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OPEN A multi-domain snail

metallothionein increases
cadmium resistance and fitness in
Caenorhabditis elegans

Andreas Andricl, Michael Niederwanger?, Eva Albertinil, Pidder Jansen-Dirr*,
Stephen R. Stiirzenbaum?, Reinhard Dallinger?“*?, Veronika Pedrini-Martha?"* &
Alexander K. H. Weiss'™

Metallothioneins (MTs) are a family of mostly low-molecular weight, cysteine-rich proteins capable

of specific metal-ion binding that are involved in metal detoxification and homeostasis, as well as in
stress response. In contrast to most other animal species which possess two-domain (bidominial) MTs,
some gastropod species have evolved Cd?*-selective multidomain MTs (md-MTs) consisting of several
concatenated B3 domains and a single C-terminal 1 domain. Each domain contains three-metal ion
clusters and binds three metal ions. The terrestrial snail Alinda biplicata possesses, among other MT
isoforms, an md-MT with nine B3 domains and a C-terminal 1 domain (termed 10md-MT), capable

of binding up to 30 Cd?* ions per protein molecule. In the present study, the Alinda biplicata 10md-MT
gene and a truncated version consisting of one B3 domain and a single C-terminal 1 domain (2d-MT)
were introduced into a Caenorhabditis elegans knock-out strain lacking a native MT gene (mtl-1). The
two snail MT constructs consistently increased Cd?* resistance, and partially improved morphological,
life history and physiological fitness traits in the nematode model host Caenorhabditis elegans. This
highlights how the engineering of transgenic Caenorhabditis elegans strains expressing snail MTs
provides an enhancement of the innate metal detoxification mechanism and in doing so provides a
platform for enhanced mechanistic toxicology.

Cadmium (Cd) is one of the most toxic metals to all animal species!=. In humans, Cd induces a variety of
pathologies, including, among others, severe disturbances in calcium metabolism, nephrotoxic effects, and
proteinuria, as well as anemia®’. An important mechanism that drives the protection against the toxicity of
divalent Cd ions (Cd?*) is mediated via their complexation by metallothioneins (MTs)®. MTs are widespread
peptides, found in animals, plants, eukaryotic and prokaryotic micro-organisms, and belong to a heterogeneous
protein superfamily consisting of predominantly low-molecular weight, diamagnetic metal-thiolate cluster
proteins with the capacity to bind essential and non-essential metal ions with high affinity*!%. Although MTs
can form complexes with many class-2 metal ions under in vitro conditions, in vivo most bind predominantly
divalent zinc (Zn?*), monovalent copper (Cu®), and divalent cadmium (Cd?**)!“. Metal coordination occurs
via the sulfur atoms of their numerous cysteine (Cys) residues, which are arranged in repetitive motifs along
the peptide chain!>!®. Typically, the Cys sulfur atoms form metal thiolate clusters with the metal ions, which is
instrumental for a solid fold of the three-dimensional protein structure!’~°.

In vertebrates, different MT isoforms are involved in Zn?* homeostasis and metabolism as well as in Cu*
regulation®>*!, but also in protection against Cd** nephrotoxicity?>. However, MTs have also been reported
to protect against a wide range of non-metallic stress factors?*?*. Mammalian MT2A, in particular, has
received considerable attention in recent years due to its pathophysiological role in antioxidant, anti-apoptotic,
detoxification and anti-inflammation activity>>~*’. For example, oxidative stress and H,O,-induced DNA damage
were reduced in MT-competent cells by activation of MT-binding and metal transport systems, whereas MT-
deficient cells were more susceptible to Cd?* and reacted to metal exposure primarily through an oxidative stress
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response?®. Due to MTs involvement in diverse species- and cell-specific tasks, their ‘true’ biological function
has been queried and debated**. According to their presumed role in metal ion regulation, detoxification and
stress resistance, most MT genes are readily induced by exposure to Cd** and other metal ions, as well as by
various physiological and toxicological stimuli®!.

The functional human MT genes are located on chromosome 16q13*% Their upregulation is mediated by
the activity of the metal-responsive/regulatory transcription factor-1 (MTF-1)3, which involves its binding to
metal regulatory elements (MREs) present in multiple copies within the MT promoter>*3. In vertebrates, and
also most other animal species this multipotent transcriptional regulator of MT genes is evolutionarily highly
conserved®*~3%, and is involved, apart from metal-dependent upregulation of MT genes, in cellular adaptation
to various stress conditions*~*!. Interestingly, in Drosophila melanogaster, it was found that, free metal ion
concentrations, but not metals bound to MT, trigger MTEF-1 activation, where MTs regulate their own expression
through a negative feedback loop*2.

MT primary sequences and structures are much more variable in invertebrates than in mammals and other
vertebrates, probably due to the much broader phylogenetic range of invertebrate lineages®’. An interesting
example of this is the MTs of Gastropoda (snails, whelks, limpets and slugs). With some 90,000 known species, they
have successfully adapted to the world’s most stressful and challenging habitats, which is reflected among other
things in the structural diversity of their MTs**. Many gastropod lineages have convergently evolved Cadmium-
selective MT isoforms, which are mainly responsible for metal-specific tasks such as Cd** detoxification*>**. This
detoxification capacity has also been preserved in snail clades that have successfully adapted to new habitats. This
is exemplified by the very well-preserved MT structures of the marine periwinkle (Littorina littorea) and its close
terrestrial relative, Pomatias eleganslg"‘s'%. The MT gene/protein systems of pulmonate land snails, moreover,
have become an invaluable model for studying the metal-selective properties of MTs and their isoform-specific
functionality?’~*. Helicid snails possess three different MT isoforms, two of them with a distinct Cd- or Cu-
selective binding capacity, involved in metal-specific functions in favor of their cognate bound metal ions, with
CdMT being involved in metal detoxification, and CuMT serving homeostatic Cu regulation®. As in vertebrates,
the Cd-selective MT genes of snails have several Metal Responsive Elements (MREs) in their promoter regions,
which are probably also activated by an MTF-1 or MTE-1-like transcription factor, giving rise to Cd-dependent
upregulation upon metal exposure**6°1. Cd?* accumulation occurs primarily in the midgut gland, where the
metal is inactivated by CdMTs and stored in lysosomal vesicles, conferring to these animals an increased metal
tolerance!>>%3, Recently, so-called multi-domain MTs (md-MTs) have been discovered in the terrestrial door
snail Alinda biplicata®®. Their upregulation is strongly inducible by Cd** exposure®.

The short generation time and invariant developmental lineage have established the nematode Caenorhabditis
elegans as a model system and transgenic toolbox for controlling the expression and modification of genes with
unprecedented resolution®>~>’. Additionally, C. elegans serves as a powerful animal model for toxicological
studies®®®. In response to Cd** administration, C. elegans increases the expression of two MTs (mt#l-1 and
mtl-2)), and the Cd-specific response gene, cdr-1 59 Whilst mtl-2 has been hypothesized to be involved in the
maintenance of steady state Zn levels, mtl-1 seems to be linked to the Cd stress response®. Unlike all other
animal models, however, C. elegans does not possess an MTF-1 or MTF-1-like transcription factor’. The two
C. elegans MT peptides, CeMT-1 and CeMT-2, are believed to be key players in the protection against metal
toxicity®!~%°. Meanwhile, six C. elegans genes that are homologous to the Cd-responsive gene cdr-1 have been
identified and characterized®®. However, it has been demonstrated that these genes are not required for resistance
to metal toxicity®. Instead, C. elegans relies on the production of phytochelatins (PCs), which play a critical role
in the defense against Cd>* toxicity™*’. Hence, the lack of Cd?* hypersensitivity in C. elegans may be attributed
to the compensatory effects of increased PC concentrations when these genes are deleted™. It is now suggested
that C. elegans relies on both MT-mediated and PC-mediated pathways to deal with Cd** and other metal ions®.
It has also been demonstrated that depletion of CeMT-1 and CeMT-2 affects all demographic indices measured,
resulting in a reduction in worm body size, generation time, brood size and lifespan®. Significantly, however,
impaired brood size and volumetric growth in MT-deficient C. elegans were also observed in the absence of
Cd?* exposure®.

This present study created through CRISPR/Cas9 technology two transgenic C. elegans strains in a Cd-
sensitive mtl-1 knock-out background expressing either 10md-MT (the native 10 domain-MT) or 2d-MT (the
truncated 10md-MT) from the terrestrial snail Alinda biplicata. The newly generated transgenics were compared
to the mtl-1 knock-out strain to test their rescue efficiency in terms of life cycle data and mitochondrial oxygen
consumption in the presence or absence of Cd?* administration.

Materials and methods

Buffer and media

M9 buffer was prepared according to the Cold Spring Harbor Protocol (doi: https://doi.org/10.1101/pdb.
rec081315). Nematode Growth Medium (NGM) was prepared according to the Cold Spring Harbor Protocol
(doi:https://doi.org/10.1101/pdb.rec081299). Potassium citrate (I M, pH 6.0) was prepared with ddH,O,
using 20 g citric acid monohydrate, and 293.5 g tri-potassium citrate monohydrate per liter, and sterilized by
autoclaving. Trace metals solution was prepared with ddH,0, using 1.86 g disodium EDTA, 0.69 g FeSO, « 7 H, O,
0.2 g MnCl, « 4 H,0, 0.29 g ZnSO, « 7 H,0, and 0.025 g CuSO, « 5 H,O per Liter, and sterilized by autoclaving.
S-medium (basal) was prepared with ddHZO, using 5.85gNaCl, 1 g K,HPO,, 6 g KH,PO,, and 1 mL cholesterol
(5 mg/ml in ethanol) per Liter, and sterilized by autoclaving. S-medium (complete) was prepared with ddH, O, by
adding 10 mL 1 M potassium citrate (pH 6), 10 mL trace metals solution, 3 mL 1 M CaCl,, and 3 mL 1 M MgSO,
to 1 L S-medium (basal). All components were added using sterile techniques, and the final buffer must not
be autoclaved. NGM agar plates were prepared according to the Cold Spring Harbor Protocol (doi: https://doi.
0rg/10.1101/pdb.rec088567). OP50-1 bacteria were prepared fresh every week as dense liquid cultures, starting
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from a freshly inoculated LB agar plate containing selection antibiotics. Bleaching solution was prepared by
mixing 500 mM NaOH with 0.8 vol-% NaClO without any further pH adjustments.

Nematode strains

Wild-type (N2) nematodes were obtained from the Caenorhabditis Genetics Center (CGC, which is funded by
NIH Office of Research Infrastructure Programs (P40 OD010440). The C. elegans metallothionein CeMT-1
(K11G9.6.1) was deleted, and the resulting mtl-1(tm1770) strain backcrossed 6 times®. In order to generate
the two snail MT knock-in strains, a CRISPR/Cas9 approach was used to add the Alinda biplicata 10md-MT
(GenBank: MK648140.1) and 2d-MT (the truncated 10md-MT) in an mtl-1(tm1770) background (SunyBiotech).
The 10md-MT protein consists of 9 N-terminal domains ($33.1-9), whereas the 2d-MT construct consists of only
one N-terminal domain (£33.1) (see Supplementary Figure S1). Both proteins have a C-terminal 31 domain,
and the 83 sub-structure is connected to the 1 domain via a small linker region. The 2d-MT construct is a
bidominial structure and as such, similar to the two native nematode MT isoforms CeMT1 (UniProt: P17511)
and CeMT2 (UniProt: P17512). Both C. elegans MTs have, however, a few additional amino acids after the last
cysteine in their C-terminal region. Both constructs were re-introduced into the genomic region where the mtl-
I was removed. Hence, the respective construct is positioned downstream of the mtl-1 promoter. The resulting
strains PHX3856 mtl-1 (syb3856) and PHX3852 mtl-1(syb3852) (to be obtained on request from SunyBiotech)
were verified by sequencing using genotyping primers: [AGT GCA CAA ATG AAG GCT GCA A] (forward),
and [GGC AGA TAC AAG TAA TAT ACA CAT T] (reverse). PHX and syb are the strain designation and allele
designation, respectively, and both PHX and syb were confirmed by the WormBase (https://wormbase.org).

mRNA isolation, reverse transcription and qRT-PCR

To verify the gene expression of the 10md-MT and 2d-MT constructs in the respective strains, qQRT-PCR
was performed. Therefore, nematode pellets were frozen in liquid nitrogen and homogenized with glass
beads (Precellys, Bertin Instruments, Montigny-le-Bretonneux, France). Total RNA was isolated using the
RNeasy Plant Mini Kit (QIAGEN, Venlo, The Netherlands) with on-column Dnase 1 digestion (QIAGEN,
Venlo, The Netherlands). RNA integrity was visually checked on a 1.5% agarose gel (Biozym, Germany) and
quantified using the NanoDrop™ 2000 (Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA was
synthesized from 450 ng total RNA using the AccuScript High-Fidelity Reverse Transcriptase Synthesis Kit
(Agilent Technologies Inc., Santa Clara, California, USA) in a 20 pL reaction for subsequent real-time detection
PCR. To confirm the gene expression of the 10md-MT and 2d-MT construct in the respective nematode strain,
primers and setup were applied as described elsewhere®*. Briefly, qRT-PCR of cDNAs was performed with Power
SYBR Green (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) on a QuantStudio 3 (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). The following PCR protocol was used for 40 cycles:
denaturation at 95 °C for 15 s, annealing and extension combined at 60 °C for 60 s. The 10 pL PCR reaction
contained 1 uL cDNA, 5 pL Power SYBR Green PCR Master Mix, 1 pL U-BSA (Merck, Darmstadt, Germany), 1
uL water (Direct Q'3 UV, Merck Millipore SAS, Molsheim, France), and 1 pL of each forward and reverse primer.
To exclude false positive signals by genomic DNA, no-RTs were generated and measured. The primer sequences
used were: Forward: 5'-GTGGTGATGGCTGCACATGT-3", Reverse: 5'-CGCTGGGCCTGTACACTCTT-3".

Cadmium exposure

Wild-type nematodes were raised in liquid culture to assess the actual amount of Cd?* taken up by the worms
under given experimental conditions. Following the guidelines outlined in the WormBook (www.wormbook.
org, 5. Growth of C. elegans in liquid medium), nematodes were raised in 50 mL S-medium (complete) at nominal
concentrations of 0 pg/g (0 uM), 0.3 pg/g (2.5 uM), and 1.3 pg/g (12 uM) Cd?*, and subsequently harvested by
centrifugation at low gravity (300 x g; 1 min). The resulting cloudy supernatant, still including almost all OP50-
1 bacteria, was carefully decanted from the nematode pellet. The pellet was then washed once with fresh 1 mL
of S-medium (complete), and the wash solution was combined with the previously collected supernatant to
prevent bacterial loss. Subsequently, the bacteria were separated from the liquid via centrifugation at 10.000 x g
for 10 min, and the supernatant was carefully discarded. Cd** content in all samples was assessed using atomic
absorption spectrophotometry.

Synchronization of nematodes

An NGM agar plate with a mixed worm population was chunked and nematodes were cultivated for 3-4 days
at 20 °C. To obtain synchronized nematodes in the LI larval stage, 30 adult worms were transferred to NGM
agar plates. Fresh Bleaching solution was used to fully dissolve the worms. Remaining eggs were washed oft the
plates with 5 mL S-medium (complete) and collected in a 15 mL tube, shaken overnight on an orbital shaker. The
following day, L1 larval stage worms were obtained via centrifugation at low gravity (300 x g, 2 min), washed
three times using 5 mL of ddH, 0O, and then washed two times using 5 mL S-medium (complete). After each wash,
L1 larval stage worms were obtained via centrifugation at low gravity (300 x g, 2 min). The nematodes were
eventually transferred onto NGM-plates spotted with OP50-1 bacteria and incubated at 20 °C for 72 h to reach
adulthood (L4 stage / young adult).

Nematode morphology assessment

Nematodes were synchronized and transferred onto NGM plates spotted with OP50-1 bacteria. For each worm,
a fresh droplet of 10% NaN, solution (about 2—-5 uL) was placed on an NGM agar plate, and the worm was
transferred into the droplet. The length and diameter of the worms were analysed using a ZEISS Discovery.
V12 SteREO microscope with JENOPTIK camera ProgRes CT3 USB at 9.0 pm resolution. Measurements were
taken by determining the size in pixels with the evaluation software JENOPTIK ProgRes ° CapturePro 2.8.8. The
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length and diameter of each worm from each strain were normalized to the average length of assessed wild-type
worms. The diameter of the worms was recorded as the greatest body diameter. The body mass of the nematodes
was calculated using the Andrassy formula®W = (L * D?)/(1.6*10°), where W represents the mass (in pg) per
individual, L is the nematode length (in um) and D is the greatest body diameter (in um).

Egg laying assay

Starting with a working plate of (un)synchronized worms, single young adult worms were transferred onto fresh
NGM agar plates (10 cm) spotted with OP50-1 bacteria (see Supplementary Figure S2A). This is defined as day 0
of the egg-laying assay. After the worms had laid their eggs, single eggs were transferred to individual fresh NGM
agar plates (6 cm) spotted with OP50-1 bacteria, where new worms were expected to hatch within two days.
At this stage of the assay, the hatching rate of the individual strain was determined by calculating the fraction
of hatched worms divided by the number of eggs previously transferred. It is important to note that although
no Cd?* has been applied yet, however, the presence of minor traces of bivalent metal ions (Ca?t, Mg“, Cd*,
Zn**) in the Millipore grade water used (in this case based on Austrian water quality) could not be excluded.
Hatched worms were then transferred onto fresh NGM agar plates (6 cm) spotted with OP50-1 bacteria and
containing three different nominal concentrations of Cd?*: 0 pM, 2.5 uM, and 12 pM. This is defined as day 1
of the egg-laying assay. Over a period of 5 days (see Supplementary Figure S2B), each day the adult nematode
on the plate was transferred onto a fresh NGM agar plate (6 cm) spotted with OP50-1 bacteria and the same
Cd?* concentration, respectively. At this stage of the assay, the death rate of the individual strain was determined
by calculating the fraction of worms that died during the assay divided by the number of worms previously
transferred. If a worm died during the assay, all data obtained from that worm were excluded from the final data
pool to ensure that the combined egg-laying data referred only to worms that survived for the whole period of
5 days. The viable offspring resulting from laid eggs at the individual days was determined by counting L2 stage
larvae 2 days after the worm transfer. The viable offspring per adult worm was then associated with the day of
worm transfer (dating two days back in time, starting from day 0).

Seahorse flux analysis with intact nematodes

The Seahorse extracellular flux analyzer has become a versatile tool to measure rates of oxygen consumption
and extracellular acidification in adhesive cells and cells in suspension (see also the supplementary material
provided with this manuscript). Several protocols have recently been developed to apply this technique to
intact nematodes®®~7!. Among other applications, such as targeting mitochondrial dynamics and homeostasis
processes’>”3, this technique also allows for assessing the effects of toxins and other agents on the respiration
of viable and intact nematodes’®*, instead of respirometry studies on isolated mitochondria. Inspired by these
protocols, in the present study, Seahorse Flux Analysis was applied to nematodes of the different strains using
the Agilent Seahorse HS mini analyzer. One day prior to the experiment, the Seahorse cartridge was rehydrated
according to the vendor’s defined protocol and put at 37 °C without CO,. In this study, young adult wild-type
nematodes were tested against another strain of interest in technical triplicates on a default 8-well Seahorse
cartridge. Synchronized young adult nematodes were collected by gentle washing three times with a total of 7 mL
of autoclaved M9 buffer, using a 25 mL serological pipette, to avoid stressing the nematodes through friction or
force. For better washing results, nematodes were then centrifuged in a 15 mL FALCON tube (300 x g for 2 min).
The top 5 mL of the formed supernatant was carefully discarded using a 1 mL pipette. The nematode pellet was
resuspended by adding 5 mL of fresh M9 buffer (a total 7 mL). This washing procedure was performed three
times in total. The top 6 mL of the formed supernatant was carefully discarded using a 1 mL pipette. The top of a
1 mL plastic tip was cut off to obtain a wider hole. Using this tip, 500 pL of a 0.1% Triton-X solution in S-medium
(complete) was pipetted up and down to coat the interior of the tip. This procedure prevents nematodes from
sticking to the plastic. Worms were then gently pipetted onto the center of an unspotted NGM plate. A glass
Drigalski spatula was used to gently distribute the nematodes over the whole plate, leaving a small gap towards
the rim. At this point, one needs to wait until all liquid has dried out, and the last described step helps to speed
up the process without stressing the worms. At least one hour before measurement, the rehydrated Seahorse
cartridge was equilibrated with calibrant solution. A Seahorse cell-culture plate was prepared by filling each
well with 200 uL of S-medium (complete). The Seahorse cartridge was filled with assay chemicals (according to
the SOP), and during the Seahorse equilibration step, selected young adult worms were picked from the dried
NGM plate, and put into the respective wells of the Seahorse plate (~ 30 worms per well). The actual number of
nematodes in each well was determined using a microscope right after the Seahorse experiment. All data were
then normalized to these numbers.

Atomic absorption spectroscopy (AAS)

The extracted nematode pellets and bacteria pellets were oven-dried at 68 °C and digested under pressure in
2 mL flat-bottom tubes (Eppendorf, Hamburg, Germany) with a 1:1 mixture of nitric acid (65%) (Suprapure,
Merck, Darmstadt, Germany) and deionized water in an aluminum oven with a heated lid at 68 °C. After
complete digestion, the samples were diluted to 2 mL with deionized water. The supernatant S-buffer was
measured alongside the nematode and bacteria samples. Metal concentrations were measured through a graphite
furnace using an atomic absorption spectrophotometer (model Z-8200, Hitachi, Tokyo, Japan). The system
was calibrated using Titrisol metal standard solutions (Merck, Darmstadt, Germany) containing 1% nitric acid.
Certified standard reference material from the National Research Council in Canada was used to determine the
accuracy of metal measurements (TORT-2 Lobster Hepatopancreas Reference Material for Trace Metals; National
Research Council Canada) (n=>5).
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Statistics, graphs, and terminology

Statistical comparisons of strain data were performed using GraphPad Prism (version 5, Windows). For each
comparison, a two-tailed Welch’s t-test was used to compare the means of two independent groups when the
assumption of equal variances was violated, allowing for different variances between the two groups being
compared. Prior to this analysis, four types of normality tests were applied to ensure a normal distribution of
data points (D’Agostino-Pearson, Shapiro-Wilk, Anderson-Darling and Kolmogorov-Smirnov; all provided in
the GraphPad Prism software). Graphs in all figures were obtained by GraphPad Prism. Stars in all diagrams
represent p-values as follows: * p<0.05, ** p<0.01 and ** p<0.001. The terms “nearly significant” and “near
to significance” refer to p-values of p <0.07, to describe an observed effect that reflects a biological trend. To
describe the rescue effects, following terms are used: partial rescue: The snail-MT strain performs better than
mtl-1, but not as well as the wild-type. Complete rescue: the experimental strains perform the same as the wild-
type strain. Outperformance: The snail-MT strains perform better than mtl-1 and wild-type worms.

Results

Strain preparation and verification

Strain preparation and verification methods are described in detail in the Materials and Methods section. The
expression of 10md-MT and 2d-MT in C. elegans knock-in strains was confirmed by quantitative PCR analysis
(qRT-PCR) (see Supplementary Figure S3).

Cd?* uptake in liquid culture and on NGM agar plates

As illustrated in Fig. 1, the measured Cd?* concentrations in the S-medium closely matched the nominal
exposure concentrations of 0, 0.3 and 1.3 mg/L (ug/g wet weight), corresponding to 0 uM, 2.5 uM and 12 uM
Cd?*, respectively. Concurrently, the metal concentrations increased proportionally within the nematodes and
the bacteria, with higher concentrations observed in the latter compared to nematode worms. It is therefore
suggested that Cd?* is incorporated into nematodes via their food source, represented by the OP50-1 bacteria,

3 wild-type nematodes
3 OP50-1 bacteria

B} S-medium I - B
* %% *

0.0

0 0.3 1.3

nominal Cd?* concentration (ug/g)

Fig. 1. Cd>* uptake by nematodes in liquid culture. N2 nematodes were raised in 50 mL of liquid culture
containing Cd?* at concentrations of 0 ug/g (0 uM), 0.3 pg/g (2.5 uM), and 1.3 pg/g (12.0 uM). After separation
via centrifugation and washing steps, Cd** concentrations were measured via AAS separately in nematodes,
bacteria (OP50-1), and supernatant (S-buffer). Significance is marked by asterisks.
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which in turn acquire the metal from the medium and are subsequently incorporated into the nematodes’
gut-region (Fig. 1). Although these metal uptake experiments were performed for the wild-type strain only,
it is assumed that the uptake data and corresponding Cd?* concentrations would exhibit similar trends for
worms of the other strains as well. Cd?* concentrations in bacteria were analyzed only once, while nematodes
and S-medium supernatant were measured in technical triplicates. In all experiments where nematodes were
cultivated on NGM agar plates, Cd?* was applied to OP50-1 cultures, which were then used for spotting.
Additionally, we investigated uptake using NGM agar plates cast with defined Cd?* concentrations in the agar,
while using OP50-1 bacteria that had not been previously contaminated with Cd** before spotting. In these
control experiments, no Ccd*t uptake by the worms was observed (data not shown), further confirming that the
primary source for Cd?* incorporation into nematodes is their bacterial food source. This study was primarily
focused on the functional consequences of MT expression in terms of biological outcomes such as growth,
mitochondrial function, and overall resilience to cadmium stress. Furthermore, cadmium uptake alone does
not necessarily reflect the functional detoxification capacity of the protein, which we believed could be better
assessed through our life cycle and mitochondrial respiration assays. Nevertheless, we acknowledge the merit of
this approach and plan to include cadmium uptake studies in future experiments.

Nematode size and mass

The average nematode body length, maximum diameter and body mass of all strains are presented in Fig. 2
(with 10 worms per strain). It was observed that the worms of the mtl-1 and 2d-MT strains had shorter body
lengths compared to the wild-type worms (Fig. 2A). In contrast, the 10md-MT strain revealed no difference in
body size compared to the wild-type strain and the mtl-1 strain. This rescue effect is therefore considered to be
partial, as the wild-type worms show a clear difference in body size compared to the mtl-1 knockout strain. In
contrast, worms of the 10md-MT strain were significantly smaller in diameter compared to the wild-type strain,
whereas in this case the 2d-MT strain not only increased markedly in body diameter compared to the mtl-1 and
10md-MT strains, but also outperformed the wild-type worms (Fig. 2B). Consequently, the average body mass
of the 2d-MT strain was comparable to the wild-type reference strain (Fig. 2C). In particular, the body mass
of the 10md-MT and mtl-1 worms was significantly smaller compared to wild-type control worms, whereas
the 2d-MT knock-in appeared to rescue this effect (Fig. 2C). Overall, the mtl-1 worms displayed a generally
weaker and seemingly almost frail phenotype. This was particularly evident in their maximum diameter of mtl-1
worms compared to all other strains (Fig. 2B). To visually verify these data, worms were picked from an NGM
plate, sedated, and examined under the microscope to observe any changes in their morphology and egg laying
behaviour. Overall, the morphology of worms from the knock-in strains (10md-MT and 2d-MT) appeared to
be more robust than that of the mtl-1 worms, and almost resembled the appearance of wild-type worms (see
Supplementary Figure S4), as evidenced by the quantitative data above. The truncated MT form was selected
based on studies that suggested this specific truncation might affect the protein’s structure and function in a way
that could influence its binding capacity. The main reason for this suggestion is the fact that the two-domain
structure of the truncated form resembles very much the two-domain CdMTs found in many other snails of
the lineage of Stylommatophora (to which Alinda biplicata belongs). It also resembles in its size and its structure
the native MTs of Caenorhabditis elegans much more so than the md-MT of Alinda biplicata. The use of the
truncated form should therefore allow a direct comparison between the functional performance of ‘normal’
two-domain invertebrate MTs and the natural multidomain MT aberrations evolved in a range of snails from
different lineages. In this way, we could directly assess whether a loss of certain functional domains (compared
to the full-length 10md-MT) could alter cadmium-binding efficiency and subsequent detoxification processes.
Regarding the differences in worm size, we speculate that the truncated form might influence growth through a
cadmium-independent mechanism, possibly due to altered interactions with other cellular pathways or stress-
response mechanisms. However, more research will be needed to fully elucidate this effect.
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Fig. 2. Nematode strain characterization. Average worm length (A), diameter (B) and body mass (C) were
determined for the wild-type strain (N2), the mtll knockout strain (mtl-1) and the two snail MT knock-in
strains carrying the full 10md-MT (10md-MT) and the 2d-MT construct (2d-MT) of Alinda biplicata under

0 uM Cd?* conditions. Statistical analysis was performed on 15 worms per strain. Error bars represent the
standard deviation at 95% confidence. Gray bars denote non-significant (ns) differences, or close-to-significant
differences (p < 0.08) where a p value is given. A p-value close to significance (added in the figure above
respective bars) indicates a biological trend. Significance is marked by asterisks.
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While the main function of MTs is detoxification and homeostatic regulation of metals as well as stress
adaptation, C. elegans mtl-1 and mtl-2 have been shown to also play a certain role in regulating the worm’s
growth and fertility®’>. Hence, the frail appearance of mtl-1 knockout worms probably indicates that these
worms might lack the ability to retain their eggs under stress conditions, and their low body mass may also be
linked to complications in maintaining a functional egg facility system, resulting in severe differences compared
to the other strains.

Egg laying assay

The data derived from the egg-laying assay include the proportion of worms successfully hatched from the
different strains, the Cd?*-dependent mortality of the strains during hatching, and the proportion of viable
offspring in the different strains at increasing Cd** concentrations. Figure 3A shows the percentage of successfully
hatched worms of the different strains under control conditions. Compared to the wild-type strain, worms of the
mtl-1 strain, and both (md)MT strains hatched at a comparable rate at a nominal exposure concentration of 0 uM
Cd**. Interestingly, worms of the 10md-MT strain exhibited a significantly higher hatching rate compared to the
mtl-1 strain, but not relative to the wild-type (Fig. 3A). Although the details of this observation remain unclear,
it suggests that the 10md-MT knock-in confers a more robust phenotype to the worms, possibly indicating a
beneficial role of the 10md-MT gene in the reproductive fitness of C. elegans. This is confirmed by the observed
mortality during the five days of exposure to elevated Cd** concentrations (0, 2.5 and 12 uM) (Fig. 3B). Overall,
the mortality of worms in all strains increased with rising Cd**-concentrations in a dose-dependent manner
with the wild-type and MT strains (and to a lesser extent the mtl-1 strain). Worms from 2d-MT strain exhibited
a significant trend towards a lower mortality compared to worms from the wild-type and mtl-1 strains (Fig. 3B).
This trend was nearly significant (p < 0.07) for worms from the 10md-MT strain. This suggests that in C. elegans,
the Cd?* detoxification capacity of the expressed snail 10md-MT and its truncated 2d-MT variant outperforms
the metal detoxification function of the own native CeMT1 protein. This may be explained by the fact thatin C.
elegans, the CeMT1 protein is less selective for Cd?* binding’®, compared to the highly Cd**-selective md-MTs
of Alinda biplicata®*. Furthermore, the 10md-MT of Alinda biplicata can bind up to 30 Cd** ions per protein
molecule, compared to only 7 divalent metal equivalents bound by the native C. elegans CeMT1 protein’®. In the
present data, the mortality of mtl-1 worms appears to be like their wild-type counterparts (Fig. 3B). However,
this is somewhat biased because a considerable part of the egg-laying study was spent collecting sufficient eggs
for the biological replicate data from the mtl-1 worms. The hatching worms from the few healthy eggs that were
obtained from this strain, however, had a similar mortality rate than the wild-type worms. Of note, we did
not observe any bagging effects (eggs hatching within the parental worm), a phenomenon that was described
in some other studies”’. Finally, the visual egg morphology was comparable between worms of all strains (see
Supplementary Figure S5).

Data from the egg-laying assay referring to the viable offspring of adult nematodes from all strains and for
all nominal Cd**concentrations applied (0 uM, 2.5 pM, 12 uM) are presented in Fig. 4. The number of viable
offspring of the wild-type strain declined in a concentration-responsive manner (Fig. 4A), replicating the data
of previous studies®#%. Knocking out the native MT gene in the mt#l-1 strain®® decreased the performance
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Fig. 3. Nematode hatching rate and mortality during the setup phase of the Egg-laying assay. Diagrams
display the hatching rate at 0 uM Cd?* conditions (A), and death rates (B) for the strains N2, mtl-1, 10md-MT,
and 2d-MT under an exposure regime of rising Cd** concentrations (0, 2.5 and 12 uM Cd?*). at. Statistical
analysis was conducted on the following sample size: N2: 16 worms in 5 experiments; mtl-1: 11 worms in 8
experiments; 10md-MT: 19 worms in 5 experiments, 2d-MT: 21 worms in 5 experiments. Error bars indicate
the standard deviation at 95% confidence. Welch’s t-tests have been performed on data groups pooled among
Cd?* concentrations, as indicated by the horizontal brackets. Significance is marked by asterisks.
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Fig. 4. Egg-laying assay. The top diagrams display the viable offspring (ordinate) counted for the given day
(abscissa) (A-D). The overall number of viable offspring (area under the curve) is presented in the column
diagram below (E-G). Data for the four strains N2 (A), mtl-1 (B), 10md-MT (C) and 2d-MT (D) are shown.
These data are further characterized by different concentrations of Cd**: (E) 0 uM Cd?*, (F) 2.5 uM Cd?*, and
(G) 12 uM Cd?**. Statistical analysis included technical replicates: N2: 5 experiments; mtl-1: 8 experiments;
10md-MT: 5 experiments; 0 uM: N2: 16 worms, mtl-1: 11 worms; 10md-MT: 19 worms; 2d-MT; 13 worms;
2.5 uM: N2: 16 worms; mtl-1: 9 worms; 10md-MT: 23 worms; 2d-MT; 15 worms; 12 uM: N2: 18 worms; mtl-1:
12 worms; 10md-MT: 20 worms; 2d-MT; 18 worms. Error bars indicate the standard error at 95% confidence.
Significance is marked by asterisks.

of these worms under Cd?* exposure (Fig. 4B, and F). Data for the 10md-MT strain resembled a rescue effect
for viable offspring at all nominal Cd** concentrations applied, suggesting that the 10md-MT gene of Alinda
biplicata confers robust Cd resistance to the nematode model under the present experimental conditions
(Fig. 4C). A rescue effect in terms of viable offspring was also apparent for the truncated Alinda biplicata MT
gene construct expressed in the 2d-MT strain (Fig. 4D). A direct comparison between strains shows that these
effects are apparently a function of the Cd** concentrations applied (Fig. 4E-G). Interestingly, the rescue effect
in worms of the 10md-MT strain under Cd** stress was pronounced and even outperformed the Cd?* resistance
of the wild-type strain (Fig. 4F and G). Not shown in these data, but observed in the laboratory, the nematodes
of the 10md-MT strain appeared to be more vivid and generally healthy-looking when observed on the plates,
whereas worms of the other strains where visibly stressed. A trend towards outperformance (p < 0.07) was also
observed at the highest concentration of Cd?* (12.0 uM) in the offspring of 2d-MT worms, nearly equal to that
observed in 10md-MT individuals (Fig. 4G).

The functionality of the C. elegans reproductive system depends on several anatomical and physiological
features, including the egg-laying apparatus’®, as well as the mode of energy allocation for reproduction”. In
this perspective, it is highly interesting that the native C. elegans MTs, CeMT1 and CeMT?2, are not only involved
in protection against Cd**- induced stress during reproduction, but also play a critical role in reproductive
performance, growth, and development in the absence of Cd** exposure®®81.,

It is therefore reasonable to assume that the snail 10md-MT and 2d-MT proteins may also contribute, apart
from Cd** detoxification, to an improved reproductive performance in C. elegans, as suggested at least in the
10md-MT strain (see Fig. 3A). This is remarkable, considering that, in Alinda biplicata, the 10md-MT gene
and its expressed protein are specifically involved in Cd** detoxification, with little evidence suggestive of an
alternative functionality®®. A possible explanation is that MTs exert their functional specificity under the control
of the cellular system in which they are expressed®’, so that transgenic MTs or MT constructs expressed in a
non-native system may take on some functional tasks imposed on them by the host cells, in addition to their
original specificity.

Oxygen consumption rates determined with seahorse flux analysis

Cd?* has the potential to induce oxidative stress at the cellular level, leading to adverse effects on cellular
functions, in particular affecting enzyme activity and reducing the efficiency of cellular respiration®2. This
reduction in efficiency can result in decreased energy production, compromised cell viability, and disruption
of normal cellular functions. In particular, the effect of Cd** on cellular respiration is manifested by its direct
targeting of mitochondria, disrupting their structure and function, and impairing the activity of the electron
transport chain®. In addition, Cd** directly inhibits enzymes in the electron transport chain, such as complex
III and complex IV, leading to a disruption in the flow of electrons and a compromise in the efficiency of cellular
respiration®®. This leads to reduced production of ATP, the primary energy currency of the cell. The change
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Figure 4. (continued)

in oxygen consumption rates upon uncoupling oxidative phosphorylation from ATP synthesis (cellular spare
capacity) is a proxy for studying oxidative stress in nematodes”’.

In the present work, oxygen consumption rates were determined in intact worms (N2, mtl-1(tm1770), 10md-
MT and 2d-MT) as a function of Cd?* exposure, using Seahorse Flux Analysis (Fig. 5) by measuring respiration
under routine conditions, followed by respiration after uncoupling with FCCP for calculation of spare capacity,
and terminated by stopping respiration by addition of NaN,. Two sets of respiration curves in technical triplicates
are reported in Fig. 5A, showing the respiratory performance of worms of each strain without Cd?* exposure (0
uM Cd?*) (Fig. 5A, left panel), and under high Cd** exposure conditions (12 uM Cd?*) (Fig. 5A, right panel).
Both curves show a significantly reduced spare capacity of mtl-1 worms compared to wild-type nematodes
without and at high Cd?* exposure conditions (Fig. 5B), suggesting that the already fragile m#l-1 worms are
more stressed in the presence of Cd?*. On the contrary, the surplus capacity of 10md-MT worms saw a complete
and statistically significant recovery to the levels seen in control worms (Fig. 5A and B), with a slight further
enhancement noted in the presence of Cd**.

Cd?* stress disrupts cellular respiration in nematodes by impacting mitochondrial function, disturbing
the electron transport chain, and triggering oxidative stress®. This is not reflected by differences in oxygen
consumption rates when comparing worms of the different strains under Cd** exposure versus Cd**-free
conditions. However, the present data show a significantly reduced spare capacity for the MT-deficient mtl-1
strain compared to the wild-type worms even under control conditions. This effect is exacerbated under Cd?*
exposure (Fig. 5) but is rescued by both snail MT knock-in strains (10md-MT and 2d-MT) up to the respiratory
levels seen in the wild-type strain.

Synopsis: snail multi-domain MT genes elicit multiple rescue effects in mtl-1 deficient C.
elegans strains

Taken together, the present data clearly show that the 10md-MT gene and its truncated variant 2d-MT from
the terrestrial snail Alinda biplicata induce rescue effects in C. elegans who's native mtl-1 gene activity has
been knocked out. While nematodes of the mtl-1 strain appear to be generally less viable and show increased
sensitivity to Cd?* exposure, worms of the 10md-MT and 2d-MT strains show improved life history traits in
terms of reproductivity, survival, and respiratory energy metabolism, in addition to a conferred higher resistance
to Cd** exposure. In all assays conducted in this study, worms of both snail MT strains at least matched the
performance of the mtl-1 strain and the md-MT knock-in even outperformed wild-type nematodes in some life
history traits (see Fig. 6).

Conclusion and outlook

Caenorhabditis elegans is a powerful animal model for toxicological studies**>®7°, This also applies to studies with
toxic metals, where the nematode’s own metallothionein CeMT-1 and CeMT-2, protect the worms from metal
toxicity®~%°. Their deletion leads to a reduction in the body size, the generation time, the brood size, and the
lifespan®, in some cases even in the absence of Cd** exposure®. The present study shows that a CRISPR/Cas9-
mediated replacement of CeMT-1 (mtl-1) by the 10md-MT gene from the snail Alinda biplicata and a truncated
variant (2d-MT) creates viable nematode strains that are able to rescue, even outperform, traits, including the
level of mitochondrial respiration. It also appears that the two rescue strains may behave differently in restoring
important metabolic functions. The present data extends previous work® by providing further evidence that the
biological role of MTs in C. elegans is not limited to Cd** detoxification. Notably, C. elegans also produces PCs in
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Fig. 5. Analysis of mitochondrial respiration suggests that MT expression rescues the mtl-1 knock-out but
does not display any additional impact of Cd?* to mitochondrial respiration in the nematode model. The top
diagrams (A) display the original oxygen consumption rate (OCR), without any (left) and with 12 pM Cd**
concentration (right) in the medium during the measurement. Calculated spare capacities are presented in
the column diagram below (B). Statistical analysis involved 3 individual experiments for each strain, each
referenced to N2, with three wells per strain in each experiment and approximately 20 worms per well. Error
bars indicate the standard deviation at 95% confidence. Exact worm numbers were determined after the
experiment. Significance is marked by asterisks.

its defense against Cd?* toxicity®®, and thus relies on both MT-mediated and PCS-mediated pathways®® to deal
with Cd?** and other metal ions®. Therefore, further experiments with an mtl-1/mtl-2 double knock-out and
with an mtl-1/mtl-2/pcs-1 triple knock-out would be required to better understand the observed differences in
the rescue effects of the two knock-in strains.

Scientific Reports|  (2024) 14:25589 | https://doi.org/10.1038/s41598-024-76268-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

B

differences

size and diameter % hatching worms % egg-laying viable offspring spare capacity (OCR)
/ nematode mass atOuM Cd mortality under Cd exposure | under Cd exposure

reference strain

wild mtl-1
(tm1770)

wild mtl-1 wild mtl-1 wild mtl-1
type (tm1770) | type (tm1770) (tm1770) type

10md-MT

2d-MT

notsignificant—D;-— significant
close to significance
size and diameter | % hatching worms % egg-laying viable offspring spare capacity (OCR)

rescue effect / nematode mass atopMcd mortality under Cd exposure | under Cd exposure
10md-MT ~ ~

2d-mMT + - + +

Fig. 6. Observed rescue effects in C. elegans MT knock-in strains. MT knock-in strains (10md-MT and
2d-MT) referred to the N2 wild-type or the MT-deficient mtl-1 strain under control (no Cd** exposure) or
Cd** exposure conditions. (A) Colors denote that observed effects are either not significant (grey) (p>0.05 at
95% confidence), close to significance indicating a biological trend (light green) (p>0.07), or significant (dark
green) (p < 0.05 at 95% confidence). (B) Data of panel A is reduced to indicate the observed rescues effect of
the two MT strains, compared to both reference strains (N2, mtl-1): -* no rescue effect, ‘~’ partial rescue effect,
‘+’ rescue effect, ‘++ outperformance.
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