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Summary

Development of the adult form requires coordinated
growth and patterning of multiple traits in response to
local gene activity as well as to global endocrine and
physiological effectors. An excellent example of such
coordination is the skeleton. Skeletal development
depends on the differentiation and morphogenesis of
multiple cell types to generate elements with distinct
forms and functions throughout the body [1–3]. We
show that zebrafish touchtone/nutria mutants exhibit
severe growth retardation and gross alterations in
skeletal development in addition to embryonic mela-
nophore and touch-response defects [4, 5]. These al-
terations include accelerated endochondral ossifica-
tion but delayed intramembranous ossification, as
well as skeletal deformities. We show that the touch-
tone/nutria phenotype results from mutations in
trpm7, which encodes a transient receptor potential
(TRP) family member that functions as both a cation
channel and kinase. We find trpm7 expression in the
mesonephric kidney and show that mutants develop
kidney stones, indicating renal dysfunction. These re-
sults identify a requirement for trpm7 in growth and
skeletogenesis and highlight the potential of forward
genetic approaches to uncover physiological mecha-
nisms contributing to the development of adult form.

Results and Discussion

Genetic screens for ethyl-N-nitrosourea-induced muta-
tions affecting zebrafish postembryonic development
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4 Present address: Department of Biology, University of Washing-
ton, Box 351800, Seattle, Washington 98195.
uncovered the nutria j124e2 mutant, named for its small
size, odd shape, and tendency to swim near the surface
(Figures 1A and 1B). As embryos and early larvae (2–5
days post fertilization [dpf]), nutria are comparable in
size to wild-type siblings, but during later development
they exhibit a severe growth deficit (Figure 1C). Cranio-
facial and trunk body proportions are altered, although
other external features (e.g., scales, fins, and the com-
plement of adult pigment cells) are not grossly abnor-
mal. To identify the locus causing this dwarf phenotype,
we mapped the nutria mutation to chromosome 18 in
the vicinity of touchtone (tct) [4, 5]. Both tct and nutria
mutants exhibit embryonic melanophore deficiencies
and touch unresponsiveness prior to hatching. Com-
plementation tests confirmed that nutria and tct are al-
lelic. Fine mapping of the critical region revealed,
among other genes, trpm7, which encodes an ortholog
of the transient receptor potential (TRP) melastatin-7
dual-function cation channel and kinase (0/2889 re-
combinants) [6]. Although TRPM7 has not been impli-
cated in growth previously, a member of this family,
TRPM1 (melastatin), is expressed in human melano-
cytic nevi [7], and zebrafish melanophores require tct
cell autonomously [4, 5].

Our data show that trpm7 corresponds to tct. Se-
quencing trpm7 cDNAs revealed premature stop co-
dons in the severe alleles tct j124e1 and tctb508 (see the
Supplemental Data available with this article online).
Moreover, the injection of wild-type embryos with a
trpm7 splice-blocking morpholino oligonucleotide re-
sults in both melanophore deficiencies and touch unre-
sponsiveness and thus phenocopies the mutant (see
Supplemental Data). Finally, TRPM7 acts as an inwardly
rectifying cation channel with broad specificity but
high affinity for Mg2+ and Ca2+, suggesting that manipu-
lating divalent-cation availability might rescue embry-
onic phenotypes of trpm7 mutants [8, 9]. Supplemental
Mg2+ partially rescued melanophore development,
whereas supplemental Ca2+ partially rescued melano-
phore development and touch responsiveness (Figures
1D–1F; Supplemental Data). Thus, trpm7 is the gene
affected in tct mutants.

To clarify the mode(s) of trpm7 activity, we examined
trpm7 expression in wild-type embryos and larvae.
Consistent with previous observations, we detected
widespread trpm7 expression at embryonic stages, in-
cluding in the central nervous system, pronephros,
lens, and other tissues [10] (data not shown). In meta-
morphic larvae, transcripts were abundant in liver,
mesonephric kidney tubules, and corpuscles of Stan-
nius, which are teleost glands that contribute to
calcium homeostasis [11] (Figures 2A–2C). In contrast
to severe alleles, trpm7j124e2 (nutria) individuals are via-
ble, allowing us to assess functional consequences of
trpm7 mutation during postembryonic development.
Consistent with kidney expression of trpm7, histologi-
cal examination of trpm7j124e2 mutant larvae revealed
mineralization within mesonephric tubules (Figures 2D
and 2F). These data suggest that altered trpm7 function
in the kidney, in corpuscles of Stannius, or in both af-
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Figure 1. Retarded Growth and Altered Body
Proportions in nutria (tct) Mutant Zebrafish
with Embryonic Melanophore Defect Rescu-
able by Divalent-Cation Supplementation

(A) Wild-type and nutria siblings, 50 dpf.
(B) Higher-magnification image of a nutria
mutant.
(C) Diminished growth of nutria compared to
wild-type siblings. Each point shows the
mean standard length ± standard deviation
for seven to 20 individuals.
(D–F) Embryonic melanophore defects are
rescuable with supplemental Ca2+. (D) Wild-
type embryos exhibit well-melanized and
well-spread melanophores (arrowheads). (E)
Mutants exhibit few poorly melanized and
punctate melanophores or melanophore
fragments (arrows); tct b508 is shown. (F) In
a medium supplemented with Ca2+, mutant
melanophores are more numerous, spread,
and melanized (arrowheads), although some
punctate melanophores remain (arrow).
Scale bars represent the following: (A), 2 mm;
(B), 1 mm; (D–F), 100 �m.
fects whole-organism cation homeostasis and leads i
sto nephrolithiasis.

Because dwarfism syndromes in humans are associ- t
cated with a range of skeletal defects [12] and cation

homeostasis affects bone development and mainte- b
wnance [13], we asked whether the growth deficit and

disproportionality of trpm7j124e2 mutants is associated p
3with changes in ossification. A comprehensive analysis

of 87 bones between 9 and 51 dpf revealed extensive b
nalterations in ossification sequence between wild-type

and mutant larvae (Figures 3 and 4). Among numerous a
iexamples of sequence reordering is the epural bone of

the caudal fin, which is the 78th bone to ossify in wild- a
gtype larvae but only the 32nd to ossify in trpm7 mutant

larvae. Conversely, the maxilla is the 15th bone to os- d
tsify in wild-type larvae but the 40th to ossify in trpm7

mutant larvae. Thus, trpm7+ is essential for the normal s
msequence of ossification.

To better understand ossification changes, we cate- (
gorized bones according to function and anatomical lo-
cation as well as cellular origin. The most dramatic dif- p

aferences were between endochondral bones, which
develop through mineralization of a cartilage model, d

uand intramembranous bones, which develop directly,
without a cartilage model [1, 14, 15]. In trpm7 mutants, o

iendochondral bones (red connectors in Figure 4A) ap-
peared on average earlier in the ossification sequence i

Fthan they did in wild-type larvae, whereas intramembra-
nous bones (green connectors) appeared on average c

tlater than they did in wild-type larvae. Dissociation of
endochondral and intramembranous ossification is ex- n

cemplified by the caudal complex, in which the en-
dochondral hypurals and epural ossify much earlier in

gtrpm7 mutants compared to the wild-type, whereas the
ntramembranous urostyle, centra, and other bones os-
ify much later in trpm7 mutants compared to the wild-
ype (Figures 3A–3H). Precocious endochondral ossifi-
ation is similarly evident in the suspensorium and the
ranchial arches of trpm7 mutants (Figures 3I–3P),
hereas delayed intramembranous ossification is ap-
arent for several bones of the anterior head (Figures
Q–3V). The accelerated ossification of endochondral
ones and the delayed ossification of intramembra-
ous bones reflect order in the ossification sequence
s well as absolute timing. One can most easily visual-

ze these timing differences by plotting how genotype
ffects the likelihood of bones being ossified at any
iven age against the statistical significance of these
ifferences (Figures 4B and 4C). Defects in ossification
iming do not simply reflect growth retardation; even
everely runted wild-type fish develop skeletal ele-
ents of normal shape without premature ossification

Supplemental Data).
Furthermore, functional-anatomical units in close

roximity were found to be differentially affected, even
fter we controlled for the relative contributions of en-
ochondral and intramembranous bones within these
nits. For example, otic bones are accelerated, whereas
rbital bones are delayed, despite the anatomical prox-

mity of these bones and their similar endochondral and
ntramembranous compositions (Figure 4C; Table S1).
inally, trpm7 mutants exhibited skeletal dysplasia, in-
luding extreme malformation of the Weberian (audi-
ory) apparatus and the ribs, compressed vertebrae (of
ormal number), and kinks in the posterior vertebral
olumn (Figures 3D, 3H, 3S, and 3W).
We have demonstrated that trpm7 is essential for

rowth and skeletogenesis during the zebrafish larval-



Zebrafish trpm7 Mutant
669
Figure 2. trpm7 Expression in Wild-Type Larvae and Kidney Stone
Formation in trpm7 Mutants

(A–C) trpm7 expression in metamorphosing wild-type larvae. (A) At
early stages of metamorphosis (14 dpf), trpm7 mRNA is present
in mesonephric tubules (mt) and corpuscles of Stannius (cs). The
following abbreviations are used: v, vertebral column; sb, swim-
bladder; and ct, mesonephric collecting tubule. trpm7 expression
is also detectable in more-anterior regions of the mesonephros (not
shown). (B) A higher-magnification trpm7+ mesonephric tubule is
shown. (C) Transverse section of late-metamorphic (24 dpf) larva.
trpm7 transcripts are present in mesonephric tubules and liver (in-
dicated by “li”). trpm7 transcripts are not detectable in developing
endochondral or intramembranous bones. “my” denotes myotome
and “c” denotes centrum.
(D–F) trpm7 j124e2 (nutria) mutants develop kidney stones. (D) Cal-
cein staining reveals skeletal elements (na, c, ps) and ectopic min-
eralization (arrows). The following abbreviations are used: na, neu-
ral arches; c, centrum; ps, pleural spines; and nt, neural tube. (E)
shows left-most ectopic mineralization from panel (D). Epithelium
(arrowheads) surrounds the mineralized deposit (arrow). The inset
shows mineralized deposit within collecting tubule of another larva.
(F) shows calcein staining of mineralized deposits shown in panel
(E) and the inset.
Scale bars represent the following: (A), 60 �m; (B), 40 �m; (C) and
(D), 80 �m; (E) and (F), 20 �m (15 �m for insets).
to-adult transition and for melanophore development
and touch response during embryogenesis. trpm7 ex-
pression in kidney and corpuscles of Stannius, as well
as the presence of kidney stones in trpm7 mutants,
support a model in which effects on growth and skele-
togenesis reflect physiological regulation of cation ho-
meostasis. These effects may be analogous to those
of parathyroid hormone/parathyroid hormone receptor
type 1 (PTHR1) regulation of calcium homeostasis in
mammals, in which changes in PTHR1 signaling or
downstream effectors such as Runx2 can lead to pre-
mature endochondral ossification [16–19]. However,
this model does not readily explain the delayed intra-
membranous ossification observed in trpm7 mutants.
Although the precise functions of trpm7 in promoting
normal ossification sequence and timing, as well as
melanophore development and touch response, remain
to be elucidated, our analyses reveal important roles for
trpm7 in the physiological regulation of postembryonic
growth and skeletogenesis.

Supplemental Data
Supplemental Data, including four figures, Supplemental Experi-
mental Procedures, and a table, can be found with this article on-
line at http://www.current-biology.com/cgi/content/full/15/7/667/
DC1/.
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Figure 3. trpm7 j124e2 Mutants Exhibit Dra-
matic Differences in Skeletal Development in
Comparison to Wild-Type

Alizarin red stains ossified bone and mineral-
ized tissues. Alcian blue stains cartilage. En-
dochondral bone labels are red, and intra-
membranous bone labels are green.
(A–H) Differences in ossification timing in the
caudal complex between wild-type (A–D)
and mutant (E–H) siblings (9–44 dpf, left to
right). In mutants, endochodondral bones
ossify earlier [panels (B) and (F): hyp. Panels
(C) and (G): ep], whereas intramembranous
bones ossify later [panels (B) and (F): na, u,
ha, c, l]. Compression of vertebrae and the
caudal complex are evident [panels (D) and
(H): brackets].
(I–P) The suspensorium (I–N) and branchial
arches (K–P) illustrate precocious endocon-
dral ossification in mutants. Advances in os-
sification are apparent for several endochon-
dral bones at early stages [17 dpf. Panels (I)
and (M): hm. Panels (K) and (O): ch, eh, cb1]
and later stages [47 dpf. Panels (J) and (N):
mpt, q, sym. Panels (L) and (P): bh].
(Q, U, R, V) Bones of the anterior head il-
lustrate delayed intramembranous ossifica-
tion in mutants. Intramembranous bones are
delayed in mutants at early stages [24 dpf.
Panels (Q) and (U): pm, m, ps, ect] and later
stages [44 dpf. Panels (R) and (V): f, en].
(S, W) Bones of the Weberian apparatus
(brackets) are malformed and compressed
in mutants.
(T, X) Mineralizations within the mesoneph-
ros of mutant larvae [arrowheads in panel
(X)].
(S) and (T) are at 35 dpf; (W) and (X) are at
30 dpf. The following abbreviations are used:
bh, basihyal; c, centra; cb1, ceratobranchial
1; cb5, ceratobranchial 5; ch, ceratohyal; ect,
ectopterygoid; eh, epihyal; en, entoptery-

goid; ep, epural; f, frontal; ha, hemal arches; hm, hyomandibula; hyp, hypurals; l, lepidotrichia; m, maxilla; mpt, metapterygoid; na, neural
arches; pm, premaxilla; ps, parasphenoid; q, quadrate; sym, symplectic; and u, urostyle and ural 1 + 2.
Scale bars represent the following: (A–H), 100 �m; (I–X), 250 �m.
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Figure 4. Altered Sequence and Timing of Skeletal Ossification in trpm7 j124e2 Compared to the Wild-Type

Wild-type larvae (n = 500) and trpm7 mutant siblings (n = 431) were scored for ossification of 87 bones, yielding 80,997 ossification scores.
Schematics of bone locations, functional-anatomical units, and effects for each bone are in the Supplemental Data.
(A) In mutants, endochondral bones (red connectors) appear on average earlier in the ossification sequence, whereas intramembranous bones
(green connectors) appear on average later in the ossification sequence. Bold connectors show bones in which ossification timing, in addition
to sequence, was significantly altered [panel (B)].
(B) In mutants, analyses by developmental mode reveal accelerated ossification for many endochondral bones (red) but delayed ossification
for many intramembranous bones (green). The x axis shows the relative likelihood of ossification in the wild-type compared to the mutant:
estimates greater than 0 indicate that the bone is more likely to be ossified in wild-type, and ossification is therefore delayed in the mutant;
estimates less than 0 indicate that the bone is less likely to be ossified in wild-type fish, and ossification is therefore accelerated in the
mutant. The y axis shows statistical significance by chi-square value (left axis) and p value (right axis). α = 0.05 and q = 0.01 are the thresholds
of statistical significance after multiple comparisons were controlled for.
(C) Analyses by functional-anatomical unit and developmental mode. Functional-anatomical units were differentially affected in the mutants
even after their relative endochrondral and intramembranous compositions were controlled for. Averages: of all bones, diamond; of endocon-
dral bones, large red point; of intramembranous bones, large green point.
Error bars in (B) and (C) show one standard error for logistic regression coefficients, β.
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Supplemental Experimental Procedures In Situ Hybridization
Whole-mount in situ hybridization, with minor modifications, fol-
lowed [S6]. In brief, larvae were fixed over 2 nights in 4% paraformal-Fish Stocks and Maintenance

Mutations were induced in wild-type AB, SJD, and wikut genetic dehyde and 1% DMSO in PBS, transferred to methanol, and then
rehydrated to PBST (PBS with 0.2% Tween-20). Larvae were treatedbackgrounds by standard methods of ethyl-N-nitrosourea mutagen-

esis. Fish were reared at 28.5�C and fed rotifers, paramecia, or dry for 30 min with 20 �g/ml proteinase-K in PBST containing 1% DMSO,
postfixed for 20 min in 4% paraformaldehyde in PBST, washed inflake food, as appropriate. For growth series of wild-type fish and

nutria mutants, fish were reared individually from embryonic through PBST, and then washed three times in a hybridization solution lack-
ing transfer RNA (tRNA) and heparin. Prehybridizations were per-adult stages and fed ad libitum to eliminate competition. For staining

series, wild-type and mutant individuals were sorted at 3 dpf and formed overnight at 68�C in a hybridization solution (50% formamide,
5� SSC, 500 mg/ml yeast tRNA, 50 mg/ml heparin, 0.2% Tween-then reared separately at equivalent densities to minimize variation

in growth rates within each genotype. 20, and 9.2 mM citric acid). Hybridizations were performed over two
nights at 68�C in a fresh hybridization solution containing antisense
digoxygenin-labeled riboprobes fractionated to �300 nucleotides.Skeletal Staining and Classification
Probes derived from 5� and 3� ends of trpm7 transcripts yieldedFish were fixed in 4% paraformaldehyde in phosphate-buffered sa-
qualitatively similar results. Larvae were then washed twice in 2�line (PBS) for 48 hr and dehydrated over 2 days to 100% ethanol.
SSCT and three times for 2 hr each in 0.2� SSCT at 68�C. AfterThey were then stained with Alcian blue for cartilage, digested with
graded changes were made to maleic acid buffer (MAB; 100 mMtrypsin, and stained with Alizarin red for bone according to a stan-
maleic acid [pH 7.5] and 150 mM NaCl), larvae were blocked over-dard protocol for fish larvae [S1]. Fish were transferred to 100%
night with Roche blocking reagent in MAB at 4�C, incubated overglycerol over 1 week for analysis and storage. For calcein staining,
3 nights in a fresh blocking reagent containing 1:5000 anti-digoxy-we fixed larvae with 4% paraformaldehyde in PBS, embedded them
genin alkaline phosphatase-conjugated Fab fragments (Roche), andin OCT, and collected cryosections on Fisherbrand Superfrost Plus
then washed over 3 additional nights in MAB. Larvae were thenslides. After they were dried and rinsed in PBS, slides were immersed
transferred to alkaline phosphate buffer (100 mM Tris [pH 9.5], 50in 0.1% calcein in PBS for 10 min, rinsed extensively in PBS, and
mM MgCl2, 100 mM NaCl, and 0.1% Tween-20), and the color wascoverslipped. The classification of bones by method of ossification
developed with NBT/BCIP.and anatomical-functional units followed that used by references

[S2–S4].
Cation Rescue Experiments
tctb508 mutant embryos and wild-type siblings were obtained from

Genetic Mapping and Sequencing matings of heterozygous carriers. Chorionated embryos were reared
Meiotic mapping was performed by standard methods using haploid to the 26-somite stage in water and then transferred to embryo
and diploid mapping panels constructed with AB and wik mapping medium [S7] (17.9 mM NaCl; “0” in Figure S2) or modified embryo
strains (panel sizes: trpm7 j124e2, 1400 haploid embryos; trpm7 b722, medium (4.2 mM NaCl; “�” in Figure S2) with or without the addition
1000 diploid embryos; trpm7 b508, 435 haploid embryos; and trpm7 b508, of MgCl2 (100 mM) or CaCl2 (50 mM or 100 mM). We tested touch
trpm7 os1, and trpm7 os2, 54 diploid embryos). For identification of response by prodding embryos still in their chorions one time with
mutant lesions, polymerase chain reaction (PCR) products of trpm7 a probe at the midtrunk level; any response to this stimulus was
cDNAs were sequenced directly and compared with sequences de- considered a rescue. Melanophore morphologies were examined
rived from the corresponding unmutagenized genetic background. over the head and trunk; the presence of any well-spread melano-

phores of normal size was considered a rescue. Both melanophore
and touch-response phenotypes were observed between 48 andMorpholino-Based Gene Knockdown
60 hpf. Treatments were replicated across multiple families two toFor morpholino-injection experiments, eggs were obtained from nat-
seven times with seven to 35 embryos per condition.ural matings of wild-type fish of the ZDR strain (Scientific Hatcheries,

Huntington Beach, California). Morpholino oligonucleotides (Gene-
Tools, Sumerton, Oregon) were diluted to 20 mg/ml in Danieau buffer Quantitative Analyses of Ossification Sequence and Timing

We reconstructed ossification sequences in wild-type fish andand then to 0.8 mg/ml in 0.2 M KCl for injection. We designed a
morpholino (GTG TGT GAG ATT TAC TCT GCT GTT C) to interfere trpm7 mutants by determining the frequency with which each skele-

tal element was ossified within all individuals of each genotype andwith splicing [S5] at the junction between exon 12 and intron 12.
Embryos were injected at the 2- to 4-cell stage with approximately then ordering these frequencies into ranks [S8]. Elements that failed

to ossify within the range of ages examined were ordered arbitrarily5 nl of 0.8 mg/ml trpm7 morpholino or of the standard negative
control morpholino (GeneTools). Sequencing of morpholino-injected (ranks 83–87 in Figure 4A in the main text). Differences in rank

between wild-type fish and mutants were highly significant betweenembryos confirmed failed splicing of intron 12, and this failure re-
sulted in a frameshift and a premature stop codon (not shown). With endochondral and intramembranous bones (Wilcoxon test: Z � 6.03,

d.f. � 1, p � 0.0001).all morpholinos, we observed approximately 5% mortality before
12 hpf, presumably from injection wounds. At all stages, embryos To assess likelihoods of bone ossification, we performed separate

logistic regression analyses for each bone, developmental modeinjected with standard negative-control morpholino appeared iden-
tical to uninjected embryos (not shown). A phenotype of highly re- (endochondral and intramembranous), or functional-anatomical unit

with genotype as a main effect and dpf as a covariate. Alternativeduced melanophore differentiation throughout the embryo (shown
in Figure S1) was observed in 80% of injected embryos (n � 60), models, including only genotype or including genotype and other

main effects to control for stage and batch variability (e.g., standardwith other embryos showing a less-pronounced phenotype. Limited
morpholino perdurance precluded testing for effects of morpholino length of wild-type siblings), yielded qualitatively similar results.

Note that estimates of timing differences between genotypes reflectknockdown on late-developing kidney and ossification phenotypes.
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Figure S1. Identification of trpm7 as the Gene Mutated in tct (nutria) Mutant Zebrafish

(A–C) Morpholino knockdown of trpm7 phenocopies the tct embryonic melanophore defect. (A) In wild-type embryos, well-melanized and
well-spread melanophores (arrowheads) cover the dorsum and head at 48 hr. (B) In tct embryos, melanophores are fewer, lighter, and punctate
(arrows) [S10, S11]. An allele of moderate severity, tct b722, is shown. (C) Wild-type embryos injected with a splice-blocking morpholino to trpm7
exhibit fewer, lighter, and punctate melanophores, as in tct.
(D) Schematic of trpm7 cDNAs. Seqencing of trpm7 cDNAs identifies a transcript encoding at least 1773 amino acids (aa), including an ion-
transport domain (aa 873–1073) and an � kinase domain (aa 1510–1724). tct j124e1 shows a C→A transversion resulting in substitution of a
premature stop codon for tyrosine at aa 1545, near the start of the � kinase domain. Sequencing of tct b508 reveals a 68 nucleotide deletion
(aa 1410–1432) comprising a single exon and resulting in a frameshift, 16 novel amino acids, and a premature stop codon. Analyses of genomic
DNA reveal a deletion corresponding to one exon in addition to parts of flanking introns.
(E) Sequence electropherograms from haploid embryos that are wild-type (upper section) or the strong allele tct j124e1 that exhibits a premature
stop codon (TAA, lower section). trpm7 Genbank accession number: AY860421.
Scale bars in (A)–(C) represent 100 �m.
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Figure S2. Rescue of trpm7 Embryonic Defects with Divalent-
Cation Supplementation

Mg2	 and Ca2	 supplementation differentially rescued melanophore
and touch-response phenotypes of tct b508 embryos. High concentra-
tions of CaCl2 were toxic at normal NaCl concentrations (“0” in the
figure), although embryo viability could be restored at lower NaCl
concentrations (“�” in the figure).
(A) Mean 
 standard error of the mean (SEM) proportion of trpm7 b508

embryos exhibiting rescued melanophores (as in Figure 1F in the
main text). In the standard embryo medium (solution A) and the
reduced-NaCl rearing medium (B), no embryos exhibited rescued
melanophores. In the medium with supplementary MgCl2 (100 mM;
solutions C and D), many embryos exhibited partial melanophore
rescue. Although melanophore rescue was not observed in the me-
dium containing low supplementary CaCl2 (50 mM) without MgCl2
(solution E), partial rescue occurred in media containing high supple-
mentary CaCl2 (100 mM) without MgCl2 supplementation (solution

exhibit a weaker embryonic melanophore phenotype than trpm7 b508.F) or low CaCl2 (50 mM) with high MgCl2 (100 mM; solution G).
(B) Mean 
 SEM proportion of trpm7 b508 embryos exhibiting touch The same media did not rescue similar melanophore defects of

sparse (kit) or colorless (sox10) mutants [S12, S13], demonstratingresponse. In contrast to melanophore rescue, touch response was
not rescued by MgCl2 supplementation alone (solutions C and D). specificity of the effect for trpm7 (data not shown). The cellular

basis of the touch phenotype is unclear. Because of the timing andRather, touch response was maximally rescued with low supple-
mentary CaCl2 (50 mM) without MgCl2 (solution E), although some recovery of this phenotype, it is unlikely to depend on hair cells

of lateral-line neuromasts, recently shown to require TRP familyrescue also occurred with higher CaCl2 (100 mM) supplementation
(solution F) or with low CaCl2 (50 mM) in the presence of MgCl2 (100 members NompC and TRPA1 [S14, S15]. Toxicity of high-salt solu-

tions precluded testing for rescue of later, larval ossification pheno-mM; solution G). Qualitatively similar responses to CaCl2 and MgCl2
supplementation also were observed with trpm7 j124e2 (nutria), which types.
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Figure S3. Functional-Anatomical Units and Bone Locations Examined for Ossification Sequence and Timing

Functional-anatomical units are color coded to match Figures 4A–4C in the main text. (A) shows units of the postcranial skeleton with bones
comprising these units listed in small type. (B) shows units and bones of the craniofacial skeleton.
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Figure S4. Growth Retardation Alone Does Not Result in Precocious
Ossification

Three siblings from a cross segregating trpm7 j124e2.
(A) Wild-type fish showing endochondral hypurals (denoted by
“hyp”) that are not yet ossified, as well as intramembranous vertebral
centra (denoted by “c”) and fin lepidotrichia (denoted by “l”) that
are already well ossified.
(B) Even severely runted wild-type individuals that are from the same
family and are indistinguishable in size from trpm7 mutants do not
show precocious ossification of endochondral hypurals (or other
bones); the ossification of intramembranous centra and lepidotrichia
is delayed, reflecting an overall retardation of developmental rate
in slow-growing fish.
(C) trpm7 mutant has accelerated hypural ossification and delayed
centra and lepidotrichial ossification compared to wild-type. In con-
trast to runted wild-type individuals, delayed ossification of intra-
membranous bones does not reflect a general developmental retar-
dation because the absolute timing of other events (cartilage
formation, chondrocyte and osteoblast appearance, adult pigment-
pattern formation, gut looping, swim-bladder bifurcation, etc.) does
not differ dramatically from wild-type.
Scale bars represent (A), 400 �m and (B and C), 400 �m.
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Table S1. Relative Ossification Timing

Endochondral Bones

Bone Groupa Effect 
 SEMb �2 Pc sd

anal pterygiophores medial fins �2.82 
 0.219 166.13 0 ***
basibranchial 1 branchial arches �0.97 
 0.128 57.71 3.0E-14 ***
basibranchial 2 branchial arches �1.86 
 0.148 159.00 0 ***
basibranchial 3 branchial arches �0.80 
 0.150 28.42 9.8E-08 ***
basihyal hyoid �1.84 
 0.130 200.44 0 ***
basioccipital occipital �0.02 
 0.148 0.02 0.9 NS
basipterygium pelvic girdle �0.20 
 0.146 1.94 0.2 NS
ceratobranchial 1 branchial arches �0.88 
 0.091 93.59 0 ***
ceratobranchial 2 branchial arches �0.74 
 0.088 70.04 1.1E-16 ***
ceratobranchial 3 branchial arches �0.62 
 0.087 50.30 1.3E-12 ***
ceratobranchial 4 branchial arches �0.57 
 0.099 33.37 7.6E-09 ***
ceratobranchial 5 branchial arches 0.40 
 0.136 8.62 0.003 *
ceratohyal hyoid �0.67 
 0.092 53.45 2.7E-13 ***
claustrum Weberian 0.23 
 0.112 4.16 0.04 NS
coracoid pectoral girdle �0.11 
 0.097 1.36 0.2 NS
dorsal hypohyal hyoid 0.17 
 0.130 1.73 0.2 NS
dorsal pterygiophores medial fins �2.63 
 0.209 157.18 0 ***
epibranchial branchial �1.12 
 0.096 135.88 0 ***
epihyal hyoid �0.28 
 0.094 8.99 0.003 *
epioccipital otic �0.28 
 0.095 8.60 0.003 *
epurals caudal fin �4.67 
 0.386 145.86 0 ***
ethmoid olfactory 1.04 
 0.380 7.51 6.1E-03 *
exoccipital occipital 0.07 
 0.129 0.28 0.6 NS
haemal arches vertebral 0.35 
 0.105 10.86 9.8E-04 *
hyomandibula hyoid �0.59 
 0.110 28.50 9.4E-08 ***
hypurals caudal fin �0.66 
 0.088 55.60 8.9E-14 ***
kinethmoid olfactory 0.21 
 0.103 4.22 0.04 NS
lateral ethmoid olfactory �0.56 
 0.088 39.93 2.6E-10 ***
mesocoracoid pectoral girdle 0.26 
 0.124 4.49 0.03 NS
metapterygoid palatoquadrate �1.48 
 0.119 154.06 0 ***
orbitosphenoid orbital 0.05 
 0.103 0.24 0.6 NS
os suspensorium Weberian 0.06 
 0.129 0.19 0.7 NS
palatine palatoquadrate �0.10 
 0.092 1.28 0.3 NS
pectoral radials pectoral girdle �0.20 
 0.122 2.64 0.1 NS
pharyngobranchial branchial arches �2.17 
 0.510 18.06 2.1E-05 ***
prootic otic �0.28 
 0.137 4.18 0.04 NS
pterosphenoid orbital �0.05 
 0.089 0.31 0.6 NS
pterotic otic 0.04 
 0.083 0.28 0.6 NS
quadrate palatoquadrate �0.52 
 0.096 29.39 5.9E-08 ***
retroarticular mandibular �0.05 
 0.085 0.28 0.6 NS
scaphium Weberian 0.17 
 0.082 4.08 0.04 NS
scapula pectoral girdle �0.07 
 0.105 0.41 0.5 NS
sphenotic otic �0.50 
 0.085 34.26 4.8E-09 ***
supraneurals Weberian �0.20 
 0.085 5.57 0.02 *
supraoccipital occipital �0.88 
 0.106 69.74 1.1E-16 ***
symplectic hyoid �1.12 
 0.093 147.16 0 ***
tripus Weberian 0.06 
 0.129 0.24 0.6 NS
ventral hypohyal hyoid �0.21 
 0.090 5.69 0.02 *

Intramembranous Bones

Bone Group Effect 
 SEM �2 P s

anguloarticular mandibular �0.12 
 0.087 2.01 0.2 NS
branchiostegal rays hyoid 0.20 
 0.101 3.97 0.05 NS
centra We vertebral 0.64 
 0.158 16.20 5.7E-05 ***
centra c vertebral 0.42 
 0.104 15.91 6.6E-05 ***
centra pre-c vertebral �0.05 
 0.114 0.17 0.7 NS
cleithrum pectoral girdle 0.36 
 0.129 7.60 0.006 *
dentary mandibular �0.17 
 0.115 2.05 0.2 NS
ectopterygoid palatoquadrate 0.87 
 0.181 23.31 1.4E-06 ***
entopterygoid palatoquadrate 0.34 
 0.080 17.66 2.6E-05 ***
frontal orbital 0.83 
 0.201 17.07 3.6E-05 ***
infraorbitals orbital 1.23 
 0.308 15.62 7.7E-05 ***
interopercle opercular 0.27 
 0.088 9.10 0.003 *
lateral processes Weberian 0.13 
 0.130 0.96 0.3 NS

(continued)
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Table S1. Continued

Intramembranous Bones

Bone Group Effect 
 SEM �2 P s

maxilla mandibular 0.48 
 0.107 20.10 7.4E-06 ***
nasal olfactory 1.22 
 0.374 10.57 0.001 *
neural arches c vertebral 0.36 
 0.108 11.24 8.0E-04 *
neural arches pre-c vertebral �0.12 
 0.123 0.95 0.3 NS
notochord occipital 0.25 
 0.137 3.25 0.07 NS
opercle opercular �0.07 
 0.122 0.31 0.6 NS
parasphenoid orbital 0.18 
 0.102 3.02 8.2E-02 NS
parietal otic �0.05 
 0.709 0.01 0.9 NS
pleural ribs vertebral �0.01 
 0.129 0.01 1 NS
postcleithrum pectoral girdle 0.44 
 0.135 10.49 0.001 *
posttemporal otic �0.14 
 0.093 2.24 0.1 NS
premaxilla mandibular 0.47 
 0.104 20.15 7.2E-06 ***
preopercle opercular 0.31 
 0.085 13.62 2.2E-04 **
subopercle opercular 0.92 
 0.092 101.24 0 ***
supracleithrum pectoral girdle 0.40 
 0.128 9.90 0.002 *
supraethmoid olfactory 0.77 
 0.174 19.56 9.8E-06 ***
supraorbital orbital 1.15 
 0.241 22.82 1.8E-06 ***
urohyal hyoid �0.01 
 0.089 0.01 0.9 NS
urostyle caudal fin 0.96 
 0.112 73.46 0 ***
vomer olfactory 0.67 
 0.155 18.30 1.9E-05 ***

a Functional-anatomical grouping.
b Partial logistic regression coefficient: relative likelihood of bone being ossified in wild-type as compared to mutant (negative values reflect
precocious ossification in mutant; positive values reflect delayed ossification in mutant).
c Probability that effect differs significantly from 0 (�2, 1 d.f.).
d Significance of effect after controlling for multiple comparisons (q, significance level controlled by false-discovery-rate method; a, significance
level controlled by Bonferroni method; see main article text). NS � not significant. *: q � 0.01, a � 0.05. **: q � 0.01, a � 0.05. ***: q � 0.01,
a � 0.01.
e The following abbreviations are used: W, Weberian; c, caudal; pre-c, pre-caudal.
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