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1.  Brief summary of previous (relevant) coral work 
done in our lab by Paul’s group. 

2.  The types of genomic analyses undertaken with 
some specific results. 

3.  Future directions.  

4.  How do corals make rocks and what is the impact 
of ocean acidification? 

5.  What is the evolutionary history of coral 
biomineralization? 



Based	
  on	
  Veron	
  (1986)	
  
h2p://coral.biota.biodiv.tw/book/export/html/2	
  

Zoccola	
  et	
  al.	
  2015,	
  Sci	
  Rep	
  

Genomics, real-time 
PCR, immunolocalization 



•  Contains	
  a	
  suite	
  of	
  proteins,	
  
lipids	
  and	
  polysaccharides	
  	
  

•  Composed	
  of	
  two	
  fracLons:	
  the	
  
soluble	
  (SOM)	
  and	
  insoluble	
  
organic	
  matrix	
  (IOM)	
  

•  Proteins	
  of	
  the	
  IOM	
  form	
  a	
  
framework	
  for	
  crystal	
  growth	
  	
  	
  

•  Proteins	
  of	
  the	
  SOM	
  play	
  a	
  role	
  
in	
  nucleaLon	
  and	
  crystal	
  
growth	
  

	
  

Pocillopora	
  verrucosa	
  SOM	
  and	
  IOM	
  a)er	
  decalcifica0on	
  of	
  
coral	
  skeleton	
  (photo:	
  I.	
  Brikner)	
  



•  Establish	
  a	
  culture	
  system	
  that	
  funcLons	
  similar	
  to	
  corals	
  (study	
  biomineralizaLon	
  
under	
  controlled	
  condiLons)	
  

•  Characterize	
  skeletal	
  organic	
  matrix	
  proteins	
  (36)	
  that	
  play	
  a	
  role	
  in	
  calcificaLon	
  
•  Understand	
  their	
  role	
  in	
  nucleaLon	
  and	
  crystal	
  growth	
  	
  
•  Study	
  the	
  impact	
  of	
  seawater	
  pH	
  on	
  these	
  proteins	
  



Seriatopora	
  sp.:	
  T0	
  
•  Coral	
  “zoo”	
  

–  Proteobacteria	
  
–  Bacteria	
  
–  Fungi	
  
–  Archaea	
  
–  Protozoa-­‐ciliates	
  

Dissociated	
  Lssue	
  consists	
  of	
  a	
  mixture	
  of	
  cell	
  types	
  including	
  free	
  zooxanthellae.	
  and	
  
individual	
  endoderm	
  and	
  ectoderm	
  cells.	
  
These	
  cultures	
  are	
  a	
  challenge	
  to	
  keep	
  viable	
  over	
  a	
  period	
  longer	
  then	
  a	
  month.	
  	
  	
  	
  
	
  



Proteomic	
  Analyses	
  of	
  Stony	
  Coral	
  SOM	
  
Protein	
   Coral	
  Specific	
   Other	
  

Biomineralizers	
  
Non-­‐

biomineralizers	
  

Cadherins	
   -­‐	
   +	
   +	
  

Carbonic	
  anhydrase	
   -­‐	
   +	
   -­‐	
  

CARP4	
   +	
   -­‐	
   -­‐	
  

Collagens	
  
	
  

+	
   -­‐	
   -­‐	
  

Galaxin	
   +	
   -­‐	
   -­‐	
  

Laminin	
  G	
  domains	
   -­‐	
   -­‐	
   +	
  

LDL-­‐receptor	
  
domains	
  
	
  

-­‐	
   +	
   +	
  

Other	
  highly	
  acidic	
  
proteins	
  
	
  

+	
   -­‐	
   -­‐	
  

Zona	
  pellucida	
   -­‐	
   -­‐	
   +	
  
Drake	
  et	
  al.	
  2013	
  PNAS,	
  	
  

Ramos-­‐Silva	
  et	
  al.	
  2013	
  Mar.	
  Biol.	
  Evol.	
  	
  



Zooxanthellae-­‐free	
  Coral	
  DNA	
  	
  
	
  
•  OpL-­‐Prep	
  gradient	
  followed	
  by	
  

cell	
  culture	
  of	
  the	
  zooxanthellae-­‐
free	
  fracLon	
  

•  DNA	
  extracLon	
  and	
  PCR	
  
verificaLon	
  	
  

10%	
  

20%	
  

30%	
  

40%	
  

Mass	
  et	
  al.	
  Current	
  Biology,	
  2013	
  	
  



•  Genomic DNA: 131,845,772 high quality reads (17.1 Gbp) used for 
genome assembly. 

•  ~530,000 contigs = 450 Mbp; average coverage of 40x 
•  The mRNA-Seq was 44,880,704 (3.8 Gbp) high quality reads, 

assembled into 44,219 contigs with a N50 = 871 bp and average 
coverage >5x. 

•  A total of 21,683 gene models were predicted using AUGUSTUS; 
•  assembled transcripts and Illumina RNA-seq data were 

incorporated as hints to aid in building these models. 
•  39% GC content 

v  Similar to the genome of Acropora digitifera (420 Mbp, 23,700 
gene models)   

•  Where do we start the search for putative biomineralization 
proteins? 

 

 

Mass	
  et	
  al.	
  Current	
  Biology,	
  2013	
  

Approach	
  -­‐	
  Genomic	
  



Acidic	
  proteins	
  in	
  biomineralizaLon:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  >30%	
  asparLc	
  and	
  glutamic	
  acidstylophora	
  

pis+llata	
  
Pinctada	
  fucata	
  

Ra4us	
  norvegicus	
  

Danio	
  rerio	
  

Pa+nopecten	
  yessoensis	
  

Atrina	
  rigida	
  

Panaeus	
  japonicus	
  

Homo	
  sapiens	
  

Aspein,	
  Pif:	
  A	
  shell-­‐matrix	
  protein	
  (Tsukamoto	
  et	
  al.	
  2002,	
  Suzuki	
  et	
  al.	
  2009)	
  

MSP-­‐1:	
  A	
  shell-­‐matrix	
  protein	
  (Sarashina	
  and	
  Endo	
  1998)	
  

Asprich	
  family:	
  A	
  shell-­‐matrix	
  protein	
  (Gotliv	
  et	
  al.	
  2004)	
  

Crustocalcin:	
  Ca2+	
  binding	
  protein	
  (Endo	
  et	
  al.	
  2000)	
  

Starmaker:	
  Otolith	
  biomineralizaLon	
  (Soellner	
  et	
  al.	
  2003)	
  

DenLn	
  sialophosphoprotein	
  (Ritchie	
  et	
  al.	
  1994)	
  	
  

DenLn	
  sialophosphoprotein	
  (Gu	
  et	
  al.	
  2000)	
  
Bone	
  sialoprotein	
  (Fisher	
  et	
  al.	
  1990)	
  	
  	
  



Genome-­‐wide	
  search	
  for	
  acidic	
  
macromolecules	
  

•  Protein	
  is	
  longer	
  than	
  100	
  amino	
  acids	
  
•  contains	
  >35%	
  asparLc	
  or	
  glutamic	
  acids	
  
•  exhibits	
  an	
  N-­‐terminal	
  secreLon	
  signal	
  pepLde	
  

Stylophora	
  pis+llata	
  (Seriatopora	
  sp.)	
  



•  CARP1	
  
MFHSWWMTLLILGSTVSFVFTEGDHLKPGHSEDEHDEDEHDEEMADHADEQNPADEEETEDEE
KDDDKMEDDSDDDEEDESQGDDEGEDENDQSHLEHDAFLDKDGKVSWEEFKKGHFSDDGKDE
DAKEQMKEDEEKFKFADEDGDGKLDLEEYMAFYHPGDNPRMTEFTIEDSLKKHDKDKDGQVSK
KEFLATFSDVNDDAKEEMEKDFNNNFDKDKNGRLNKEEMKSWLFPDDDFSTEEPKTLIKEADED
KDGKLTMDEIMKNYKVFIEDEPEDSSHDEL	
  

•  CARP2	
  
MVLVLIQATHLLCSVLILVSSAPVENEIRIRGPKLEDEEEGNFPPIMPAQLELKEREFPKKEEERKEAK
EDENMLREELKHFRDEESLKNVITRLERELAFEKTEREENRETEDLSNEELVERELPEEVDEIPEEKG
ARELKEENGLEMFYRNLQRKLKEKQERDMPVKEMEYESPEDQEEEMQERELDEEFKEKSKRELEE
EDLEETGAEEREDKRELAEEVSSREELEENEEELALKRKRGEENMATEWEIPESVEHYDENKRSKH
PPKHMREREAERERERFDDHGHKEREREEFRERQRELALSNGGKLHERELEGRKQRQEIGLHGVR
REESERFRFRVRGE	
  

•  CARP3	
  
MRNFLIALALIAIFAAVQSMPADTHEDKARNYVPESANATDPAVAEPSEAENDPAQSETEPAAEE
ASTDAASDTKEDDSAAADDSSDDDLDDDSVDENDEDDEDDEDDEDDEDDEDDEDDEDDEDDS
DDSDDGDDGDDENDGDDEDDGDDEDDGDDE	
  

•  CARP4	
  
AKMLSKSGKIMIVRDNDDDDDDDDDDDDDDDDDDDDDDDFSDDNEEMLSFEVDEVEEKDVN
GNDVDKRQRHSVDSFDDVDFTFTKVDTQAKYDGLPVTNVNLSATLLGFSSLEIMVYLFRQAGKV
AFGNETFRVEKGTVKFNIRISNWDFCDGSPLDCDEGKVGEFLDLKIKIKSKDFPAEISDDDRKAAAK
RPICDDDDDDDGVDDPSDSDDDDDDCPSIYDIGGDSEMLLNKGVVTDDDKYTAFPEGYPKFEVE
DGERKFVFRIPRFKKSVLVDPSVNVGRVNGVNSLAHANIGLAFLLFIAVFIATNYI	
  

	
   Mass	
  et	
  al.	
  Current	
  Biology,	
  2013	
  

Coral	
  Acid-­‐Rich	
  Protein	
  (CARPs)	
  



•  CARP1-­‐	
  isoelectric	
  point=4.23	
  
MFHSWWMTLLILGSTVSFVFTEGDHLKPGHSEDEHDEDEHDEEMADHADEQNPADEEETE
DEEKDDDKMEDDSDDDEEDESQGDDEGEDENDQSHLEHDAFLDKDGKVSWEEFKKGHFS
DDGKDEDAKEQMKEDEEKFKFADEDGDGKLDLEEYMAFYHPGDNPRMTEFTIEDSLKKHD
KDKDGQVSKKEFLATFSDVNDDAKEEMEKDFNNNFDKDKNGRLNKEEMKSWLFPDDDFST
EEPKTLIKEADEDKDGKLTMDEIMKNYKVFIEDEPEDSSHDEL	
  
•  CARP2-­‐	
  isoelectric	
  point=4.78	
  
MVLVLIQATHLLCSVLILVSSAPVENEIRIRGPKLEDEEEGNFPPIMPAQLELKEREFPKKEEERK
EAKEDENMLREELKHFRDEESLKNVITRLERELAFEKTEREENRETEDLSNEELVERELPEEVDE
IPEEKGARELKEENGLEMFYRNLQRKLKEKQERDMPVKEMEYESPEDQEEEMQERELDEEFK
EKSKRELEEEDLEETGAEEREDKRELAEEVSSREELEENEEELALKRKRGEENMATEWEIPESV
EHYDENKRSKHPPKHMREREAERERERFDDHGHKEREREEFRERQRELALSNGGKLHERELE
GRKQRQEIGLHGVRREESERFRFRVRGE	
  

•  CARP3-­‐	
  isoelectric	
  point=3.04	
  
MRNFLIALALIAIFAAVQSMPADTHEDKARNYVPESANATDPAVAEPSEAENDPAQSETEPA
AEEASTDAASDTKEDDSAAADDSSDDDLDDDSVDENDEDDEDDEDDEDDEDDEDDEDDE
DDEDDSDDSDDGDDGDDENDGDDEDDGDDEDDGDDE	
  
•  CARP4-­‐	
  isoelectric	
  point=3.99	
  
AKMLSKSGKIMIVRDNDDDDDDDDDDDDDDDDDDDDDDDFSDDNEEMLSFEVDEVEEK
DVNGNDVDKRQRHSVDSFDDVDFTFTKVDTQAKYDGLPVTNVNLSATLLGFSSLEIMVYLFR
QAGKVAFGNETFRVEKGTVKFNIRFE	
  

Coral	
  Acid-­‐Rich	
  Protein	
  

Mass	
  et	
  al.	
  Current	
  Biology,	
  2013	
  



In-­‐vitro	
  CaCO3	
  precipitaLon	
  at	
  pH	
  8.2	
  and	
  7.6	
  in	
  
the	
  presence	
  of	
  CARPs	
  

CARP1	
  

CARP2	
  

CARP3	
  

CARP4	
  

pH	
  7.6	
  pH	
  8.2	
  

Mass	
  et	
  al.	
  Current	
  Biology,	
  2013	
   Energy	
  (keV)	
  

In
te
ns
ity

	
  (A
U
)	
  

In
te
ns
ity

	
  (A
U
)	
  

In
te
ns
ity

	
  (A
U
)	
  

Left (SEM) 
Images of CaCO3 
crystals grown in artificial 
seawater containing 0.1 
µM CARP 1–4 at pH 8.2 
and 7.6.  
 
Right (elemental 
composition) 
Top – protein-free 
artificial seawater; 
 
Middle - artificial 
seawater containing 
BSA; 
 
Bottom - artificial 
seawater containing 
CARPs 1–4. 
The Au and Pd peaks 
derive from the gold 
coating and the Si peak 
derives from the silica 
wafer base. 



Mass	
  et	
  al.	
  Current	
  Biology,	
  2013	
  

CARP	
  EvoluLon	
  
CARP1	
  gene-­‐fusion	
  

S.	
  pis+llata	
  Favia	
  sp	
   A.	
  digi+fera	
   A.	
  millepora	
  



Maximum likelihood (RAxML) 
tree showing the phylogenetic 
position of CARP1 among 
other calumenin-related 
homologs in corals (green 
text) and other taxa (red text). 
RAxML bootstrap values, when 
greater than 50%, are shown at 
the nodes.  

Genome region that encodes CARP1, 
showing intron/exon structure, 
coverage using mRNA-seq, and 
genome coverage in the draft 
assembly. Note the strong support for 
the N-terminal exon that encodes the 
acidic domain (shown with the purple 
box). The EF hand-encoding exons are 
shown with the blue boxes. 



CARP 5 
RAxML tree shows 
extensive history of  CARP5 
gene duplications that 
predates the split of  robust 
(brown text) and complex 
(green text) corals. 



CARP3	
  

Pinctada	
  rigida	
   S.	
  pis+llata	
  

Mass	
  et	
  al.	
  Current	
  Biology	
  

MRN F L I A LAL I A I FAAVQSMPADTHEDKARNYV PES- - - - AN - ATD PAVAEPSEAENDPAQSET E- PAAEEASTDAASDT

MKNV LM I LA L I A I VAAVQSMPADTQDAKARNYV PES- - - - AN - ATD PGAAEPSEADND STQSEPE- PT SEEASSDV - T EP

MKN LV I A LAL LAV FAAVQSMPA - - - EPKARN FV PES- - - - ANNATD LAAAEPSEAESDPAQSEAE- PAAD EAGSDA - T EP

MKN LV I A LAL LAV FAAVQSMPA - - - EPKARN FV PES- - - - ANNATD LAAAEPSEAESDPAQSEAE- PAAD EAGSDA - T EP

MKN LV I A LAL LAV FAAVQSMPA - - - EPKARN FV PES- - - - ANNATD LAAAEPSEAESDPAQSEAE- PAAD EAASDA - T EP

MKGLA I L I A I AAL LAV SHPKPV F - - - - - KRSL SDPSDDGGANDVADDV EADAAD L EEDVDQDVD ENDVDD EEDADDEADG

KEDD SAAADD SSDDD - LDDD SVD END EDD EDD EDD EDD EDD EDD EDD EDD EDD SDD SDD - - - - - - - - - - - - - - - - - - - - -

KED ETAVADD SNDDD - LDDD SVD END EDD EDD EDD EDD EDD EDD E- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

KEDD SAADDD SSDDDD LDDD SVDGDDXQXXXXXXXXQX - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

KEDD SAADDD SSDDDD LDDD SVDGDDXQXXXXXXXXQX - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

KEDD SAADDD SSDDDD LDDD SVDGDDED EEDD EDD ED EEDD EDDADDEDD EED SEDGDDEED SD EGDDEAD SED SDDQTD

GDDDASDGEDDDDGD SAEED EDNGDD SGADDGEDD SADDD SEDDDDDDDDDDDDDDDDDDNEEEDDGGDDDASAD EAD EA

GDDGDDENDGDDEDDGDDEDDGDD - - - E - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

SDDGDDETD SDDGDDKDDGED SAD - - - E - - - - - - - -

DAD EADADEADADNDAADETDAADVGT EAEDVADDE

Stylophora pistillata - CARP3
Porites astreoides - 19472_4
Acropora hyacinthus - isotig07357
Acropora tenuis - isotig36709
Acropora millepora - isotig13947
Atrina rigida - Asprich_a

Stylophora pistillata - CARP3
Porites astreoides - 19472_4
Acropora hyacinthus - isotig07357
Acropora tenuis - isotig36709
Acropora millepora - isotig13947
Atrina rigida - Asprich_a

Stylophora pistillata - CARP3
Porites astreoides - 19472_4
Acropora hyacinthus - isotig07357
Acropora tenuis - isotig36709
Acropora millepora - isotig13947
Atrina rigida - Asprich_a

* *

MV LV L I QATH L LCSV L I LV SSAPV ENE I R I RGPKL ED EEEGN F PP I MPAQL ELKEREF PKKEEERKEAKED ENMLREELK

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

H FRD EESLKNV I T RL ERELAF EKT EREENRET ED L SNEELV EREL PEEVD E I PEEKGARELKEENGL EMFYRN LQRKLKE

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

KQERDMPVKEMEY ESPEDQEEEMQERELD EEFKEKSKREL EEED L EETGAEEREDKRELAEEV SSREEL EENEEELALKR

- - - - - - - - - - - - - - - - - - - - - EX SERELD EEL EEN SKREL EAEEL EET VAEEREDKRELAED ERSREEL EENEEESALKR

KRGEENMAT EWE I PESV EHYD ENKRSKHPPKHMREREAERERERFDDHGHKERERE- - E FRERQRELAL SNGGKLHEREL

KRGKEDMAT EWE I PESEERFGHDKRSKHPPKHMREREAERERERFDDHGHKEREREREEFRERQRERALVMAEKLHEREM

EGRKQRQE I GLHGVRREESERFRFRVRGE

EERKQRQE I GPHGVRREEXERFRFRARGE

Stylophora pistillata - CARP2
Pocillopora damicornis - g28403

Stylophora pistillata - CARP2
Pocillopora damicornis - g28403

Stylophora pistillata - CARP2
Pocillopora damicornis - g28403

Stylophora pistillata - CARP2
Pocillopora damicornis - g28403

Stylophora pistillata - CARP2
Pocillopora damicornis - g28403

* *
a

b

P.	
  astreoides	
   A.	
  hyacinthus	
  A.	
  tenuis	
   A.	
  millepora	
  



Conclusions	
  
•  The	
  Seriatopora	
  sp.	
  dra@	
  genome	
  provides	
  a	
  tool	
  
to	
  invesLgate	
  biological	
  processes	
  in	
  corals.	
  

•  CARPs	
  bind	
  Ca+2	
  and	
  precipitate	
  calcium	
  
carbonate	
  in	
  vitro	
  in	
  seawater	
  at	
  pH	
  8.2	
  and	
  7.6.	
  

•  The	
  evoluLonary	
  history	
  of	
  CARPs	
  indicates	
  a	
  
coral-­‐specific	
  toolkit	
  that	
  has	
  its	
  roots	
  deeper	
  in	
  
metazoan	
  evoluLon.	
  



Genome	
  EvoluLon	
  of	
  Corals	
  
Compara0ve	
  Genomic	
  Approaches	
  to	
  Understanding	
  the	
  Architecture	
  of	
  Metazoans	
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Major	
  areas	
  addressed	
  in	
  
collabora6ve	
  paper:	
  
1)	
  Coral	
  biomineraliza6on;	
  
2)	
  Environmental	
  and	
  stress	
  response	
  
systems;	
  	
  
3)	
  Impacts	
  of	
  the	
  symbio6c	
  lifestyle	
  in	
  
corals;	
  
4)	
  Horizontal	
  gene	
  transfer	
  (HGT)	
  and	
  
posi6ve	
  selec6on	
  in	
  coral	
  genomes.	
  



http://comparative.reefgenomics.org/ 
 

         Coral genomic data used in analysis 



Genome-based maximum 
likelihood tree inferred 
from  analysis of 391 
orthologs (63,901 amino 
acids) that was used as 
the reference tree to 
study coral evolution. 

Comparison of coral (green text) and non-coral (red text) genomes 
with respect to percent of encoded proteins that contain either >30% 
or >40% negatively charged amino acid residues (i.e., aspartic acid 
[D] and glutamic acid [E]). The average composition and standard 
deviation of D + E is shown for the two cut-offs of these estimates.  
On average, corals contain >2-fold more acidic residues than 
non-corals. This acidification of the coral proteome is postulated 
to result from the origin of biomineralization in this lineage.  

On average, >2-fold more acidic 	
  



A. digitifera and Seriatopora sp. 
proteomes used as queries in 
automated pipeline with 90% 
bootstrap support as cut-off. 
 
This resulted in 13,256 and 
19,700 alignments of which 21 
and 43, respectively, supported 
HGT (64/32,956 trees = 0.2%).  
 
After accounting for gene 
duplicates and redundancy 
between the trees, we ended 
up with 42 unique instances 
of foreign gene acquisition 
from bacteria and algae; 14 
specific to corals.  

Major targets of HGT were 
DNA repair (e.g., 
polynucleotide kinase 3 
phosphatase [PNK3P] and 
uracil-DNA glycosylase) and 
reactive species 
detoxification (glyoxalase I 
[methylglyoxal from sugar 
metabolism]). 

algal 
source 



DEAD-box like helicase, ATP-dependent RNA 
helicases that promote assembly and function 
of macromolecular machines like the ribosome 
and spliceosome, quality control mechanisms 
in gene expression, nuclear export of mRNA, 
folding of self-splicing RNA introns, among 
others. 

Some alga-derived HGTs are from chlorophyll c-
containing lineages such as stramenopiles and 
dinoflagellates.  
 
Gene contribution from these lineages suggests 
a long history of interaction with the anthozoan 
lineage. Many of these HGTs may have 
occurred in corals before Symbiodinium sp. 
became their dominant symbiotic partner. 



CARP	
  expression	
  during	
  development	
  
in	
  Pocillopora	
  damicornis	
  

Mo0le	
  larvae	
   SeSled	
  and	
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  al.	
  (In	
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  P.	
  damicornis	
  larvae	
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B)	
  stage	
  III	
  seSled	
  and	
  calcifying	
  spat.	
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RNAseq data generated using triplicate samples 
of the 3 P. damicornis developmental stages; 
giving 104,402,226 high quality reads.   
 
Reads used for de-novo transcriptome 
assembly, yielding 141,211 contigs with a 5x 
average coverage and N50 = 1,104bp.  
 
9 libraries (3 stages x 3 replicates) mapped to 
transcriptome assembly and unique reads used 
as input to DESeq2. Results show a strong 
correlation in gene expression within each 
developmental stage database, which supports 
the existence of stage-specific signal.  

DE: stage III vs. stage II, stage III vs. stage I, and stage II vs. stage I. We collected all 
genes with DE in at least one of the comparisons. 
Applied a fold-change (FC) cut-off of log2 (FC) > 3.5 (i.e., 11.31 fold difference) and 
log2 (1/FC) < -3.5 and a False Discovery Rate (FDR) < 0.001. 
 
DE set was 9,986 genes, of which 3,429 had a BLASTP hit to metazoans, 
and 341 had hits with e-value <1e-20 to skeletal matrix proteins previously 
reported in Stylophora pistillata and Acropora millepora. 
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Gene expression clusters from RNAseq analysis of 3,429 DE genes in P. 
damicornis. These clusters are used to pose hypothesis about gene 

function. 
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Gene	
  expression	
  clusters	
  from	
  RNAseq	
  analysis	
  of	
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  and	
  82	
  
other	
  novel	
  acidic	
  proteins.	
  	
  



Stage IIIStage I Stage II

Oral

AboraI

A) Structural Proteins 

C) % Upregulated Acidic Proteins

E) Larval Structure and Localization of CARPs

D) Gene Expression of CARPs

B) Role of Structural Proteins
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- inhibition of  crystal nucleation
- cellular function related to development
- cell-cell interactions

- extracellular function
- adhesion to the substrate
- cell-cell interaction

- nucelation and CaCO3 precipitation
- acclerate the nucleation of CaCO3
- adhesion to the substrate
- adhesion of the calicoblastic cells to the 
skeleton

Model	
  based	
  on	
  differen0al	
  
gene	
  expression	
  (DE)	
  and	
  
protein	
  immunolocaliza0on	
  
during	
  early	
  development	
  in	
  
P.	
  damicornis.	
  	
  
	
  
A)  The	
  iden0ty	
  of	
  DE	
  

structural	
  proteins	
  during	
  
the	
  three	
  stages	
  of	
  coral	
  
development;	
  	
  

B)  the	
  roles	
  of	
  these	
  
proteins	
  in	
  the	
  animal;	
  	
  

C)  the	
  percent	
  up-­‐regula0on	
  
of	
  novel	
  acidic	
  proteins;	
  	
  

D)  the	
  rela0ve	
  expression	
  
levels	
  of	
  CARPs	
  during	
  
development;	
  and	
  	
  

E)  immunolocaliza0on	
  of	
  
CARPs	
  across	
  the	
  three	
  
life	
  history	
  stages.	
  CARP	
  
4	
  and	
  5	
  share	
  high	
  
protein	
  similarity	
  and	
  are	
  
immunolocalized	
  by	
  the	
  
same	
  an0body.	
  	
  

aboral 
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Upcoming	
  events	
  in	
  our	
  group:	
  
•  Pocillopora damicornis development manuscript to be 

submitted. 
•  Follow-up study using RNA-seq data from adults is underway.  
•  Coral genome consortium paper to be submitted. 
•  Additional coral genomes underway: Montipora capitata and 

others at Genome Cooperative with Ruth Gates and Hollie 
Putnam (HIMB). Illumina 600 cycle and mate-pair 
approaches, as well as PacBio data for scaffolding. 

•  HHMI Janelia Farm Advanced Imaging Center opportunity to 
visualize coral crystal growth using live cell imaging 
(Structured Illumination Microscope, SIM). 

•  Work with Jess Adkins (CalTech) using NanoSIMS to localize 
CARP4 in newly precipitated CaCo3 to study the spatial 
relationship of the protein to the mineral. 


