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 ABSTRACT 

Background 

Zinc is one of the vital micronutrients required through various developmental stages in 

animals. Zinc transporter-1 (ZnT1; Slc30a1) is essential in vertebrates for nutritional zinc 

uptake and cellular zinc extrusion. Knockout of ZnT1 is lethal in vertebrates and there are 

therefore few functional studies of this protein in vivo. 

Methods 

In the present study we characterised the embryonic development in a zebrafish Znt1a 

mutant (Znt1asa17) which is lacking the last 40 amino acids of Znt1a as generated by TILLING. 

In parallel experiments, we compared the development of a zebrafish embryo Znt1a 

morphant (Znt1aMO) which was generated by knockdown of Znt1a using morpholino-modified 

oligonucliotides.  

Results 

The homozygous Znt1asa17 embryo is viable, but displays a subtle phenotype informing on the 

biological roles of Znt1a. The Znt1asa17 fish have delayed development, including attenuated 

epiboly. They further show a decrease in phosphorylated extracellular signal-regulated 

kinases 1 and 2 (pERK1/2), retarded yolk resorption, and impaired clearance of free Zn2+ from 

the vitelline fluid and its storage in hatching gland cells. All these aberrations are milder 

versions of those observed upon knockdown of Znt1a by morpholinos. Interestingly, the 

phenotype could be rescued by addition of the cell-permeable zinc chelator, N,N,N′,N′-

tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN) to the incubation medium and was 



aggravated by addition of zinc(II). Thus, the Znt1asa17 mutant has a reduced ability to handle 

zinc and can be characterised as a hypomorph. 

Conclusion 

This study is the first to show that the last 40 amino acids of Znt1a are of importance for its 

role in zinc homeostasis and ability to activate the MAPK/ERK pathway contrary to what was 

previously thought. 
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INTRODUCTION 

In vertebrates, two families of proteins are responsible for movement of zinc across biological 

membranes, the ‘Zinc Transporter’ (ZnT/SLC30) family [1-2] and the ‘Zinc or Iron regulated 

transport (Zrt or Irt)-like protein’ (ZIP/SLC39) family [2-5]. Members of the ZnT family belong 

to the larger Cation Diffusion Facilitator (CDF) family, which occurs at all phylogenetic levels 

from bacteria and archaea to fungi, plants and animals [6]. ZnT1 was the first mammalian zinc 

transporter to be discovered and it is expressed throughout the body. Notably, it is required 

for movement of zinc across epithelia, such as intestine, kidney and placenta [7-9]. It localises 

to the plasma membrane and functions to transport excess cytoplasmic zinc out of the cells 

[7]. ZnT1 (Slc30a1) was originally discovered as a gene coding for a transcript that conferred 

zinc resistance to an otherwise zinc-sensitive cell line [7]. The authors further found that zinc 

resistance was the result of a zinc efflux activity of ZnT1 protein. Homozygous deletion or 

knockout of the whole ZnT1 gene in mice was shown to be embryonic lethal [10] whereas in 

Caenorhabditis elegans as well as in Drosophila, a loss-of-function mutation of their 

respective versions on the vertebrate ZnT1 resulted in viable animals, but with impaired 

growth and development [11-12]. 

Human ZnT1 appears to function as a Zn2+/H+ exchanger [13], which is in accordance with the 

transporter mechanism operating in several prokaryotic CDF zinc exporters, including YiiP in 

E. coli [2, 14]. Like all known CDF proteins, ZnT1 has in addition to its transmembrane 

domains, a large C-Terminal cytosolic Domain (CTD), which are predicted to fold 

independently [2, 15-16]. In YiiP the CTD operates as a zinc sensor, allosterically triggering 

transport activity upon zinc binding by causing a structural rearrangement of the 

transmembrane domains, which enables zinc transport [14-15]. Such a function has not been 

demonstrated for eukaryotic family members, but functional complementation experiments 

have shown that the CTD is important for zinc transport function. Exogenous expression of 

rat ZnT1 conferred zinc resistance to an otherwise zinc sensitive hamster cell line, but a rat 

ZnT1 mutant lacking the CTD was unable to rescue the cells in culture medium with high zinc 

concentration [7]. A mutant lacking only the 72 last amino acids of the protein was reported 

to rescue the zinc sensitive phenotype, indicating that these may be dispensable for Zn2+ 

transporter function. 



In addition to being required as a zinc exporter, the CTD of both human ZnT1 and its C. Elegans 

counterpart, CDF-1, are positive regulators of the MAPK/ERK signalling pathway through 

direct protein-protein interaction with Raf-1 kinase and its regulator, 14-3-3 [17]. The CTD of 

ZnT1 is also a regulator of calcium homeostasis by controlling plasma membrane residency of 

both L- and T-type calcium channels [18-20]. 

The zebrafish (Danio rerio) is an important vertebrate model system, well suited for studies 

in genetics, embryology, development, and cell biology [21]. There is strong conservation 

between zebrafish and humans for most genes, which makes zebrafish an exellent model 

organism for studying complex biological processes [22]. Previous studies have demonstrated 

the utility of knockdown reverse genetics technologies in zebrafish to study the function of 

zinc importers, such as Zip6, Zip7 and Zip10 [23-25]. Although the function and regulation of 

Znt1 and other Znt proteins in fish have been characterised [26-28], we are aware of only a 

single published study on a zebrafish Znt mutant [29]. Zebrafish has two in-species paralogues 

of Znt1 (Znt1a and Znt1b; Ensembl Zv9). In the present study, we characterised a zebrafish 

mutant (sa17), which lacks the 40 last amino acids of the Znt1a protein and show that it has 

impaired embryonic development, zinc dysregulation, as well as disturbances in MAPK/ERK 

signalling. The mutant was a mild phenocopy of embryos subjected to Znt1a knockdown using 

morpholino modified oligonucleotides. 

 

MATERIALS AND METHODS 

Animal model 

All experiments were performed in accordance with licences held under the UK Animals 

(Scientific Procedures) Act 1986 and later amendments and conforming to all relevant 

guidelines and regulations. Zebrafish embryos with a mutation in slc30a1a (znt1a; strain sa17) 

were generated through TILLING by the Sanger Centre [30] and outbred F2 mutants 

transferred to King’s College London. This mutation caused a transition of nucleotide ‘‘A’’ to 

‘‘T’’ at 1568 coding sequence (Fig. 1) leading to premature termination of the Znt1a protein 

sequences which resulted in a truncated protein, short of the last 40 amino acids. These 

embryos were reared to adults under standard fish husbandry practice and thereafter 

genotyped to recover the heterozygote carriers of the mutation. The mutants were further 



outbred in several generations and embryos from different genotypes were collected and 

reared to adult for study of embryonic development of the homozygote mutant, which we 

refer to as Znt1asa17. Since the ZnT1asa17 mutant was generated by TILLING, they are in spite 

of the outbreeding likely to harbour mutations in other genes not screened. Therefore, Znt1a 

wild-type zebrafish (Znt1a+/+) from crosses between heterozygote sa17 carriers were crossed 

and used as controls in experiments with homozygote Znt1asa17
 embryos. Bioinformatic 

analysis of the gene mutation was carried out by Clustal Omega sequence alignment as well 

as by Eukaryotic Linear Motif tool (http://elm.eu.org/). 

Mutation detection and genotype classification 

A Locked Nucleic Acid (LNA) method was adapted for detection of single nucleotide 

polymorphism (SNP) mutation which was used to classify the genotype [31]. This is based on 

TaqMan assay which utilizes dual-labelled fluorescence probes (DLP) to discriminate between 

allele ‘A’ and ‘T’ in the target region of the genomic DNA of fish using a Real-Time PCR (qPCR) 

technique. The primers and probe sequence sets (Table 1) for the assay were designed and 

synthesized by Integrated DNA Technology (IDT). Since the LNA bases significantly increase 

the melting temperature (Tm
oC), the LNA dual-labelled probe (DLP) unlike standard DNA DLP 

are shorter and so offer an improved ability to distinguish mutations or SNP. 

The method of genotyping was re-confirmed in a number of samples using conventional 

nested polymerase chain reaction (PCR) followed by sequence analysis of the target region.  

The primers for conventional PCR were designed by Sanger Centre’s Zebrafish Mutation 

Project (Supplementary Table 1A &1B) and synthesized by Sigma. In this technique, both 

internal forward and reverse primers (P2 & P3) were further re-designed with M13 forward 

and reverse tail primers (lower case sequences) for bi-directional sequencing of the PCR 

products.  

Gene silencing 

Wild-type embryos of the Sanger strain and/or King’s strain (KWT2) were micro-injected at 1-

4 cell stage with 2-4ng of translational blocking anti-sense morpholino-modified 

oligonucleotides (MO) for znt1a gene knockdown (5'GCGGAGCACAGACAGAAACAAAAGCT3') 

(GENETOOLS, Philomath, USA) using a previously described protocol [32]. A scramble or 

mismatch MO (Random-control-MASO) was injected in a similar way to serve as injected 

http://elm.eu.org/


control along with un-injected wild-type control. Because of the possibility of off-target 

effects produced by most MOs as a result of p53 gene activation causing a non-specific 

neuronal cell death [33-34], a p53 translational blocking MO 

(5'GCGCCATTGCTTTGCAAGAATTG3') was co-injected with znt1a MOs in the ratio of 1.0 : 1.5 

to suppress the p53-mediated apoptosis, and the result of the embryonic development was 

compared to that resulting from injecting znt1aMO alone. All embryos were incubated at 

28.5oC and monitored through developmental stages. 

For exposure analysis, embryos were incubated in embryo water either supplemented with 

zinc by 100µM of ZnSO4 or depleted of zinc by 5µM TPEN (N,N,N,N,-Tetrakis(2-pyridymethyl 

ethylene-diamine).  

Gene expression analysis 

Digoxygenin (DIG)-labelled anti-sense RNA probe for znt1 gene was produced according to 

standard gene cloning procedure which was followed by in vitro transcription. The forward 

and reverse primer sequences used for amplification of the gene fragment gave a product 

size of 538bp (f: 5'AGACCCAGTCCACCAACAAG3'; r: 5'AGGACATGCAGGAAAACACC3'). This 

probe was used for gene expression analysis on 24 hpf embryos using the method of whole-

mount In Situ Hybridization (ISH) as described by Thiese and Thiese, 2004 [35]. 

For quantitative real-time PCR (qPCR) of Znt1a transcripts in wild-type and homozygote 

mutant (Znt1a+/+ and Znt1asa17), total RNA was isolated from 24 hpf of both embryos using 

TRIzol® (Invitrogen™) according to the manufacturer’s protocol. Following first strand cDNA 

synthesis using the High Capacity Reverse Transcription kit (Applied Biosystems™), gene 

expression levels were analysed by real-time quantitative polymerase chain reaction (qPCR) 

on ABI Prism 7700HT Sequence Detection System using a hydrolysis probe assay. The probe 

and primer sets for genes of interest were designed using Roche Universal Probe Library 

software (www.universalprobelibrary.com) which gave a product size of 78bp (F: 

5'gttaatgcggagcggaag3'; R: 5'atatggagcactgccattaatct3'; Probe; 5'cagcccgg3').  18s rRNA was 

used as housekeeping gene as described before [28]. Cycle thresholds (Ct) were obtained for 

each of the test genes and for the housekeeping gene and the differences between these 

(ΔCt) was calculated. Quantitative measurement of gene expression was derived using the 2(-

ΔΔCt) method, also known as the Livak method (36-37).  Data were expressed as ratios to the 



control and normalised to the reference or housekeeping gene, 18s rRNA. Primer pairs for 

each gene were amplified with equal efficiency, as verified using serial dilutions of the 

respective cDNA. 

Total and free zinc analysis in embryo 

Chorionated (whole) embryos at 24 hpf of Znt1a homozygote mutants, Znt1a morphants and 

wild-types backgrounds were acid digested respectively and total zinc concentrations were 

measured using Inductively-Couple Plasma Mass Spectrometry (ICP-MS) (Perkin Elmer, ELAN 

6100DRC) as previously described [28]. In a parallel experiment, free zinc ions (Zn2+) were 

assayed in the embryos by both fluorescent spectrophotometer (SynergyTM HT) and epi-

fluorescence microscope (Nikon eclipse 400) at 360/530nm excitation/emission wavelength 

using a synthetic ratiometric zinc-specific fluorophore termed ZTRS probe [38]. Presence of 

free Zn2+ in zebrafish embryos was assessed by incubating 10µM of ZTRS probe solution with 

embryos at blastula and 24 hpf stages and then observed under epi-fluorescence microscope 

as described above or measured by fluorospectrophotometry on a plate reader (SynergyTM 

HT). 

Morphometry 

Wild-type, Znt1asa17 and ZnT1aMO embryos were collected at 24 hpf and the yolk size of five 

embryos from each group was measured using an inverted microscope with a ruler. 

Measurements were taken dorso-ventrally across the yolk sac and processed in image J. 

 

Phosphorylated-extracellular regulated kinase (ERK) 1/2 activity in embryos 

Using the immuno-staining technique, embryos at early to mid-gastrulation stages (5-8 hpf) 

were immuno-stained for phosphorylated extracellular regulated kinase 1 and 2 (pERK1/2) of 

the amino acid residues surrounding the phospho-Thr202 and Tyr204 of ERK/MAPK in 

Znt1asa17 homozygote mutants, Znt1a morphants and control wild-type as well as wild-type 

injected with a scrambled MO control. A primary antibody to pERK1/2 (Cell Signalling®; rabbit 

polyclonal, #4370S) was used at 1:100 dilution and a secondary antibody (Abcam®; goat anti-

rabbit conjugated to Alexa Fluor 488, ab15007) was used at 1:200 dilution as previously 

described [39]. Expression of pERK1/2 proteins in stained embryos were observed under epi-

fluorescence microscope. Expression of pERK1/2 (Cell Signalling®; rabbit polyclonal, #4370S, 



1:2000 dilution) and total ERK1/2  (Cell Signalling®; rabbit polyclonal, #9102, 1:1000 dilution) 

was also analysed by western blotting technique on wild-type and mutant embryos as 

previously described [39].   

RESULTS 

Genetics and bioinformatics 

A zebrafish Znt1a mutant, sa17 (Znt1sa17), was generated by mutagenesis followed by exome 

sequencing of outbred progeny to identify mutations in Znt1a (slc30a1a) [30]. This line has an 

A>T point mutation in position 1568 of the coding sequence (Chromosome 20: position, 

13894123-13913790 Ensembl Zv9), which introduces a premature stop codon resulting in 

truncation of the last 40 amino acids from the Znt1a protein (Fig 1A & B). Sequence analysis 

of this region using the Eukaryotic Linear Motif tool (http://elm.eu.org/) revealed several 

putative phosphorylation sites and a terminal PDZ Class 1 interaction motif (Fig 1C). The 

zebrafish slc30a1a gene is located on the positive strand of chromosome 20 between nek2 

and rd3. This block of genes is syntenic to Chromosome 1: 211649864-211848972 in human, 

which harbours the same genes in the same order, but on the negative strand.  Znt1a protein 

is 59% identical to human ZNT1 and 67% identity to pufferfish (Takifugu rubripes) Znt1 (Fig 

2), both of which have been demonstrated to be cellular zinc exporters [7, 13, 26]. Within the 

truncated C-terminal region of the Znt1asa17 mutant the highest degree of conservation is 

found at the 11 last amino acids including the PDZ motifs ‘ESSL’ contained in the C-termini of 

the fish and mammalian orthologs (Figs 1 & 2). 

Slc30a1a expression in wild-type, Znt1asa17, and Znt1a morphant embryos 

In situ hybridisation for Slc30a1a showed that the transcript is predominantly expressed in 

the central nervous system, the yolk syncytial layer, and hatching glands of wild-type 24 hpf 

embryos (Fig. 3A). The Znt1asa17 mutant has a much less distinct znt1a mRNA transcript 

expression profile with a complete loss of detectable expression in the hatching gland cells 

and a more diffuse location of yolk syncytial layer cells (Fig. 3A). However, qPCR analysis of 

24 hpf whole embryos revealed that there was no statistically significant overall difference in 

znt1a-mRNA levels in Znt1asa17 embryos, compared with the control (1.58±0.095-fold, 

Mean±SD, N=3). The efficacy of morpholino-mediated knockdown of slc30a1a was confirmed 

by the markedly reduced staining for slc30a1a mRNA in Znt1a morphant (Znt1aMO) embryos.  

http://elm.eu.org/


Znt1a mutation or knockdown causes delay in stages of embryo development 

The Znt1asa17 homozygote embryos were viable but showed slight morphological 

abnormalities in the form of delayed pigmentation and enlarged or unabsorbed yolk 

compared to wild-type embryos. These defects were also present in Znt1a morphant 

(Znt1aMO) embryos (Fig 3B & C). Interestingly, the cell permeable zinc chelator, TPEN, 

alleviated the effects caused by the mutation/knockdown and zinc supplementation further 

slowed development (Fig 3B). In contrast, wild-type and control-MO embryos showed no 

change in response to either of these treatments (Fig 3B). A quantitative analysis of the size 

of the yolk for control wild type (Znt1a+/+), control-MO (ControlMO), mutant (Znt1asa17), and 

morphant (Znt1aMO) embryos at 24 hpf for different embryos revealed that it was significantly 

larger in both Znt1asa17 and Znt1aMO compared to the controls (Fig 3D). A behavioural defect 

of swimming in circles was also observed in morphant embryos as compared to controls. 

Znt1a mutation or knockdown increases the free Zn2+concentration in embryos 

There was no statistically significant difference in total zinc content between control wild-

type (Znt1a+/+), control-MO (ControlMO), mutant (Znt1asa17) and morphant (Znt1aMO) embryos 

(Fig 4). The small molecule fluorescent zinc probe, ZTRS (Kd = 5.7nM), was used to detect free 

Zn2+ in embryos at 24 hpf. A significantly higher free Zn2+ fluorescence signal was detected in 

Znt1asa17 and Znt1aMO whole embryos compared to the controls (Fig 4). This signal came from 

unabsorbed Zn2+ present in the vitelline fluid in Znt1asa17 and Znt1aMO embryos as evidenced 

by weak ZTRS fluorescence in these embryos following dechorination (Fig 5A). The Zn2+ signal 

from the chorion of the Znt1asa17 mutant was in contrast observed to be stronger than that 

from the wild-type control. Similarly, the hatching gland Zn2+ fluorescence signal was reduced 

in Znt1a mutant (Znt1asa17) and Znt1a morphant (Znt1aMO) embryos as compared to wild-type 

control in dechorionated embryo and this was further evidenced by addition of 100µM zinc, 

which totally obscured the hatching gland Zn2+ signal in mutant and morphant embryos, but 

only partially in wild-type (5B). Experiment with embryos at epiboly stage also showed 

reduced Zn2+ signal with ZTRS at the leading edge of the epiboly (white arrow) and blastoderm 

(red arrow) in mutant and morphant compared to wild-type and MO controls (5C). The Zn2+ 

signal from the chorion of the Znt1asa17 mutant was in contrast stronger than that from the 

wild type control. 

Znt1a mutation or knockdown reduces activated ERK1/2 in embryos 



In 5 hpf wild-type embryos, there was clear staining of activated phosphorylated Znt1a 

ERK1/2 (pERK1/2) cells along the leading edge of the epiboly margin affecting the amino acid 

residues Thr202 and Tyr204 of ERK/MAPK kinase. In Znt1asa17 and Znt1aMO embryos, pERK1/2 

staining was hardly visible indicating that pERK1/2 activity was reduced (Fig 6A). Expression 

of pERK1/2 was barely detectable by western blot in both mutant and wild-type, but total 

ERK1/2 was visible in both confirming the workability of the method (Fig 6B). 

 

DISCUSSION AND CONCLUSION 

Zinc is one of the vital micronutrients required through various developmental stages in 

zebrafish including the development of hatching gland [40] and expression of zinc 

metalloprotease hatching enzyme [41]. We have shown previously that pufferfish (Takifugu 

rubripes) Znt1 is a zinc efflux protein [26]. The results of the sequence alignment of ZnT1 from 

different vertebrate species shows that there is high degree of homology between zebrafish 

Znt1a and mammalian ZnT1 proteins including that from human (i.e. 96% similarity and 56% 

identity with human), indicating that this protein may perform a similar function in these 

species. The 40 C-terminal amino acids of Znt1a, which are missing in the Znt1asa17 mutant 

zebrafish, may also be important in the function of this protein because it contains an 

evolutionarily conserved terminal PDZ domain and possibly a binding site for 14-3-3 

(CESKTPTLPSA) [42], which interacts with both human and C. elegans Znt1 orthologues [17]. 

In addition, the region contains predicted phosphorylation sites for GSK3 and CK1/2, both of 

which are key kinases in Zn2+ signalling [25]. Most of these conserved motifs in zebrafish are 

also conserved in pufferfish Znt1 [26] supporting our experimental data showing that the 40-

amino acid truncation of the C-terminus in zebrafish Znt1a is of importance for the function 

of the protein. 

The more diffuse expression of the znt1a gene in the Znt1asa17 mutant and Znt1aMO embryos, 

especially around the yolk syncytial layer and the central nervous system, as observed in the 

present study by ISH, may point towards the role of Znt1a in neural function as well as zinc 

uptake from the yolk. This might explain behavioural aberrations (circling) and the reduced 

muscle mass observed in Znt1a morphant but with mild effect in Znt1asa17 mutant (Fig 3C). 

The reduced expression of Znt1a in the yolk syncytial layer might be indicative of impaired 



zinc import, as futher evidenced by a higher level of Zn2+ (measured by the fluorescent ZTRS 

Zn2+ probe) in the vitelline fluid in both Znt1asa17 mutant and Znt1MO embryos with reduced 

Zn2+ signal in the hatching gland and blastoderm (Fig 5A, B & C). The enlarged (unabsorbed) 

yolk in mutant and morphant embryos along with attenuated growth suggests that this also 

impaired absorption of other nutrients and not only zinc. Interestingly, loss of ability to absorb 

zinc has been shown to cause degeneration of the intestinal absorptive epithelium and also 

retard embryo development in rodent models [10, 43].  

Although the free Zn2+ concentration in the whole embryo (including vitelline fluid and 

chorion) was higher in the Znt1asa17 mutant and morphant, compared to the wild-type 

embryos, the total zinc concentration as measured by ICP-MS showed no statistically 

significant difference between the genotypes. The total zinc concentration in whole embryos 

agreed with previous studies where total zinc concentration per 24 hpf embryo was measured 

to be around 7.5ng [44-45]. Thus, only zinc distribution within the embryo is affected. This is 

not very surprising because the zinc present in the embryo is deposited in the egg by the 

female, who transfers zinc bound to the egg yolk protein, vitellogenin, from the liver to the 

developing oocyte and the homozygote Znt1asa17 embryos used in the present study were 

from the crossbred of two homozygote Znt1asa17 parents [46-47]. Total zinc measurement in 

embryo is unlikely to give complete information on zinc homeostasis, because the pool of 

‘free’ Zn2+, which is needed for the rapidly developing embryo and other biological processes, 

is very small compared to total zinc and can only be detected by fluorescent zinc sensors 

which can give more relevant information on zinc regulation [10]. Our finding of elevated free 

Zn2+ signal intensity (using ZTRS probe) in the Znt1asa17 mutant and morphant embryos is 

supported by previous work in Drosophila, which used a genetically encoded protein zinc 

sensor (MtnB-EYFP) to show high free Zn2+ signal intensity in an intestine-specific Drosophila 

Znt1 knockout [12].  

Despite the effects of the Znt1asa17 mutation on growth and development, the homozygote 

mutant was viable as was the Znt1a morphant, but in contrast, ZnT1 knockout mice are 

embryonically lethal at 9th day of gestation [10]. This may be as a result of partial loss-of-

function or altered function in the zebrafish mutation compared to the complete loss-of-

function in the ZnT1 knockout mouse. It might also be as a result of the presence of another 

in-species paralogue of znt1 (i.e. znt1b; slc30a1b) in zebrafish which was also predicted to 



contain the terminal PDZ domain as well as the same putative phosphorylation sites (GSK3 & 

CK2) as Znt1a, thus, potentially able to perform some compensatory function in absence or 

dysfunctional Znt1a paralogue. Mouse and other mammals, in contrast, have a single Znt1 

gene or transcript thus accounting for the lethal effect of gene disruption in these species. 

As observed in the zebrafish Znt1a mutant and morphant, delayed development was also 

demonstrated in previous experiments in C. elegans with a loss-of-function mutation of the 

cdf1 gene, which is considered to correspond to zebrafish znt1a [11]. This developmental 

delay may be connected to an impaired MAPK/ERK signalling in cdf1 mutant worms [11, 17, 

19]. Cdf1 as well as human ZnT1 were shown to activate Raf1 through a physical interaction 

at the cytosolic C-terminal domain of either zinc transporter [11, 17, 19]. In agreement with 

these studies, Znt1asa17 mutant and morphant embryos showed reduced pERK1/2, indicating 

a suppression of the MAPK/ERK pathway. This could possibly be explained by loss of Raf-1 

binding to Znt1a and suggests that the binding site might be located at the last 40 amino acids 

which are lacking in the Znt1asa17 mutant. It could potentially also be due to the inability of 

the Znt1asa17 mutants and Znt1a morphants to regulate intracellular free Zn2+, which is a 

regulator of ERK1/2 through its role in inactivation of phosphatases [48]. The cells in the 

leading edge of the epiboly of wild-type embryos that stained for pERK1/2 also stained 

intensively for free Zn2+ which may account for high Zn2+ required for cellular proliferation at 

the blastoderm contrary to mutant and morphant with low zinc levels (Fig 5C). This could 

explain the increased activation of pERK in the wild-type due to Zn2+ inhibition of protein 

phosphatases. The inhibition of ERK-directed phosphatase activity is observed whenever 

there is a concurrent increase in phosphorylated ERK1/2 [49]. The developmental defects and 

retardation observed in the zebrafish Znt1asa17 mutant and morphant are similar to the results 

of erk2 morpholino-mediated knockdown in zebrafish embryos [39] and Erk2 mutation in 

mouse embryos [50]. Knockdown of erk2 in zebrafish also affects the cell migration processes 

during embryogenesis [39]. In the present study, there was a reduction in pERK1/2 with 

concomitant reduction in free Zn2+ at the leading edges of the gastrula organiser cells in both 

Znt1sa17 and Znt1a morphant embryos, providing a possible explanation for the delay of the 

epiboly. The high free Zn2+ at the leading edge of the epiboly migration in wild-type embryos 

suggests that the increased ERK1/2 phosphorylation might be due to the effect of free Zn2+ 

on phosphatase inhibition [48-49]. These observations lend further credence to support the 



interaction between ZnT1 and MAPK pathway activation being necessary for diverse cellular 

process including cell growth, proliferation, differentiation, survival and vertebrate 

development [51]. The defect in signalling is thought to be responsible for hindering the 

epiboly migration thereby slowing down the development. 

In conclusion, the Znt1a mutant (Znt1asa17) and morphant (Znt1aMO) allowed us to study the 

functions of this zinc exporter in vivo and the results show that contrary to what was 

previously thought [7], the 40 C-terminal amino acids of the protein are important for its 

function(s). The deficiency of the mutant in zinc homeostasis was indicated through the 

efficacy of zinc and TPEN in manipulating the severity of the phenotype, and by the clear 

differences in free Zn2+ distribution, as shown through in vivo Zn2+ imaging. The mutant also 

revealed that the C-terminal fragment is involved in the ability of Znt1a to activate ERK1/2 

which is due to interaction of Raf1 and 14-3-3 with its C-terminal domain [11, 17]. We further 

show with in vivo Zn2+ imaging high levels of free Zn2+ in the rapidly proliferating cells of the 

epiboly leading edge and how this is associated with Znt1a-dependent phosphorylation of 

ERK1/2. 

A limitation of this study is that the Znt1asa17 mutant was generated by TILLING and is likely 

to have multiple mutations elsewhere in the genome. The chance that potential effects of 

mutations in other loci influenced the results in the present study were reduced by 

outbreeding and the use of wild type controls, which were offspring from wild type parents 

generated by crossing heterozygote sa17 carriers. The controls are therefore likely to include 

any other mutated genes, which allows us to conclude that the differences between Znt1asa17 

and Znt1a+/+ individuals were most probably caused by the znt1a mutation.  In absence of 

wild-type Znt1a gene for phenotype rescue experiments,  the parallel use of Znt1aMO embryos 

further helped to attribute the effects observed in the mutant to Znt1a deficiency.   
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FIGURE CAPTIONS 
 

Figure 1: Genetics and bioinformatics of the Znt1asa17 mutation 

(A) Schematic depiction of Znt1a protein showing the six putative trans-membrane (TM I-VI) 

domains. (B) Chemical mutagenesis of zebrafish caused A>T point mutation at position 1568 

coding sequence (Chromosome 20: position, 13894123-13913790 Ensembl Genome Browser 

95, Zv9) which introduced a premature stop codon causing truncation of the last 40 amino 

acids from the Znt1a protein. (C) Sequence analysis of the truncated region using the 

Eukaryotic Linear Motif tool (http://elm.eu.org/) revealed several putative phosphorylation 

sites and a terminal PDZ Class 1 interaction motif.  

Figure 2: Multiple sequence alignment of Znt1 from different species 

Clustal Omega multiple sequence alignment of ZnT1 gene for human (h), mouse (m), rat (r), 

zebrafish (z), Fugu (f) and Tetraodon (t) showing the six presumptive membrane-spanning 

domains (TMD I-VI) and conserved residues. Zebrafish has two Znt1 transcripts (a & b) with 

the 40 missing amino acids in Znt1a mutant shown in the aligned sequences of the C-termini 

highlighted by rectangular box containing the evolutionarily conserved PDZ class 1 interaction 

motif at the last 4 amino acids (i.e. ESSL) as well as other putative phosphorylation sites. 

Figure 3: Morphological phenotype caused by Znt1a C-terminal domain truncation or 

deficiency 

(A) Znt1a gene expression. Whole mount in situ hybridization (ISH) showing diffuse expression 

of znt1a mRNA in 24hpf znt1a homozygote mutant (Znt1asa17) and morphant (Znt1aMO) 

embryos as compared to wild-type (Znt1a+/+) and morpholino control (ControlMO) embryos, 

notably around the CNS & yolk syncytial layers (blue and red arrows) and also in the hatching 

gland (black arrow), which was completely absent in mutant and morphant embryos. (B) 

Untreated (Control) Znt1asa17 and Znt1aMO embryos show morphogenetic developmental 

delay at 33 hpf as compared to Znt1a+/+ and ControlMO embryos. Zn depletion by addition of 

5 µM TPEN hastened the development of mutant and morphant embryos while 100 µM Zn 

supplementation further worsened their defects. Znt1a+/+ and ControlMO were not affected 

by the treatments. (C) Development of mutant Znt1asa17 and morphant Znt1MO at 24, 48, and 

72hpf showing similar morphogenetic defects including retarded development, reduced 

pigmentation, and larger yolk sac as compared to Znt1a+/+ and ControlMO controls. At 72hpf 

the Znt1asa17 and the Znt1aMO embryos have unabsorbed yolk and the Znt1aMO has slender 

muscle mass, as shown by black and red arrows on the Znt1aMO. (D) Yolk size diameter 

measurements in Znt1a+/+, Znt1aMO, and Znt1asa17 embryos using Image J. Data are presented 

as the mean ± SEM (n =5) where p ≤ 0.05 is considered significant in a 1-way ANOVA, which 

was followed by Tukey’s multiple comparison test. Groups that do not share the same letter 

are significantly different. All observational experiments (A-C) were conducted three times. 

http://elm.eu.org/


In each repeat, 100 Znt1a+/+ and Znt1asa17 embryos and at least five ControlMO and Znt1aMO 

were observed. 

Figure 4: Total zinc content and free Zn2+ concentrations in whole embryos 

Total zinc was analysed by ICP-MS and relative free Zn2+ concentrations estimated by 

capturing the signal from the ZTRS Zn2+probe by fluorospectrometry at 24hpf in wild-type 

(Znt1a+/+), znt1a sa17 mutant (Znt1asa17), znt1a morphant, (Znt1aMO), and morpholino control 

(ControlMO) embryos. Data are presented as the mean ± SEM (n =5). Groups that do not share 

the same letter are significantly different at p ≤ 0.001 in a 1-way ANOVA followed by Tukey’s 

multiple comparison test. 

Figure 5: Truncation of the C-terminal domain of Znt1a or Znt1a knockdown causes 

redistribution of free Zn2+ within embryos 

(A) Fluorescence microscope analysis showing increased ZTRS Zn2+ fluorescence in the 

chorion/perivitelline fluid of homozygote znt1a sa17 mutant (Znt1asa17) and znt1a morphant 

(Znt1aMO) embryos compared to wild-type control (Znt1a+/+) and morpholino control 

(ControlMO). Note the absence of Zn2+ fluorescence in the chorion of wild-type embryo and 

presence of fluorescence in the chorion of mutant embryo following embryo dechorionation. 

(B) Exposure of whole (chorionated) embryos to 100µM zinc and analysis of their free Zn2+ 

fluorescence intensity in the hatching gland cells (HGC) after dechorionation at 24hpf showed 

reduced Zn2+ fluorescence in Znt1+/+ but total lack of fluorescence in Znt1asa17 and Znt1aMO 

embryos. HGC fluorescence is only blocked completely in Znt1a+/+ by 200µM Zn. (C) The 

concentration of free Zn2+ (ZTRS fluorescence) is high in the blastula (red arrows) with highest 

concentration occurring along the leading edge (white arrow) in Znt1a+/+ and ControlMO 

controls. In contrast the free Zn2+ fluorescence is barely visible in Znt1asa17 mutant and Znt1MO 

morphant embryos. 

Figure 6: Truncation of the C-terminal domain of Znt1a or Znt1a knockdown causes loss of 

phospho-ERK during epiboly 

(A)  Immunohistochemistry technique revealed stronger staining of phospho-ERK 1/2 and 

more advanced migration of phospho-ERK 1/2 positive cells at the leading edge at 5hpf 

(50% epiboly) in wild-type (Znt1+/+) and morpholino control (ControlMO) embryos compared 

to znt1a sa17 mutant (Znt1sa17) and znt1a morphant (Znt1MO) embryos. (B) There was no 

difference in expression of total ERK1/2 protein as measured by Western blot between 

whole wild-type and znt1a sa17 mutant embryos at 24hpf. pERK was barely detectible in 

whole embryos of either genotype. 
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