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Differential regulation of magnesium i

transporters Slc41, Cnnm and Trpm6-7

in the kidney of salmonids may represent
evolutionary adaptations to high salinity
environments

Marius Takvam'2"®, Elsa Denker!, Naouel Gharbi?, Valentina Tronci?, Jelena Kolarevic® and Tom Ole Nilsen'

Abstract

Magnesium is important for enzymatic reactions and physiological functions, and its intracellular concentration

is tightly regulated. Atlantic salmon has the ability to handle large changes in environmental Mg?* concentration
when migrating between freshwater and seawater habitats, making it a relevant model to investigate Mg”* homeo-
stasis. Parr-smolt transformation (PST) is a life history transition which prepares the freshwater juvenile for the marine
environment. The kidney is one of the key organs involved in handling higher salt load in teleosts. Though several
key Mg?* transport families (SLC41, CNNM and TRPM6-7) have recently been identified in mammals and a few fishes,
the molecular bases of Mg?" homeostasis in salmon are not known. We found that all three families are represented
in the salmon genome and exhibit a clear conservation of key functional domains and residues. Present study indi-
cates a selective retention of paralogous Mg?* transporters from the fourth whole genome duplication round (Ss4R)
and a differential regulation of these genes, which suggests neo- and/or sub-functionalization events. sic41ai-1,
cnnm4al,-4a2 and trpom7-2 are the main upregulated genes in the kidney during PST and remain high or further
increase after exposure to seawater (33 ppt). By contrast, slc41ai-2,-3a, cnnm3-1,and cnnm3-2 are only upregulated
after seawater exposure. In addition, slc41al-1,-2, and trom7-2 respond when exposed to brackish water (12 ppt),
while cnnm3-1 and cnnm3-2 do not, indicating the existence of a lower salinity threshold response for these mem-
bers. Finally, the response of sic41al-1,-2 and trom7-2 in salmon was significantly reduced or completely abolished
when exposed to Mg”*-reduced brackish water, while others were not, suggesting they might be specifically regu-
lated by Mg?*. Our results are consistent with previous findings on other euryhaline teleosts and chondrichthyan
species, suggesting the existence of common adaptive strategies to thrive in high salinity environments. Concomi-
tantly, salmonid-specific innovations, such as differential requlation and recruitment of family members not previously
shown to be regulated in the kidney (Cnnm1 and Cnnm4) of other vertebrates might point to adaptions associated
with their very plastic anadromous life cycle.
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Introduction

Osmoregulation is one of the key basic requirements for
living cells and organisms. Aquatic animals are constantly
exposed to osmotic forces across epithelial surfaces and
have evolved intricate osmotic homeostatic processes
involving the respiratory, digestive, and excretory sys-
tems [1-4]. In teleosts the general challenge in freshwater
(FW) is passive water load and ion loss, mainly through
the large surface area of the gills [1]. Fish therefore limit
oral intake of water, actively absorb ions from the envi-
ronment and ingested food through the gills and intes-
tine, respectively, while producing large volumes of dilute
urine through the kidney [1-3]. In seawater (SW), fish
face the complete opposite challenges by passive influx of
ions and osmotic water loss, and thus increase drinking
rates to actively take up water through the intestine while
excreting excess monovalent ions through gills [1, 5]. The
kidney is primarily excreting divalent ions such as SO,*,
Mg** and Ca?*, producing low volumes of an isotonic
urine [6, 7].

Euryhaline teleosts have evolved the ability to tran-
sit between environments with different salinities,
either transiently or as part of life cycle transitions [8].
Atlantic salmon has an anadromous life cycle, where
juveniles migrate from FW to a SW environment. To
prepare for differences in salinity, juveniles undergo
an extensive remodelling phase during a life history
transition called the parr-smolt transformation (PST)
[9]. Firstly, while still in FW, changes in environmen-
tal circadian cues stimulate a wave of preparatory
changes in physiology, morphology, biochemistry, and
behavior in the juvenile fish [10]. Following SW migra-
tion, a second set of changes provide full acclimation
to the new environment [11, 12]. PST may be plastic
with individuals delaying, abolishing, or reverting the
process in response to adverse environmental signals
[13]. The cellular and molecular mechanisms underly-
ing tolerance to salinity transitions have started to be
deciphered in the last decades, highlighting the evo-
lutionary relevance and significance of salmonids, by
providing insight into how genomic remodelling can be
tied to functional diversification, plasticity, and evolu-
tionary innovation [8, 14]. Indeed, the emergence of the
salmonids is associated with a fourth round of whole
genome duplication (Ss4R), which has resulted in the
generation of many new gene paralogues. The study of
paralogue retention of the still ongoing partial reploidi-
zation process (between 25 and 75% in salmonids [15])
has documented several cases of subfunctionalization
or neofunctionalization [14, 16]. These phenomena
are suspected to have provided salmonids with their
remarkable plasticity in adapting to different salinity
environments [17]. The molecular mechanism and ion
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transport in FW and SW salmonids is well studied in
gills [12, 18, 19] and to a certain extent in the intestine
[11, 20, 21]. However, knowledge on molecular mecha-
nisms for ion transport in the salmonid kidney is still
limited [22, 23]. Despite recent studies of salmonid-
specific sulfate transporters in Atlantic salmon [24], a
review clearly indicates that the mechanisms for regula-
tion of other divalent ions, such as magnesium (Mg?"),
in the kidney are largely unknown [3].

Controlling Mg?" levels in vertebrates is vital for nor-
mal cellular, tissue, organ, and body physiology. Magne-
sium is essential for nucleic and protein synthesis, for
intermediary metabolism and are involved in over 300
enzymatic reactions [25]. The kidney has a pivotal role in
maintaining Mg?* within normal physiological levels [25,
26]. Aquatic species in FW reside in low-Mg>" environ-
ments (0.01-0.1 mM) where reabsorption mechanisms
are vital [27-29]. On the other hand, in species inhabit-
ing marine environments, which may contain 2500 times
higher Mg®" levels than FW environments, the ability to
excrete excess Mg”" is critical [3, 26, 30]. Teleosts have
a relatively stable concentrations of Mg”*" in plasma,
roughly 0.7-1.3 mM, irrespective of the external salin-
ity. Thus, in euryhaline teleosts, a shift from low (FW)
to high (SW) concentration of Mg®" in the surrounding
environment requires substantial alteration in the molec-
ular transport pathways to switch from Mg>* reabsorp-
tion to Mg>" excretion through the kidney [31-33].

At the cellular and molecular level, SLC41A1-3,
CNNM1-4 and TRPM6-7 have been identified as impor-
tant families of transmembrane proteins involved in
Mg?* transport [29, 34, 35]. Both functional studies and
medical data suggest that impairment of these trans-
porters results in severe disturbances of both cellular
and systemic Mg®>" homeostasis, and has been associ-
ated with serious diseases in both fish and mammals
[36-39]. SLC41A1, SLC41A3, CNNM2, TRPM6 and
TRPM?7 are important for Mg>* reabsorption in the kid-
ney, and mutations in SLC41A1, CNNM?2, TRPM6 and
— 7 are underlying distinct syndromes associated with
systemic hypomagnesemia [40—43]. In the stenohaline
FW zebrafish, Danio rerio, orthologues of all these gene
families, except cnnm3, all appear to be regulated in the
kidney and be involved in reabsorption. Further, cnnm?2
and trpm6 appear to respond to alterations in dietary
Mg?*, and is likely involved in Mg?* reabsorption in the
kidney [36]. In euryhaline teleosts and chondrichthyan,
some of these transporters also respond strongly to
increased salinity. The Slc4lal and Cnnm3 are proposed
to be secretory Mg>" transporters in the kidney [31, 32].
Recent evidence suggests that TRPM6 and —7 not only
are important for Mg?* transport in mammals [34, 44, 45),
but also play a role in fish [33].
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To better understand the Mg?" transport mechanisms
the present study aimed at (1) establishing the Atlantic
salmon gene repertoire for the known Mg>* transporter
families through data mining from the genome database
followed by synteny and phylogenetic analyses, (2) inves-
tigating which of the genes are regulated transcriptionally
during PST and after acclimation to full strength seawa-
ter (SW; 34 ppt) or brackish water (BW; 12 ppt), and (3)
investigating the regulation of these genes when Mg”"
is reduced from BW using membrane nanofiltration
technology.

Materials and methods

Experiments

Experiment 1: photoperiodic induction of parr-smolt
transformation (PST) and seawater acclimation

Juvenile Atlantic salmon, Salmo salar L., (average weight
30 g) from AquaGen broodstock were obtained from
the Industrial and Aquatic Laboratory, Bergen, Norway
(ILAB) and randomly distributed in two experimental
tanks. The experimental group (“smolt”) was kept on a
12-hour darkness and 12-hour light (12D:12 I; mimick-
ing winter) photoperiod regime for 6 weeks, followed by
24-hours day length (mimicking summer) for 45 days at
10 °C (450 day-degrees (dd)), applying a classic photoper-
iodic induction of PST [46]. The control group (“parr”)
remained under a constant 12D:12 ] light regime during
the whole experiment. Both groups were kept in 1 m?
400 | rearing volume tanks supplied with flow-through
freshwater (salinity; 0.01 parts per thousand (ppt), tem-
perature; 10+0.23°C, oxygen outlet water; >80%, and
flow rate; 0.6 1/kg/min). The smolt group was thereafter
transferred to SW (1 m3, 1601 rearing volume, salinity; 33
ppt, temperature; 9.2 +0.3°C, oxygen outlet water; <80%,
and flow rate; 0.6 1/kg/min) and sampled after 1, 2 and
30 days, while the parr (control) was kept in FW during
the entire experiment. Fish from both groups were fed by
automatic feeders to satiation during the 12 h light phase.
More details regarding ion composition in rearing water
can be found in Table 1.

Experiment 2: effect of normal and Mg2+ depleted brackish
water

Juvenile Atlantic salmon smolts (start weight 140+2 g
from Salmo Breed, Erfjord strain), where produced in a
flow-through system at the Nofima Research station in
Sunndalsgra, Norway. After PST fish were distributed
into three different tanks in FW (Table 1) and fish were
sampled before they were redistributed into 8 octago-
nal tanks (2m3 diameter, 3.3 m® volume) connected to
two semi-commercial recirculating aquaculture sys-
tems (RAS) (4 tanks per system). In the first RAS, make-
up FW and SW were mixed to produce brackish water
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Table 1 Water quality parameters including salinity (part

per million; ppt), chloride, sodium, potassium, calcium and
magnesium, all calculated as mmol/L (mM) in freshwater (FW)
and seawater (SW) for experiment 1, and FW, brackish water (BW)
and Mg?* - depleted brackish water (BW-M) for experiment 2.
Note that experiment 1 was conducted in flow-through tanks
and experiment 2 in recirculating aquaculture system (RAS)

Water quality Experiment 1 Experiment 2

FW SwW FW BW BW-M
Salinity (ppt) 0.1 32.6 0.2 11.9 114
Chloride (mM) 0.19 536 1.21 1711 114.2
Sodium (mM) 0.20 426 157 147 98.1
Potassium (mM) 0.009 10.74 0.064 2.56 2.76

Calcium (mM) 0.027 11.23 0.249 3.56 237
Magnesium (mM) 0.021 49.37 0.144 16.55 9.28
Sulphate (mM) 0.018 27.27 0.022 138 1.076

(now termed BW; 12 ppt, Table 1). In the second RAS,
a nanofiltration pilot plant (Fiizk, Trondheim, Norway
[47]) was used to produce 12 ppt BW with reduced Mg**
concentration (termed BW-M, Table 1). Fish from both
BW and BW-M were sampled after 11 weeks of acclima-
tion. Fish groups in BW and BW-M had otherwise simi-
lar tank environments (salinity of 12 ppt, oxygen outlet
water < 85%, temperature; 12°C, water velocity of 1 body
length per second (BL/s)). Fish were fed by automatic
feeders over 24 h in excess (10% overfeeding).

Ion composition in rearing water was verified by col-
lecting water from all experimental tanks for experi-
ment 1 (FW and SW) and Experiment 2 (FW, BW and
BW-M). All samples were analyzed for ion composition
(CI'; Chloride, Nat; Sodium, K*; Potassium, Ca**; Cal-
cium, Mg**; Magnesium and SO,*; Sulphate, see Table 1)
by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) at Norwegian Institute for Water Research (NIVA,
Norway) (Experiment 1) and Norwegian University of
Science and Technology (NTNU, Trondheim, Norway)
(Experiment 2).

Sampling

In both experiments, 10 individuals per group were
quickly dip-netted out of the tanks and anaesthetized
using a lethal dose of buffered tricaine methanesulfonate
(100 mg 1-1 MS222; Sigma, St Louis, MO, USA). Blood
was collected from the caudal vein and stored on ice until
centrifugation (4°C, 3000 g, 5 min) and plasma aliquots
were frozen. The caudal part of kidney was dissected
out as described by ([24], see appendix) and preserved
in RNAlater kept overnight at 4°C, then stored at —80C
before mRNA expression analysis. In experiment 1, gills,
mid-anterior gut, hindgut, and caudal part of the kidney
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from juveniles in FW (#=3) and SW (n=3) were also
sampled as described by [24, 48] and used for tissue dis-
tribution analysis.

Analysis

Phylogenetic and synteny analyses

Predicted sequences for Atlantic salmon (Salmo salar)
slc4lal-3, cnnml-4 and trpm6-7 transporters were
retrieved from the Ssal_v3.1/GCA_905237065.2 genome
release. Amino acid sequences from Atlantic salmon, a
subset of teleost species representing the diversity of the
group, as well as representative species from all other
vertebrate groups, were aligned using CLUSTALW in
Seaview (http://doua.prabi.fr/software/seaview). Ciona
intestinalis and Branchiostoma floridae were used as
outgroups. Incomplete or unpredicted sequences for
Atlantic salmon, rainbow trout, elephant shark, hagfish
and myxine were manually processed through BLAST
and fgenesh+analyses [49] on genomic sequences,
before their inclusion in the alignment (see Supplemen-
tary data). The most informative residues were selected
by Gblocks (in Seaview; default parameters) and a max-
imum-likelihood (ML) phylogenetic analysis was run
using PhyML (in Seaview; nearest neighbor interchanges
and model: JTT or WAG; node support calculated using
a Bootstrap analysis (100 replicates)). Phylogenetic trees
were formatted using FigTree v1.4.4. To confirm the
orthology and paralogy relationships of candidate genes,
a synteny analysis was performed using the Genomicus
online platform [50]. For salmon-specific duplications,
the pre-Ss4R configuration of Northern pike (Esox lucius)
was used as a reference. The figures were then made
using Adobe Illustrator.

Comparative analysis of functional protein domains

in Mg2+ transporters

The functional domains of SLC41A1-3, CNNM1-4 and
TRPM6-7 previously characterized or predicted in mam-
mals (from the literature) as well as pathogenic mutations
identified in patients (literature and ClinVar, OMIM and
UniProt variant databases) were mapped onto the cor-
responding amino acid alignment to analyze sequence
conservation across vertebrates. Residue conservation
was displayed using Boxshade (threshold=0.5). Putative
phosphorylation sites were predicted using NetPhos3.1
(https://services.healthtech.dtu.dk/services/NetPhos-3.
1/).

Isolation of total RNA and first strand cDNA synthesis

Approximately 20-25 mg of gill and kidney tissue were
homogenized in 600 pl of RLT plus buffer and Reagent
DX (Qiagen QIAsymphony total RNA extraction Kkit,
Hilden, Germany) using stainless steel beads (3 mm,
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Qiagen, Germany) and the Precellys 24 tissue homog-
enizer (Bertin Technologies, Montigny-le-Bretonneux,
France). Total RNA was extracted using a QIAsymphony
Robot (Qiagen, Germany), following the manufacturer’s
protocol (Qiagen, Germany). Roughly 25-30 mg of ante-
rior gut and hindgut was isolated using the TRI Reagent
method according to Chomczynski [51]. Total RNA from
all tissues were eluted in 100 pl ultrapure water and RNA
concentrations quantified using an Invitrogen Qubit
4 Fluorometer (Thermo Fisher Scientific, USA) apply-
ing the QubitTM RNA HS Assay Kit protocol (Invitro-
genTM, Thermo Fisher Scientific, USA). Integrity of total
RNA was validated using Agilent RNA 6000 Nano kit in
an Agilent 2100 expert analyzer (Agilent technologies,
USA). cDNA was synthesized using 1000 ng total RNA
and Oligo (dT) 20 primer in conjunction with Super-
Script " IIT Reverse Transcriptase kit (Invitrogen, USA)
according to the manufacturer’s instructions.

Tissue distribution and temporal gene expression profiles
using real-time qPCR

Real-time quantitative PCR (qPCR) was carried out
using iTaq"" Universal SYBR® Green Supermix (Bio-
Rad Laboratories, USA) in a total volume of 12.5 l,
using exon junction-spanning primers (Table 2) at final
concentration of 200 nM. The reactions were run in a
C1000 Touch™ Thermo cycler, CFX96 " Real-Time PCR
detection System and CFX Manager software (software
version 3.1; Bio-Rad Laboratories). The thermal con-
ditions consisted of an initial denaturation for 2 min at
95 °C, followed by 37 cycles at 95 °C for 15s and 60 °C
for 25s. Melt curve analysis verified that the primer sets
for each qPCR assay had no primer dimer artefacts and
generated a single product. Only primers with an ampli-
fication efficiency>80% (Table 2) were selected and the
threshold value for validated gene expression was set at
30 [52]. cDNA dilution used was 1:10. Validation of the
endogenous reference gene(s) glyceraldehyde-3-phos-
phate dehydrogenase (gapdh), elongation factor 1 alpha
(efla) and actin (B-actin) were conducted using RefFinder
[53], which includes BestKeeper [54], NormFinder [55],
Genorm [56] and the comparative delta Ct method [57].
efla was determined as the most stable reference gene
for normalization. Relative expression was calculated
according to the PCR efficiency-corrected formulas from
Pfaffl [54].

Plasma analyses

A Pentra c400 clinical chemistry analyzer with ISE mod-
ule (HORIBA, Kyoto prefecture, Japan) was used for
determining ion concentration in plasma. To measure
Na™ and CI, the Ion Selective Electrode (ISE) module
was used while the ABX Pentra Magnesium RTU reagent
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Table 2 Primer sequences and GenBank accession numbers designed primers
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Gene Primer forward (5°- 37) Primer reverse (5- 3°) Accession number
slc41al-1 GGACATCGTTCAGCACTGGA AGGCCAATGTCATCTCCAGG XM_014132936.2
slcd1al-2 GGTGTTTACTGAGGTGACGG TGACCAATATTAGCCGCTGTG XM_014166950.2
slc41a2a GTGTTCTTGGGCTGGGTACT ACCATGATGATCCCCTGCAG XM_014169899.2
slc41a2b1 CAAGAAGACGGGCATCAACC CATACGGGTGAGAGTCCAGG XM_014208073.2
slc41a2b2 GCTTCATCATGGTGGGAGTG GTGAGAGTCCAGGCAGTTGT XM_045698502.1
slc41a3a ACGGTGGTGGGCTTTCTG ACCCCAATCATTACCAGACCTA XM_014135697.2
cnnmla2 AGATTGTCTGGAAGGCCATCC CGACGATGACTGCTCCATGC XM_014180091.2
cnnm1b]1 CGAGACTGACCTCTACACTGAT TGTGGACAGGAAGCGGTG XM_045708923.1
cnnm2b1/2 GCAGTACATCAAGGTGACCC GTGTGTTGAGGTTGAGCAGG XM_014177888.2/
XM_045691172.1
cnnm3-1 AGACCCTTCTGAAATCAAGATCCTG CATGTGACTGTCGGTTGGTCG XM_014128009.2
cnnm3-2 CAAGTTCTACAATCACCCACTG TTCATGTCCATGTAGCCGTCTG XM_014140511.2
cnnm4al CCCGTCCCAGATATCGGAC TCCGTAGTAGGAGAAGGGTCC XM_045695316.1
cnnm4a?2 TCCCACGTTAGAGTTCTGCT GGTGTATGTTGGTGAGGGGA XM_014170484.2
cnnm4b1 TGAGTCCGACCTTTATACTGACA TTCACCTTGCACTCGTTCTC XM_014128014.2
cnnm4b2 TCGCTTCCCAGAGTTCCG AAGTCTGGTGTGTACTGGCA XM_014140190.2
trmp6-1 ACGGTTCATGGAGGGACAG TTCCTGAGGTCATGGGTGC XM_014172215.2
trmp6-2 GAATGCAGCTCCTACAATGTC CTCTTCTTGCACTGCCTGG XM_045702993.1
trmp7-1 GCTCAAAGACGTGGTCTTC CACATTCGTATCAGTGGCAC XM_045708037.1
trmp7-2 CAAAGACAGAACCTCTATTTCCAC GGCTGAGCTGTCTGGAGG XM_045689351.1
efla CCCTGTGGAAGTGGCTGAAG CATCCAAGGGTCCGTATCTCTT Olsvik et al., [58]
gapdh AAGTGAAGCAGGAGGGTGGAA CAGCCTCACCCCATTTGATG Olsvik et al,, [58]
B-actin CCAAAGCCAACAGGGAGAAG AGGGACAACACTGCCTGGAT Olsvik et al., [58]

(HORIBA) was used for the quantitative in vitro diag-
nostic determination of Mg?*. Calibration of all reagents
was performed using the ABX Pentra Multical and ABX
Pentra N and P control following manufacturer’s proto-
col. The ISE module was calibrated using the ABX Pen-
tra Standard 1, ABX Pentra Standard 2 and ABX Pentra
Reference.

Statistical analysis

Statistical differences were determined either by linear
models (One-Way or Two-way ANOVA) followed by a
Tukey’s HSD post-hoc test. To determine distribution,
normality (Q-Q- plots), homogeneity of variance (scale

(See figure on next page.)

location plots) and influential outliers (residuals vs. lever-
age with Cook’s distance) was performed on all datasets.
A mix model analysis was performed to exclude poten-
tial tank effects during the experiments. Results are pre-
sented as mean * the standard error of mean (SEM) and
considered significant at P<0.05 level.

Results

The Sic41 family in Atlantic salmon

The SLC41 family consists of three members in chon-
drichthyans, sarcopterygians and non-teleost actin-
opterygians, namely SLC41A1, —2 and —3. After the
third round of whole genome duplication occurring

Fig. 1 Atlantic salmon gene repertoire for the Slc41 magnesium transporter family. A Phylogenetic reconstruction showing the relationship
between vertebrate Slc41al, -a2, and -a3 subfamilies and the position of Atlantic salmon sequences (bold) within those. Maximum likelihood
reconstruction on aminoacid sequences using WAG with 4 rate classes and bootstrap values calculated for 100 replicates; C. intestinalis and (B)
floridae sequences are used as outgroup. B Synteny analysis confirmed orthologous and paralogous relationships between the sic41al, -a2, and -a3
genes inferred from the phylogenetic analysis, using Genomicus. Genes with the same fill color are homologous and among them, the ones
with a black stroke are orthologous to one another across species, and within a species the ones presenting a white stroke are both paralogous
to one another and the ones with a black stroke. The thick-lined boxes group orthologues resulting from teleost-specific duplications

and the dashed-lined boxes the ones resulting from salmonid-specific duplications. The brackets on the right side connect gene landscapes

on the same chromosome. C Aminoacid sequence alignment displaying residue conservation across vertebrate sequences, using Boxshade
(threshold=0.5). The colour boxes highlight sequence conservation for specific domains of residues proposed or known to hold key structural
or functional properties for the protein, and/or associated with known pathogenic mutations (see legend box for details). TM1-11 indicates

predicted transmembrane domains
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in teleosts (Ts3R), up to five genes are found, namely
slc4lal, slc4la2a, slc41a2b, sic4la3a, and slc41a3b,
indicating retention of both Ts3R duplicates for slc41a2
and slc41a3 but the loss of one for slic41al (Fig. 1a, b).
Within teleosts, salmonids have undergone a fourth
round of whole genome duplication (Ss4R), and we found
that in Atlantic salmon and rainbow trout, all five Ts3R
paralogues were retained, with slc4lal, sic41a2b and
slc41a3b being represented by two Ss4R paralogues each,
while slc41a2a and slc41a3a have both retained a single
Ss4R paralogue. Thus, the Slc41 repertoire consists of
slc4lal-1, 1-2, —2a, —2b1, —2b2, —3a, —3b1, and —3b2
(Fig. 1a, b).

The two PX6GN and the two P(D/A)X4PX6D motifs,
known to be the evolutionary conserved transmembrane
domains involved in Mg?* transport in the SLC41 fam-
ily [59, 60], were 100% conserved for all the species in
our dataset, including the two salmonid species (Fig. 1c).
We then analyzed the conservation of seven amino
acids known to be involved in pathogenic substitutions
in humans, located on conserved regions within verte-
brates, and most of them located within or in close prox-
imity of these motifs (arrowheads on Fig. 1c). G233 in
human SLC41A1, involved in NPHPL2 (nephronophthisis-
like nephropathy, an autosomal recessive early onset
renal insufficiency) [38], was conserved in all salmon
Slc41 family members, and more largely in all the pro-
teins in the dataset (Fig. 1c). SLC41A1 is also associated
with the PARK16 locus, involved in susceptibility for
early onset Parkinson disease (EOPD) and/or for Alzhei-
mer’s disease, and we found the amino acids T113 [61,
62], R244 [63], N252 (ClinVar), A350 [64, 65] and P480
[66] in human SLC41A1 also to be conserved in salmon
and all other vertebrates in our alignment. R244, N252
and P480 were conserved within all three Slc41 mem-
bers, while T113 was conserved in Slc4lal and —2, and
A350 in Slc41al and — 3 (Fig. 1c).

The Cnnm family in Atlantic salmon
In chondrichthyans, sarcopterygians and non-tele-
ost actinopterygians, the CNNM family comprises 4

(See figure on next page.)
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members, CNNM], 2, —3, and —4 (Fig. 2a, b). CNNM2
and —4 appear to originate from a common ances-
tor, while CNNM1 and -3 appear more closely related
(Fig. 2a). In these groups, CNNM3 and —4 are imme-
diate neighbors, and CNNMI and —2 are on the same
chromosome, and only one gene apart in chondrichthy-
ans (Fig. 2b), suggesting they result from the duplica-
tion of an ancestral pair of neighbor genes, CNNM1/3
and CNNM2/4. As a result of Ts3R, up to seven genes
are found in teleosts (including Northern pike), namely
cnnmla, —1b, —2a, —2b, —3, —4a, and —4b, indicating a
loss of one of the cnnm3 Ts3R duplicates (Fig. 2a, b). The
chromosome linkage was maintained, with the -a and the
-b paralogues of the 1-2 and 3-4 linked pairs grouping
together (Fig. 2b). cnnm3 is on the same chromosome
as cnnm4b, indicating that the teleost cnnm3 is the -b
paralogue, and that it is cunm3a that was lost. Eutele-
ostei, including the Northern pike, have in addition lost
cnnm2a, and Atlantic salmon presents two Ss4R paralogs
of each of the six retained genes, namely cnnmlial, —1a2,
—1b1, —1b2, —2b1, —2b2, -3(b)1, —3(b)2, —4al, —4a2,
—4b1, and —4b2 (Fig. 2a, b). The chromosome linkage
was preserved in salmon, at the level of —1 and - 2 para-
logues. Interestingly, an Atlantic salmon-specific chro-
mosome rearrangement brought cnnmlal on the same
chromosome as cnnm3(b)2 and cnnm4b2.

All the five residues functionally shown to be key for
Mg?* ion coordination in the CNNM family (red back-
ground in Fig. 2c¢ [67]), were conserved in the salmonid
Cnnm3 paralogues, except for Cnnm3-1 and —2. These
proteins, as for most vertebrate CNNM3, only retained
one out of five. All the fourteen sites involved in ATP
binding were fully conserved (orange background in
Fig. 2c [67]), except for one, specifically in salmonids,
again in Cnnm3-1 and — 2. The other fifteen residues key
for the general protein structure, including the negative
charges in the transmembrane pockets (light and dark
blue, green, and brown background in Fig. 2c [67]), were
all conserved, except seven of them in CNNM3 of all
vertebrate species, with one of the positions being also
specifically not conserved in salmon Cnnmlbl and —2.

Fig. 2 Atlantic salmon gene repertoire for the Cnnm magnesium transporter family. A Phylogenetic reconstruction showing the relationship
between vertebrate Cnnm1, —2, —3, and —4 subfamilies and the position of Atlantic salmon sequences (bold) within those. Maximum likelihood
reconstruction on aminoacid sequences using JTT with 4 rate classes and bootstrap values calculated for 100 replicates; C. intestinalis and (B)
floridae sequences are used as outgroup. B Synteny analysis confirmed orthologous and paralogous relationships between the Cnnm1, -2, -3,
and —4 genes inferred from the phylogenetic analysis, using Genomicus. Genes with the same fill color are homologous and among them,

the ones with a black stroke are orthologous to one another across species, and within a species the ones presenting a white stroke are paralogous
to one another and to the ones with a black stroke. The thick-lined boxes group orthologues resulting from teleost-specific duplications

and the dashed-lined boxes the ones resulting from salmonid-specific duplications. The brackets on the right side connect gene landscapes

on the same chromosome. C Aminoacid sequence alignment displaying residue conservation across vertebrate sequences, using Boxshade
(threshold=0.5). The colour boxes highlight sequence conservation for specific domains of residues proposed or known to hold key structural
or functional properties for the protein, and/or associated with known pathogenic mutations (see legend box for details). TM1-3 are predicted
transmembrane domains; JM=juxtamembrane helix; AHB=acidic helical bundle; CBS1-2 = cystathionine-f-synthase domains
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Fig. 3 Atlantic salmon gene repertoire for the Trpm 6/7 magnesium transporter subfamily. A Phylogenetic reconstruction showing the relationship

between vertebrate Trpm1,

—3,-6,and — 7 subfamilies and the position of Atlantic salmon sequences (bold) within those. Maximum likelihood

reconstruction on aminoacid sequences using JTT with 4 rate classes and bootstrap values calculated for 100 replicates; C. intestinalis and (B) floridae
sequences were used as outgroup. B Synteny analysis confirming the orthologous and paralogous relationships between the Tromé and — 7 genes
inferred from the phylogenetic analysis, using Genomicus. Genes with the same fill color are homologous and among them, the ones with a black
stroke are orthologous to one another across species, and within a species the ones presenting a white stroke are paralogous to one another

and to the ones with a black stroke. Dashed-lined boxes are the ones resulting from salmonid-specific duplications. The brackets on the right

side connect gene landscapes on the same chromosome. C Amino acid sequence alignment displaying residue conservation across vertebrate
sequences, using Boxshade (threshold =0.5). The colour boxes highlight sequence conservation for specific domains of residues proposed

or known to hold key structural or functional properties for the protein, and/or associated with known pathogenic mutations (see legend box

for details)
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Fig. 4 Heatmap visualization of RT-gPCR analysis of mRNA levels for all the identified sic41al-3, cnnm1-4 and tromé6-7family members in the kidney,
gill, midgut and hindgut of Atlantic salmon in freshwater (0.1 ppt) and seawater (33 ppt) environments. This heatmap illustrates trends in tissue
distribution and environmental-specific variations in threshold (Ct) values for the diverse gene candidates, as well as differences between Ss4R
paralogues, through color gradients spanning from green (high expression) to red (no expression). Generally, there is higher variability when Ct
values exceeds 30 [52] and therefore a clear cut has been made for values > 30 for this dataset. Data is presented as mean values for each tissue

in both freshwater (n=3) and seawater (n=3)

Finally, we analyzed the residues involved in pathogenic
substitutions in humans and leading to HOMGSMR1
(Hypomagnesemia, Seizures, and Impaired Intellectual
Development 1 [43, 68—72], unpublished ClinVar sub-
missions [73]) or HOMG6/HSMR (Hypomagnesemia 6,
Renal/Hypomagnesemia, Seizures, and intellectual dis-
ability [74]) when present in CNNM2, and Jalili disorder
(retinal cone-rod dystrophy and amelogenesis imperfecta
[75-90], and unpublished ClinVar submissions [91])
when present in CNNM4. Twelve of them were located
on the functionally characterized residues described
above, while the 29 others were not, but were often
located in proximity of them (arrowheads on Fig. 2c).
The above residues were well conserved in vertebrates,
including salmonids, except for S196 (human CNNM4)/
$269 (human CNNM2), V324 and 326 in CNNM2, and
M514 and R523 in human CNNM4, which are largely not
conserved in vertebrate CNNM3 sequences. Interest-
ingly, 1186 on human CNNM4, 1260 on human CNNM2
as well as F272, V326 and L330 on human CNNM2
were not conserved in the clade comprising salmonid
Cnnmlal and —2 and fugu Cnnmla. F272 and V326
were generally not conserved in CNNM3 sequences.

The TRPM1/3/6/7 subfamily in Atlantic salmon

Though only TRPM6 and — 7 are known to be involved in
MgZJr transport, we included TRPM1 and — 3 in our anal-
yses to increase confidence in our inferences and obtain
a full picture of the evolution of the subfamily. In chon-
drichthyans, sarcopterygians and non-teleost actinop-
terygians, the TRPM1/3/6/7 subfamily members are each
present in one copy (Fig. 3a, b). TRPM6 and — 7 appears
to originate from a common ancestor, while TRPM1 and
— 3 appears more closely related (Fig. 3a). In addition,
we observed that in these groups, TRPM1 and — 7 were
located on the same chromosome, while TRPM3 and — 6
are located on the same chromosome (Fig. 3b), suggest-
ing they result from the duplication of one original pair
of linked genes, TRPM1/3 and TRPM6/7. Only five genes
were found in teleosts (including Northern pike) after
Ts3R, namely trpmla, —1b, -3, —6, and — 7, indicating a
loss of one of the Ts3R duplicates for every family mem-
ber, except for trpml (Fig. 3a, b). Chromosome linkage
was maintained between trpmla and — 7 (indicating that
the kept trpm?7 paralogue is trpm7a), and trpm3 and -6
(Fig. 3b). In salmonids this family consists of trpmlal,
—1a2, -1b, -3-1, -3-2, —6-1, —6-2, —7-1, and —-7-2,
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Fig.5 Relative gene expression levels and plasma ion concentrations in the kidney of Atlantic salmon during PST (FW; 0.01 ppt) and seawater
(SW; 33 ppt) acclimation. A Relative expression levels of a: sic41ai-1, b: slc41a1-2, ¢: slc41a3a, d: cnnm2b-1/2, e: cnnm3-1, f. cnnm3-2, g: cnnm4al,
h:cnnm4az2, i trpomé6-1, j: trom6-2, k: trom7-1 and |: trpm7-2. B lon concentrations (mM) in plasma during PST in freshwater (FW: 0.01 ppt)

and after seawater transfer (SW: 33 ppt), a: sodium (Na*) b: Chloride (CI") and ¢: magnesium (Mgz")‘ Different letters denote significant effects
within the parr (red) and smolt (FW: light blue, SW: dark blue) groups, reflecting the interplay of photoperiod and salinity across time (days).
Asterisks (*) denote significant difference between parr and smolt groups throughout the FW (photoperiod) and SW (seawater acclimation)
phases, and significance levels are indicated as *P<0.05, **P<0.01, and ***P <0.0001. Note that the parr group (control) remains in freshwater
throughout the experimental period. Data is presented as mean +sem (n=8-10)



Takvam et al. BMC Genomics (2024) 25:1156

indicating that all Ss4R paralogues were retained, except
for trpm1ib. The chromosomal linkage was kept at the
level of —1 and — 2 paralogues.

All the residues known from functional studies to be
essential for the Mg®* selectivity and the functionality of the
pore in TRPM6 and —7 were found to be conserved (red
and orange back-ground in Fig. 3c, [92-94]). Interestingly,
the 11030 residue was not conserved in the fugu. The three
leucines shown to be important for dimerization in human
TRPM6 were also fully conserved (green background in
Fig. 3¢, [95]). T1851 has been shown to be an important
phosphorylation site in TRPM6, however, this was not
conserved in salmon Trpm6-1 and —2 and in fugu Trpm6,
while it was conserved in the Trpm7 orthologues in both
species (light blue background in Fig. 3¢, [96]). Out of the
19 sites in human TRPM7 shown to be involved in 10 pair-
wise structural interactions, 17 were conserved in salmon
except for K1112 and E1184 in human TRPM?7, which are
not conserved in salmon Trpmé6-2 (dark blue arrows in
Fig. 3¢, [93, 97]). TRPM6 and —7 are both involved in the
human disease HOMG]1 (intestinal hypomagnesemia with
secondary hypocalcemia). Analysis of 29 residues known to
be mutated in TRPM6 and one in TRPM7 (dark and light
purple arrowheads on Fig. 3c) shows that out of these 29
positions, only one was not conserved in salmon, namely
T354 present in human TRPM6, which neither was con-
served in Trpm6-1 or Trpmé6-2. Interestingly, this posi-
tion was again not conserved in fugu Trpm6. Two other
positions, Y832 and L1143, were conserved in all species
except for fugu Trpmé. It is worth noting that among the
conserved positions, S141 in human TRPMS6 is known to
be involved in TRPM6/TRPM?7 interaction. TRPM?7 is also
involved in susceptibility to ALS-PDC (Amyotrophic lat-
eral sclerosis-parkinsonism/dementia complex of Guam),
and the residue mutated in human TRPM7 (red arrowhead
on Fig. 3¢c) is conserved in the vertebrate TRPM6 and —7,
except for in salmon Trpm6-1 and 6 —2 and fugu Trpmé.

Tissue distribution analysis of Mg2+ transporter repertoire
in gills, gut and kidney

The candidate genes identified in our phylogenetic analy-
sis were analyzed for tissue distribution in the three main

(See figure on next page.)
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osmoregulatory organs in Atlantic salmon, namely the
gills, gut (divided into midgut and hindgut) and kidneys,
both in FW and SW acclimated salmon (Fig. 4; Ct val-
ues). We found all the putative Mg?* transporters were
expressed in the kidney, with slc4lal-1, cnnm3-1 and
cnnm4al having the highest expression. While trpm6-2
appeared exclusively expressed in the kidneys, the others
were also found in the gills (slc41al-1, -2, cnnmla2, —1b,
and —4b) or both the gills and the intestine (cnnm2b1/2
and —3-2) (Fig. 4). These results indicate clear tissue-
specific differences between the various Mg?" trans-
porters, including between salmon-specific paralogues.
Further, sic41al-1, -2, cnnmla2, -3-1, —4al, trpm6-2
and — 7 - 2 displayed a higher expression in salmon accli-
mated to SW compared with their FW counterparts
(Fig. 4), suggesting an environmental regulation of these
genes.

Expression of Mg2+ transporters in the kidney
during photoperiodic induction of parr-smolt
transformation (PST)
We first compared the relative expression of our can-
didate genes in FW, with or without induction of PST
(light blue vs. red on Fig. 5) to investigate the effect of
photoperiod driven changes. slc41al-1 were persistently
higher expressed in the kidney during PST in the smolt
group compared with the control parr group at 12d, 35d
and 45d. (Fig. 5A; a). Similarly, cnnm4al were signifi-
cantly higher expressed in smolts than parr at 26d and
45d (Fig. 5A; g), while cnnm4a2 and trpm?7-2 were only
significant at the last time point (45d, Fig. 5A; h and I).
By contrast to slc41al-1, sic41al-2 did not present any
significant difference between groups during PST, just
a slight trend to higher expression in the smolt group.
While slc4lal-1, cnnm4al and -2, and trpm7-2 were
significantly higher expressed in smolts than parr, despite
no significant increase between time points, cnnm2bl1/2
presented a significant increase between the 12d and 45d,
but no significant difference with the expression in the
parr group (Fig. 5A; d).

Interestingly, sic41a3a, trpm6-2, and trpm?7-1 were sig-
nificantly lower expressed in smolts during PST than the

Fig. 6 Relative gene expression levels and plasma ion concentrations in the kidney of Atlantic salmon exposed to freshwater (FW: 0.01 ppt),
brackish water (BW: 12 ppt) and membrane nano-filtrated brackish water (BW-M: 12 ppt). A Relative expression levels of a: slc41ai-1, b: slc41a1-2,
c:slc41a3a, d: cnnmia2, e:cnnm3-1,f: cnnm3-2, g: cnnm4al, h: cnnm4a2, i: trom6-1, j: trom6-2, k: trom7-1 and I: trpm7-2. B lon concentrations
(mM) in plasma during parr-smolt transformation in freshwater (FW), brackish water (BW) and membrane filtrated water (BW-M). a: sodium (Na*)
b: Chloride (CI') and ¢: magnesium (Mg?"). Different letters denote statistically significant effects between freshwater (FW; red), brackish water
(BW; dark green) and membrane nano-filtrated brackish water (BW-M; light green), reflecting the interplay of salinity between groups. Data

is presented as mean+sem (n=38-10). Different letters denote statistically significant effects between freshwater (FW; red), brackish water (BW,
dark green) and membrane nano-filtrated brackish water (BW-M; light green) reflecting the interplay of salinity between groups. Data is presented

as mean+sem (n=8-10)
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control parr group, particularly at 26d (Fig. 5A; ¢, j, k). In
the case of sic41a3a, the trend was consistent through-
out the whole period, despite large variation within
groups. In the case of trpm6-2 and trpm?7-1, difference
in relative expression arose from a significant decrease
in the parr group, while trpm6-2 displayed an increasing
trend (Fig. 5A; j), and expression of trpm7-1 remained
stable (Fig. 5A; 1). As a consequence, trpm6-2 expres-
sion in smolts were higher than in parr at 45d (Fig. 5A; j)
whereas trpm7-1 was significantly lower in smolts at 12d
(Fig. 5A; 1). Relative expression of trpm6-1 and trpm6-2
did not differ significantly between groups during PST.

Effect of seawater transfer on Mg2+ transporter
expression in smolts

Groups that underwent PST was transferred to full-
strength seawater (33 ppt) (dark blue vs. red on Fig. 5).
We observed that the salinity resulted in a significant
increase of slc4lal-1, slc4lal-2, sic4la3a, cnnm3-1,
cnnm3-2, cnnm4a2, and trpm?7-2 compared to expression
levels in FW smolts (Fig. 5A; a,b, c,e, f,g, ). The expres-
sion of sic4lal-1, sic4lal-2, and trpm7-2 were already
significantly elevated after 1 day in SW (Fig. 5A; b, ¢, 1),
while cnnm3-1 and cnnm4a2 expression increased after
two days for (Fig. 5A; e, h) Expression of slc41a3a and
cnnm3-2 only became significant after 38 days in SW
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(Fig. 5A; ¢, f). By contrast, the SW transfer led to a sig-
nificant decrease in the expression of trpm6-2 (Fig. 5A;
g). If we now compare to the parr group at day 83, all
these genes had a significantly higher expression in SW
smolts (38 days) compared to parr kept in FW, except for
slc41a3a (Fig. 5A; c), again probably due to high variation
in both groups. cnnm4al expression did not change sig-
nificantly between time points but remained significantly
higher in smolts compared with parr after 38 days in SW,
suggesting the higher level found in FW persisted in SW
(Fig. 5A; g).

Effect of photoperiodic induction of parr-smolt
transformation (PST) and salinity on plasma Na*, Cl'and
Mg**levels

Plasma Na™, CI' and Mg*" levels around 157.66 +0.49 mM,
128.56+1.77 mM and 1.22+0.10 mM, respectively,
remained stable throughout the PST in FW. Plasma
Na', CI" and Mg”" levels increased 1 day (166.25+2.05
mM; 137.64+9.27 mM; 1.61+0.39 mM) and 2 days
(172.03+12.37 mM; 166.72+2.03 mM; 1.80+0.37 mM)
after SW transfer in the smolt group (Fig. 5B; a-c). After 30
days in SW plasma Na*, CI" and Mg?* levels in the smolt
group returned back to 162.17+1.34 mM, 125.34+3.43
mM and 1.30£0.06 mM, respectively. No significant
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Fig. 7 Evolution of the gene repertoire and the function of the Slc41a1-3, Cnnm1-4 and Trpm6-7 magnesium transporter families in vertebrates.
This figure summarizes the presence and identity of the genes found in Atlantic salmon and compares them to other vertebrate species in which
they have been functionally characterized. The occurrence of gene duplications was reconstructed through comparison of the gene repertoire
from teleosts and human (Osteichthyes) with that of stingray (Chondrichthyans) and hagfish. A more complete version can be found in Fig. S1. The
current knowledge on the expression of these genes in the kidney and their regulation in different environments, from our results and the literature,
is illustrated (yellow and turquoise colors). For aquatic species, this information is placed in the context of the salinity tolerance of the species
(euryhaline/stenohaline) as well as its ion-and osmolarity regulation methods (regulators or conformers). For Atlantic salmon, the changes
associated with PST are highlighted in red or blue, and the specificity of the regulation of Mg”* ions is indicated by asterisks and triangles. In

the case of humans, the involvement of the gene in diseases is also represented
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difference was observed between parr and smolt groups in
FW for either Na*t, ClI"and Mg>" (Fig. 5B: a, b, c).

Effect of brackish water transfer and Mg?*depletion
on Mg?*transporter expression in Atlantic salmon smolts
In experiment 2, smolts that had undergone PST in
FW were either kept in FW, or transferred to either
brackish water (BW, 12 ppt) or Mg**-depleted brackish
water (BW-M) for 11 weeks (Fig. 6A). We observed that
slc4lal-1, -2, cnnm4al, and trpm?7-2, but also cnnmla2,
trpm6-1 and — 7 — I responded significantly to BW trans-
fer (Fig. 6A; a, b, d, g, i, k, 1). cunm4a2 and trpmé6-2 also
displayed a trend towards higher expression in BW,
albeit not significant (Fig. 6A; h, j). Relative expression of
slc4la3a, cnnm3-1, and cnnm3-2 did not elicit any sig-
nificant response following BW transfer (Fig. 6A; ¢, e, f).
Following transfer of smolts into Mg>*-depleted BW
(BW-M) we observed that only four genes displayed a
similar response compared to those in BW. The cnnmlia2
was the only gene whose upregulation was unaltered by
Mg*" depletion in BW-M (Fig. 6A; d), while slc41a3a,
cnnm3-1 and — 2 displayed a similar absence of expres-
sion (Fig. 6A; c, e, f). slc41al-1 did display a significantly
higher expression in BW-M compared to FW fish, albeit
expression of slc4lal-1 in BW-M acclimated fish were
of a significant lower magnitude than the response elic-
ited by BW transfer (Fig. 6A; a). Strikingly, the response
of slc41al-2 and trpm7-2 to BW was completely abol-
ished in fish transferred in Mg**-depleted BW (Fig. 6A;
b, 1). cnnmdal, trpmé6-1, and trpm?7-1 presented a similar
trend (Fig. 6A; g, i, k). Surprisingly, cunm4a2 and trpmé6-
2 displayed a significant higher expression in BW-M
compared to FW fish, though not significantly higher
than in BW (Fig. 6A; h, j).

Effect of BW on plasma Na+, Cl- and Mg2+ levels

Plasma Na™, CI* and Mg*" levels did not differ signifi-
cantly between FW (160.86 + 1,80 mM; 130.14 + 3.76 mM;
1.17+0.20 mM), BW (161.66+2.83 mM; 127.56 +5.46
mM; 0.95+0.23 mM) and BW-M (162.63+3.96 mM;
127.55+4.40 mM; 0.965 + 0.27 mM) groups (Fig. 6B; a-c).
However, plasma Mg”* levels were generally lower in BW
and BW-M compared to FW.

Discussion

The SLC41A1-3, CNNM1-4 and TRPM6/7 transporter
families have deep evolutionary roots and their vital role
in Mg?" homeostasis predates the prokaryote/eukaryote
divergence [35, 67, 98]. In humans, truncations or point
substitutions in most of these transporters lead to early
onset of severe diseases associated with hypomagne-
semia and renal and/or intestinal insufficiency as well as
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a suspected higher risk for neurodegenerative diseases
[27, 39]. Such mutations in zebrafish have led to multi-
ple physiological disturbances, including hypocalcemia,
hypomagnesemia and development of kidney stones [36,
69, 99, 100]. The same transporters are strongly associ-
ated with Mg?* regulation in the kidney of chondrich-
thyans, stenohaline and euryhaline teleosts, suggesting
their importance for adaptations to diverse environments
[30-33, 36, 101]. In salmonids the Mg”" levels in urine
changes from 0.49 mM in FW to 141 mM after SW accli-
mation, clearly indicating an important switch from net
reabsorption to net secretion of Mg?" in order to main-
tain stable plasma levels [102]. In the current study, a
short-term transient rise in plasma Mg>" concentra-
tion (from 1.2 mM to 1.6-1.8 mM) returns to normal
physiological levels after 38 days in SW (1.3-1.4 mM).
This regulation of plasma Mg>* levels correlated with
upregulation of slc41al and cnnm3 paralogues, and are
in accordance with earlier studies concluding that these
family members are leading candidates for Mg”" secre-
tion in the nephron tubules of SW teleosts and thus
associated with SW acclimation [31-33]. Our results fur-
ther suggest that Slc41a3, Cnnm4 and Trpm?7 also may
contribute to the overall removal of excess Mg®" ions
in SW. Our salmonid-specific data show that some of
these genes are regulated in the kidney during PST (i.e.,
in response to photoperiod) before salinity changes. The
evolution of the anadromous life-cycle is also associated
with selective paralogue retention and differential regu-
lation of paralogous gene pairs. Interestingly, the differ-
ences between pairs rely on the nature and amplitude of
the trigger (seasonal changes in day length (i.e., photo-
period; PST), salinity thresholds or ion specificity). These
specificities might represent evolutionary innovations in
salmonids.

Magnesium transporters — tissue distribution
and regulation in vertebrates
The Atlantic salmon genome has undergone a fourth
round of whole genome duplication, followed by a partial
rediploidization [14]. As a consequence, the number of
genes for a given family can be fairly high and the paralo-
gous very similar in nucleotide sequence, and sometimes
identical in amino acid sequence. Therefore, phylogeny
and synteny analyses are recommended to infer ortholo-
gous and paralogous relationships on the genes as the
published genome, do not present precise enough annota-
tions. Our work presents the first detailed description of
the salmonid members of the Slc41, Cnnm and Trpm6/7
families, and place them in the wider context of the evolu-
tion of these families across the vertebrate lineages.

We have found that all six members of the Slc41lal-3
family in Atlantic salmon genome clearly has conserved
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PX¢GN and P(D/A)X,PX;D motifs, indicating that key
elements for selective Mg>" transport are present in
these proteins and areas associated with diseases was
conserved. All are expressed in kidney, however only the
two Ss4R slc4lal paralogues, sic41al-1 and — 2, as well
as the remaining sic4la3a paralogue, are upregulated
during SW acclimation (Fig. 7A). Expression of SLC41A1
and — 3 in the kidney appears to be conserved in all ver-
tebrates, as it has been shown to be the case in a chon-
drichthyan, the red stingray (Hemitrygon akajei; [101]),
and several osteichthyans including mammals and tel-
eosts such as the fugu (Takifugu rubripes and obscurus;
[31, 32]), toadfish (Opsanus beta; [33]), zebrafish (Danio
rerio; [36, 37, 69]) and goldfish (Carassius auratus; [103])
(Fig. 7A). Interestingly, this conservation is associated
with functional variations across different species. In
terrestrial and FW stenohaline species, these transport-
ers primarily play a role in reabsorption while also hav-
ing critical excretory functions in euryhaline species.
Functionally SLC41A1 seems to be the most important
as it is being consistently regulated among vertebrates
in response to Mg”* changes in the environment or diet.
SLC41A1 is also involved in the human disease NPHPL2
(Fig. 7A). Though Slc41a3 is expressed in kidney of red
stingray, its involvement in Mg”" regulation may have
appeared in osteichthyans, as it is generally conserved in
mammals and teleosts (Fig. 7A). Indeed, the euryhaline
red stingray downregulated Slc4lal during freshwater
acclimation [101], suggesting it is involved in Mg?" excre-
tion in seawater, whilst Slc41a3 displays a much lower
expression and is not regulated. Both SLC41A1 and
-A3 are important for Mg?" reabsorption in mammals
[104]. Similarly, both Slc41lal and —3 family members
appear to be important for Mg>* regulation in teleosts,
however, additional paralogues emerged after the Ts3R
(Fig. 7A and S1). While only one copy of slc4lal has
been retained, both «a» and «b» paralogues have been
retained for slc41a3, and present signs of subfunction-
alization, where slc41a3a appears to be the paralogue
retaining the function in the kidney (Fig. 7A). In the
freshwater zebrafish, slc41al and —3a are both impor-
tant for Mg>" reabsorption, and slc41a3b is even lost.
In the kidney of euryhaline mefugu, slc41al is strongly
expressed and regulated, and is the key candidate to drive
Mg?* excretion in seawater, while slc41a3a is ubiqui-
tously expressed, with the highest expression in muscle
tissue, and slc41a3b only being detectable in the heart,
brain and muscle tissues, suggesting a division of the
ancestral pattern of these two paralogues [31]. In toad-
fish, only slc41al and -a3a were analyzed, both of which
were expressed in the kidney and upregulated in seawater
( [33], see Fig. S2 for amino acid conservation). Atlantic
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salmon have retained all five Slc41 members inherited
from the last common ancestor of all teleosts (See also
[31]), and after Ss4R, possess two copies of slc4lal and
have lost the second copy of slc41a3a (Fig. 7A and S1).
sic4lal-1, slc4lal-2 and slc4la3a are all expressed in
the kidney and upregulated in SW and displayed a much
higher expression in the kidney than its paralogue, and as
we will discuss later, are not regulated by the same envi-
ronmental stimuli. While both slc41al paralogues also
were expressed but not regulated in gills, and undetect-
able in intestine, slc41a3a is expressed and appears regu-
lated in both gills and intestine. Our results indicate an
additional level of subfunctionalization between the Ss4R
paralogues slc41al-1, sic41al-2 and sic4la3a (slc41a3bl1
and -b2 was undetectable; not shown) as they appear to
both have different tissue distributions and environmen-
tal sensitivity.

We found twelve Cnnm paralogues in Atlantic salmon,
and the residues involved in selective Mg?* transport,
pore functionality, as well as regions association with
disease was highly conserved, strongly suggesting a
retained ability to bind and transport Mg®" ions. The
role of the Cnnm family still remains elusive and display
group- or species-specific differences but seems to have
conserved functions related to Mg?* transport. In mam-
mals, CNNM2 and —3, and to a lesser extent CNNM1
and 4, are expressed in the kidney. CNNM2, which is
present in the kidney distal convoluted tubule, is thought
be important for Mg>" reabsorption, with sequences
HOMGSMR1 and HOMG6 being associated with
impaired Mg”* reabsorption in the kidney and abnormal
brain development [29] (Figs. 2C and 7B). CNNM3 is
not associated with disease and the few studies that have
addressed this family member in mammals concluded
that CNNM3 is the only transporter in this family that
did not generate any detectable Mg*" efflux activity [105].
CNNM3 is very divergent in sequence in all vertebrates,
and several amino acid substitutions concern key Mg**
ion coordination sites (Fig. 2C). CNNM4 has low expres-
sion in the kidney (collecting ducts and proximal tubules,
HPA) but seems critical for Mg®* absorption in the intes-
tine as shown by its involvement in Jalili syndrome [106]
(Figs. 2C and 7B); CNNM1 and —2 are also expressed in
different parts of the intestinal tract, while CNNM1 is
found to be important in brain and testis [107]. Interest-
ingly, studies in mefugu and toadfish suggest an impor-
tant role of Cnnm3 in kidney Mg”* excretion in SW ( [32,
33], see Fig. S2 for amino acid conservation), and mefugu
Cnnm3 expression in Xenopus laevis oocytes reportedly
generated a relatively strong Mg”" efflux response [32]
(Fig. 7B). The ancestral state of this pattern is unclear, as
red stingray has very low expression of Cnnm1l, —2 and
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— 3 in the kidney and none of them is regulated by salin-
ity changes [101] (Fig. 7B). The importance for Cnnm?2
in the kidney is conserved among teleosts and which
of the Ts3R paralogues carry this function may vary. In
zebrafish, Cnnm?2a is the only of the Cnnms involved in
the kidney and seems to be associated with reabsorp-
tion [36, 69]. In mefugu, however, cnnm2a is lost and it
is cnnm2b that is present and regulated in kidney, pre-
dominately involved in reabsorption in FW. In mefugu,
cnnm3 and 4a are highly expressed in the kidney, fol-
lowed by -2b, while cnnm1b and —4b display a very low
expression and cnnmla is undetectable [32], indicating
signs of subfunctionalization for the 1 and 4 Ts3R para-
logues (Fig. 7B). Interestingly, CNNM4 is not described
to be among the strongest expressed CNNM in the mam-
malian kidney, while cnnm4a is in mefugu, potentially
representing an evolutionary innovation. It is notewor-
thy that Cnnm4a and -b paralogues are not regulated
in mefugu kidney [32]. Signs of subfunctionalization
were detected for the 1 and 4 members, where cnnmlib
and —4a demonstrated broad expression across vari-
ous tissues. In contrast, cnnmla was strictly confined
to the brain and —4b mostly restricted to the brain, but
also found in heart, intestine and kidney [32]. We found
that salmonids retained all six members inherited from
Euteleosts (cnnmla, —1b, —2b, -3, —4a and —4b) and
retained both Ss4R paralogues for all of them (Fig. 7B and
S1). Similar to findings in the mefugu [32], salmonid-spe-
cific cnnm3 and 4a paralogues were the most abundant
in the Atlantic salmon kidney, followed by —2b and — 45,
while — Ia was very low (Fig. 7B). Similarly, most dis-
played some expression in the intestine, and cnnm3, —4a,
and —2b are the most prominent expressed in the gills.
We observed several Ss4R paralogue-specific differences;
indeed, cnnm4al and —3-1 clearly displayed higher
expression than cnnm4a2 and —3 -2 in the kidneys and
the gills (Fig. 4). Similar differences were also observable
for cnnm4al and —4a2 in the intestine. cnnm4bli, —1a2
and —1b1 generally displayed higher expression in all
tissues than their Ss4R paralogues, while cnnmib2 and
— lal was not detected in the kidney (Fig. 4; cnnmlib2,
-1al not shown). While tissue distribution patterns (e.g.,
gills, intestine and kidney) are quite comparable between
mefugu and Atlantic salmon, two euryhaline species,
several major differences can be observed. First of all,
salmon cnnmla2 seems to be the only known vertebrate
cnnml that is regulated by salinity, as evidenced by a
significant upregulation of expression in BW. It is thus
possible that it illustrates a case of neofunctionalization
between cnnmlal and — 2 paralogues (Fig. 7B). Similarly,
the salmon cnnm4al and —2 paralogues were the only
vertebrates cnnm4 shown to be regulated by salinity, both
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appearing to be significantly upregulated in SW (Fig. 7B).
As both display this response but with different prop-
erties that we are going to address later, it is difficult to
determine whether this is a case of neofunctionalization
or neofunctionalization followed by subfunctionalization.
Further, while cnnm2b is upregulated in FW mefugu,
cnnm2b1/2 (we could not distinguish between Ss4R para-
logues for technical reasons) presents a clear trend to be
upregulated in SW. Consequently, the Cnnm3 paralogues
were the only transporters clearly consistent between
fugu and salmon, and no sign of subfunctionalization was
evident at the level of the kidney. It should be noted that
some of the observed differences in expression patterns
of the Cnnm family observed between salmon and fugu
may reflect that tetradontiform fishes are often primarily
considered to live in the marine and estuarine environ-
ment, while salmonidiformes often spend considerable
time in FW, despite their anadromous life cycle. Finally,
as for the SLC41A1 family, the CNNM family, through
CNNM2 and —3, appears to mainly have a reabsorb-
ing role in mammals and zebrafish (freshwater) [106],
while in euryhaline species such as mefugu and salmon,
it mainly responds to higher salinities [32]. The apparent
de novo recruitment of Cnnml and 4 family members in
salmonids for Mg?" regulation in SW might be part of a
set of innovations to acclimate to SW more rapidly, or
to make the regulation more intricately adaptable and
thereby more plastic.

TRPM6 and —7 are also not well characterized pro-
teins but are believed to be Mg*" channels. In mammals,
TRPMS6 is mostly present in the kidney and intestine
[41, 108], whereas TRPM?7 is ubiquitous. Both appear
important for Mg?" reabsorption. Many mutations in
TRPM6 and one in TRPM?7 have been found to cause
HOMG]I, characterized by intestinal hypomagnesemia
(Figs. 3C and 7C). Expression of both genes in the kid-
ney is conserved among vertebrates, as both are found in
red stingray [101], however only trpmé6 is upregulated in
freshwater red stingray indicating reabsorption function
(Fig. 7C). Interestingly, teleosts also only possess 2 genes,
as both genes lost one Ts3R paralogue (Fig. 7C and S1). In
toadfish both trpmé6 and — 7 are expressed in the kidney
and upregulated in SW [33], indicating a potential role in
excretion (Fig. 7C, see Fig. S3 for amino acid conserva-
tion). In Atlantic salmon, both genes have retained their
Ss4R paralogues, and all four genes are expressed in the
kidney (Fig. 4). While all four have conserved responses to
salinity, clear signs of subfunctionalization, or potentially
neofunctionalization can be detected. Indeed, trpm6-1 is
upregulated in response to increased salinity but only at
a low level (BW but not full-strength SW), while trpm6-2
only displays a trend towards upregulation in BW and is
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downregulated in full-strength SW (Fig. 7C). This makes
conclusions about their relative functions complicated
to propose. trpm7-1 expression increases in BW, while
trpm7-2 strongly increase in both BW and full-strength
SW. trpm?7-1 and — 2 may therefore be involved in excre-
tion but responding to different salinity thresholds. The
function and structure of both Trpmé6 and Trpm?7 chan-
nels appears to be well conserved, particularly in terms of
selectivity and functionality (Fig. 3C). This conservation
suggests a similar function as in the mammalian kidney,
where these channels play vital roles in Mg>" reabsorp-
tion and overall Mg** homeostasis [45, 108, 109]. How-
ever, the activity and function of TRPM6 and TRPM7 are
complex as they can form TRPM6/TRPM7 hetero-oli-
gomers complexes that may alter the channel properties
[35]. Thus, the activity of TRPM6 has been indicated to
be dependent on the expression of TRPM7 [110], while
mutations in TRPM6 appear to induce hypomagnesemia
with secondary hypocalcemia [40].

Differential regulation of Mg2+ transporters during PST
and by environmental salinity in salmonids

Despite some Mg>" transporters specifically respond to
SW exposure, elevated expression of some transport-
ers in FW smolts compared to the control (parr) suggests
a developmental upregulation as a consequence of PST
in response to changes in photoperiod, i.e., day length.
Some Mg?** transporters responded to both developmen-
tal changes and salinity changes, suggesting that some of
the transporters are deployed as a preparatory measure in

(See figure on next page.)
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response to photoperiod, while some are part of an accli-
mation phase once they enter seawater. Overall, these
intricate regulations at the kidney level contribute to avoid
perturbations in plasma Mg?" concentration, as observed
by a very limited short-term Mg>* plasma increase fol-
lowed by a return to normal conditions.

More concretely, we observed that the regulation of
Mg>* transporters in Atlantic salmon during PST and
SW transfer fall into five different categories (Fig. 8).
Several Mg®" transporters are upregulated in response
to SW (categories 1-3, Fig. 8a-c), however, among them,
Mg?* transporters in category 2 are exclusively upregu-
lated in response to SW, while Mg®" transporters in cat-
egories 1 and 3 also are regulated as part of PST. Mg*"
transporters in categories 4 and to some extent 5 (Fig. 8d,
e) are not regulated in response to SW but are exclusively
regulated during PST. Interestingly, Ss4R paralogue pairs
are almost always split between different categories. For
example, while slc41al-1, cnnm4a2 and trpm7-2 are
upregulated both during PST and after SW transfer (cat.
1, Fig. 8a), slc41al-2 is exclusively regulated following
SW transfer (cat. 2, Fig. 8b), and cnnm4al and trpm?7-1
are almost exclusively regulated during PST (cat. 4 and
5, Fig. 8d, e). Intriguingly, trpm?7-1 and — 2 are regulated
in opposite directions during PST: trpm?7-2 is upregu-
lated (Fig. 8a), while its counterpart is slightly down-reg-
ulated (Fig. 8e). These three paralogue pairs are almost
identical in amino acid sequence (Figs. 1, 2 and 3), and
the difference in expression likely relies on differences
in the regulatory regions of genes. Since environmental

Fig. 9 Proposed model for Mg?*reabsorption and secretion pathways in renal proximal tubules of Atlantic salmon (Salmo salar). The
hypothesized models are based on works from mammalian [34, 108, 110] and teleost [30-32, 37, 45] models in conjunction with the expression
profiles for salmon sic41al and — 3, cnnm2, =3 and —4, and trpm6 and — 7 in the current study. The basolateral Na+/K+ - ATPase pump
establishes an electrochemical gradient, that is the driving force required to both reabsorb and secrete Mg?* through the transcellular pathway
against the concentration gradient in FW, BW and SW environments. a FW parr. We propose that in FW, the NKA pump provides the foundation
for inward flow of Mgz* through the apically located channels Trpmé/7 (found at the apical membrane in the distal convoluted tubule (DCT)

in mammals), followed by Mg?" extrusion through the basolateral located Cnnmé4 and Cnnm?2 transporters. Cnnm3 may also be involved,
though their function is unknown in FW fish. Additionally, we propose that the Slc41a1/a3 transporters, as suggested in pufferfish, are responsible
for accumulating Mg?* from the cytosol into vacuoles, which after exocytosis, lead to basolateral Mg?* secretion. Intercellular Mg?* will further be
transported into the blood. A passive paracellular route likely also exists through permeable channels formed by tight junction claudin proteins
(Cldn). In mammals, Cldn16, Cldn19 and Cldn14 are known to be involved at the level of the Thick Ascending limb of Henle’s loop (TAL; [45]),
however only Cldn19 has been found in the fish kidney and more research is needed to characterize the homo- or heterodimeric interaction
between Cldn19 and other unknown claudin isoforms. b BW smolt. As Mg?* concentration increases, fish need to switch from net reabsorption
to net secretion of Mg?*. As the Mg?* concentration gradient across the cells is opposite to the one in FW, we propose that the transcellular
pathway responsible for Mg?* secretion is the exact opposite of the one in FW. Basolateral located CNNM4 transporters drive an inwards flow

of Mg?*". While functional studies are required to verify it role during salinity acclimation, we propose that Trom6/7 may enable secretion of Mg?*
at the apical membrane into the pre-urine. The upregulation of both Cnnm4 and Trpm6/7 indicates a need for increased transport. Apical
secretion would also further be supported by the apical exocytosis of Slc41a1 (upregulated as well)/a3-positive Mg?*-enriched vacuoles (Na*/
Mg?* exchanger). In parallel to this, we suggest that Cnnm2 and Cnnm4, and possibly Cnnm3, extrude Mg?* into the lateral intercellular space

in exchange for Na*. Then Mg?”* likely exits through the claudin-associated paracellular pathway. ¢ SW smolt. While we think the mechanisms in SW
are largely similar to the ones in place in BW, a second set of transporters are upregulated in response to higher Mg?* concentrations in SW. Slc41a3
upregulation would enhance vacuole accumulation and apical secretion of Mg?*, while Chnm2 and 3 upregulation would enhance Mg?* extrusion
to the intercellular space, feeding the paracellular transport pathway
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salinity and Mg”* levels remain low and stable between
the parr and smolt groups during PST (salinity; 0.1 ppt
and Mg>*; 0.021 mM), we propose that the upregulation
in Mg** transporters slic4lal-1, cnnm4a2 and trpm7-2,
may be governed by hormone-driven developmental sig-
nals in response to smoltification-triggered changes in
day length in the smolt group. Indeed, PST is known to
involve preparatory changes in many organs preparing
the animal for increased salinity [111] and these changes
are linked to hormonal changes [10]. Recent evidence has
indicated the presence of similar adaptive switches in the
kidney. Notably, we observed increases in and upregula-
tion of leading candidates for SO,* excretion in the kid-
ney (slc26a6al and slc26ala) during PST [24]. Together
with the upregulation of the Mg?" transporters in the
current study, there is now a growing body of evidence
suggesting that the kidney is under similar hormonal
control as that previously found in the gills, which can
be trigged by photoperiodic manipulation, i.e., seasonal
changes in day length [10, 111, 112].

Salmonids need to tightly regulate Mg?" plasma lev-
els around 0.8-1.3 mM and successfully acclimatize to a
marine environment containing 2500 fold higher Mg*"
levels than in FW. Thus, the increases observed in the
Mg?* transporters within the kidney may have an impor-
tant role in preparing the fish to the rapidly increasing
salinity concentrations entering the marine environment.
Emerging evidence in the mammalian model suggest
involvement of both insulin and growth hormone (GH)
in regulating the SLC41A1 transporter [113, 114] and glu-
cocorticoid (stimulating cortisol release) have been linked
to differential regulation of TRPM6 and TRPM?7 in the
kidney [115]. Given the hormonal regulation observed
in salmonids during PST, which includes changes in both
GH and cortisol levels [10], their potential influence on
Mg?* transporters within the kidney serve as a fruitful
field of research in the future. Thus, sic41al-1, cnnm4a2
and trpm7-2 may all be promising candidates in Atlan-
tic salmon. Interestingly, adult salmon returning to their
natal river to reproduce show preparatory changes of
ion transporters and osmoregulatory capacity, which
probably are under endocrine regulation due to seasonal
changes in day length [116, 117]. It is conceivable that at
least some of the Mg?* transporters regulated in the pre-
sent study likely may display an opposite differential regu-
lation as part preparing for FW and further acclimation
to FW after entering the river. Likewise, catadromous eels
may also be an interesting model for further elucidating
the functional role and regulation of Mg”" transporters.

Salinity thresholds and Mg2+ specificity
We observed differences in salinity thresholds among the
Mg?* transporters responding to salinity changes. Indeed,
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sle41a3a, cnnm2bl, -2b2, -3-1, and —3-2 were sig-
nificantly upregulated by a full strength seawater (SW; 33
ppt) but not by BW (12 ppt) transfer. Similarly, cnnm4a2
only tended to respond to BW, but significantly responded
to SW, while cnnm4al responded significantly to both
salinity levels. This suggests that some Mg>" transporters
require a minimum salinity threshold for their transcrip-
tion to be upregulated. trpm6-1 was significantly upregu-
lated in BW but not SW, while trpmé6-2 only displayed a
trend towards upregulation and was surprisingly down-
regulated in SW. trpm?7-1 appears to only be upregulated
in BW and not in SW while trpm?7-2 clearly responds to
both BW and SW (Fig. 7). It thus appears that paralogs not
only respond differently to photoperiod or salinity in gen-
eral, but also to different levels of salinity. Such regulatory
patterns in response to salinity is consistent with previous
findings for some transporters [23, 33], while our study
is the first to show salmonid-specific paralogs within all
magnesium transporter families.

We also observed variation in gene response to
changes in Mg®* concentrations in the water, which again
could differ between Ss4R paralogues. The response of
slc4lal-1, sic41al-2 and trpm?7-2 is significantly altered
after Mg”" reduction in BW. The response of slc4lal-2
and trpm7-2 is entirely abolished, whereas the response
of slc4lal-1 appears to be dose-dependent. Moreover,
while cnnm4al and trpmé6-1 both significantly respond
to BW, cnnm4a2 and trpmé6-2 only respond to Mg**
reduced BW, indicating they might respond to lower
Mg>* levels rather than salinity in general. Finally, the
response of slc4la3a, cnnm3-1, and —2 was not sig-
nificantly altered by Mg®* depletion in the water. It is
important to note that functional studies are needed
to gain a more comprehensive understanding of these
mechanisms. Nonetheless, our findings suggests that the
response of slc41al-1 is very specific to changes in mag-
nesium (dose dependent) while others, like slc41al-2
and trpm?7-2, need a higher magnesium threshold before
they respond (respond to 49.4 and 16.55 mM magnesium
but not at 9.28 mM; see Table 1). Further, the response
of slc4la3a, cnnm3-1, and —2 is not directly affected
by Mg?>* abundance but by overall salinity changes.
For some transporters this is in line with the response
observed in toad fish, which proposed that both elevated
salinity and Mg?" concentrations in combination was
necessary to induce regulation [33]. However, our data
reflects nuances in regulation of Mg”" transporters, pos-
sibly equipping Atlantic salmon with a very diverse and
plastic toolkit when preparing and/or acclimating to a
new environment. In conclusion, our results indicate that
the gene regulation for some transporters specifically
respond to Mg”" ions, but in-depth functional in vivo and
in vitro studies on euryhaline species are required.
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Mg?*transporters and euryhalinity - a proposed model

for the subcellular localization and the role of transporters

The Slc4la and Cnnm transporters in fishes have further
been characterized at the cellular and subcellular lev-
els by in situ hybridization and immunohistochemistry
analyzes. Slc41al, -a3, cnnm?2, —3 and —4, all suspected
to be Na*/Mg”" exchangers and were all shown to be
expressed proximal tubules of the kidney [31, 69, 118].
However, their subcellular localizations appear to differ.
Slc4lal and Slc41la3 SW pufferfish were found on the
membrane of subapical vesicles, whereas the Cnnm?2 and
— 3 were detected on lateral membranes and the Cnnm4
was found more basolateral ([31, 32], Fig. 9). Therefore,
Slc4lal and Cnnm3, proposed as the main regulators of
magnesium in SW kidney, would both secrete Mg** but
through different mechanisms at different subcellular
localizations, e.g., Slc4lal likely secretes Mg>™ through
exocytosis via the apical membrane, while Cnnm3
appears to be important in lateral Mg?* extrusion (Fig. 9).

In the FW goldfish the kidney can change its transport
direction when given a high Mg?" diet, shifting from net
reabsorption to net secretion [103]. This suggest that
Slc41al, and potentially Slc41a3, may have dual roles in
responding to salinity levels from dietary and/or environ-
mental sources, adapting specifically to meet the animal’s
requirement within its habitat (FW vs. SW and terrestrial
vs. aquatic). This scenario is also proposed for euryhaline
fishes like mefugu [31]. Thus, we propose that in Atlan-
tic salmon, Slc4lal-1, -al-2, and -a3a, are involved in
intracellular accumulation of Mg?" in vacuoles, and that
these vacuoles are either routed to the basal side in FW
to contribute to Mg®" reabsorption (Fig. 9A), or to the
apical membrane in BW and SW to enable secretion of
Mg** (Fig. 9B, C). Regarding the differential regulation
of paralogues, we propose that slc4lal-1 is first upregu-
lated during PST as a preparative measure, enabling an
immediate and sufficient response to salinity changes,
followed by a further increase in slc41al-1 expression
when the animal does encounter higher salinity. Moreo-
ver, slc41al-1 may further be aided by the upregulation
of slc41al-2 and sic41a3a, which is required to remove
sustained high Mg?" concentrations as they enter the
marine environment. We hypothesize that these may also
be associated with apical-directed vacuolar transport, a
mechanism that was first proposed by earlier physiologi-
cal studies in marine fish [26, 30] and later supported by
molecular studies in pufferfish [31].

Similar to the SLC family members, Cnnm3 is thought
to have a secretory function for Mg?* in euryhaline fugu
and toadfish. If so, the Slc41 paralogues would be central
in the transcellular pathway while Cnnm3 would more sup-
port an additional paracellular secretion [32]. The increase
of cnnm3-1 and — 2 after SW exposure in Atlantic salmon
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is consistent with these interpretations. Previous findings
suggest that Cnnm3 is important for lateral Mg>" extru-
sion. We therefore propose that Cnnm3-1 and —2 always
extrude Mg®* on the lateral membrane, however, it should
be noted that the transcellular pathway has a different ori-
entation in FW vs. BW and SW (Fig. 9A versus B, C), which
contribute to either reabsorption or secretion of Mg,
CNNM2 and —4 are highly expressed in renal distal
convoluted tubule cells at the basolateral membrane, and
they are thought to be the most likely basolateral trans-
porters responsible for mediating Mg”* transport [118,
119]. CNNM2 is important for reabsorption in mam-
mals, euryhaline fugu and stingray, however upregulation
of Cnnm2b1/2 in Atlantic salmon during PST, indicate it
might be part of the preparatory changes prior to entering
higher salinity environment. Similar to the role of Cnnm3-1
and —2, we propose that Cnnm2b1/2 may be involved in
extruding Mg”" on the lateral membrane and contribute
to the paracellular pathway (Fig. 9). CNNM4 is expressed
in the kidney of humans and euryhaline fugu but have
never been shown to be regulated by food intake or salinity
changes. We therefore suggest that the observed upregula-
tion of the cnnm4a paralogues in response to PST and SW
transfer may be an evolutionary innovation. Furthermore,
cnnm4al seems to be only involved in preparatory changes
during PST, whereas cnnm4a2 also is upregulated in
response to elevated salinity. Based on our current under-
standing, it is probable that these transporters have dual
functions in euryhaline fish, allowing them to adapt and
switch the transport direction of Mg?" ions in accordance
to the animals surrounding environment (salinity levels in
food and/or environment). Such compensatory mecha-
nisms are likely to be particularly robust in euryhaline
fish, such as Atlantic salmon, which experience substantial
changes in salinity during their life cycle. Thus, it is plausi-
ble that these transporters facilitate the removal of excess
Mg*" from the extracellular space into the intracellular
space in high salinity environments where it can further
be transported through the apical and lateral transporters
Slc41al/Slc41a3 and Cnnm3, respectively (Fig. 9). Future
functional studies on all these transporters are required
to verify our hypothesized cellular model in fish, and if a
directional shift in Mg®* transport (reabsorption to secre-
tion) is possible as Mg?" concentrations in and around the
nephron cells significantly change during SW transitions.
In human and zebrafish, TRPM6 and 7 are thought to be
involved in renal Mg®* reabsorption. In mammals, these
Mg?* - channel proteins mainly contribute to reabsorption,
presumably by facilitating apical Mg?* entry in the distal
tubules [28, 45, 108, 120]. Both trpm6 and — 7 expression
are upregulated toadfish exposed to SW [33]. Similarly, we
observed a significant increase in the salmonid-specific
trpm7-2 paralogue during PST and SW acclimation, while
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trpm6-1 and trpm7-1 only responded to BW, and trpm6-2
only respond to BW-M and only slightly increased during
PST. Our findings together with Hansen and co-authors
(33] clearly suggest a role in Mg?" secretion in SW;, at least
for trpm?7. It is important to note that TRPM6 and TRPM7
have been referred to as the TRPM6/7 complexes, which
enables constant supply of Mg®" regardless of the physi-
ological state. Furthermore, TRPM6 has been proposed to
have a modulating effect on the function of TRPM7, whilst
the channel activity of TRPM?7 is tightly controlled by
cytosolic Mg?" and Mg*ATP [44]. In the current study the
transcriptional pattern of the ¢frpm7-1 in Atlantic salmon,
appears to be non-responsive in Mg?" depleted BW (9.28
mM) while responding to higher Mg** levels in both BW
(16.6 mM) and SW (49.4 mM). We therefore suggest that
these transporters are involved in Mg®" reabsorption in
FW (Fig. 9A) and may have the capacity to facilitate trans-
port in the reverse direction, potentially supporting Mg>"
excretion in BW and SW acclimated fish (Fig. 9B, C). The
differential response to Mg?" concentrations in the water,
also suggest that these channels may be upregulated in
response to environmental Mg”" levels. Nevertheless, it
is important to note that this hypothesis requires valida-
tion through dedicated functional and immunolocaliza-
tion studies at the protein and cellular level, particularly in
euryhaline species. Even in mammals the exact Mg*" regu-
latory mechanisms are not fully understood, and despite
identifying several important Mg>* transporters and regu-
lators the last decade, our knowledge of their physiological
relevance is still limited [28].

Magnesium transporters and kidney disease

Mutations in SLC41A1 have been shown to be associ-
ated with NPHPL2, with an early onset of degeneration of
kidney structure, including periglomerular fibrosis, tubu-
lar ectasia, tubular basement membrane disruption, and
tubulointerstitial infiltrations [38]. slc41al knock-down in
zebrafish also results in kidney cysts [38]. HOMGSMR1
and HOMG6 are caused by mutations in CNNM2 and
are characterized by low plasma magnesium and abnor-
mally high renal excretion of magnesium associated with
neurological disorders [43, 69]. Similarly, morpholino
knockdown of zebrafish cnnm2a and -b both resulted in
decreased total body Mg®* levels, and cnnm2a KO also
caused renal cysts [69]. TRPM6 and 7 are involved in
HOMG]I, characterized by hypomagnesemia with second-
ary hypocalcemia and is associated with calcinosis (stones)
in several organs, including kidneys [41]. Mutations in
CLDN16 and —19 also cause hypomagnesemia, associated
with hypercalciuria and nephrocalcinosis (HOMG3 and 5
[121]), . Similar physiological disturbances as that observed
in mammals have been observed in Atlantic salmon where
development of kidney stones (termed nephrocalcinosis)
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with severe consequences for the animal [122, 123]. Yet,
the molecular and physiopathological mechanisms under-
lying nephrocalcinosis remains unclear [4]. Our results
indicate that paralogues of the genes involved in kid-
ney Mg”" regulation share key structural and functional
domains and residues in the human version. Thus, the
conserved function and disease related sites indicate that
Atlantic salmon could be used as model organism in both
functional and disease related research.

Conclusion and perspectives

Magnesium homeostasis is a universally central require-
ment at a cellular and systemic level, yet the molecular
bases of Mg?" transport in vertebrates have only been
identified in the last decade. A growing number of stud-
ies, including the present one, have begun to reveal the
broad conservation of the Mg?" transporter genes and
their regulation in mammals and teleosts species. Tel-
eosts, with their ability to occupy diverse environments
that vary widely in Mg?" content, serve as valuable mod-
els for studying Mg”>" regulation and physiopathology
related to perturbations in Mg®* homeostasis. While
zebrafish are a stenohaline freshwater species, many tele-
ost species, including salmonids, have evolved the capac-
ity to transition between different salinities. Therefore,
studying the evolution of Mg?" transporters/channels
and their regulation, can highlight important conserved
mechanisms and provide insights into adaptive innova-
tions through the evolution of vertebrates. In particular,
additional rounds of duplication in teleost, especially
in salmonids, are a source of neo-and subfunctionali-
zation events that can be associated with evolutionary
innovations. To conclude, beyond describing the biol-
ogy of Atlantic salmon, we believe these results further
help establish salmon as a relevant biological model to
understand endogenous and exogenous regulation of
ion homeostasis. Through analysis of recently duplicated
paralogous genes we may dissect how genome evolution
can provide tools for new evolutionary adaptions. Func-
tional studies will be the next step on this path.
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Additional file 1: Fig. S1. Evolutionary scenarios proposed to account for
the magnesium transporter gene repertoire in extant vertebrate groups.
For a set of representative vertebrate species, genes from the SLC41 (A),
CNNM (B) and TRPM1/3/6/7 (C) present in the genome were displayed
as filled squares. The color code used indicates the orthology relation-
ships inferred from the phylogenetic and synteny analyses, with black
squares indicating a suggested pre-2WGD common ancestor. We have
decided to represent the teleost- and salmonid-specific paralogues with
the same color as their pre-Ts3R or -Ss4R WGD orthologues, for simplic-
ity. Chromosomal linkage is represented by a shared gray line between
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several genes. Proposed gene losses and gains along the evolution of the
different groups were then mapped on the phylogenetic tree connecting
the species. The putative gene repertoire in the common ancestor after
aWGD is also presented in a box in the proximity of the corresponding
event on the tree.

Additional file 2: Fig. S2. Relative gene expression levels and plasma ion
concentrations in the kidney of Atlantic salmon during parr-smolt trans-
formation (FW; 0.1 ppt) and seawater (SW; 35 ppt) acclimation. Relative
expression levels in the kidney of Atlantic salmon during parr-smolt trans-
formation (PST; 0.01 ppt) and seawater (SW; 35 ppt) acclimation. Complete
figure containing all the studied genes (not all are included in the main
text). a:cnnm1b1, b:cnnm1a2, ¢ slc41a2a, d: slcd1a2b1, e: slc41a2b2 and
f: slc41a2b2X3. Different letters denote statistically significant difference
between time points within the parr (red) and smolt (FW: light blue, SW:
dark blue) groups. An asterisk (*) indicates significant differences between
parr and smolt groups tat a given time point. Note that the parr group
(control) remains in freshwater throughout the experimental period. Data
is presented as mean + sem (n = 8-10).

Additional file 3: Fig. S3. Relative gene expression levels and plasma ion
concentrations in the kidney of Atlantic salmon exposed to freshwater,
brackish water (BW) acclimation. Relative expression levels in the kidney
of Atlantic salmon exposed to freshwater, brackish water (BW) acclimation.
Complete figure containing all the studied genes (not all are included in
the main text). a: slc41a2a, b: slc41a2b1, c:slc41a2b2, d: cnnm2b-1/2, e:
cnnm1b and f: slc41a2ax3. Different letters indicate statistically significant
differences between freshwater (FW; red), brackish water (BW; dark green)
and membrane nano-filtrated brackish water (BW-M; light green). Data is
presented as mean + sem (n = 8-10).

Additional file 4: Fig. S4. Evolutionary conservation of aminoacid residues
across vertebrates in the SLC41 (A) and CNNM (B) families. Complete
figure containing all the studied species (not all are included in the main
text).

Additional file 5: Fig. S5. Evolutionary conservation of amino acid residues
across vertebrates in the TRPM6/7 family. Complete figure containing all
the studied species (not all are included in the main text).

Acknowledgements

The authors would like to thank the technical staff at Nofima Sunndalsera
for good care of the experimental fish and RAS operation and Karen Nessler
Seglem and Margit Ertresvag Jakobsen that were project leaders for Fiizk at
the time the project was realized. The authors would also like thank Marius
Nilsen (Norwegian Research Center AS) for assisting in data processing and
statistical analysis for both Experiment 1 and 2.

Authors’ contributions

M.T drafted the first version of the manuscript. E.D and T.N actively contributed
in writing and reviewing the manuscript while JK, V.T, N.G commented on
several versions of the manuscript. M.T, E.D, V.T and TN acquired and analyzed
the data. All figures were made by E.D, M.T and T.N. Funding for the study was
acquired by TN and JK. All authors reviewed and approved the submitted
version.

Funding

Open access funding provided by University of Bergen. The study was

funded by the Norwegian Research Council (Project happy salmon; NOR-
DFORSK-332568). Experiment 2 was financed by the Research Council of
Norway as a part of the project “Nanofiltered intake water to RAS for improved
health and welfare of Atlantic salmon postsmolt.” (project number 296739).

Data availability

All data generated or analyzed during this study and the supplementary infor-
mation are available in the submitted version. The Salmo salar genome DNA
and protein sequencing data have been used from the most recent genome
release Ssal_v3.1/GCA_905237065.2.

Page 24 of 27

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Biological Sciences, University of Bergen, Bergen, Norway.
2NORCE, Norwegian Research Center, NORCE Environment and Climate,
Bergen, Norway. 3Faculty of Biosciences, Fisheries and Economics, The Arctic
University of Norway, Tromsg 9037, Norway.

Received: 18 December 2023 Accepted: 14 November 2024
Published online: 29 November 2024

References

1. Evans DH, Piermarini PM, Choe KP. The multifunctional fish gill: domi-
nant site of gas exchange, osmoregulation, acid-base regulation, and
excretion of nitrogenous waste. Physiol Rev. 2005;85(1):97-177.

2. Marshall WS. 2006. lon transport, osmoregulation, and acid-base bal-
ance. Physiolo Fishes. pp.179-230.

3. Takvam M, Wood CM, Kryvi H, Nilsen TO. lon transporters and
osmoregulation in the kidney of teleost fishes as a function of salinity.
Front Physiol. 2021;12:664588.

4. Takvam M, Wood CM, Kryvi H, Nilsen TO. Role of the kidneys in acid-
base regulation and ammonia excretion in freshwater and seawater
fish: implications for nephrocalcinosis. Front Physiol. 2023;14:1226068.

5. Whittamore JM. Osmoregulation and epithelial water transport:
lessons from the intestine of marine teleost fish. J Comp Physiol B.
2012;182(1):1-39.

6. Hickman CP Jr, Trump BF. The kidney. Fish Physiol. 1969;1:91-227. Ed by
WS Hoar, DJ Randall.

7. Beyenbach KW. Kidneys sans glomeruli. Am J Physiology-Renal Physiol.
2004,286(5):F811-27.

8. Schultz ET, McCormick SD. Euryhalinity in an evolutionary context. Fish
Physiol. 2012,32:477-533.

9. Hoar WS. 4 the physiology of smolting salmonids. Fish Physiol.
1988;11:275-343.

10. Bjornsson BT, Stefansson SO, McCormick SD. Environmental endocrinol-
ogy of salmon smoltification. Gen Comp Endocrinol. 2011;170(2):290-8.

11, Sundell KS, Sundh H. Intestinal fluid absorption in anadromous sal-
monids: importance of tight junctions and aquaporins. Front Physiol.
2012,3:388.

12. McCormick SD, Regish AM, Christensen AK, Bjérnsson BT. Differen-
tial regulation of sodium-potassium pump isoforms during smolt
development and seawater exposure of Atlantic salmon. J Exp Biol.
2013;216(7):1142-51.

13. McCormick SD. Smolt physiology and endocrinology. In: McCormick
SD, Farrell AP, Brauner CJ (Eds.). Fish Physiology. vol. 32. Academic Press;
2012. pp. 199-251.

14. Houston RD, Macqueen DJ. Atlantic salmon (Salmo salar L.) genetics
in the 21st century: taking leaps forward in aquaculture and biological
understanding. Anim Genet. 2019;50(1):3-14.

15. Bailey GS, Poulter RT, Stockwell PA. Gene duplication in tetraploid fish:
model for gene silencing at unlinked duplicated loci. Proc Natl Acad Sci.
1978;75(11):5575-9.

16. Lien S, Koop BF, Sandve SR, Miller JR, Kent MP, Nome T, Hvid-
sten TR, Leong JS, Minkley DR, Zimin A, Grammes F. The Atlantic
salmon genome provides insights into rediploidization. Nature.
2016,;533(7602):200-5.

17. Lorgen M, Casadei E, Krél E, Douglas A, Birnie MJ, Ebbesson LO, Nilsen
TO, Jordan WC, Jergensen EH, Dardente H, Hazlerigg DG. Functional



Takvam et al. BMC Genomics

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

(2024) 25:1156

divergence of type 2 deiodinase paralogs in the Atlantic salmon. Curr
Biol. 2015;25(7):936-41.

Nilsen TO, Ebbesson LO, Madsen SS, McCormick SD, Andersson E,
Bjornsson BT, Prunet P, Stefansson SO. Differential expression of gill
Na™, K+-ATPasea-and B-subunits, Na*, K, 2Cl-cotransporter and CFTR
anion channel in juvenile anadromous and landlocked Atlantic salmon
Salmo salar. J Exp Biol. 2007;210(16):2885-96.

McCormick SD, Regish AM, Christensen AK. Distinct freshwater and
seawater isoforms of Na*/K*-ATPase in gill chloride cells of Atlantic
salmon. J Exp Biol. 2009;212(24):3994-4001.

Madsen SS, Olesen JH, Bedal K, Engelund MB, Velasco-Santamaria YM,
Tipsmark CK. Functional characterization of water transport and cellular
localization of three aquaporin paralogs in the salmonid intestine. Front
Physiol. 2011;2:56.

Sundh H, Nilsen TO, Lindstrém J, Hasselberg-Frank L, Stefansson SO,
McCormick SD, Sundell K. Development of intestinal ion-transporting
mechanisms during smoltification and seawater acclimation in Atlantic
salmon Salmo salar. J Fish Biol. 2014;85(4):1227-52.

Madsen SS, Engelund MB, Cutler CP. Water transport and functional
dynamics of aquaporins in osmoregulatory organs of fishes. Biol Bull.
2015;229(1):70-92.

Madsen SS, Bollinger RJ, Brauckhoff M, Engelund MB. Gene expression
profiling of proximal and distal renal tubules in Atlantic salmon (Salmo
salar) acclimated to fresh water and seawater. Am J Physiology-Renal
Physiol. 2020;319(3):F380-93.

Takvam M, Denker E, Gharbi N, Kryvi H, Nilsen TO. Sulfate homeo-
stasis in Atlantic salmon is associated with differential regulation

of salmonid-specific paralogs in gill and kidney. Physiological Rep.
2021;9(19):215059.

Romani AM. Cellular magnesium homeostasis. Arch Biochem Biophys.
2011;512(1):1-23.

Beyenbach KW. Renal handling of magnesium in fish: from whole ani-
mal to brush border membrane vesicles. Front Bioscience-Landmark.
2000;5(3):712-9.

de Baaij JH, Hoenderop JG, Bindels RJ. Regulation of magnesium
balance: lessons learned from human genetic disease. Clin Kidney J.
2012;5(Suppl1)i15-24.

de Baaij JH. Magnesium reabsorption in the kidney. Am J Physiology-
Renal Physiol. 2023;324(3):F227-44.

Giménez-Mascarell P, Gonzélez-Recio |, Fernandez-Rodriguez C,
Oyenarte |, Miller D, Martinez-Chantar ML, Martinez-Cruz LA. Current
structural knowledge on the CNNM family of magnesium transport
mediators. Int J Mol Sci. 2019;20(5):1135.

Renfro JL. Recent developments in teleost renal transport. J Exp Zool.
1999;283(7):653-61.

Islam Z, Hayashi N, Yamamoto Y, Doi H, Romero MF, Hirose S, Kato A.
Identification and proximal tubular localization of the Mg”* transporter,
Slc41al, in a seawater fish. Am J Physiology-Regulatory Integr Comp
Physiol. 2013;305(4):R385-96.

Islam Z, Hayashi N, Inoue H, Umezawa T, Kimura Y, Doi H, Romero MF,
Hirose S, Kato A. Identification and lateral membrane localization of
cyclin M3, likely to be involved in renal Mg?* handling in seawater fish.
Am J Physiology-Regulatory Integr Comp Physiol. 2014;307(5):R525-37.
Hansen NGW, Madsen SS, Brauckhoff M, Heuer RM, Schlenker LS, Enge-
lund MB, Grosell M. Magnesium transport in the aglomerular kidney of
the Gulf toadfish (Opsanus beta). J Comp Physiol B. 2021;191(5):865-80.
Ellison DH, Maeoka Y, McCormick JA. Molecular mechanisms of renal
magnesium reabsorption. J Am Soc Nephrol. 2021;32(9):2125-36.
Franken GAC, Huynen MA, Martinez-Cruz LA, Bindels RIM, de Baaij

JHF. Structural and functional comparison of magnesium transporters
throughout evolution. Cell Mol Life Sci. 2022;79(8):p.418.n.

Arjona FJ, Chen YX, Flik G, Bindels RJ, Hoenderop JG. Tissue-specific
expression and in vivo regulation of zebrafish orthologues of mam-
malian genes related to symptomatic hypomagnesemia. Pfligers
Archiv-European J Physiol. 2013;465:1409-21.

Arjona FJ, Latta F, Mohammed SG, Thomassen M, van Wijk E, Bindels RJ,
Hoenderop JG, de Baaij JH. SLC41AT1 is essential for magnesium homeo-
stasis in vivo. Pfligers Archiv-European J Physiol. 2019;471:845-60.
Hurd TW, Otto EA, Mishima E, Gee HY, Inoue H, Inazu M, Yamada H, Hal-
britter J, Seki G, Konishi M, Zhou W. Mutation of the Mg?* transporter

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Page 25 of 27

SLC41A1 results in a nephronophthisis-like phenotype. J Am Soc
Nephrol. 2013;24(6):967-77.

Franken GA, Seker M, Bos C, Siemons LA, van der Eerden BC, Christ A,
Hoenderop JG, Bindels RJ, Mller D, Breiderhoff T, de Baaij JH. Cyclin M2
(CNNM2) knockout mice show mild hypomagnesaemia and develop-
mental defects. Sci Rep. 2021;11(1):1-12.

Chubanov V, Waldegger S, Schnitzler MMY, Vitzthum H, Sassen

MC, Seyberth HW, Konrad M, Gudermann T. Disruption of TRPM6/
TRPM7 complex formation by a mutation in the TRPM6 gene causes
hypomagnesemia with secondary hypocalcemia. Proc Natl Acad Sci.
2004;101(9):2894-9.

Schlingmann KP, Weber S, Peters M, Niemann Nejsum L, Vitzthum H,
Klingel K, Kratz M, Haddad E, Ristoff E, Dinour D, Syrrou M, Nielsen S,
Sassen M, Waldegger S, Seyberth HW, Konrad M. Hypomagnesemia
with secondary hypocalcemia is caused by mutations in TRPM6, a new
member of the TRPM gene family. Nat Genet. 2002;31(2):166-70.
Quamme GA. Molecular identification of ancient and modern
mammalian magnesium transporters. Am J Physiol Cell Physiol.
2010,298(3):.C407-29.

Stuiver M, Lainez S, Will C, Terryn S, Gunzel D, Debaix H, Sommer K, Kop-
plin K, Thumfart J, Kampik NB, Querfeld U, Willnow TE, Nemec V, Wagner
CA, Hoenderop JG, Devuyst O, Knoers NVAM, Bindels RJ, Meij IC, Muller
D. CNNM2, encoding a basolateral protein required for renal Mg?*
handling, is mutated in dominant hypomagnesemia. Am J Hum Genet.
2011,88(3):333-43.

Ferioli S, Zierler S, Zail3erer J, Schredelseker J, Gudermann T, Chubanov
V. TRPM6 and TRPM?7 differentially contribute to the relief of hetero-
meric TRPM6/7 channels from inhibition by cytosolic Mg?* and Mg-
ATP. Sci Rep. 2017;7(1):1-19.

Schlingmann KP, Waldegger S, Konrad M, Chubanov V, Guder-

mann T. TRPM6 and TRPM7—Gatekeepers of human magnesium
metabolism. Biochim et Biophys Acta (BBA)-Molecular Basis Disease.
2007;1772(8):813-21.

Stefansson SO, Bjdmsson BT, Hansen T, Haux C, Taranger GL, Saunders
RL. Growth, parr-smolt transformation, and changes in growth
hormone of Atlantic salmon (Salmo salar) reared under different
photoperiods. Can J Fish Aquat Sci. 1991;48(11):2100-8.

Ytrestoyl T, Sveen L, Krasnov A, Dalum AS, Kolarevic J. Nanofiltra-

tion of intake water in RAS: Effect on fish performance, health and
welfare. Nofima rapportserie. 2022.

Takvam M, Sundell K, Sundh H, Gharbi N, Kryvi H, Nilsen TO. 2023.
New wine in old bottles: Modification of the Na*/K*-ATPase enzyme
activity assay and its application in salmonid aquaculture. Rev. Aquac.
2023; 1-12. https://doi.org/10.1111/raq.12887

Solovyev V, Director of, Bioinformatics. Statistical approaches in
eukaryotic gene prediction. Handbook of statistical genetics. 2004.
Nguyen NTT, Vincens P, Dufayard JF, Crollius R, H. and, Louis

A. Genomicus in 2022: comparative tools for thousands of

genomes and reconstructed ancestors. Nucleic Acids Res.
2022;50(D1):D1025-31.

Chomczynski P. A reagent for the single-step simultaneous isolation
of RNA, DNA and proteins from cell and tissue samples. Biotech-
niques. 1993;15:532-7.

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M,
Mueller R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J. The MIQE
Guidelines: Minimum Information for Publication of Quantitative
Real-Time PCR Experiments. 2009.

Xie F, Xiao P, Chen D, Xu L, Zhang B. miRDeepFinder: a miRNA
analysis tool for deep sequencing of plant small RNAs. Plant Mol Biol.
2012;80:75-84.

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of
stable housekeeping genes, differentially requlated target genes and
sample integrity: BestKeeper—Excel-based tool using pair-wise cor-
relations. Biotechnol Lett. 2004;26:509-15.

Andersen CL, Jensen JL, @rntoft TF. Normalization of real-time quanti-
tative reverse transcription-PCR data: a model-based variance estima-
tion approach to identify genes suited for normalization, applied to
bladder and colon cancer data sets. Cancer Res. 2004;64(15):5245-50.
Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe
A, Speleman F. Accurate normalization of real-time quantitative


https://doi.org/10.1111/raq.12887

Takvam et al. BMC Genomics

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

(2024) 25:1156

RT-PCR data by geometric averaging of multiple internal control
genes. Genome Biol. 2002;3(7):1-12.

Silver N, Best S, Jiang J, Thein SL. BMC Molecular Biology Selec-

tion of housekeeping genes for gene expression studies in human
reticulocytes using real-time PCR. BMC Molecular Biology Selection
of housekeeping genes for gene expression studies in human reticu-
locytes using real-time PCR. 2006.

Olsvik PA, Lie KK, Jordal AEO, Nilsen TO, Hordvik I. Evaluation of
potential reference genes in real-time RT-PCR studies of Atlantic
salmon. BMC Mol Biol. 2005;6(1):1-9.

Fleig A, Schweigel-Réntgen M, Kolisek M. Solute carrier family SLC41:
what do we really know about it? Wiley Interdiscip Rev: Membrane
Transp Signal. 2013;2(6):227-39.

Wabakken T, Rian E, Kveine M, Aasheim HC. The human solute carrier
SLC41A1 belongs to a novel eukaryotic subfamily with homology to
prokaryotic MgtE Mg®* transporters. Biochem Biophys Res Commun.
2003;306(3):718-24.

Wang L, Cheng L, Li NN, Yu WJ, Sun XY, Peng R. Genetic analysis of
SLC41A1 in Chinese Parkinson’s disease patients. Am J Med Genet
Part B: Neuropsychiatric Genet. 2015;168(8):706-11.

Madadi F, Khaniani MS, Shandiz EE, Ayromlou H, Najmi S, Emamali-
zadeh B, Taghavi S, Jamshidi J, Tafakhori A, Shahidi GA, Darvish H.
Genetic analysis of the ZNF512B, SLC41A1, and ALDH2 polymor-
phisms in Parkinson’s Disease in the Iranian Population. Genetic Test
Mol Biomarkers. 2016;20(10):629-32.

Lin CH, Wu YR, Chen WL, Wang HC, Lee CM, Lee-Chen GJ, Chen

CM. Variant R244H in Nat/Mg?* exchanger SLC41A1 in Taiwanese
Parkinson’s disease is associated with loss of Mg?* efflux function.
Parkinsonism Relat Disord. 2014;20(6):600-3.

Tucci A, Nalls MA, Houlden H, ReveszT, Singleton AB, Wood NW, Hardy
J, Paisdn-Ruiz C. Genetic variability at the PARK16 locus. Eur J Hum
Genet. 2010;18(12):1356-9.

Kolisek M, Sponder G, Mastrototaro L, Smorodchenko A, Launay P,
Vormann J, Schweigel-Réntgen M. Substitution p. A350V in Na*/Mg**
exchanger SLC41A1, potentially associated with Parkinson'’s disease, is a
gain-of-function mutation. PLoS ONE. 2013;8(8):e71096.

Yan Y, Tian J, Mo X, Zhao G, Yin X, Pu J, Zhang B. Genetic variants in the
RAB7L1 and SLC41A1 genes of the PARK16 locus in Chinese Parkinson’s
disease patients. Int J Neurosci. 2011;121(11):632-6.

ChenYS, Kozlov G, Moeller BE, Rohaim A, Fakih R, Roux B, Burke JE,
Gehring K. Crystal structure of an archaeal CorB magnesium trans-
porter. Nat Commun. 2021;12(1):4028.

Kostantin E, Hardy S, Valinsky WC, Kompatscher A, de Baaij JH,
ZolotarovY, Landry M, Uetani N, Martinez-Cruz LA, Hoenderop JG,
Shrier A. Inhibition of PRL-2- CNNM3 protein complex formation
decreases breast cancer proliferation and tumor growth. J Biol Chem.
2016;291(20):10716-25.

Arjona FJ, De Baaij JH, Schlingmann KP, Lameris AL, Van Wijk E, Flik G,
Regele S, Korenke GC, Neophytou B, Rust S, Reintjes N. CNNM2 muta-
tions cause impaired brain development and seizures in patients with
hypomagnesemia. PLoS Genet. 2014;10(4):e1004267.

Zhang H,Wu, Jiang Y. CNNM2-Related disorders: phenotype and its
severity were associated with the Mode of inheritance. Front Pead.
2021;9:699568.

. Tseng MH, Yang SS, Sung CC, Ding JJ, Hsu YJ, Chu SM, Lin SH. Novel

CNNM2 mutation responsible for autosomal-dominant hypomagne-
semia with seizure. Front Genet. 2022;13:875013.

Petrakis |, Drosataki E, Stavrakaki |, Dermitzaki K, Lygerou D, Konidaki M,
Pleros C, Kroustalakis N, Maragkou S, Androvitsanea A, Stylianou |. The
p. Pro482Ala variant in the CNNM2 gene causes severe hypomagne-
semia amenable to treatment with spironolactone. Int J Mol Sci.
2022,23(13):7284.

Bamhraz AA, Franken GAC, de Baaij JHF, Rodrigues A, Grady R, Deveau
S, Chanchlani R. Diagnostic dilemma in an adolescent girl with an
eating disorder, intellectual disability, and Hypomagnesemia. Nephron.
2021;145(6):717-20.

Wang L, Zhang H, Luo J, Qi F, Liu Y, Zhang K, Gao Z. Analysis of CNNM2
gene variant in a child with hypomagnesemia, seizures, and mental
retardation syndrome. Zhonghua Yi Xue Yi Chuan Xue Za Zhi = Zhong-
hua Yixue Yichuanxue Zazhi = Chin J Med Genet. 2023:40(8):1004-8.

75.

76.

77.

78.

79.

80.

82.

84.

85.

86.

87.

88.

89.

90.

o1

92.

Page 26 of 27

Polok B, Escher P, Ambresin A, Chouery E, Bolay S, Meunier |, Nan F,
Hamel C, Munier FL, Thilo B, Mégarbané A. Mutations in CNNM4 cause
recessive cone-rod dystrophy with amelogenesis imperfecta. Am J
Hum Genet. 2009:84(2):259-65.

Parry DA, Mighell AJ, El-Sayed W, Shore RC, Jalili IK, Dollfus H,
Bloch-Zupan A, Carlos R, Carr IM, Downey LM, Blain KM. Mutations

in CNNM4 cause Jalili syndrome, consisting of autosomal-recessive
cone-rod dystrophy and amelogenesis imperfecta. Am J Hum Genet.
2009;84(2):266-73.

Coppieters F, Van Schil K, Bauwens M, Verdin H, De Jaegher A, Syx D,
Sante T, Lefever S, Abdelmoula NB, Depasse F, Casteels I. Identity-by-
descent-guided mutation analysis and exome sequencing in consan-
guineous families reveals unusual clinical and molecular findings in
retinal dystrophy. Genet Sci. 2014;16(9):671-80.

Rahimi-Aliabadi S, Daftarian N, Ahmadieh H, Emamalizadeh B, Jamshidi
J, Tafakhori A, Ghaedi H, Noroozi R, Taghavi S, Ahmadifard A, Alehabib
E. A novel mutation and variable phenotypic expression in a large con-
sanguineous pedigree with Jalili syndrome. Eye. 2016;30(11):1424-32.
Lopez Torres LT, Schorderet D, Valmaggia C, Todorova M. A novel
mutation in CNNM 4 (G492C) associated with Jalili syndrome. Acta
Ophthalmol, 2015;93.

Abu-Safieh L, Alrashed M, Anazi S, Alkuraya H, Khan AO, Al-Owain M,
Al-Zahrani J, Al-Abdi L, Hashem M, Al-Tarimi S, Sebai MA. Autozygome-
guided exome sequencing in retinal dystrophy patients reveals
pathogenetic mutations and novel candidate disease genes. Genome
Res. 2013;23(2):236-47.

Prasad MK, Geoffroy V, Vicaire S, Jost B, Dumas M, Le Gras S, Switala M,
Gasse B, Laugel-Haushalter V, Paschaki M, Leheup B. A targeted next-
generation sequencing assay for the molecular diagnosis of genetic
disorders with orodental involvement. J Med Genet. 2016;53(2):98-110.
Doucette L, Green J, Black C, Schwartzentruber J, Johnson GJ, Galutira
D, Young TL. Molecular genetics of achromatopsia in Newfoundland
reveal genetic heterogeneity, founder effects and the first cases of Jalili
syndrome in North America. Ophthalmic Genet. 2013;34(3):119-29.

. TopcuV, Alp MY, Alp CK, Bakir A, Geylan D, Yilmazoglu MO. A new

familial case of Jalili syndrome caused by a novel mutation in CNNM4.
Ophthalmic Genet. 2017;38(2):161-6.

Maia CMF, Machado RA, Gil-da-Silva-Lopes VL, Lustosa-Mendes E,

Rim PHH, Dias VO, Martelli DRB, Nasser LS, Coletta RD, Martelli-Jinior

H. Report of two unrelated families with Jalili syndrome and a novel
nonsense heterozygous mutation in CNNM4 gene. Eur J Med Genet.
2018,61(7):384-7.

Parveen A, Mirza MU, Vanmeert M, Akhtar J, Bashir H, Khan S, Shehzad S,
Froeyen M, Ahmed W, Ansar M, Wasif N. A novel pathogenic missense
variant in CNNM4 underlying Jalili syndrome: insights from molecular
dynamics simulations. Mol Genet Genom Med. 2019;7(9):e902.

Hirji N, Bradley PD, Li S, Vincent A, Pennesi ME, Thomas AS, Heon E, Bhan
A, Mahroo OA, Robson A, Inglehearn CF. Jalili syndrome: cross-sectional
and longitudinal features of seven patients with cone-rod dystrophy
and amelogenesis imperfecta. Am J Ophthalmol. 2018;188:123-30.

Li H, Huang Y, Li J, Xie M. Novel homozygous nonsynonymous variant
of CNNM4 gene in a Chinese family with Jalili syndrome. Mol Genet
Genom Med. 2022;10(3):e1860.

Prasov L, Ullah E, Turriff AE, Warner BM, Conley J, Mark PR, Hufnagel RB,
Huryn LA. Expanding the genotypic spectrum of Jalili syndrome: Novel
CNNM4 variants and uniparental isodisomy in a north American patient
cohort. Am J Med Genet Part A. 2020;182(3):493-7.

Wawrocka A, Walczak-Sztulpa J, Badura-Stronka M, Owecki M, Kopc-
zynski P Mrukwa-Kominek E, Skorczyk-Werner A, Gasperowicz P, Ploski
R, Krawczynski MR. Co-occurrence of Jalili syndrome and muscular
overgrowth. Am J Med Genet Part A. 2017;173(8):2280-3.

Lee JH, Park SH, Yim JS, Kim MS, Kim SY. The first Korean child of Jalili
Syndrome with a novel missense mutation in Cation Transport Media-
tor 4 (CNNM4): a Case Report. Korean J Ophthalmol. 2023;37(2):195-7.
Rattanapornsompong K, Gavila P, Tungsanga S, Chanakul A, Apivat-
thakakul A, Tengsujaritkul M, Tongsong T, Theerapanon T, Porntaveetus
T, Shotelersuk V. Novel CNNM4 variant and clinical features of J alili
syndrome. Clin Genet. 2023;103(2):256-7.

Li M, Du J, Jiang J, Ratzan W, Su LT, Runnels LW, Yue L. Molecular deter-
minants of Mg?* and Ca’* permeability and pH sensitivity in TRPM6
and TRPM7. J Biol Chem. 2007;282(35):25817-30.



Takvam et al. BMC Genomics

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

104.

106.

107.

108.

109.

1.

(2024) 25:1156

Duan J, Li Z, Li J, Hulse RE, Santa-Cruz A, Valinsky WC, Abiria SA, Krapiv-
insky G, Zhang J, Clapham DE. Structure of the mammalian TRPM7, a
magnesium channel required during embryonic development. Proc
Natl Acad Sci. 2018;115(35):E8201-10.

Topala CN, Groenestege WT, Thébault S, van den Berg D, Nilius B, Hoen-
derop JG, Bindels RJ. Molecular determinants of permeation through
the cation channel TRPM6. Cell Calcium. 2007;41(6):513-23.

van der Wijst J, Blanchard MG, Woodroof HI, Macartney TJ, Gourlay R,
Hoenderop JG, Bindels RJ, Alessi DR. Kinase and channel activity of
TRPM6 are co-ordinated by a dimerization motif and pocket interac-
tion. Biochem J. 2014,460(2):165-75.

Cao G, Thébault S, Van Der Wijst J, Van Der Kemp A, Lasonder E, Bindels
RJ, Hoenderop JG. RACK1 inhibits TRPM6 activity via phosphorylation of
the fused a-kinase domain. Curr Biol. 2008;18(3):168-76.

Xie J, Sun B, Du J, Yang W, Chen HC, Overton JD, Runnels LW, Yue L.
Phosphatidylinositol 4, 5-bisphosphate (PIP2) controls magnesium
gatekeeper TRPM6 activity. Sci Rep. 2011;1(1):146.

Goytain A, Quamme GA. Functional characterization of human
SLC41A1, a Mg?* transporter with similarity to prokaryotic MgtE Mg+
transporters. Physiol Genom. 2005;21(3):337-42.

Wingert RA, Selleck R, Yu J, Song HD, Chen Z, Song A, Zhou Y, Thisse B,
Thisse C, McMahon AP, Davidson AJ. The cdx genes and retinoic acid
control the positioning and segmentation of the zebrafish pronephros.
PLoS Genet. 2007;3(10):e189.

Elizondo MR, Arduini BL, Paulsen J, MacDonald EL, Sabel JL, Henion

PD, Cornell RA, Parichy DM. Defective skeletogenesis with kidney

stone formation in dwarf zebrafish mutant for trom?7. Curr Biol.
2005;15(7):667-71.

Aburatani N, Takagi W, Wong MKS, Kuraku S, Tanegashima C, Kadota M,
Saito K, Godo W, Sakamoto T, Hyodo S. 2022. Molecular and morpho-
logical investigations on the renal mechanisms enabling euryhalinity of
red stingray Hemitrygon Akajei. Front Physiol, 2022;13:1512.

Oikari AOJ, Rankin JC. Renal excretion of magnesium in a freshwater
teleost, Salmo Gairdneri. J Exp Biol. 1985;117(1):319-33.
Kodzhahinchev V, Kovacevic D, Bucking C. Identification of the puta-
tive goldfish (Carassius auratus) magnesium transporter SLC41a1 and
functional regulation in the gill, kidney, and intestine in response to
dietary and environmental manipulations. Comp Biochem Physiol A:
Mol Integr Physiol. 2017;206:69-81.

de Baaij JH, Arjona FJ, van den Brand M, Lavrijsen M, Lameris AL, Bindels
RJ, Hoenderop JG. Identification of SLC41A3 as a novel player in mag-
nesium homeostasis. Sci Rep. 2016;6(1):28565.

Funato Y, Miki H. The emerging roles and therapeutic potential of cyclin
M/CorC family of l\/\g2+ transporters. J Pharmacol Sci. 2022;148(1):14-8.
Funato Y, Miki H. Molecular function and biological importance of
CNNM family !\/1g2+ transporters. J Biochem. 2019;165(3):219-25.
Chandran U, Indu S, Kumar AT, Devi AN, Khan |, Srivastava D, Kumar

PG. Expression of Cnnm1 and its association with stemness, cell cycle,
and differentiation in spermatogenic cells in mouse testis. Biol Reprod.
2016;95(1):7-1.

Giménez-Mascarell P, Schirrmacher CE, Martinez-Cruz LA, Muller

D. Novel aspects of renal magnesium homeostasis. Front Pediatr.
2018;6:77.

Schéffers OJ, Hoenderop JG, Bindels RJ, de Baaij JH. The rise and fall of
novel renal magnesium transporters. Am J Physiology-Renal Physiol.
2018;314(6):F1027-33.

Schmitz C, Dorovkov MV, Zhao X, Davenport BJ, Ryazanov AG, Perraud
AL.The channel kinases TRPM6 and TRPM7 are functionally nonredun-
dant. J Biol Chem. 2005;280(45):37763-71.

Stefansson SO, Bjérnsson BT, Ebbesson LO, McCormick SD. Smoltifica-
tion. Fish larval physiology. New Delhi: Science Publishers, Inc. Enfield
(NH) & IBH Publishing Co. Pvt. Ltd.; 2008. pp. 639-81.

McCormick SD. Effects of growth hormone and insulin-like growth
factor | on salinity tolerance and gill Na*, K*-ATPase in Atlantic

salmon (Salmo salar): interaction with cortisol. Gen Comp Endocrinol.
1996;101(1):3-11.

Mastrototaro L, Tietjen U, Sponder G, Vormann J, Aschenbach JR, Kolisek
M. Insulin modulates the Na*/Mg”* exchanger SLC41A1 and influences
Mg?* efflux from intracellular stores in transgenic HEK293 cells. J Nutr.
2015;145(11):2440-7.

116.

117.

118.

120.

123.

Page 27 of 27

Sponder G, Abdulhanan N, Frohlich N, Mastrototaro L, Aschenbach JR,
Réntgen M, Pilchova |, Cibulka M, Racay P, Kolisek M. Overexpression

of Na*/Mg”* exchanger SLC41A1 attenuates pro-survival signaling.
Oncotarget. 2017;9:5084-104.

Cuffe JS, Steane S, Moritz KM, Paravicini TM. Differential mRNA expres-
sion and glucocorticoid-mediated regulation of TRPM6 and TRPM7 in
the heart and kidney throughout murine pregnancy and development.
PLoS ONE. 2015;10(2):e0117978. https://doi.org/10.1371/journal.pone.
0117978. PMID: 25692682; PMCID: PMC4333289.

Uchida K, Kaneko T, Yamaguchi A, Ogasawara T, Hirano T. Reduced
hypoosmoregulatory ability and alteration in gill chloride cell distribu-
tion in mature chum salmon (Oncorhynchus keta) migrating upstream
for spawning. Mar Biol. 1997;129:247-53.

Shrimpton JM, Patterson DA, Richards JG, Cooke SJ, Schulte PM, Hinch
SG, Farrell AP. 2005. lonoregulatory changes in divergent populations of
maturing sockeye salmon Oncorhynchus nerka during ocean and river
migration. J Exp Biol (208): 4069-78.

Funato Y, Furutani K, Kurachi Y, Miki H. CrossTalk proposal: CNNM pro-
teins are Na+/Mg2+ exchangers playing a central role in transepithelial
Mg2+ (re) absorption. J Physiol. 2018;596(5):743.

Funato Y, Yamazaki D, Mizukami S, Du L, Kikuchi K, Miki H. Membrane
protein CNNM4—dependent Mgz"' efflux suppresses tumor progres-
sion. J Clin Investig. 2014;124(12):5398-410.

Voets T, Nilius B, Hoefs S, van der Kemp AW, Droogmans G, Bindels

RJ, Hoenderop JG. TRPM6 forms the Mg?* influx channel involved in
intestinal and renal Mg2+ absorption. J Biol Chem. 2004,279(1):19-25.
Knoers NV. Inherited forms of renal hypomagnesemia: an update.
Pediatr Nephrol. 2009;24:697-705.

Klykken C, Reed AK, Dalum AS, Olsen RE, Moe MK, Attramadal KJK; Bois-
sonnot L. Physiological changes observed in farmed Atlantic salmon
(Salmo salar L) with nephrocalcinosis. Aquaculture. 2022;554:738104.
Fivelstad S, Olsen AB, Asgérd T, Baeverfiord G, Rasmussen T, Vindheim T,
Stefansson S. Long-term sublethal effects of carbon dioxide on Atlantic
salmon smolts (Salmo salar L.): ion regulation, haematology, element
composition, nephrocalcinosis and growth parameters. Aquaculture.
2003;215(1-4):301-19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1371/journal.pone.0117978
https://doi.org/10.1371/journal.pone.0117978

	Differential regulation of magnesium transporters Slc41, Cnnm and Trpm6-7 in the kidney of salmonids may represent evolutionary adaptations to high salinity environments
	Abstract 
	Introduction
	Materials and methods
	Experiments
	Experiment 1: photoperiodic induction of parr-smolt transformation (PST) and seawater acclimation
	Experiment 2: effect of normal and Mg2+ depleted brackish water

	Sampling

	Analysis
	Phylogenetic and synteny analyses
	Comparative analysis of functional protein domains in Mg2+ transporters
	Isolation of total RNA and first strand cDNA synthesis
	Tissue distribution and temporal gene expression profiles using real-time qPCR

	Plasma analyses
	Statistical analysis

	Results
	The Slc41 family in Atlantic salmon
	The Cnnm family in Atlantic salmon
	The TRPM1367 subfamily in Atlantic salmon
	Tissue distribution analysis of Mg2+ transporter repertoire in gills, gut and kidney
	Expression of Mg2+ transporters in the kidney during photoperiodic induction of parr-smolt transformation (PST)
	Effect of seawater transfer on Mg2+ transporter expression in smolts
	Effect of photoperiodic induction of parr-smolt transformation (PST) and salinity on plasma Na+, Cl-and Mg2+levels
	Effect of brackish water transfer and Mg2+depletion on Mg2+transporter expression in Atlantic salmon smolts
	Effect of BW on plasma Na+, Cl- and Mg2+ levels

	Discussion
	Magnesium transporters — tissue distribution and regulation in vertebrates
	Differential regulation of Mg2+ transporters during PST and by environmental salinity in salmonids
	Salinity thresholds and Mg2+ specificity
	Mg2+transporters and euryhalinity - a proposed model for the subcellular localization and the role of transporters
	Magnesium transporters and kidney disease
	Conclusion and perspectives

	Acknowledgements
	References


