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Department of Biology, Syracuse University, Syracuse, NYSA

Polycystic kidney disease (PKD) proteins are trans-membna proteins that have
crucial roles in many aspects of vertebrate development anghysiology, including
the development of many organs as well as left-right patteing and taste. They can
be divided into structurally-distinct PKD1-like and PKD2ike proteins and usually one
PKD1-like protein forms a heteromeric polycystin complex ith a PKD2-like protein. For
example, PKD1 forms a complex with PKD2 and mutations in eittr of these proteins
cause Autosomal Dominant Polycystic Kidney Disease (ADPRKDwhich is the most
frequent potentially-lethal single-gene disorder in hunres. Here, we identify the complete
family of pkd genes in zebra sh and other teleosts. We describe the genonai locations

and sequences of all seven genespkdl, pkdlb, pkd1ll, pkdll2a, pkd1l2b, pkd2, and

pkd2l1. pkd1l2a/pkd1i2b are likely to be ohnologs ofpkd1l2, preserved from the whole
genome duplication that occurred at the base of the teleostsHowever, in contrast to
mammals and cartilaginous and holostei sh, teleosts lackokd2l2, and pkdrej genes,

suggesting that these have been lost in the teleost lineagen addition, teleost, and
holostei sh have only a partialpkd1l3 sequence, suggesting that this gene may be
in the process of being lost in the ray- nned sh lineage. We #o0 provide the rst

comprehensive description of the expression of zebra sipkd genes during development.
In most structures we detect expression of onepkd1-like gene and onepkd2-like gene,

consistent with these genes encoding a heteromeric proteiromplex. For example, we
found that pkd2 and pkd1l1 are expressed in Kupffer's vesicle ancgkdl and pkd2 are

expressed in the developing pronephros. In the spinal cordyve show that pkd1l2a and

pkd2I1 are co-expressed in KA cells. We also identify potential cexpression of pkd1lb

and pkd2 inthe oor-plate. Interestingly, and in contrast to mousewe observe expression
of all sevenpkd genes in regions that may correspond to taste receptors. Tagn together,

these results provide a crucial catalog opkd genes in an important model system for
elucidating cell and developmental processes and modelingjuman diseases and the
most comprehensive analysis of embryonipkd gene expression in any vertebrate.
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INTRODUCTION encoding proteins of 1700-4300 amino acids. For example,
human and mousé’KD1 each have 46 exons encoding about
Polycystic kidney disease (PKD) proteins are trans-men®rary300 amino acidsl( et al., 2008 PKD1-like proteins have
proteins that share a conserved polycystin-cation-channel1 trans-membrane domains, a large extracellular N-terminal
domain, located in their last six trans-membrane domairt$ede  domain and a short intracellular C-terminal tail with a G-peit
proteins are crucially important for human health as they haveyinding site and, in some cases, a coiled-coil domain. The N-
essential functions in many aSpeCtS of vertebrate deVG'Opmeﬂgrmina| domain typ|ca||y contains several repeats of an |g_
and physiology Delmas, 2004b; Venkatachalam and Montell fold-containing domain called the PKD domain, a lipoxygemas
2007; Zhou, 2009; Semmo et al., 201Most notably, this  homology/polycystin-lipoxygenase-atoxin PLAT/LH2 domain,
gene/protein family is named after PKD because mutations iG-protein-coupled receptor proteolytic site (GPS) and a receptor
either PKD1 or PKD2 account for all of the known forms eqgg jelly (REJ) domainDelmas, 2004b; Zhou, 2009; Hofherr
of Autosomal Dominant Polycystic Kidney Disease (ADPKD),and Kottgen, 2011; Semmo et al., 2014 contrast, PKD2-like
which is the most common genetic cause and the fourth mostalso called TRPP) proteins (PKD2, PKD2L1 and PKD2L2) are
common cause of kidney failure. ADPKD a ects one in 400-shorter,< 1000 amino acids in each casé&(dhuisen et al., 1999;
1000 individuals, across all ethnic groups, which also méilkes | jetal., 2003; Zhou, 2009;: Semmo et al., }0lHese proteins are
most frequent potentially-lethal single-gene disorder imfans  non-selective cation-channel proteins with six trans-meart®
(Dalgaard, 1957; Iglesias et al., 1983; Reeders et al., E385; ldomains, an intracellular N-terminal domain and an intracédir
and Feingold, 2000; Sutters and Germino, 2003; Zhou, )2009C-terminal domain that sometimes contains a coiled-coifrgon
In PKD, large epithelial-lined cysts develop and Il with uid (Delmas, 2004b; Venkatachalam and Montell, 2007; Zhou, 2009;
This causes abnormally enlarged kidneys and the cysts casiprejofherr and Kottgen, 2011; Semmo et al., 201RKD2-like
normal renal tissue, destroying it and impairing normal ki&n  proteins are part of the transient receptor potential (TRP)
function. This usually results in chronic renal failure byd’dle channel Superfam”y [Qe|ma3, 2004b; Ishimaru et al., 2006;
age. In addition, cysts can also form in the liver, pancrgalees),  Owsianik et al., 2006; Ramsey et al., 2006; Venkatachaldm an
ovaries, large bowel, brain, and heart and patients oftere hayyiontell, 2007; Zhou, 2009; Nilius and Owsianik, 2011; Semmo
cardiovascular defectss(antham, 1993; Wu and Somlo, 2000;et al., 201} TRP proteins all have six trans-membrane domains
Delmas, 2004b; Harris and Torres, 2009; Zhou, 2009; Cornegjith a pore domain between the 5th and 6th domains and they
Le Gall et al., 2013; Paul et al., 2014; Semmo et al.). Vi have crucial roles in many di erent sensory functions inclugi
heterozygous for a mutation iRkd2also develop kidney cysts detection of mechanical, chemical, and thermal stimulbitell,
and renal failure and die as young adultg( and Somlo, 2000  2005; Owsianik et al., 2006; Ramsey et al., 2006; Venkktatha
In contrast, mice that have homozygous mutationsAkd2or  and Montell, 2007; Damann et al., 2008; Nilius and Owsianik,
Pkd1ldie before birth, probably due to cardiac failure caused by(11; Venkatachalam et al., 2)14nterestingly, it has been
incorrect heart development{(u and Somlo, 2000; Boulter etal., proposed that the PKD2-like/TRPP proteins may be the most
200). In addition, these embryos have defects in their kidneygyolutionary ancient of all of the TRP proteins as they are fbun
and pancreaslL{u et al., 1997, 2001; Kim et al., 2000; Wu et al.pot just in vertebrates and invertebrates but also in ye@strier
2000; Boulter et al., 20p1Pkd1homozygous mutants also have et al., 2005; Venkatachalam and Montell, 2007; Semmo et al.,
skeletal defects3pulter et al., 2001; Lu et al., 2Q@hdPkd2and 2019,
Pkd1llare required for left-right patterning/asymmetry and the  pKD1-like and PKD2-like proteins form heteromeric
correct localization of several orgarBe(inekamp et al., 2002; polycystin-receptor-channel complexes and, in at least some
McGrath et al., 2003; Field et al., 2011; Kamura et al., 201gases, physical interaction between these proteins is tifocia
Yoshiba et al., 2012; Yuan et al., 2015 correct membrane localization of the resulting complex a$§ we
While less is known about the functions of the othekd  as correct physiological functioni(et al., 2003; Murakami et al.,
genes, about 50% of mice homozygous for a mutation i2005; Ishimaru et al., 2006; Giamarchi et al., 2010; Fiefl. et
Pkd2l1have heterotaxy (intestinal malrotatiomelling et al., 2011; Semmo et al., 2014Consistent with this, mutations in
2013 and up-regulation ofPkd1I2in mouse causes profound partner proteins usually produce almost identical phenotypes
neuromuscular defectsMackenzie et al., 2009 Pkdrej is  both in humans and model organisms (e @arr and Sternberg,
expressed in sperm suggesting that it may have a role in mai®99: Sutters and Germino, 2003; Field et al., p(Rdr example,
fertility (Veldhuisen et al., 1999; Butscheid et al., J@el there  PKD2 and PKD1L1 physically interact and mutations in either
isin vitro evidence that a complex of PKD1L3 and PKD2L1 mayf these genes cause defects in left-right patternifigld et al.,
function as sour-taste receptorsiifang et al., 2006; Ishimaru 2017). Similarly, PKD1 complexes with PKD2 and mutations in
etal., 200§ although this may not be the casevivo, at leastin  either of these genes cause ADPKDign et al., 1997; Tsiokas
mouse, as analysis of a mouad1ll3mutant found no signi cant et al., 1997; Yu et al., 2009; Zhu et al., 3011
defect in taste receptioglson et al., 2090 PKD heteromeric complexes are thought to form receptor-
In humans and mouse there are eighKD genesPKDREJ, mediated non-selective cation-channels that are oftentémta
PKD1, PKDI1L1, PKDI1L2, PKDI1L3, PKD2, PKD2lahd in primary cilia. For example, PKD1 and PKD2 form a non-
PKD2L2 (Zhou, 2009. These can be divided into two main selective cation-channellocated in primary cilia of rermtleelial
sub-groupsPKD1-like(also callepolycystin-Lgenes PKDREJ, cells, that is thought to transduce extracellular stimulclsias
PKD1, PKD1L1, PKD1L2, PKDI)L&re large multi-exon genes, uid ow, possibly through altering general intracellular cilim
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signals Hanaoka et al., 2000; Nauli et al., 2003; Delmas, 2004@raham et al., 2013; Paavola et al., 2013; Tietz Bogert, et al.

Delmas et al., 2004; Zhou, 20@%hough seeDelling et al., 2013; Coxam et al., 2014; Djenoune et al., 2014; Fidelin and

2016 which challenges this model) or by altering local ciliaryWyart, 2014; Goetz et al., 2014; Quan et al., 2015; Roxo-Rosa

calcium concentrations¥elling et al., 2013; DeCaen et al., 2016 et al., 2015; Yuan et al., 2015; Arif Pavel et al., 2016; Bohm

Similarly, PKD2 and PKD1L1 may form a calcium channel inet al., 201} It was also unclear whether zebra sh have duplicate

the primary cilia of cells in the node, which could help esistbl copies (ohnologs) of any of thekd genes found in mammals,

left/right asymmetry during early stages of development, byrom the genome duplication event at the base of the teleosts

sensing and transducing the left-biased sigRedi(nekamp et al., (Amores et al., 1998; Postlethwait et al., 1998; Force eBao; 1

2002; McGrath et al., 2003; Field et al., 2011; Kamura @0dl1;  Postlethwait, 2007 Therefore, we decided to identify the full

Yoshiba et al., 203 although again seeelling et al., 2016vhich  complement of zebra sipkd genes. Using bioinformatics and

challenges this model). RT-PCR-based cloning we have identi ed seven zebrg&d
Given the importance dPKD genes to many di erent aspects genespkdl, pkdlb, pkd1l1, pkd1l2a, pkd1l2b, plka] pkd2l1

of vertebrate embryonic development and physiology, itisieu We have also identied what may be a remnant pkd1I3

that we know where all of these genes are expressed. This nthgt lacks the polycystin-cation-channel domain sequehegis

help us to identify other potential functions and interaain conserved in all othepkd genes. Therefore, we do not consider

partners for this family of proteins. Zebra sh is a powerful this a bona- depkdgene. In this paper we identify the sequences

model system for elucidating developmental and cell biokgic and genomic locations of all of these genes. We also con rrh tha

processes and for modeling and studying human diseases (emp additional pkd genes exist in three other teleosts: medaka,

Hostetter et al., 2003; Huang et al., 2014; Avagyan and Zostickleback or green spotted pu er sh. In addition, we deserib

2016; Bournele and Beis, 2016; Brown et al., 2016; Carrigilg e the expression of each of the seven zebrggld genes during

2016; Grin et al., 2016; Harrison et al., 2016; Kozol et 2016; embryonic and larval development. Taken together, we provide

Myllymaki et al., 2016; Poureetezadi and Wingert, 2016; Sorthe rst description of the complete family of zebra gfkdgenes

et al., 2016; Wager et al., 2016; Wojciechowska et al., Z0h6; and the most comprehensive analysis of embryqukd gene

2016. Consistent with this, all of the evidence so far suggésts t expression in any vertebrate.

zebra sh pkd genes function in ways that are highly conserved

with their mammalian orthologs. For examplgkd2expression MATERIALS AND METHODS

is enriched in the developing zebra sh pronephrdsiggrove

et al., 2005; Schottenfeld et al., 2)Pkd2 protein is present in Ethics Approval

zebra sh kidney epithelial cellspara et al., 200pand knock-  All zebra sh experiments in this research were approved by the

down of pkd2 function causes cyst formation in the zebra sh Syracuse University IACUC committee.

pronephros Gun et al., 2004; Obara et al., 2006; Streets et al.,

2006; Fu et al., 2008; Chang et al., 2011; Arif Pavel et 46).20 Zebra sh Husbandry and Fish Lines

In addition, pkd2is expressed in Kup er's vesicle (KV) during Zebra sh (Danio rerig were maintained on a 14-h light/10-

early zebra sh embryogenesiBiggrove et al., 2005; Schottenfeldh dark cycle at 28.%C. Embryos were obtained from natural

etal., 2007; Roxo-Rosa et al., 20The KV is a transient organ paired and/or grouped spawnings of wild-type (WT; AB, TL,

that forms during late gastrulation stages from dorsal former  or AB/TL hybrid) or mindbomb(mib®@>?; Jiang et al., 1996r

cells that coalesce near the caudal end of the zebra sh emnbryTg( 8.1gatal:gatal-EGF@obayashietal., 20)h. Embryos

and it is required to set up left/right asymmetrizgsner et al., were staged in hours post fertilization at 285(h) or days post

2005; Kramer-Zucker et al., 2005; Sampaio et al., 2014; Smfgrtilization (dpf) according ta<immel et al. (1995)

et al., 201}t Consistent with this, knock-down of Pkd2 function

in zebrash causes disturbed left-right patterning/asymiye Identi cation of pkd Genes

and randomization of heart and gut loopind@isgrove et al., Initially we searched NCBI, http://www.ZFIN.org and Ensdmb

2005; Schottenfeld et al., 2Q@nd zebra shpkd2mutants have for zebra sh pkd genes. We then blasted nucleotide sequences

impaired cardiac functionfaavola et al., 20).5imilarly, knock-  for these genes against the zebra sh genome using Tblastn on

down of Pkd1 causes cyst formation in the livari€tz Bogert Ensembl http://www.ensembl.org/Danio_rerio/Tools/Bfast

et al., 2018 In addition, studies in zebra sh have identied db=core. We identied polycystin-cation-channel domains

novel functions for Pkd proteins, such as helping to integrateand performed a Tblastn with these peptide sequences using

mechanosensory feedback into locomotor neural circlitsi(m  default parameters at NCBI (http://blast.ncbi.nim.nih.gdhast.

etal., 201p cgi?PROGRAM=tblastn&PAGE_TYPE=BlastSearch&BLAST _
Despite the importance gbkd genes, when we started this SPEC=0GP__ 7955 9557&LINK_LOC=blasttab&LAST _

study only threepkd genes had been described in zebra shjPAGE=Dblastn).

pkdl, pkdlband pkd2,although analyses qikd2l1were also Protein sequences were obtained from mapped mRNA

published more recentlySun et al., 2004; Bisgrove et al., 2005transcripts using the Translate tool at the ExPASy Bioinfatics

Obara et al., 2006; Streets et al., 2006; Schottenfeld 20@7; Resource Portal: http://web.expasy.org/translate/. To coenpa

Feng et al., 2008; Fu et al., 2008; Francescatto et al., 2040d analyze protein structures, protein domains were ideuti e

Giamarchi et al., 2010; Hurd et al., 2010; Mangos et al.,;201By searching against the Pfam protein database at EMBL-EBI:

Chang et al., 2011; Fogelgren et al., 2011; Merrick et al2; 20http://pfam.xfam.org Einn et al., 201p
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To amplify in situ hybridization probe templates and were sequenced using the PCR primers (Supplementary Table 1)
con rm particular open reading frames we created zebra shto prime the reactions and the resulting sequences blas&idstgy
cDNA from 27 h WT zebrash embryos. Total RNA was zebra sh genome assembly GRCz10 using Tblastn and default
extracted by homogenizing 50-100mg of embryos in 1 mlparameters on Ensembl (http://www.ensembl.org/Danio aferi
of TRIzol reagent (Ambion, 15596-026). RNA integrity (2:1Tools/Blast?db=core).
ratio of 28S:18S rRNA bands) and quality (A260/A280 ratio Our mapped mRNA transcript sequences for zebrapiul,
of 2.0) was con rmed using agarose gel electrophoresis angkdll2a,and pkdll2bhave been submitted to NCBI [KY074550
spectrophotometry respectively. cDNA was synthesized usin@kdl), KY074551gkd1123, and KY074552pkd1I2h)].

Bio-Rad iScript Reverse Transcription Supermix kit (Bio-Rad,
170-8891). Phylogenetic Analyses

To map and conrm open reading frames, PCRs werelhe peptide sequence for the polycystin-cation-channel damai
performed using 5m of cDNA template in a 50m reaction, was identied using Pfam (http://pfam.xfam.orgFinn et al.,
with Phusion High-Fidelity DNA Polymerase (NEB, M0530L) 2019 and isolated, when present, from all of tp&d genes in
and mapping primers listed in Supplementary Table 1. Reactionebra sh Danio rerio, drg, green spotted pu er sh Tetraodon
conditions were 98.(@ for 30 s, followed by 30 cycles of: 980 nigroviridis, tn), medaka Qryzias latipes, o)a stickleback
for 10 s, Annealing (see Supplementary Table 1 for tempergture@Gasterosteus aculeatus, )gapotted gar l(episosteus oculatus,
for 20 s, and extension at 72@ (see Supplementary Table 1 for 109, elephant shark Gallorhinchus milii, cnji y ( Drosophila
extension times). A nal extension step was performed for & mi melanogaster, dyehuman Homo sapiens, haand mouse
at72.0C. (Mus musculus, mmu The following genome assemblies

For pkdl, pkdil2aand pkd1l2bwe also performed inverse were used: zebrash—GRCz10, green spotted puersh—
PCR to identify missing $sequence, as described irewis TETRAODON 8.0, medaka—HdrR and stickleback—BROAD
et al. (1999)with the following modi cations. One microgram S1. For spotted gar, elephant shark, y, human, and mouse
of total RNA extracted from 27 h WT zebra sh embryos (seeproteins, the polycystin-cation-channel domain sequencesew
above) was incubated with @M of gene speci ¢ primer (see isolated from the longest protein isoforms available in Enise
Supplementary Table 2) and 1 mM each of dNTPs in a nalgenomes LepOcul (GCA_000242695.1), ESHARK1, BDGP6
volume of 10m for 5 min at 65 C. Two-hundred units of M- (GCA_000001215.4), GRCh38.p7 (GCA_000001405.22), and
MuLV Reverse Transcriptase (NEB, M0253S) and eight unit6RCm38.p4 (GCA_000001635.6), respectively. Protein seguen
of Protector RNase Inhibitor (Roche, 03335399001) were thedlignment was performed using Clustal Omega server at
added and rst strand cDNA synthesized by incubating forEMBL-EBI (Version 1.2.3) and default parameters: http:/
1 h at 42C. Second strand cDNA synthesis was performeavww.ebi.ac.uk/Tools/msa/clustalasujon et al., 2010; Sievers
immediately as described irewis et al. (1999but the reaction et al., 2011; McWilliam et al., 201L3Phylogenetic trees for
was incubated for 4 h at 1€, followed by 10 min at 7@, before the PKD1-like and PKD2-like families were generated using
adding ve units of T4 DNA Polymerase (NEB, M0203S) andregions of the polycystin-cation-channel domain contairiad
incubating for 10 min at 37C. Circularization was performed all of the proteins (see Supplementary Figures 1, 2). We
as described ihewis et al. (1999with the exception that RNA used both the neighbor-joining (NJ) method [plotted using
ligase was omitted and puri cation was performed using AmiconPhylodendron software (version 0.8d) http://iubio.biaiana.
Ultra-0.5 Centrifugal Filter Units with Ultracel-30 Membrane edu/treeapp/treeprint-form.html] and the maximum likelihood
(Millipore Sigma, UFC503024). Reaction products were dilutedhethod, implementing a WAG substitution model, performed
to a nal volume of 500 using nuclease-free water and using PhyML (v3.1/3.0 aLRT) accessed at the Phylogeny.Fr web
ltered by centrifuging for 10 min at 14000 g, before eluting interface (http://www.phylogeny.fr/index.cgDereeper et al.,
by inverting Iter and centrifuging for 2 min at 1000 g. 2008, 201D The maximum likelihood analyses are presented
Five microliters of puri ed, circularized product was used in here Figure 3).

a 50 m PCR with Phusion High-Fidelity DNA Polymerase .

(NEB, M0530L). Reaction conditions were: 9&0for 30 s, Syntenic Analyses

followed by 35 cycles of: 980 for 10 s, Annealing—(see Having identied genomic loci of teleospkd genes through
Supplementary Table 1 for temperatures) for 20 s and ExtensioRplastn analysis (see above), we compared thedeKi loci
(see Supplementary Table 1 for extension times) at 224 nal  in human and mouse genomes using location-based displays in
extension step was performed for 5 min at 7Z0 Ensembl to identify any conserved synteny.

For pkdland pkd1l2h nested PCR was performed. The rst . L .
round of PCR was performed as described above, using t18 Situ Hybridization and
respective Nested_Set 1 primers (Supplementary Table 1). THRIMunohistochemistry
product was diluted 1:10 in nuclease-free water andrd.5f Embryos were xed in 4% paraformaldehyde and single
that dilution used as a template in the second round PCR, usinip situ hybridization or uorescent in situ hybridization
Nested_Set 2 primers (Supplementary Table 1). plus immunohistochemistry experiments were performed as

In all cases, PCR products were veri ed on a 1% agarose TAfteviously describedJoncordet et al., 1996; Batista et al., 2008
gel and then puri ed using EZ-10 Spin Column PCR ProductsEmbryos older than 24 h were often incubated in 0.003% 1-
Puri cation kit (Bio Basic Inc, BS664). Puri ed PCR products phenyl-2-thiourea (PTU) to prevent pigment formation. For
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uorescentin situ hybridizationC immunohistochemistry, after cycles of 94C for 30 s, 56.5C for 30 s, 72C for 1.5 min and then
detection of thein situ hybridization reaction using TSA Kit a nal extension step of 7Z for 10 min. PCR products were
#5, with HRP, Goat anti-mouse IgG and Alexa Fluor 594puri ed by phenol:chloroform extractionin situ hybridization
Tyramide (ThermoFisher Scientic, T20915), embryos wergrobes were made usingritg puried PCR product, T3 RNA
washed 8 15 min in PBST and incubated in Image-iT FX Polymerase (Roche, 11031171001) and DIG RNA Labeling Mix
Signal Enhancer (ThermoFisher Scienti ¢, 136933) for 3Gvmi (Roche, 11277073910).
at room temperature. Immunohistochemistry was performed
using a chicken polyclonal anti-GFP primary antibody (Abcam,lmaging
Ab13970, 1:500) and a Goat anti-chicken IgYQH), Alexa Embryos 24 h and older were deyolked in 70% glycerol/30%
Fluor 488 secondary antibody (ThermoFisher Scientic, A-sterile water using mounting pins. For lateral and dorsal wew
11039, 1:1000). Probes farsitu hybridization experiments were of the embryo, whole embryos were mounted in 70% glycerol in
prepared using PCR-based DNA templates from 27 h cDNAgoverslip sandwiches (2460 mm coverslips; VWR, 48393-106),
made as described above, and primers listed in Supplementanjth 2—4 coverslips (22 22 mm; VWR, 16004-094) on either
Table 3. Primers for all zebra shkd genes, excegtkd1Primer  side of the sample to avoid sample compression. For ventral
Set 1, were designed using the following parameter rangegews of putative taste receptors, the trunk was dissectddavit
nucleotide length—21 bases (minimum)-28 bases (maximumjazor blade and the head carefully inverted on to a 260 mm
tm—58 C (minimum) 65 C (maximum) and GC content— coverslip and a similar coverslip sandwich made. For lhteeavs
45% (minimum)-60% (maximum) with Primer3 web version of eyes, they were dissected from forebrain using mounting pin
4.0.0 at http://bioinfo.ut.ee/primer3/ Koressaar and Remm, and mounted as for whole embryos, but using only 1-2 coverslips
2007; Untergasser et al., 2012ll reverse primers include each side of the specimen. Cross-sections were cut by hangl usin
the sequence for the T3 RNA Polymerase minimal promotera razor blade mounted in a 12 cm blade holder (World Precision
ATTAACCCTCACTAAAGGGA. This sequence is shown in bold Instruments, Cat. #14134). Di erential interference cast
and underlined in the reverse primers listed in SupplementaryDIC) pictures were taken using an AxioCam MRc5 camera
Table 3. To avoid cross-reactivity, whenever possible, rilogs  mounted on a Zeiss Axio Imager M1 compound microscope.
were designed agains? BTR or coding sequence lacking all A Zeiss LSM 710 confocal microscope was used to image
of the conserved protein domains shown kigure 2 pkd1Set embryos mounted in DABCO (1,4-Diazabicyclo[2.2.2]octane,
1 primers used to make the zebra spkdl riboprobe were Sigma, D-2522, 2% wi/v solution in 80% sterile glycerol) for
identical to those described Ijoxam et al. (2014 These primers  uorescent double-labeling experiments. Images were psEzs
generated a 580 bp PCR product and the resulting RNA probesing Adobe Photoshop software (Adobe, Inc) and Image J
revealed speci ¢ embryonic expression. However, this region software fbramo et al., 2003.
the pkd1 transcript was no longer included in the annotation
of the pkd1 gene in Ensembl GRCz1Gigure 1A). Therefore, Cell Counts and Statistics
we also generated an alternatipkdl in situprobe that binds In all cases, cells counts are for both sides of a ve-somitgtte
3%to the Coxam riboprobe, in a region included in the newerof the spinal cord adjacent to somites 6-10. Values are amgger
Ensembl transcript gkd1l Set 2 primers—see Supplementaryof ve embryos. Results were analyzed using the studete'st;
Table 3Figure 1A). This probe produced identical, albeit weaker,Error bars indicate standard error of the mean.
expression to the rst (Coxam) riboprobe (data not shown). The
stronger Coxam riboprobe was therefore used throughout thiPESULTS
study.

To conrm genomic structure ofpkdil2a two separate Zebra sh Have Seven pkd Genes
riboprobes were generated and tested (Supplementary Tabl® establish the full complement of zebra gbkd genes we
3, Figure 1B. These were generated against two adjacentitially searched several online resources. We found NCBI
genes that have been retired in Ensembl GRCz10 but that wricleotide reference sequences for six genes: XM_009294890
show here encompass di erent parts pkdll2a The pkdll2a (called pkdl), XM_009297371 (calledkd1l), XM_009303604
riboprobe generated with primer Set 1 is the mo8to3 the (called pkd1l), XM_002662913 (calleghkd1l3, DQ175629
two probes. It was designed against ENSDARG00000074116 dedlledpkd?, and XM_690312 (callgokd21) and an additional
it partially overlaps the current Ensempkdll2atranscript. In  gene, calledokd1lh on the zebra sh database website, ZFIN
contrast, thepkd1l2ariboprobe generated with primer Set 2 was(Note: some of these records have since been retired as l& resu
designed against ENSDARG00000090210 and is immedi&telyds standard genome-annotation processing and our data sigge
to the current Ensembpkdl1l2atranscript. Whilst both probes that some of these names are not correct). To identify addél
produced the same expression patterns, the latter probe wastential pkd genes, we blasted each of these sequences against
weaker in putative taste buds and therefore the probe designegbra sh genome assembly Ensembl Zv9 using Tblastn. We also
against ENSDARGO00000074116 (primer set 1) was used for allpdrformed a textual search fpkdgenes on Ensembl. Using these
the studies in this paper. methods, we identi ed 10 potentigkdgenes [called at that time

Each 50mL probe reaction PCR contained BL cDNA  pkd1l, pkdlb, pkd1l3, pkd1l3 (1 of 4), pkd1I3 (2 ppKd1I3 (3 of
and one unit of Phusion High-Fidelity DNA Polymerase (NEB,4), pkdrej (1 of 2), pkdrej (2 of 2), pké2dpkd21]. We examined
MO0530L). PCR conditions were: 94 for 3 min followed by 35 each of these, in order to determine which of them were indeed
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FIGURE 1 | Mapping pkdl, pkdll2a, and pkd1l2b mRNA Transcripts. Summary of mMRNA transcript mapping results fopkd1l (A), pkd1l2a (B), and pkd1l2b (C).
Approximate length in base pairs (bp) is indicated by scaletdop of each panel. Mapped transcripts are shown in next row each panel. Coding sequence is blue
and UTR is gray. Numbers anking these mapped transcripts initate nucleotide positions. Black vertical lines (codingesjuence box, A) indicate putative start codon,
and morpholino sequence positions. Purple vertical linex¢ding sequence boxes, A-C) indicate exon boundaries, where known. Mapped PCR ampliats generated
in this study are indicated with white boxes. Red indicatesilboprobe sequences used in this study. Dark blue indicates @vel sequence identi ed in this study but not
currently present in Ensembl GRCz10 genome. Genbank refemee sequences used at beginning of this study are shown as pkboxes. Magenta lines with double
arrows beneath these indicate regions of sequence homologidenti ed at start of this project. Genbank reference sequenes identi ed during this study are shown as
orange boxes. Ensembl Zv9 transcript sequences are shown allac boxes. Ensembl GRCz10 transcript sequences are showas green boxes. Numbers beneath
sequences show nucleotide positions”, break in aligned sequence. Thin purple vertical lines in gen boxes indicate exon boundaries, where known. Key exonof
interpreting mapping results are numbered(A) Our newly mappedpkd1 transcript contains all but 173 bases of the older Zv9 ENSDARI0000039911 transcript (lilac
boxes) as well as all but the rst 45 nucleotides of the currenGRCz10 ENSDART00000039911 transcript (green boxes). We ka also identi ed additional g
sequence and missing regions of coding sequence. The GRCz1ENSDART00000039911 transcript corresponds to nucleotids 2975-18401 of our mapped
transcript. The Zv9 ENSDART00000039911 transcript corrggonds to nucleotides 218-13798 of our mapped transcript butcontains some gaps (nucleotides
292-357, 430-597, 875-925, 1778-1786, 1935-1973, 8363-840, 9804-9811, 10715-10725, 11608-11640, 12356, 12359-12389, 12852-12890, and
13109-13675 of our mapped transcript). Inverse PCR identi ecﬁotranscript sequence along with a novel stretch of nucleotiés (292-357) absent from GRCz10
Ensembl genome (shown in dark blue). Nucleotides 2659-127®Rof the Zv9 transcript are almost 100% identical to nucleoties 46—-10179 of the GRCz10 transcript
(Continued)
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FIGURE 1 | Continued

and these regions align with nucleotides 2975-13108 of our mpped transcript. Nucleotides 10180-10746 of the GRCz10 nscript share no homology with the Zv9
transcript, but correspond to nucleotides 13109-13675 of ar mapped transcript. Nucleotides 12721-12843 of the Zv9 tanscript share 100% homology with
nucleotides 10747-10869 of the GRCz10 transcript and corrspond to nucleotides 13676-13798 of our mapped transcript.The coding sequence of the GRCz10
transcript terminates 30 nucleotides downstream of the Zv@ranscript and is followed by 4573 bp of unique SUTR sequence. Using RT-PCR we have con rmed that
our mapped transcript utilizes the same stop codon and SUTR sequence. Speci cally, we have con rmed that nucleotides10192-11136, 11173-12085,
12598-13484, and 14524-15376 of PUTR sequence in the GRCz10 transcript are transcribed and nmato nucleotides 13121-14065, 14102-15014,
15527-16413, and 17453-18395 of our mapped transcript, repectively. Our inverse PCR revealed 217 nucleotides of caaj sequence upstream of the Zv9
transcript and 66 nucleotides of novel coding sequence betwen nucleotides 71 and 72 of the Zv9 transcript. In total, thiproduces a 18401 bp transcript that
encodes a 4608 amino acid protein and we have deposited this aquence in NCBI (NCBI accession number KY074550). This segace lacks a start methionine.
*indicates in-frame methionine at 527-529 nucleotides. Hwoever, if this is the start codon, the resulting protein woul lack the leucine rich repeat domain, encoded by
the 175 amino acids in-frame upstream of this methionine, tht is present in mouse, human and stickleback PKD1. There is putative in-frame start codon a further
54 nucleotides (18 amino acids) upstream of our present trastript, which we think is more likely to be the true start coda. The location of the splice-blocking
morpholino sequence used byMangos et al. (2010)that resulted in kidney cysts in some animals is also indicad (nucleotides 1187-1197 of the Zv9 transcript)(B)
Our current transcript forpkd1l2a encompasses both LOC101884812 and XM_002662913 and contains additional exons not presenin either of these sequences.
The start of the current ENSDART00000173234.1 transcript@incides with the start of exon 23 in our longer transcript, bt the rst exon of
ENSDART00000173234.1 is shorter than exon 23 in our transgst. Exons 2-3, 4-7, and 9-17 of ENSDART00000173234.1 are &htical to exons 24-25, 27-30, and
33-41 of our transcript. Exon 26 of our transcript is absenti ENSDART00000173234.1 and exons 31-32 and intron 31-32 egt as a single exon, exon 8, in
ENSDART00000173234.1.(C) Our current transcript forpkd112b contains both the si:ch211-168k15.4 and ENSDARG00000101214 (ENSDART00000124969.2)
sequences, utilizing a start codon 4 bases upstream of exon In the currentsi:ch211-168k15.4 annotation, and transitioning between exon 16 o6i:ch211-168k15.4
immediately into exon 9 of ENSDART00000124969.2. Nucleates 683—7026 of our new 7898 bp mRNA transcript align perfedy with the original XM_009303604
6344 bp reference sequence. The start codon was identi ed in his study along with novel HUTR sequence.

bona- de pkdgenes. These analyses identi ed sepletigenes as the rst 45 nucleotides of the current ENSDART00000039911

described below. transcript (GRCz10). However, compared to our new transcript,
there are some gaps in the Zv9 transcript, and we have also
pkdl identi ed novel ¥sequence that is not present in either transcript

When we commenced our bioinformatic analyses of zebra sthor the ¥ genomic sequence in GRCz10, suggesting that there
pkd genes, the reference sequence XM_009294890 alignednifay be sequence missing from chromosome 1 in Ensembl. Taken
Ensembl Zv9 with a 12843 bp transcript, ENSDART000000399%dgether, our data suggest that a transcript of at least 18401
(associated with gene ENSDARGO00000030417 on chromosoi¢ exists that encodes a 4608 amino acid protein and we have
1) calledpkdl that lacked both start and stop codoriSdure 1A, deposited this sequence in NCBI (accession number KY074550)
Table ). However, this annotation changed in the currentThis sequence lacks a start methionine. There is a methénin
genome assembly, GRCz10, which contains a revised 154d@jon in-frame at 527-529 nucleotideBidure 1A), but the
bp ENSDART00000039911 transcript that lacks the rst 260fegion upstream of this methionine encodes a leucine-rieperat
nucleotides present in the older transcript. Supporting theeold domain which is conserved in mouse, human and stickleback
50 sequenceCoxam et al. (20143howed enriched expression pKD1. Therefore, we think that this methionine is unliketylie
in zebrash trunk at late embryonic stages using Bnsitu  the start codon. We consider that the start codon is moreljike
hybridization riboprobe designed against nucleotides 1307to be a putative in-frame methionine 54 nucleotides upstream of
1838 of the older transcript. We have also amplied thisour present transcript. We are con dent that this genepled,
region from zebra sh cDNA and, in our hands, a riboprobe given our synteny and phylogeny analyses discussed below (see
designed against this region is strongly expressed in emiizyo a|soTable 1).
pronephros, consistent witlpkd1 expression in other animals
(see expression analyses below). This expression is identiqakd1b
although stronger, to the expression that we see when we ufie contrast to pkdl, since the inception of this study the
an alternative riboprobe designed against a moPere®jion  annotation of ENSDARG00000033029, the gene calteldbin
included in the newer Ensembl transcript (see Section Malkeri our initial bioinformatic searches, has remained unchahge
and Methods and-igure 1A). In addition, Mangos et al. (2010) within Ensembl. The current longestpkdlb transcript,
describe a splice-blockingkdl morpholino aligned with the ENSDART00000153412.2, encodes a 3817 amino acid protein
older transcript Figure 1A), that induced kidney cysts in some (Table 1, Figure 2). This Ensembl sequence is strongly supported
animals, consistent with Pkd1 function in other animalsk@a by the reference sequence XM_017358624.1, which has the
together, these data suggest that the current Ensembl ationt  Gene ID 565697 (https://www.ncbi.nlm.nih.gov/gene/) hitie
is incorrect and that at least sonpid1transcripts include parts exception that this reference sequence encodes an addifi@na
of the older upstream sequence. amino acids at the amino terminus. Therefore, we cannot rule
Therefore, we used inverse PCR and overlapping PCBut the possibility that thepkdlbtranscript might be longer
amplicons, to identify/map the correcpkdl sequence (see than that currently shown in Ensembl. However, this would
Section Materials and MethodBigure 1A andTable 1). All but  not a ect the predicted domain structure of Pkd1b protein, as
173 bases of the older ENSDART00000039911 transcript (Zv8)e additional 73 amino acids do not contain any additional
are present in our newly mappegukdltranscript as are all but predicted protein domainsHigure 2). We are con dent that
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FIGURE 2 | PKD protein domains. Schematics of protein domains identi ed in all eight humanHomo sapiens, hsg and mouse Mus musculus, mmu) and seven
zebra sh (Danio rerio, dr§ PKD proteins. The zebra sh putative partiapkd1I3 ortholog is also shown. Approximate protein length is indiated by scale at top. Where
multiple transcripts exist in Ensembl, the longest proteirsoform is shown. In all three species, PKD1 is the longest PKprotein and the only protein to contain a
leucine-rich repeat and carbohydrate-binding WSC domaimithe amino-terminus. Pkd1b is not present in mammals. Zebrah Pkd1b resembles Pkd1 with multiple
PKD domain repeats in the amino-terminus and REJ, PLAT/LH2, ral polycystin-cation-channel domains in the carboxy-terrmus. In all three species, PKD1L1
contains a shorter polycystin-cation-channel domain, appximately half the size of that in other Pkd proteins. Unkmammals, zebra sh Pkd1l1 also contains a GPS
motif upstream of the PLAT/LH2 domain. The gcoding sequence of mousePkd1l1 gene is presently incomplete. PKD1L2 is unusual in humans that, according to
information on Ensembl, longer transcripts represent poiporphic pseudogenes that have acquired mutations, preverng them from being expressed as functional
proteins. As a result, the current version of human PKD1L2 ikalf the size of mouse and zebra sh Pkd1l2 and lacks the polycstin-cation-channel domain
characteristic of PKD proteins. If this is correct, then thisuggests that humanPKD1L2 s no longer a bona- de PKD gene. Mouse PKD1L2 and Zebra sh Pkd1l2a
and Pkd1I2b have identical domain structures, with the excgtion that Pkd1I2b lacks the REJ domain. PKD1L3 protein strcture differs slightly between mammals.
Human PKD1L3 has a Lectin C-type domain in the amino-termirsiand mouse PKD1L3 does not. In addition, the polycystin-catin-channel domain in mouse
PKD1L3 is 411 amino acids long, compared to only 237 amino adis in human PKD1L3. We have identi ed a putative partighkd1I3 ortholog in zebra sh, but the
sequence lacks the polycystin-cation-channel domain, so w do not consider it a bona- de pkd gene. Pkdrej and Pkd2I2 are not present in zebra sh. The only
currently identi ed domain in PKD2, PKD2L1, and PKD2L2 protis is the polycystin-cation-channel domain.

this gene ipkdlbbased on the protein domains that it encodesand the absence of this gene in mammals, we do not think that
(Figure 2 and our phylogeny analyses discussed below (sekis gene is a teleost duplicate jpikd1 (see Section Discussion
alsoTable 1). However, it is worth noting that, despite its name below).
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pkd1l1l protein database identi ed lectin and galactose-bindingtile
The reference sequence XM_009297371, caletlllin our domains typically found in the amino-terminus of PKD1L2
initial analyses, aligns with the forward strand of chromiwe 24.  proteins Figure 2. We conrmed that these regions were
In Ensembl Zv9 this region contained a small ORF of 225 amin¢ranscribed using RT-PCRF{gure 1B. We also performed
acids, calleghkd1I3 (2 of 4)In GRCz10, this region of homology inverse PCR to identify any%coding sequence that might
is now calledBX005392.1gene ENSDARG00000099162). Thebe further upstream Kigure 1B). Using these approaches we
longest transcript at this locus is ENSDART00000169516.ienti ed an 8526 bp mRNA transcript, comprising 41 exons,
which encodes a protein of 2153 amino acids. Whilst therdoth 5 and ¥ UTR sequences and encoding a protein of
is no stop codon in either ENSDART00000169516.1 or a@485 amino acids that is identical in domain structure and
additional shorter transcript associated witX005392.1there length to mouse PKD1L2Kigure 2, Table 1). This transcript

is a putative stop codon in-frame 27 bp downstream in theencompasses botihOC101884812and XM_002662913 and
3% anking sequence of ENSDART00000169516.1. To assessntains additional exons not present in either of these seqas
whether this locus might encodepkd gene, we generated two (Figure 1B). There is also considerable overlap between our
alternative riboprobes, one designed against exons 39—d3 atranscript and the current ENSDART00000173234.1 transcript
the other against exons 46—49. As described below, both @fFigure 1B). The structure of the protein encoded by our
these riboprobes labeled putative taste receptors and wealso smapped transcript, including its lack of a PKD domain and
expression in dorsal forerunner cells / Kup er's vesicle simita  the presence of a galactose-binding-lectin domain, is caergist
pkd1lllexpression in medak&@mura et al., 20)1The structure  with PKD1L2 proteins in other animald={gure 2). Our synteny

of this protein, including its shorter polycystin-cation-shnel and phylogenetic analyses (see below) also suggest that this is a
domain and fewer PKD domains is consistent with that ofpkdll2gene. Oupkdll2atranscript has been deposited at NCBI
PKD1L1 in other vertebrateg{gure 2). In addition, our synteny  (accession number KY074551).

and phylogenetic analyses described below also suggeshtithat

gene ipkd1ll pkd1l2b
In Zv9 the XM_009303604 reference sequence partially aligned
pkdll2a with pkd1l2 (ENSDARG00000088121) on the forward strand

The XM_002662913 (used to be callgekdll3 reference of chromosome 7 (1-2985 bp) and to a non-coding region
sequence aligns with the reverse strand of chromosome h In @n the forward strand of Zv9_Sca old3511 (1782-6344 bp),
early release of Zv9, this region contained two adjacenehovsuggesting that thepkdl1l2 annotation on chromosome 7
genes, ENSDARGO00000074116 and ENSDARGO000000902h@@ht be incomplete Kigure 10). Consistent with this, the
encoding proteins of 488 and 294 amino acids respectiveBP coding sequence of the longest ENSDARG00000088121
(Figure 1B). Temporarily these genes received the annotationganscript, ENSDART00000156286, lacked a start codon and
pkd1l3 (1 of 4)and pkd1I3 (3 of 4)before being retired from only encoded a protein of 859 amino acids. This gene was
the nal release of Zv9. Given the proximity of these genes tsubsequently renamegkdrej (2 of 2)in a later Zv9 release.
one another on the same chromosome and their consecutiiaterestingly, in that same genome release an additionakge
alignment with the XM_002662913 reference sequence, vpkdrej (1 of 2) encoding a protein of 124 amino acids, was
hypothesized that these genes might constitute di erent partseported immediately downstream gbkdrej (2 of 2) Our

of one longer gene. Consistent with this, riboprobes gemerat PFAM protein domain analysis revealed that these “Pkdrej’
against each gene produced identical expression patterns jmoteins contained classic features of Pkd proteins (Lectin C
zebrash ventral spinal cord and putative taste receptorsype domain, galactose-binding-lectin domain, and GPS fnoti
(Figure 1B and see expression analyses below). [Pkdrej (2 of 2)] and PLAT/LH2 domain [Pkdrej (1 of 2)].

In GRCz10 this locus is now callegkdll2a A single However, neither protein contained the REJ domain, present
17-exon transcript, ENSDART00000173234.1, is predicted fo amniote PKDREJ proteinsF{gure 2), nor the polycystin-
encode an 1124 amino acid protein. However, tResdquence cation-channel domain present in all other Pkd proteins. By the
of this transcript only partially overlaps the®3equence of rst release of GRCz1(pkdrej (2 of 2)had becomesi:ch211-
ENSDARG00000090210 and is, therefore, likely to be incomple168k15.4and parts ofpkdrej (1 of 2)had been included in
(Figure 1B). It is also likely to contain inaccuracies becausehe largest transcript of a new gene, ENSDARG00000101214,
sequence present in our ENSDARG00000074116 riboprobe dalled pkd113 although in the most recent release of GRCz10
annotated as being intronic in ENSDART00000173234.1. (version 86.10), ENSDARG00000101214 is napheld [2.These

To identify the correct gene sequence, we used thavo genes overlap each othefigure 10. Exons 10-16 and
XM_002662913 sequence, which aligns with both of the retirethe rst 231 bases of exon 17 o$i:ch211-168k1.5.4re
pkdll3genes as well as sequence upstream of them, to map tlkentical to exons 2—-9 of ENSDARG00000101214. However,
mRNA transcript using RT-PCR. Since a preliminary proteinthe si:ch211-168k15.#anscript utilizes a stop codon present
domain search of the reference sequence suggested we mightntron 9—10 of ENSDARG00000101214, and the transcript
be missing amino-terminus sequence, we used the RefSeq GRBBENSDARG00000101214 (ENSDART00000124969.2) utilizes
annotation import track in GRCz10 to identify a putative a start codon present in exon 10 sf:ch211-168k15.4ince
locus, LOC101884812immediately upstreamHigure 1B. A  the protein encoded by ENSDART00000124969.2 is 1442 amino
protein domain search of this sequence using the Pfamcids long and contains a polycystin-cation-channel domain
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we tested whether this transcript argitch211-168k15mhight  (Figure 2 Table 7). Our synteny and phylogeny analyses (see
actually be part of a larggrkd gene using RT-PCR. Since the below) also suggest that this geneksi2|1

50 coding sequence is incomplete sitch211-168k15we also We also performed additional bioinformatics searches using a
performed inverse PCR to identify any &oding sequence that newer version of the zebra sh genome released during oufystu
might be further upstreamTable 1). These analyses identied GRCz10, to test if there were any additional poterpied genes.

a longer, combined 7898 bp transcript that contains bothFor this, we identi ed peptide sequences for the polycystin-
the si:ch211-168k15.4nd ENSDARG00000101214 sequencesation-channel domain in each of the zebra gbkd genes
utilizing a start codon 4 bases upstream of exon 1 in thend performed Tblastn analyses with each of these sequences
currentsi:ch211-168k15ahnotation, and transitioning between against this newer version of the genome (see Section Négeri
exon 16 of si:ch211-168k15.4mmediately into exon 9 of and Methods). We used the polycystin-cation-channel domain
ENSDART00000124969.2. Whilst the identi cation of therista because this is the domain that de nes Pkd proteiRg(re 2).
codon is unique to this study and we have also identi ed n@%l When we did this, several of the domains identi ed other akig-
UTR sequence, nucleotides 683—7026 of our new 7898 bp mRNéenti ed pkd genes Table 1), but no new pkd genes were
transcript align perfectly with the original XM_009303604 434 identi ed.

bp reference sequence. The resulting 1902 amino acid protein Since the zebra sipkd genes that we had identi ed included
has very similar domains to Pkdll28aple 1, Figure 2) and only one set of potential teleost-duplicates or ohnologsst(ju
its polycystin-cation-channel domain is most similar to tha pkdll2dpkdll2bas we do not think thaipkdl and pkdltare

of Pkd1l2a, with which it has 60% identity, more than 30% teleost duplicates because these genes exist in both dadiliag
higher than with any other zebra sh Pkd proteifdble 2. The and holostei sh as described belgwye further investigated
lack of a PKD domain and the presence of a galactose-bindingvhether teleost ohnologs of any additioqédid genes might exist
lectin domain are also consistent with PKD1L2 proteins inesth by searching forpkd genes in medaka, stickleback and green
animals, with the exception that, unlike zebra sh Pkdll2a andspotted pu er sh. We performed a textual search fokd genes,
amniote PKD1L2, this protein is missing a REJ domain. Ouand also blasted the polycystin-cation-channel domain fibr a
synteny and phylogenetic analyses, discussed below, gilgestu seven zebra sh Pkd proteins, against each of these genomes.
that this is apkd1l2gene. Therefore, we are con dent that this We identi ed the same complement of seven genes in both
gene ipkd1l2band we have deposited the transcript sequence atickleback and green spotted pu er sh and six genes in medaka

NCBI (accession number KY074552). (pkd1bwas missingTable 1). For each zebra sh Pkd protein, the
polycystin-cation-channel domain had greatest homologyhwit
pkd2 the gene that our phylogeny and synteny analyses suggest is its

During this study the annotation of the gene callggkd2 closest ortholog in each of the other teleost genomeble 1).
remained unchanged within Ensembl. Thled2mRNA reference  Whilst Pkd1I2b in green spotted pu er sh and stickleback have
sequence identied at the start of this study, DQ175629.1slightly higher sequence homology with the polycystin-aatio
aligns with the 14 exons present in the current Ensembthannel domain of zebra sh Pkd1l2a than Pkd1I2b, Pkd1l2a in
pkd2 transcript, ENSDART00000020412.7, although the lattdooth of these teleosts shows even higher sequence homology
contains additional UTR sequence. This suggests fila2 with zebra sh Pkd1l2a. Therefore, these data, together with
(ENSDARG00000014098) encodes a 904 amino acid protein. Opinylogeny and synteny analyses, suggest that we have cprrectl
synteny and phylogeny analyses (see below) con rm that thislassi ed the genes that encode these proteifsble 7). We

gene ispkd2 Similar to PKD2 proteins in other vertebrates, thefound no evidence in any of the teleosts examined for addéio
main conserved domain in the encoded protein is the polycystinduplicate (ohnologpkdgenes.

cation-channel domainKigure 2, Table 1). Interestingly, our Tblastn analyses with full-length zzlsh
Pkd1b identi ed a small region of homology in each of the teleo
pkd2l1 genomes with the PLAT/LH2 region of Pkd1b (data not shown).

The annotation of the gene callegkd2ll also remained Visualinspection of each of these locirevealed conservadisyn
unchanged within Ensembl during this study. Tpked2IImRNA  with the region surrounding amniotBKD1L3genesfigure 4B).
reference sequence XM_690312 aligns with 100% homology T@ assess whether these teleost genomes might copkaiihl3
exons 1-9, 11-12, and 14-15 of the currpkti2l1transcript orthologs, we performed Thlastn analyses with full-lengthuse
ENSDART00000145948.1, which contains the additional £xofPKD1L3 (Supplementary Table 4). These identi ed the same loci
10 and 13. This suggests thptd2l1generates a 790 amino acid The putativepkdl1I3locus is not annotated in either zebra sh
protein and is encoded by ENSDARG00000022503. Consistemt medaka genomes, although a transcript is present in a
with this, our in situ hybridization riboprobe (see expression previous zebra sh genome assembly (ENSDARG00000091803 in
analyses below), which was designed against veding and  Zv9, Table 1). In the green spotted pu er sh and stickleback
UTR sequence present in ENSDART00000145948.1 (nucleotidgenomes, this locus contains a novel gene. Consistent with
2062-2614), generated data similar to expression reported as our Thlastn analyses with polycystin-cation-channel segaen
riboprobe designed against more upstream sequence (nubdsoti we have not detected these sequences encoding this domain
1148-2022PDjenoune et al., 20)4As for zebra sh Pkd2, and within any of these loci. Given that the polycystin-cation-
PKD2 family proteins in other vertebrates, the main consdrve channel domain is the one domain that is present in all PKD
domain in this protein is the polycystin-cation-channel doma proteins, we do not consider these sequences bonapké
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genes and therefore have not analyzed them further in thi§Callorhinchus mili, zebra sh Qanio rerig, medaka Qryzias
study. latipes) green spotted pu er sh Tetraodon nigroviridis)and
Given that we found sequences with homology to part of thestickleback(Gasterosteus aculeatu®KD1-like and PKD2-like
pkd1lIi3gene, to con rm thatpkd212and pkdrejare absent in proteins. We used the region of the polycystin-cation-chdnne
teleosts we performed Thlastn with full-length mouse PKD2L2lomain that was present in all of the proteins and both Neighbor
and PKDREJ against all of the teleost genomes discussed. abal@ning (NJ) and maximum likelihood methods (see Section
Both of these analyses only produced alignments with alreadylaterials and Methods, Supplementary Figures Figure 3).
identi ed Pkd proteins. Therefore, we are con dentthat tleeare  In the resulting phylogenetic tree§igure 3, data not shown),
no pkd212or pkdrejgenes in these teleost genomes. all of the zebra sh proteins cluster with the expected proteins
To investigate potential relationships between the zebra sirom other species, suggesting that their annotations areect
pkd genes we aligned the polycystin-cation-channel domains fo€onsistent with Pkd112a and Pkd112b being teleost duplicates o
each of the Pkd proteins and determined the percentage identitPKD1L2 proteins in other vertebrates, all of the PKD1L2 prutei
of this domain between each of them. Pkd1l2a and Pkd1l2b hawuster together. Interestingly, in the maximum likelihotee,
the highest identity (62%able 2, which is consistent with them mammalian PKD1L3 genes are also contained in this cluster,
being recently duplicated genes. Pkd2l1 and Pkd2 also haveakihough this was not the case in the NJ analyBigyre 3 and
high degree of identity at 57%. However, all of the other pagew data not shown). However, we are con dent that none of the
comparisons have 30% identity at the amino acid level. teleosipkdll2genes arpkdll3genes as we have also found partial
To investigate the evolution of zebraslpkd genes we pkdll3genes in teleosts as discussed above.
identi ed all of the PKD genes in both spotted gdrgpisosteus To further test whether we had correctly identied
oculatusa holostei sh) and elephant sharlC@llorhinchus milii ~ orthologous relationships, we also examined the genomic
a cartilaginous sh). In both of these species we foungk®l regions around each of the zebra spkd genes and their
genespkdl, pkdlh pkdlll pkdl1l2 pkdrej pkd2 pkd2ll,and proposed orthologs in other vertebrates for conserved syateni
pkd2I2 (Figure 3, Supplementary Table 5). Unlike mammals,relationships with other neighboring genes. We found that th
spotted gar, and elephant shark both haveplallb gene. In  pkdl genomic locus contains both HTHL1 and TSC2gene
contrast, similar to mammals and unlike teleosts they ordyén in humans, mouse and all four teleost speci€sgyre 4A).
onepkdll2gene (Supplementary Table 5). However, like teleostéy contrast, whilst the genomic regions around green spotted
spotted gar only has a partigkd1I3 sequence that lacks the pu er sh and sticklebackpkdlbshare synteny with each other,
polycystin-cation-channel domain but is located in aregwith  none of the genes in this region are found near zebrgpgld1b
conserved synteny with othgrkd1l3regions (data not shown). (Figure 4B). ThePKD1L1locus has considerable shared synteny
Itis currently less clear whetherpkd1l3gene exists in elephant between human and mouse and between teleosts, but the teleost
shark. In the mammalian, teleost and holostei genomes tleat wloci don't have any obvious shared synteny with the amniote
have examined?KD1L3is always located close to a gene calledbci (Figure 40). In contrast,PKD1L2is located near &CSH
DHODH (Figure 4B. dhodhis located on Scaold_12 of the and aBCOZlgene in both mammals and at least one teleost and
elephant shark current genome, but we did not nd any evidencehere are other genes found in common near most of the teleost
for apkdgene nearby (data not shown), although we cannot rulpkdll2agenesFigure 4D).
out the possibility that this gene exists elsewhere in thegen ThePKD2locus, like thd?KD1locus, also has some conserved
To conrm orthologous relationships between teleost andsynteny between di erent vertebratdsigure 5A). This genomic
mammalianPKD1-familyand PKD2-familygenes we performed region contains anABCG2 and PPM1K gene in humans,
phylogenetic analyses of humahldmo sapies mouse Mus  zebra sh, green spotted pu er sh, medaka, and stickleback.
musculuy spotted gar l(episosteus oculajuslephant shark While the mousePkd2 locus doesn't seem to contain these

TABLE 2 | Similarities of polycystin-cation-channel domains of zebra sh Pkd proteins.
Pkd Protein Polycystin-cation-channel Pkd protein
domain size (amino acids)

Pkd1 Pkd1b Pkd1l1 Pkd1l2a Pkd1l2b Pkd2 Pkd2l1
Pkd1 392 100 27.78 16.95 23.81 25.20 25.86 24.07
Pkd1b 293 27.78 100 21.64 20.98 20.49 20.63 19.23
Pkd1l1 181 16.95 21.64 100 28.49 21.79 27.37 2291
Pkd1l2a 419 23.81 20.98 28.49 100 62.26 29.56 29.80
Pkd1l2b 417 25.20 20.49 21.79 62.26 100 28.47 27.97
Pkd2 421 25.86 20.63 27.37 29.56 28.47 100 57.38
Pkd2l11 421 24.07 19.23 22.91 29.80 27.97 57.38 100

Percentage identity between polycystin-cation-channel domains of zebrsh Pkd proteins generated using Clustal Omega (see Section Materialnd Methods). Column 2 indicates the
size of the polycystin-cation-channel domain in amino acids. Comparthe protein in each row to the protein in each column to read the pairwise idetyi percentage.
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FIGURE 3 | Phylogenetic analysis of PKD proteins.

Phylogenetic analysis of humanHomo sapiens hsa), mouse Mus musculus, mmu), spotted gar (episosteus
oculatus, loc), elephant shark Callorhinchus milii, cm), zebra sh (Danio rerio, dre, medaka Qryzias latipes, ola)green spotted puffer sh (Tetraodon nigroviridis, tni)
and stickleback (Gasterosteus aculeatus, gacPKD1-like proteins(A) and PKD2-like proteins with theDrosophila melanogaster(dme) Pkd2 protein as an outgroup
(B). In both cases a region of the polycystin-cation-channel dorain that was present in all of the proteins was used (see Secin Materials and Methods and
Supplementary Figures 1, 2). Both analyses used a maximunkélihood method, with WAG substitution, performed using PML (v3.1/3.0 Alrt; see Section Materials

(Continued)
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FIGURE 3 | Continued

and Methods). Human PKD1L2, sticklebackPkd1b and teleost, and spotted gar Pkd1I3 proteins are not includd as they lack the polycystin-cation-channel domain.
We did not include an invertebrate protein in the analysis ¢fKD1-like proteins as the evolution of this gene family seesrto be more complex and while vertebrate
PKD1-like proteins do have some homology to invertebrate pteins, this homology is limited and we did not identify an wertebrate protein that had good support for
being a clear outgroup for this family. aLRT Sh-like branchupport values are shown in red to the left of each branch. Redmowheads indicate the branch that each
value corresponds to. Scale barD 0.4 nucleotide substitutions per site(A), 0.5 nucleotide substitutions per site(B).

genes—it shares three other genes with the human locus. Tltee developing zebra sh pronephros. Therefore, we examined
Pkd2lllocus also has considerable conserved synteny betweexrpression in WT embryos (8.3, 10, 12, 24, 27, 30, 36, and 48h, 3
di erent teleost genomes and between mouse and human. 14, and 5 dpf). We found no expressionmkd1b, pkd1l1, pkd1ll2a,
addition, a couple of genes are present in both mammals and akd1I2b,or pkd2Ilin the developing pronephros at any of these
least one teleosEHUK (present in mammals and zebra sh) and stages Kigures 69 and data not shown). In contrast, while
aSECgene—SEC31HEpresent in mammals) ansec23lfpresent  pkdl and pkd2 are not expressed in presumptive pronephric
in zebra sh and sticklebacligure 5B). mesoderm at 8.3, 10, or 12 lrigures 6G-K, they are both
Based on all of these analyses, we are convinced that the geegpressed in the pronephros by 24 h, although the expression
that we have identi ed are indegokdl, pkdlb, pkd1l1l, pkd1l2a, of pkdlis much stronger than that opkd2 (Figures 7A,K
pkd1I2b, pkd2and pkd2I1 and that these are the only bona- 90,P,AB). The expression opkdlin the pronephros persists
de pkd genes in zebra sh and the other teleosts that we havantil 3dpf. We also found that weagkd2 expression persists

examined. in the pronephros during the pharyngula period (arrows in

27 and 36h) but it was not enriched above the otherwise
Expression of pkd Genes during Zebra sh ubiquitous expression qfkd2by 2 dpf Figures 10A-Dand data
Development not shown).

As described in the introductionpkd genes have important

developmental functions in many di erent tissues and in astea SPinal Cord Expression

some of these locations, PKD1-like and PKD2-like proteirts acZebra shpkd2llwas recently shown to be expressed in a unique
in a heteromeric complex. However, before we started thigystu Population of spinal cord cells, called Kolmer Agduhr (KA) cells
the expression patterns, and hence the potential functions an@f cerebrospinal uid-contacting neurons (CSF-cNsjenoune
binding partners, were not known for several of the zebra shet al., 201t In addition, pkdlbhas been reported as being
pkdgenes. Therefore, we performed a comprehensive expressigiPressed broadly in the spinal cord at late somitogenesiestag
analysis for all seven genes at developmental stages from B h tbut restricted to medial oor plate ependymal cells by 3.5 dpf
dpf. We identi ed expression of speci ¢ subsets of these gemes {Mangos et al., 20)@nd low level expression pkd2has been

many di erent tissues/structures as described below. observed inthe oor plate during somitogenesis stagesqrove
et al., 2005; Schottenfeld et al., 2D0herefore, we were very

Dorsal Forerunner Cell and Kupffer's Vesicle interested in investigating expressionpakd genes in spinal cord

Expression cells, particularly to see if we could identify a potential partn

As previous studies have established tp&t2 is expressed for Pkd2I1 in KA cells and/or additional Pkd proteins expressed
in Kup er's vesicle (KV) during early zebra sh embryogenesisin the oor plate.

(Bisgrove et al., 2005; Schottenfeld et al., 2007; Roxo-Rasa et We examined spinal cord expression of allpkd genes
2019, we investigated expression of all seven zebralggenes in WT embryos at 12, 24, 27, 30, 36, and 48h, and 3, 4,
in dorsal forerunner cells/KV at 8.3, 10, and 12 Figure 6. and 5 dpf. In addition, we examined expressionntindoomb
We found no expression qgikdl, pkdih pkdll2a pkdil2h and mutants at 24 hmindbombencodes an E3-ubiquitin-ligase that
pkd2llat any of these stageBigures 6J-% with the exception is required for e cient Notch signaling. Inmindbombmutants
that there is some spinal cord expressiopkfi1bat 12 h (arrows ~Notch signaling is lost and, as a result, the vast majority of
in Figure 6M). In contrast,pkd1liwas expressed in a cluster of spinal cord progenitor cells precociously di erentiate as early
dorsal forerunner cells at 8.3 Irigure 6D), that later condense forming populations of spinal cord neurons at the expense of
to form the KV at 10 and 12 hRigures 6E—F. pkd2expression later forming neurons and glial{ang et al., 1996; Schier et al,
was not detected at 8.3 Rigure 6G), but was presentin a group 1996; Itoh etal., 2003; Park and Appel, 2003; Batista et a8).200
of cells in the KV region at 10 h, resolving in to a ring of cellsTherefore, comparing expression of genes in the spinal cords of

surrounding the KV by 12 hRigures 6H-). mindbombmutants and WT embryos enables us to distinguish
between progenitor domain expression (which should be lost)
Pronephros/Kidney Expression and post-mitotic expression (which is often, although notays,

It has already been reported thpkd2 expression is enriched expanded). In addition, if a gene is expressed very weakly in
in developing zebra sh pronephrosB(sgrove et al., 2005; post-mitotic spinal cord cells, its expression is usually easier
Schottenfeld et al., 20)and Pkd2 protein is presentin zebra sh to observe inmindbomb mutants, where the expression is
kidney epithelial cells@bara et al., 2006However, before this often expanded and strongeB#tista et al., 2008 Therefore,
study, it was unknown if any othepkd genes are expressed in examining expression imindbombmutants also helps us to be
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FIGURE 4 | Conserved synteny around zebrash  pkdl-like genes. Examination of syntenic relationships betweepkd and neighboring genes in genomic
regions associated with zebra shpkd1 family genes. Species is indicated on left and chromosomesroright. Un-Random ¢ni), unordered random sequences that
have yet to be assigned to a chromosome hsa, human (Homo sapiens); mmu, mouse (Mus musculus); dre, zebra sh (Danio rerig; ola, medaka Oryzias latipes)tni,
green spotted puffer sh (Tetraodon nigroviridig; and gac, stickleback Gasterosteus aculeatu3. Pkd genes are indicated in bold red text. Schematics are not to sale.
For ease of comparison, gene clusters are shown in the same @ntation, even though in some cases, gene organization isssshown, but on the opposite strand of
the chromosome. Schematics only include annotated coding gnes. Antisense processed transcripts and ribosomal and lrg-non-coding RNA loci are not included.
Colors indicate homologous genes within an individual paeSo, for example, pink genes irpkd1 (A) are homologous to each other (they are alSLC9A3R2despite
their slightly different positions) but they are not homolgpus to pink genes in thepkd1I1 panel. However, gray (novel) genes ifA) are an exception, as these three
genes are not homologous to each other. We did not nd apkd1b gene in medaka, and none of the genes ankingpkd1b in green spotted puffer sh and stickleback
are found near the zebra shpkd1b gene (B). The PKD1L1 locus is syntenic within but not between amniotes and teleas (C). Zebra sh pkd1l2a is the only teleost
gene to share synteny with both the aminote and other teleosPKD1L2 loci (D). Only stickleback and medakapkd1I2b genes share any synteny among thepkd1I2b
genes (D). As in amniotes, all teleost putative partighkd1I3 orthologs are anked by dhodh genes (E).
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FIGURE 5 | Conserved synteny around zebrash  pkd2-like genes. Examination of syntenic relationships betweepkd and neighboring genes in genomic
regions associated with zebra shpkd2 family genes. Species is indicated on left and chromosomesroright. hsa, human (Homo sapiens); mmu, mouse (Mus
musculus); dre, zebra sh (Danio rerig; ola, medaka (Oryzias latipes)tni, green spotted puffer sh (Tetraodon nigroviridi$; and gac, stickleback Gasterosteus
aculeatus). Pkd genes are indicated in bold red text. Schematics are not to sale. For ease of comparison, gene clusters are shown in the sae orientation, even
though in some cases, gene organization is as shown, but on #opposite strand of the chromosome. Schematics only includ annotated coding genes. Antisense
processed transcripts and ribosomal and long-non-coding RIA loci are not included. Colors only indicate homologous gees within an individual panel. So, for
example, pink genes in thepkd2 panel are not homologous to pink genes in thepkd2l1 panel. The teleostpkd2 genes share synteny with human but not mouse
PKD2 (A). The teleosts share considerable synteny at thekd?2I1 locus, but only zebra sh and sticklebackpkd2l1 genes share any synteny with amniotegB).

more con dent about whether a gene is expressed in the spinal pkdll2a and pkd2l1 have very similar spinal expression

cord or not. patterns. Both genes are already expressed in two rows of
Both  WT and mindbomb mutant expression analyses ventral cells by 24 hRigures 8G,M as well as being expressed

suggest thapkdl, pkdlll, and pkdll2bare not expressed in more weakly in occasional more dorsal cellsg(res 8 11).

zebra sh spinal cord Figures 7A,B,E,F,1,J8S-A 9M-X and  This expression also extends into caudal hindbrain (insets in

Supplementary Figures 3G-U). It is likely thaitd2is also not Figures 12M-0, Y-A. Unusually for post-mitotic spinal cord

expressed in spinal cord, other than very weakly in oor platecells, but consistent with KA cells, these cells are located

(Figures 7K,L, 8B'-D', 9Y-B' and Supplementary Figures 3V— medially in ventral spinal cord, in positions where they

Z). In contrast,pkd1lbwas expressed broadly in the spinal cordcan contact the CSF-containing central canigig(res 11A,B

and pkdll2aand pkd2l1 were both expressed in post-mitotic 9E,G,I,K). The expression of both of these genes continues

cells in ventral spinal cordFigures 79, 11, see more detailed throughout all of the stages that we examined, although the

descriptions below). two rows become less distinct at later stages gukai2l1l
pkd1lbis expressed very broadly throughout the dorsal/ventraéxpression seems to become weaker in the more ventral

extent of the spinal cord at 24 h in what appears to be mainlyow of cells by 4 dpf Figures 8H-L,N-R. To conrm that

progenitor cells Figures 8A 9A,C). By 27 h, expression in these genes are both expressed by KA cells, we performed

the most dorsal part of the spinal cord has reduced. By 3@ouble labels withTg( 8.1lgatal:gatal-EGFREbra sh which

h the expression has resolved into two broad domains in thexpress GFP in both KA and V2b cells in the spinal cord

ventral spinal cord, one just above the notochord and ondKobayashi et al., 2001; Batista et al., 30@bnsistent with

in the middle of the dorsal/ventral axis. This continues ilint the previous report Djenoune et al., 20)4 we nd that

5 dpf, at which point expression in the more dorsal domainpkd2l1is expressed in all ventral KAcells and more dorsal

is much weaker Rigures 8B—-B. Consistent withpkdlbbeing KA? cells. In addition, we show for the rst time that

expressed by progenitor cells, most of its spinal expression z&ebra sh pkdll2ais also expressed in both of these cell types

lost in mindbombmutants, with the exception of the oor plate (Figures 11C-I).

expression, which remains. This suggests thled1b may be

expressed in oor plate in addition to being broadly expressed irEar Expression

spinal cord progenitor cells{gures 9B,D. Consistent with this, We also detected expression of twikd genes in specic

we observekdlbexpression in the oor plate of the hindbrain territories of the ear at 4-5 dpf{gures 10E-H. We observed

from 24 h until at least 5 dpf (insets fhigures 12 E—-G. pkd1l1 and pkd2I1 expression in the ectoderm of the inner
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FIGURE 6 | pkd2 and pkd1ll are expressed in Kupffer's vesicle.  Lateral
expression ofpkd genes at 8.3, 10, and 12 h. Region shown in main panel at
each stage is indicated by red dotted boxes in schematic§A—-C). Inset images
in (D-S) show whole-mount view of embryo, dorsal forerunner cells/KV
located in bottom right-hand corner. There is no expressiomf pkd1, pkdib,
pkd1l2a, pkd1I2b, or pkd2I1 in dorsal forerunner cells or KV at any of these
stages. The boundary of the KV cavity is faintly visible in Msa slightly different
focal plane has been shown to include spinal cord expressiarHowever,
pkd1lb is not expressed in the margin of KV. Arrows irfM) indicate caudal limit
of spinal cord expression ofpkd1b. pkd1l1 is expressed in the KV region at all
three stages(D-F) and pkd2 is expressed at 10 and 12 h but not 8.3 h(G-I).
Scale bar(D) D 50 nm, (D-S) main panels and 200mm, inset panels.

ear that supports the posterior canal and posterior crista at
4 dpf. pkd1llis also weakly expressed in the utricular otolith.
By 5 dpf, pkd1l1l expression persists in the utricular otolith
and the underlying utricular macula. It is also expressed i th
neighboring ectoderm anking the lateral canal and latemasta
(Figures 10E,F. In contrast, the expression pkd2l1persists in
the tissue surrounding the posterior canal and posterior crista
(Figures 10G,H.

Lateral Line and Neuromasts

Interestingly, we also detected expressiopkafl, and onlypkd1,

in the neuromasts (asteriskisigures 101,J,L,M and lateral line
primordium (white dotted line,Figures 101,K). This expression
was rst apparent at 36 h and it persists in the neuromasts until 3
dpf, but is lost by 4 dpf.

Fin Buds

Similarly, out of all 7pkd genes, we only detected expression of
pkd1linthe pectoral nbudspkdlis expressed in these structures
at 36, 48 h, and 3 dpf, but we could not detect expression above
background by 4 dpf (arrows ifrigures 10N,Oand data not
shown). At 36 and 48 lpkdlexpression is ubiquitous throughout
these structures but as reported previoushia(gos et al., 20)0
expression is restricted to the base of the n by 3 dpf.

Somite Expression

We also only detected expression of gula gene in somites.
pkd2is rst expressed in the ventral half of each rostral somite
at 4 dpf and this expression persists at 5 dpjre 7L, arrows

in Figures 10P-R

Eye Expression

We detected transient expression of ve di ergokdgenesinthe
retina.pkd1b, pkd1l1, pkd1l2a, pkdll2mdpkd2llare expressed

in the ganglion cell layer (adjacent to the lens, single €ros
and the amacrine cells (outer cell layer immediately adjaten
the ganglion cell layer, double cross) of the eye at 4 dpf. The
expression ofpkdlband pkdll2bis weak, but the expression
of pkdlll pkdll2a,and pkd2I1lis stronger Figures 10S-W.
However, onlypkdll2bexpression persists at 5 dpf (data not
shown).

Taste Bud Expression

In other vertebrates, PKD1L3 and PKD2L1 have been proposed
to function as sour taste receptoridifang et al., 2006; Ishimaru

et al.,, 2006 although also seélelson et al., 20%0Hofherr

and Kottgen and references therein). In zebrash, the taste
buds rst form at about 3 dpf on the lips/jaw and pharyngeal
arches and then at 4 dpf they also form on the mouth
and oro-pharyngeal cavityHansen et al., 2002; Kapsimali
et al., 201)L Consistent with possible expression in the taste
buds, we observe dynamic expression of all seven zebra sh
pkd genes in the pharyngeal and/or jaw regions at these
stages.

Mangos et al. (2010yeported expression opkdl in the
pharyngeal arches and jaw forming regions at both 52 and 72 h
and our data agrees with this. We see strong expression in the
pharyngeal arches by 48 h (data not shown) and this expression
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FIGURE 7 | Expression of pkd genes in zebra sh embryos and larvae.  Lateral views of whole embryo expression opkd genes at 24 h and 5 dpf. Rostral left,
dorsal up. (A,B) pkd1l is strongly expressed in the pronephros at 24 h (arrowsA) but not at 5 dpf. By 5 dpf, pkd1 expression persists only in the putative taste
(Continued)
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FIGURE 7 | Continued

receptors (white asterisks,B). (C,D) pkd1lb is broadly expressed throughout the dorsal-ventral hindt&in and spinal cord, and in the caudal-most midbrain at 24 h. B
5 dpf, strong expression persists in the oor plate in the midibain and hindbrain, whilst weaker expression persists in fative taste receptors of the pharynx (white
asterisks, D). (E,F) pkd1l1 is not expressed at 24 h but is detected in the ear at 5 dpf (whé dotted line, F). (G,H) pkd1l2ais expressed in cells in the ventral-most
spinal cord at 24 h. This expression persists at 5 dpf, as doegxpression in putative taste receptors (white asteriski). (1,J) pkd1I2b expression is not detected at 24
h and persists only weakly in the pharyngeal cartilage at 5 dgwhite asterisk,J). (K,L) pkd2 is expressed in the pronephros (arrowsK) and perhaps very weakly in the
oor plate at 24 h (arrowheads, K). By 5 dpf, pkd2 expression is restricted to the ventral region of the rostissomites and putative taste receptors (white asteriskd.,).
(M,N) Like pkd1l2a, pkd2I1 is also expressed in cells in the ventral-most spinal cord &4 h. This expression also persists at 5 dpf, together with wak expression in
putative taste receptors (white asterisksN). Low level diffuse staining in the brain ifA,C,F,H,L,N) and more widely in(E,l,K) is probably background staining. These
embryos were stained for longer periods in order to try and dect any weak, but speci c, expression in the spinal cord. As aconsequence of this, the brain, which
contains large ventricles which sometimes trap RNA ribopiues, often has background staining (see Section DiscussignScale bar(A) D 100 nm.

remains strong at 3 dpf on both the ceratobranchial arches (this no obvious expression on either the pharyngeal cartilagleor
more caudal parts of the pharyngeal arches, posterior to thgharyngeal walls at either 3 or 5 dpf. However, there is a transie
eyes, arrowheadSgures 120 13A), and also more anteriorly on pulse of expression on both the pharyngeal walls and parts of
the hyosymplectic cartilage (medio-lateral and just postetd  the pharyngeal cartilage at 4 dpf (arrowheddgures 12K'-P;
the eyes, derived from the second pharyngeal arch, arrovehea@i3S—U).
Figures 120 13A). Expression is decreased at 4 and 5 dpf
(arrowheads-igures 12A-F 13A-C). Consistent with an earlier
report (Bisgrove et al., 2005we also nd pkd2 expression DISCUSSION
in the pharyngeal arches at 3 dpf (arrowhedtgures 12G,)1
In addition, we demonstrate here that strong expression ofn this paper, we identify seven zebraspkd genes and
pkd2 persists in the pharyngeal arches at 4 dpf (arrowheadson rm their orthologous relationships withPkd genes in
Figures 12H,K). By 5 dpf, there is also some expression on th@ther vertebrates using phylogenetic and syntenic analgas
pharyngeal walls and the expression in the pharyngeal cagtiladgpioinformatics analyses strongly suggest that this is tHe fu
has reduced caudally and remains in only the rostral-mostomplement ofpkd genes in zebra sh and other teleosts and
pharyngeal cartilage (arrowhealigures 12I,L, 13D-P). we are condent in our classi cation/naming of all of these
pkdll2aandpkdll2bare also expressed in putative taste budsgenes, based on our synteny and phylogenetic analyses. Bhe on
although their expression patterns di er from one another andpossible exceptions are zebra pkd1l2aand pkd1I2b The gene
from those ofpkdland pkd2 We observegkdll2aexpression that we have callegkd1i2bin zebra sh has much more shared
on the pharyngeal walls and cartilage at all stages examined. synteny withpkd1l2agenes in other teleosts than the gene that we
contrast topkdl which is expressed not only across the entirehave called zebra spkd1l2aHowever, our phylogenetic analysis
surface of the ceratobranchial arches but also on the mediguggests that our assignmentpkéill2aandpkdl1i2bin zebra sh
lateral hyosymplectic cartilage at 3 dpikdll2ais expressed are correct. In addition, the other teleost Pkdll2a proteins
only laterally on the ceratobranchial arches and in very ¢ells  share higher homology with the zebra sh Pkdl1l2a polycystin-
medially, in the pharyngeal cavity between the eyes. By 4 dgfation-channel domain than with the Pkd1I2b polycystinioat
pkdll2aexpression is strongest on the ceratohyal cartilage, whiothannel domain. Finally, all of the teleost Pkd1l2a proteins,
is the most rostral and medial component of the pharyngeaincluding zebra sh, contain a REJ domain (with the exception
cartilage and this expression persists at 5 dpf (arrowheads green spotted pu er sh for which we only have a very short
Figures 12M—-R 13G-I). In contrast to pkd1ll2a we did not protein sequence available) and none of the teleost Pkd1lI2b
detect expression gfkdli2bon the pharyngeal walls. Instead proteins, including zebra sh, contain a REJ domain.
it is expressed in a few medial cells of the ceratobranchial Interestingly, our data suggest that only ty&d ohnologs
arches (caudal-most pharyngeal arches) at 3 dpf. This expressifrom the whole genome duplication that occurred at the base
spreads laterally by 4 dpf, and is expanded further by 5 dpf suabf the teleosts have been retained: all four teleost gendinaes
that it is adjacent and caudal to that pkdll2aat these stages we analyzed have bothpkdll2aand apkdll2bgene, whereas
(arrowheadsFigures 12S-X 13J-D. At 3 dpf the expression we have not foundPkdl1l2bin other vertebrates. In contrast, we
of pkd2l1partially overlaps that opkdll2aand pkdll2bacross found orthologs of all of the other teleopkd genes in at least
the ceratobranchial arches, although, lidal1l2h pkd2Ilis not some other vertebrate lineages.
expressed on the pharyngeal walls, it is only expressed on the This limited number of teleost duplicate genes or ohnologs
pharyngeal cartilage. This expressionpid2l1increases and is accompanied by the lack of sonpi&d genes that exist in
expands laterally across the ceratobranchial arches ogargkt mammals. Our systematic bioinformatic analyses of all four
2 days (arrowheadsigures 12Y,Z,A-D; 13M-0). teleost genomes, demonstrates that they fgla?12and pkdrej
We also see weak expressiopkd1bin the pharynx, probably genes. Given that both of these genes are present in the
on the pharyngeal walls at 2, 3, 4, and 5 dpf. By 4 dpf, andartilaginous sh, elephant sharkC@llorhinchus miljj and the
persisting at 5 dpf, this gene is also expressed in a few losation holostei sh, spotted garl(episosteus oculajudt is likely that
the pharyngeal cartilage (arrowheaBigures 12E'-J'13P—-R. these two genes have been lost in the teleost lineage. In@ddit
pkd1llis only expressed very transiently in these regions. Thenehile we have found putative partigkdll3genes in teleosts,
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pkd1b

pkd1 pkd2i1 pkd1l2a

pkd1i2b | pkd1l1

pkd2

FIGURE 8 | Spinal cord expression of zebrash  pkd genes. Lateral views showing expression opkd genes at 1-5 dpf. Rostral left, dorsal up(A—F) pkd1b is
expressed broadly in the spinal cordpkd1l2a (G-L) and pkd2I1 (M-R) are both expressed in two rows of cells in the ventral spinalard and occasionally weakly in
more dorsal cells (asterisk)(S—U) pkd1, (V-X)pkd1l1, (Y-A) pkd1l2b, and (B'-D') pkd2 are not expressed in spinal cord. Some of these embryos havedckground
expression as we stained them for long periods of time to tryad detect any weak, but speci c, expression. Expression ofpkd2 is visible in the rostral ventral somites
(D"). Scale bar(A) D 50 mm.

these sequences lack the region that encodes the polycystspotted gar genome also contains a panpied1I3sequence that
cation-channel domain that is present in all otheKD genes, is missing this polycystin-cation-channel domain regiort has
suggesting that they are no longer bona- &KD genes. The conserved synteny witbkd1I3genomic regions in other species.
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FIGURE 9 | Expression of zebrash pkd genes in mindbomb mutants. Lateral views(A,B,E,F,1,J,M,N,Q,R,U,V,Y,Z) and cross-sections
(C,D,G,H,K,L,O,R,S,TW,X,A,B") of pkd expression in the trunk ofmindbomb mutants and sibling embryos with WT phenotypes. Dorsal is ugn lateral views, rostral
is left and only the spinal cord region is shown. Arrow$O,P,A',B") indicate pronephros expression. ArrowheadsY,Z,A" and higher magni cation inset inA") indicate
weak expression ofpkd2 in the oor plate of the spinal cord. The focal plane irB' does not include labeled oor plate cells. Scale bai(A) D 50 mm (lateral views,
A,B,E,F1,3,M,N,Q,R,U,V,Y,Z); Scale Bar(C) D 30 mm (cross-sections,C,D,G,H,K,L,0,P,S,T,W,X,A,B" ) and 10 nm (inset inA").

This suggests thggkd1I3may be in the process of being lost in (Huang et al., 2006; Ishimaru et al., 2)@though this may
the ray- nned sh lineage. In contrast, it is likely that thietkd1lb not be the casdan vivo in mouse, as analysis of a mouse
gene has been lost somewhere in the lobe- nned sh lineage avutant in Pkd1l3detected no defects in taste receptidie(son
elephant shark, spotted gar, zebra sh, green spotted pu er stet al., 2010; Chen et al.,, 2011; Hofherr and Kottgen, 2011
and stickleback genomes all contain this gene, but mouse arahd references therein). However, as we nd expression of all
human genomes do nof{gures 2 3; Supplementary Table 5). seven zebra stpkd genes in potential taste-bud regions, taste
Interestingly, our data suggest thatd1bhas also undergone detection is unlikely to be an amniote-speci ¢ PKD function.
relatively rapid evolution in the teleost lineage. This gend®’KDREJ expression has only been detected in spBurts¢heid
appears to be absent in medaka. In addition, stickleback Pkd®i al., 2006; Sutton et al., 2008; Hofherr and Kottgen, p011
lacks the polycystin-cation-channel domain, suggestirgt th and PKD2L2 is expressed most prominently in mouse testis and
is no longer a bona- de Pkd protein and the polycystin-cation- oocytes \(eldhuisen et al., 1999; Guo et al., 2000; Taft et al., 2002;
channel domain is, unusually, not very highly conserveaveein Chen et al., 2008; Hofherr and Kottgen, 2)190 it is possible
zebra sh and pu er sh Pkd1b. that PKD proteins have a function in germ cells in mammals but
It is not clear what the functional signi cance is of tele®st not teleosts.
having fewelpkd genes than mammals. It is possible that PKD  Prior to the start of this project, expression data for zebla s
proteins have additional functions in mammals compared topkd genes was limited tpkd1 (previously callegpkd1g, pkdlb
teleosts, but as not much is currently known about the fumes  and pkd2 (Bisgrove et al., 2005; Obara et al., 2006; Schottenfeld
of PKD1L3, PKD2L2, and PKDREJ it is di cult to test this idea. et al., 2007; Mangos et al., 2010; Coxam et al.,)2(rLaddition,
PKD1L3 is implicated in detection of sour-taste in mammalsexpression ofpkd2I1in spinal cord KA cells was described
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FIGURE 10 | Expression of pkd genes in kidney, somites and sensory organs. (A-D)  Lateral view ofpkd1 (A,B) or pkd2 (C,D) expression in pronephros (black
and white arrows) at 27 and 36 h. Rostral left, dorsal uppkdl is strongly expressed in pronephros at 27 HA). Expression starts to decline at 36 h(B). Expression of
pkd2 is weak in pronephros at 27 h(C) and is reduced even further by 36 h(D). (E-H) Lateral expression ofpkd genes in the ear at 4-5 dpf. Dotted line shows ear
boundary. Weak expression ofpkd1I1 (E) and pkd2I1 (G)is rst detected at 4 dpf in the inner ear ectoderm that suppors the posterior canal and posterior crista
(black arrowheads).pkd1l1 is also weakly expressed in the utricular otolith (white aws). By 5 dpf, pkd1l1 expression persists in the utricular otolith and the
underlying utricular macula (white arrows). It is also expgsed in neighboring ectoderm anking the lateral canal and leral crista (white asterisksf). At 5 dpf the
expression ofpkd2I1 persists in tissue surrounding the posterior canal and postrior crista (black arrowheadsH). (I-M) Lateral view ofpkd1 expression in neuromasts
(white asterisks) and lateral line primordium (white dottidine) at 36 h and 3 dpf. Rostral left, dorsal up. Weak expressn of pkd1 in neuromasts and lateral line
primordium is rst detected at 36 h [I, higher magni cation of the neuromasts(J) and lateral line primordium(K)]. By 3 dpf expression persists in neuromastsl( and
higher magni cation view,M). pkd1 is also expressed in pectoral n buds (black arrows) at 36 h [dsal view, rostral top(N), and lateral view—rostral left, dorsal up
(O)]. (P-R) Lateral expression ofpkd2 in rostral somites at 4 and 5 dpf. Rostral left, dorsal uppkd2 is rst expressed in the ventral half of each rostral somite a4 dpf
(black arrows inP, higher magni cation in Q) and persists at 5 dpf (black arrows irR). (S—-W) Lateral expression ofpkd genes in the eye at 4 dpf. Rostral left, dorsal
up. pkdlb, pkd1l1, pkd1l2a, pkd1l2b, and pkd2l1 are expressed in the ganglion cell layer (adjacent to lensirgyle white cross) and amacrine cells (outer cell layer
immediately adjacent to ganglion cell layer, double whiteross) of the eye at 4 dpf. The expression opkd1b (S) and pkd1I2b is weak (V) and the expression ofpkd1l1
(T), pkdll2a (U), and pkd2I1 (W) is stronger. Only the expression opkd1I2b persists in these cell layers at 5 dpf (data not shown). Scalear (A) D 23 nm (J,K,M);

42 mm (E-H,0); 50 nm (A-D,Q,R); 55 mm (N); 62.5 mm (S-W), and 100 nm (I,L,P).

during this study Djenoune et al., 2034 In this paper we of PKDgene expressionin mammals. The main di erence is that,
conrm and extend these earlier expression analyses and wer some of thepkd genes, previous reports suggest that they are
also provide completely novel information on the expressiorexpressed ubiquitously, whereas we see more speci ¢ expression
of pkd1l1 pkdll2a,and pkdll2b In general, our results are patterns. It is always di cult to distinguish between low-lelv
consistent both with earlier studies in zebra sh and withidies  generalized expression and background staining, so we cannot
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FIGURE 11 | pkd1l2a and pkd2I1 are co-expressed in zebra sh KA

cells. Dorsal view ofpkd1l2a (A) and pkd2I1 (B) expression in 24 h spinal

cord. Rostral left. Most of the labeled cells are KA cells thtaabut the central

canal. Asterisks indicate expression in occasional weak, ore lateral cells (that

correspond to the more dorsal cells indicated irFigures 8G-R ). Prolonged
(Continued)

FIGURE 11 | Continued

staining sometimes reveals additional weak, lateral cel(glata not shown).(C)
Average number of cells (y-axis) expressingkd1l2a (blue) andpkd2I1 (red) in
KA%%and KA cells (x-axis) at 24 h in WT spinal cord region adjacent to soites
6-10 (h D 5). Error bars indicate standard error of the mean. There ison
statistical difference between the number opkd1l2a and pkd2l1-expressing
KA%p D 0.6419) and KA?(p D 0.8571) cells respectively (Studentd-test).
These data do not include occasional non-KA lateral cells (@ells each in 2/5
pkd2I1-labeled embryos; O cells in 5pkd1l2a-labeled embryos).(D-F',G-I")
Lateral views of zebra sh spinal cord at 30 h. Anterior left, drsal top. In situ
hybridization (purple) fopkd1l2a (D,D") and pkd2I1 (G,G'), EGFP
immunohistochemistry (green) img(-8.1gatal:gatal-EGFPEmbryos
(E,E',H,H) and merged views(FF'1,I'). (D'-I') Magni ed single confocal
plane of white dotted box region. 100% ofpkd1l2a and pkd2l1-expressing KA
cells co-express Tg(—8.1gatal:gatal-EGFPand 100% of GFP-positive
Tg(-8.1gatal:gatal-EGFPKA cells co-express eitherpkdll2a (F, indicated
with C in F') or pkd2I1 (|, indicated with C inI'). No GFP-positive
Tg(-8.1gatal:gatal-EGFP}Ylorsal V2b cells co-express eithepkdll2a (white »
in F,F') or pkd2I1 (white ~in,I'). Double-labeled cells are not indicated ifD-I)
main panels as they are so numerous. Scale bafA) D 50 mm (A,B). Scale bar
(D) D 50 mm (D-1) and 20 mm (D-I").

rule out that there is also low-level ubiquitous expressiothese
cases.

In most structures we only detect expression of quiell
like gene and ongkd2like gene, suggesting that these genes
encode a heteromeric Pkd1/Pkd2 complex in each case. For
example, in the dorsal forerunner cells/KV onjkd2 and
pkdlllare expressed-{gure 6). This is consistent with medaka
(Kamura et al., 20)1and mammals, where these two genes
are expressed in the equivalent structure, the nddeld et al.,
2011; Barratt et al., 20).4This suggests that the expression
of these two genes in these related structures, and presymabl
their function in left/right patterning, is highly conserved
between teleosts and mammals. However, the expression of
these two genes is not identical in zebra §ikd1l1lis expressed
before pkd2 and while pkd1l1 is expressed in a condensed
group of cells at 12 hpkd2 expression resolves into a hollow
ring. These expression patterns appear to be at least partially
complementary, with thepkd2 expression surrounding the
pkd1lllexpressionKigures 6D—)). This suggests that the proteins
encoded by these genes may only physically interact in a subset
of the cells expressing each gene. Interestingly, a recpaottre
suggests that in the mouse node an extracellular domain of
PKD1L1 may be required for left-right patterning and that
PKD1L1 may be an upstream genetic repressor of PKD2 in
this organ (Grimes et al.,, 2096 which could explain the
mainly complementary expression patterns of these two genes in
zebra sh.

Similarly, in the developing pronephros we only detect
expression ofpkdl1 and pkd2 This is again, consistent with
other vertebrates and with the fact that mutations in these t
PKD genes, and only these tweKD genes, cause ADPKD in
humans. Whilepkd2 expression in the zebra sh pronephros
was published previouslyB{sgrove et al., 2005; Obara et al.,
2006; Schottenfeld et al., 2QPthis is the rst report of pkdl
expression in the developing pronephros. Batkd1 and pkd2
are expressed in the pronephros by 24 h, although the expression
of pkdlis much stronger than that opkd2 (Figures 7A,K
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90,P,AB). The expression gikdlpersists until 3 dpf, although et al., 2006; Orts-Del'immagine et al., 2012; Petracca .et al
expression ofpkd2 is no longer enriched above its otherwise201§. Excitingly, we identify the potential partner of Pkd2l1
ubiquitous expression by 2 dpf. In contrasipara et al. (2006) in these specialized neurons as PkdlIRayres 7G,H 8G-L,
observed expression of Pkd2 protein in the pronephros at 2 d@E,G 11A,C—F). This is also consistent with a very recent report
by immunohistochemistry, suggesting that enrichment ofiPk in mouse Petracca et al., 20).60ur data suggests that all RA
protein expression may persist longer than that of the RNA. and KAells express botpkd1l2aand pkd2I1(Figure 11). We
Inthe spinal cord, we con rm the recently reported expressionalso see expression of both of these genes in a very small numbe
of pkd2l1lin zebrash KA cells Figures 7M,N 8M-R, 91,K,  of more dorsal and lateral spinal neurons that are likely to B&V
11B,C,G-1). This expression is also conserved in mouseang  neurons Figures 8G,I,L—N 11A,B). This is consistent with the

FIGURE 12 | Expression of pkd genes in taste bud regions. Lateral (A-C,G-I,M-0O,S-U,Y,Z A" E'-G'K'-M") and ventral(D-F,J-L,P-R,V-X, B'-D',H'-J',N'-P")
views of pkd gene expression at 3, 4, and 5 dpf. Rostral is left Rostral i®ft (A-C,G-1,M-0,S-U,Y,Z,A',E'-G’ ,K'-M’) and top (D-FJ-L,P-R,V-X,B'-D',H'-J',N'-P") .
In most of the lateral views, the eyes are out of focus. Insets ifM—O) and (Y-A) show expression ofpkd1l2a and pkd2I1 in KA cells in the rostral spinal cord (small
white arrows). Insets in(E'-G") show expression ofpkd1b in the oor plate of the midbrain and hindbrain. White arrowhads indicate the locations of pharyngeal
expression. Scale bar(A) D 100 mm.
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FIGURE 13 | Summary of pkd expression in ventral pharyngeal regions.
(A-U) Schematics showing ventral views of zebra sh pharyngeal reigns
summarizing expression ofpkd genes at 3, 4, and 5 dpf. Black dots indicate
expression on pharyngeal cartilage and red dots indicate gression on
pharyngeal walls. Cartilage schematics are modi ed fronschilling and Kimmel
(1997), Knight et al. (2003) and Edmunds et al. (2016) Locations of the major
cartilaginous elements are shown in panglA). m, Meckel's cartilage (ventral
component of lower jaw); ch, ceratohyal cartilage (derivetfom the second
pharyngeal arch); pqg, palatoquadrate cartilage (deriveddm the rst
pharyngeal arch, forms the dorsal mandibular cartilage);sh hyosymplectic
cartilage (also derived from the second pharyngeal arch)pd—5,
ceratobranchial cartilage 1-5 (forms the ventral branchiar gill arches).

previous report fromDjenoune et al. (2014as they also saw a
small number of dorsal cells that did not contact the centaatal

and might, therefore, be cells other than KAs.

We also observe broad expressionpidlbin the spinal
cord (Figures 8A-H, consistent with an earlier reporifangos
et al., 201p and weak expression gikd2 in the oor plate

(Figures 9Y,Z,A). Our mindbomb mutant results Figure 9
suggest that the broad expressiorp&tilbis in progenitor cells
and that this gene is also expressed in the oor plate. Thisasigg
that a Pkd2/Pkd1lb heterocomplex may have a function in the
oor plate. In mouse,Pkdlis also strongly expressed in the
spinal cord Guillaume et al., 1999 suggesting that there may
be a conserved role for Pkdl proteins in this region of the CNS.
Interestingly, mouse PKD1 expression also seems to be edriche
in the oor plate region Guillaume et al., 1999 In contrast,
only very low to undetectable spinal cord expressioRkd2has
been reported in mouseQuillaume and Trudel, 2000 Given
our results in zebra sh, it would be interesting to examine n@o
closely if there is any enrichment of PKD2 in the mouse oor
plate.

In contrast to the spinal cord, and also to some previous
reports (e.g.Bisgrove et al., 2005; Mangos et al., 2010; Coxam
etal., 201 with the exceptions gikd2l1andpkdl1l2aexpression
in KA cells, which extends into the caudal hindbrainjénoune
etal., 2014Figures 7G,H,M,N insets inFigures 12M-0,Y,Z,A
and pkdlb expression in the oor plate in the hindbrain
(Figures 7C,D insets in Figures 12E-@Q we do not see
substantial expression of any of tipd genes in the zebra sh
brain at the stages that we examined. Due to the tubular sirec
of the brain, itis prone to probe trapping, particularly in thedsl
between the forebrain and midbrain and midbrain/hindbrain
boundary, which often causes background expression. While
we cannot rule out that some of the other genes are expressed
broadly or ubiquitously in the brain, we think that any staigiis
more likely to be background rather than speci c expression.

Our experiments also detected expressionp&filll and
pkd2Ilin the ear, and ofpkdlh pkd1ll pkdll2a pkdl1l2lh and
pkd2llin the retina, suggesting that these genes may be important
for development of these crucial sensory organs. In additisn, a
mentioned above, we observe dynamic expression of all seven
zebra sh pkd genes in regions that may correspond to taste
receptors. This is in contrast to mouse, where oRkd1l3and
Pkd1l2 have been described as being expressed in these cell
types Huang et al., 2006; LopezJimenez et al., ON6tably,
LopezJimenez and colleagues did not observe any expression of
Pkd1 Pkd2,or Pkd1llin mouse taste receptors¢pezJimenez
et al., 200% It will be interesting in future studies to con rm
whether all of theopkd expression in zebra sh pharyngeal regions
corresponds to taste receptors and whipkd genes are co-
expressed in particular subsets of these cells. If, indplkd,
gene expression demarcates di erent types of receptor cells,
these additionapkd expression domains in zebra sh might be
consistent with suggestions that teleosts have relatilzetye
numbers of di erent taste receptor®fada, 201p

We also observe expressionpidlin neuromasts, although
interestingly, we did not nd expression of either of thpkd2
like genes in these cells. Given that zebra sh neuromasts
are deposited by the migrating lateral line primordium, it is
intriguing that the large extracellular domain of Pkd1l haghe
implicated in both cell migration and adhesiorsifeets et al.,
2003; Castelli et al., 2015

In addition, we found expression qfkd2 and onlypkd?2 in
the rostral-ventral somites-{gures 8D, 10P-R), suggesting that
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this gene is expressed in a subset of muscle cells. Integhstin organs is a fundamental rst step to characterizing the fiimeal
in Drosophila Pkd2 is required for optimal contractility of roles of these biologically vital proteins.
smooth muscle cellsqao et al., 2004 suggesting that it may

have a similar role in zebra sh muscle. Potentially consiste AUTHOR CONTRIBUTIONS
with this idea, there is evidence that Pkd2 physically irteya

with Tropomyosin | (i et al., 2003pand skeletal isoforms of SE performed most of the experiments and analyses in the
Troponin | (Lietal., 2003 _ _ paper, including all the bioinformatics analyses, the sypten
Finally, we also observe expressionpatilin the pectoral and phylogenetic analyses, most of the cloning (including all
ns, as previously reported\{angos et al., 20)0However, in - of the inverse PCR), some of thie situ hybridizations and
contrast to this paper, we do not detect expressiopkaflin the photography, PC performed and photographed soimesitu
caudal notochord or around the KV. Unfortunately the aUthOfShybridization experiments, AS also performed sorine situ
of this paper do not report which region gikdlthey used to hypridization experiments, SB performed the double-labeling
make their RNAIn situ hybridization probe, but as the sequenceexperiments and took some of the photographs, KL and SE

that their ATG start codon morpholino is designed againstdﬁ; n designed and directed the Study and wrote the paper. All agthor
included in our newpkd1ltranscript, itis possible that their probe read and approved the nal manuscript.

contained sequence that recognized other genes in addition

pkdl FUNDING

In conclusion, in this paper we identify and provide a
comprehensive description of the zebra sh familypkd genes  1js work was funded by HFSP grant RGP063 and NIH NINDS
and their expression domains during embryogenesis and larvig>1NS073979 to KL
stages. Our data suggest that di erent pairs of Pkd1-like and
Pkd2-like proteins have specic functions during VertebrateACKNOWLEDGMENTS
development. In particular, that Pkd2 and Pkd1lll may be
required for setting up correct left-right patterning, th&kdl e would like to thank Ginny Grieb, Jessica Bouchard,
and Pkd2 may be required for correct kidney development, thaind several SU undergraduate sh husbandry workers for
Pkd1l1 and Pkd2I1 may be required for ear development anglelp with maintaining zebra sh lines. We would also like to
that Pkd1l2a and Pkd2l1 may be required for correct functionthank Andy Prendergast for help with identifying initigdkd
of spinal KA cells. We also identify expression of all sepkth reference sequences, Richard Bates for assistance witisin
genes in potential taste bud-forming regions and of pkelgenes  hybridization experiment, Steve Dorus and Jannice Friedfoan
in the retina. Interestingly, we also nd expression of singkell  help with phylogenetic analyses and José L. Juarez-Morales and
or pkd2genes in certain structures, suchggllin neuromasts Je Amack for comments on earlier drafts of this manuscript.
and pectoral ns andpkd2in somites, suggesting that proteins
encoded by these genes may also have functions independéstUPPLEMENTARY MATERIAL
of Pkd1/Pkd2 heterocomplexes. Given the importance of PKD
proteins for many di erent aspects of vertebrate developmenfhe Supplementary Material for this article can be found
and physiology, this description of the full complement ofonline at: http://journal.frontiersin.org/article/10389/fcell.
zebra shpkd genes and their expression in di erent tissues and2017.00005/full#supplementary-material
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