fresh LB to reach a starting concentration of
0.05 ODgpo. The ODgop was measured every 30 min until 0.1
was reached. The culture was then diluted by 1:20 with LB
containing the desired amount of CuSO,. The ODgq in this
culture was measured every hour through exponential growth
until the stationary phase was observed. Plate density was
determined following a 48 h incubation after plates were
seeded. Two milliliters of media was used to wash plates of
bacterial lawn and diluted 1:100 before ODgq, quantification.

Exposure conditions

Dosage was chosen based on previously described 1) dose-
dependent toxicity endpoints and EC50 values in the host
nematode 2) concentrations relevant to environmental expo-
sures reported globally and 3) dosage studies reporting acute
digestive distress upon oral administration in humans and 4) at
a concentration that would not impact survival or growth of
the E. coli strains (25, 32, 33, 35, 54-56). All Cu exposures
were prepared by adding 0 uM or 100 pM CuSO, to NGM
agar immediately prior to pouring the media plates. Develop-
mentally synchronous populations of C. elegans used for
toxicity endpoint analysis were obtained from nonstarved
OP50 maintenance plates through the use of hypochlorite
bleach egg selection (57). In addition to synchronizing pop-
ulations, hypochlorite bleaching allowed for direct and sterile
transfer of eggs from maintenance plates to those that had
been seeded with other E. coli strains instead. A second
transfer 48 h after bleach synchronization allowed for a pop-
ulation of nematodes to begin exposure to +CuSO, at the L4
developmental stage.

Length determination

Nematode length was measured 48 h post L4 transfer
to +Cu plates. For each of the independent experiments,
approximately 12 adults from each condition were washed
with M9 buffer (3 g KH,PO,, 6 g Na,HPO,, 5 g NaCl, 1 ml 1 M
MgSO, per liter) (58) and placed on bacteria-free NGM. The
nematodes were recorded for 15 s while roaming around the
plate. Video analysis using WormLab tracking software was
used to quantify average length for each worm from head to
tail.

Body-burden measurements

Forty-eight hours after +Cu exposure starting at L4, 20 to 50
adult nematodes from each plate were collected for
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metal-content analysis as previously described (59). Briefly,
C. elegans were moved to unseeded NGM plate before being
transferred to a 1.5 ml microfuge tube containing 200 pl M9
buffer. Microfuge tubes were rotated by inversion continually
for at least 30 min to remove excess bacteria. After the first
incubation, worms were washed three times with 200 pul M9
buffer and three times with ddH,O to effectively remove all
traces of residual bacteria. The supernatant was removed be-
tween each wash under a stereomicroscope to prevent sample
loss. Following the last wash, samples were flash frozen in
liquid nitrogen and desiccated using an SPD1010 SpeedVac
vacuum concentrator. In total, 20 pul of 70% HNO3; was added
to desiccated samples before incubation at room temperature
overnight followed by a 1 h incubation at 60 °C the next
morning to fully digest the pellet. In total, 380 pl of 1% HNO3
was added to samples for a final HNOj3 concentration of 4%.
Prepared samples were analyzed for Cu content using GFAAS
and run in triplicate before the average concentration was
determined from an established calibration curve. Body
burden is reported as pg/nematode or pg/um after normalizing
for nematode size

Lethality

All lethality experiments were conducted as previously
described in N2 C. elegans transferred from bleach synchro-
nized populations at L4 to exposure conditions after pre-
conditioning of the bacterial condition following bleach
synchronization in early development (60). With the exception
of the 36 h timepoint after transfer to the exposure condition,
all nematodes were transferred every 48 h to new plates to
keep generations distinguishable while the nematode was still
egg laying and then to prevent starvation at later stages of the
lethality experiments. Lethality was tested at least every 48 h
using a worm pick to look for a touch response. If no move-
ment or response is detected, the nematodes were presumed
dead and recorded as such. Nematode populations were
simultaneously assessed to account for censorship via disap-
pearance from the plate, MH, everted vulva, or death resulting
from worm pick or transfer. Kaplan—Meier curve analysis was
conducted on collected data to determine significant differ-
ences between groups.

Cumulative population risk of matricidal hatching

Occurrence of MH in a population was assessed every 48 h
for 7 days after L4 transfer to +Cu plates under a dissecting
microscope through the reproductive period of the nema-
tode. Analysis of data used a cumulative incidence model to
adjust for a smaller population over time caused by death or
censored C. elegans not attributable to a bagging phenotype.
For every 48 h period, the cumulative incidence was divided
by the number of subjects at risk in the population at the
beginning of the period. Multiplying for the duration of each
population’s active reproductive period where the majority of
bagging occurs (about 7.5 days) gives total cumulative risk
among replicate populations. Five to eight independent
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experiments of 25 to 30 nematodes were conducted for each
conditional exposure. A modified Kaplan—Meier risk
assessment was used to measure this parameter to minimize
the effect of variable survival in the populations (60); for
instance, a smaller population as a result of increased death
in one condition could artificially reduce incidence of MH
observed if the actual population at risk is not accounted for
at each timepoint.

Brood-size measurement

Viable brood size was assessed on an individual basis: one
nematode was placed in +Cu plates with the preconditioned
bacteria at the L4 stage. Thirty-six hours after initial transfer
each nematode was transferred to a new plate. Transfers to
new plates were performed every 24 h after the initial 36 h
transfer. After 30 min at 4 °C to slow movement, each progeny
plate was counted 2 days after the initial egg lay before the F1
began to produce progeny. Each bacterial/Cu condition was
tested with three independent replicates composed of five in-
dividual nematode replicates.

Imaging

Before imaging, C. elegans exposure and control groups
were derived from the same bleach-synchronized population
for each bacterial condition and exposed in late development
for 48 h from L4 to early adulthood. Nematodes were then
incubated in 100 uM levamisole to inhibit movement while
pharyngeal images were taken at 40x using a Nikon H600L
fluorescence microscope with uniform exposure times and
Z-stack width and processing. The GFP induction was quan-
tified using ImageJ] 1.52p for each pharyngeal region. Images
taken with a different camera were normalized using the signal
to background ratio calculated with an identical sample
imaged on both camera set ups. Corrected mean intensity was
calculated by subtracting normalized background signals from
all samples before subtracting the corrected mean intensity of
0 uM Cu controls from the matched 100 uM mean intensity
for each experimental replicate.

Statistical analysis

Experimental designs are reported in figure legends such
that N=independent experimental replicates and n=biolog-
ical replicates in each experimental replicate. All statistical
analysis was performed in GraphPad Prism (v8.2.0). For life
span analyses, a log-rank Mantel-Cox test was used to
calculate significance. Significant interactions were analyzed
for cumulative MH risk, Cu-body burden, brood size, and
length. An ordinary one-way ANOVA with Tukey’s
multiple comparison test was used to analyze interactions
between numr-1p::GFP transgene activation and bacterial
Cu-efflux capacity. A two-way ANOVA with Tukey’s
multiple comparison’s test was also used to confirm that
sample size did not account for variation in Cu-body
burden determination.
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