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Motivation

Model organism databases such as the Zebrafish Information Network (ZFIN)
use terms from anatomy and quality ontologies to describe the thousands of
phenotypes known from genetic studies. By contrast, the vast stores of
evolutionary phenotype diversity data are typically rendered in free-form
text in journal articles. This makes it very difficult for researchers to ask
questions that cut across these two domains of knowledge, such as “what
sister clades in nature differ phenotypically in the same way a given mutant
genotype differs from the wildtype?”

The Phenoscape project aims to develop the tools necessary to facilitate
such questions to be asked on a large scale basis, starting with teleost fish.
Here we illustrate the obstacles in effectively integrating the knowledge
from the two domains, and the solutions we have devised.

NESCent

Semantic integration through computable assertions

Model organism databases have achieved
Meckel’s cartilage|gre interoperable phenotype annotations by

. expressing these formally in Entity-

S e Quality (EQ) syntax, and using ontology

, . . terms for entity as well as quality terms.
Meckel’s cartilage o=t A EQ statement asserts that the quality

Entity (E) o] lifsYA(0) Q inheres in the bearer entity E. A logic
reasoner can infer additional statements

implied by a body of such assertions and
the respective ontologies.

The same formalism can be applied to
the descriptions of natural (evolutionary)

Character State phenotype diversity in the systematics
and taxonomic literature, thereby

making it possible to link divergent phenotypes to their genetic underpinnings.

Outgroup and non-teleostean taxa

Amia calva~ KU 2116, one alc. spec.; KU 3383, seven cl. & st. spec.; KU 6956, one alc. spec.; KU 10187, one
alc. spec.; KU 16916, two alc. spec.; KU 21261, one dry sk.; KU 21290, four ¢l. & st. spec.; KU 21290, four
cl. & st. spec.; KU 21337, one dry sk.; KU 21338, one dry sk; KU 21607, one cl. & st. spec.

Atractosteus macrobeccus.~ K'121317, one dry sk.; KU 21372, one dry sk. Atractosteus spatula~ KU 18537, KU
18540, KU 18545, and KD~_"¢ dry crania. 00 NCBO Bioportal: Teleost anatomy and development Ontology - mesethmoid bone

{Caturus elongatus.~ MB. £3851. +Callrwn,_ —atus - MB. £.2931. tCaturus brevicostatus.~ MB. £.3849 and MB, | & | ][ + | @ hup://bioportal.bicontology.org/visualize/40027 / TAO%3A0000323#1_tab2: .

£3850. 1Caturus sp.- JM SOS3344. tCatuftom., ~~ MB. {3848,
tDapedium W”"’,—ZUMIB‘-l&”“" \:l'; ‘395°'KU2) —_L W P o0 0 NCBO Bioportal: Teleost t Teleost anatomy and development Version 1.81
Lepisosteus oculatus - , one alc. 3 , onée . , one Lepisoste | et e e e e e e
of s~ KU 5, one alc - KU 16955?\2 dry sk.; KU 1724, one 0 ¥l 2544 02; ale. spec.; KU & | |z] | + | @ hup://bioportal.bioontology.org/visualize /40020
p ) - Spec ) - . I ) b - View Ontology Details Details Notes Mappings Resources alpha
1, five cl. & st. spec.; KU 3677, one cl. & st. spec.; KU 6958, one alc. spet 9830, one alc. spec. . \ o Jump Tor .
af | one cl. & st. spec.; KU 12645, one cl. & st. spec.; KU 16246, twelve cl. & st. spec.; Ron_"74 one alc. Browse Searc rojects L &2 ¥ ‘ -
ic.; KU 20557. two alc. spec.: KU 22216. two cl. & st. spec. Lenisosteus vlatostomus.— KU (D - @ ::::t‘h | (aZtemietvonk Melobhorkood A (3)(_®! Ful version _J
q . C 1 Teleost anatomy and development ® Teleost taxonomy W a
Anotophysi Otophysi gos’ Table 1. - adipose eyelid | B
. v S Data matrix of Taxa Set representing 196 characters belonging to fossil and extant taxa. 0, plesiomorphic state; #- barbel
lus hes 1-4, apomorphic states; ?, unclear, owing the preservation of the specimens. Leptolepis coryp., L. coryphaenoides; Teleost taxonomy Version 1.27 + eye
J . | 773. 1 Leptolepides haert., L. haertesi; Leptolepides sprat., L. sprattiformis; Orthogon.,, Orthogonikleithrus, lfl pharyngeal arch
Ostarllophy5| Modified from Fink and Fink (1981) o Hecites View Ontology Details ! #- naris 3
CSNIC -5 610 1115 1620 2125 2630 3135 3640 4145 Jump To: | | = cranium
1. tAllothrissops 11121 27100 00022 22010 00011 01201 00001 10017 00010 &- taxonomic_rank ID: - orbital region
o o4 o . . . 2. Amia calva 00120 00000 00000  00OD0 00000 00100 00001 20000 00000 = Chordata #- sphenoid region |
Our initial abpplication domain are the 3 tAmio pattersoni 00000 00000 00027 0007 00007 00100 00001 20007 (0000 e aniata & cranial cartilage
4. tAnaethalion 00001 20107 00077 22070 00071  O1110 00001 10000 00071 &- Myxinomorphi 4 #- dermatocranium
h o o 3 k 5. YAscalabos 00001 22120 02072 27777 00097 017207 07001 20727 00000 & Vertebratap #- splanchnocranium
6. tAspidorhynchus 70020 0?2010 070?77 0070 00007 00000 00000 10077 00000 = i+ olfactory region
Mo rp 0 lOgl Ca l y n pa I'tl Cu la I’ SKe leta l ) 7. tBelonostomus 00020 07017 0007 2000 00000 00000 00000 10007 00000 #" Cephalaspidomorphi Relz . neurocranium |
: 8. Chanos 00011 21100 01011 21000 00011 01200 01001 10011 10000 &- Gnathostomata 1 &- otic region
characters that are variable among the Dl TIO00 O 1007000000l 00007 _o00 e " sccona reen
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] n free teXt fO rm aS States Of CO m pa rat]ve 2| ’ll)‘wo paired endoskeletal eﬂ\n\oidnllgzsi)ﬁcaﬁons: (0] absent; [1] present. Amia pattersoni Phenotypic quality Version 1.1 O n tO logy (TTO ) based O n th e
View OntologyDeta Catalog of Fishes, and the multi-
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(Data set {Eror Lo | Matrix & & ¢ x \ . ¢ 0Xx Characters & & = X States & & . X 2 = O x || Term Info: mesethmoid bone #& 2 - X = @ morphology n a O y n O O y o u a ] ]eS
Taxon te ... Intestine coiling... Parietal length 'Posterior marginof maxilla ‘Symplectic Solid, erichordally ossifie . \ _ ‘mesethmOId bone s - € amorp . .
5 Chanos chanos absent relatively short parietal... convexely rounded or straight ~ does not articulate with lower jaw absen - 4: - - 4: - : g bid ;lofsure , CO I I l e fro I I l t h e Ph e n O ty p] C Qu a l] ty
- £ deforme
6 Clupea harengus ? ? ? ? ? ‘Character Description ) Symbol State Description BBasic Info i - g shape
7 Coulla_a nasus ? ? _ ? _ ? . ' ‘ ? \ 1 Ethmopalatine ossification in the floor of nasal 1 present Term: Mmesethmoid bone = @ size PATO n t l
8 Dentlceps CIUDe absent as width as |0ng Oonvexely rounded or Stralght does not articulate with |0wel'jaw absent > 2 Two paired endoskeletal ethmoidal ossificatio! 0 absent ’ L-E] 1-D extent O O O y.
9 Dorosoma cepe... ? ? ? ? ® O C © Arratia_1999.xml 3 Parietal bones fused in a median element ID: TAO:0000323 & o S5 extent
10 Dorosoma pete... ’ ’ ’ . [ Taxa ua x\ I 'rTerm Info: Amia cal e x) & Fareial boties Ontology: teleost_anatomy - N 3-D extent A % s
11 Elops affinis absent as width as long convexely rounded or straight  does not - *-0x ) ‘& m 5 Supraoccipial bone - o ) ) ) 5. © 3D exten 09 ° A o / NG ~
12 Elops hawaiensis absent as width as long convexely rounded or straight ~ does not ‘Amia calva A 6 Supraoccipital bone Definition: Meer?cl?\:; :;lng{:r:eﬁ?ar;||:rgl:h2:?f?i;h .'S:a'f;g? asa E 0 decrease:':l;e < 2 V.\
13 Elops saurus absent as width as long convexely rounded or straight  does not 4‘ 7 Basisphenoid ?eptum anterodorsally and Iateralg iamn gton o :“°ff [
14 Engraulis encra... absent ? convexely rounded or straight  does notalf ™~ === === || B Basic Info 8 Sutures between all cartilage bones in the braii 1955). In adult D e ; bk ) £ dwa
S . ‘Valid Taxon A 'Publication Taxon 9 Interf: | h ha ; - Inadult . rerio, the center e . £ dystrophic has normal numbers of present in normal present In fewer present In
15 Engraulis ringens absent ? convexely rounded or straight  does not Albula vulpes Albula vulpes  Amia calva nte rontq suture S_moot (sutura harmonica) mesethmoid remains cartilaginous { ubbage & & e h Satic
16 Engraulis sp. absent ? convexely rounded or straight ~ does not : - Term: 10 Large orbitosphenoid bone Mabee, 1996). The mesethmoid n :ts the ¥ © hypop b
> : Alosa chrysochloris Alosa chrysochloris 11 Orbitosphenoid b rtial let A ! . € hypotrophic
17 Esox americanus | absent ? convexely rounded or straight  does notal| prryzTm BHEEERE ID: TTO:1009872 rbitosphenoid bone partially or completely re supraethmoid dorsally, the lateral { 'moids
18 Esox lucius absent ? convexely rounded or straight  does notal| Chanos chanos Chanos chanos Ontology: _ teleost-taxonomy iz Parasphenmﬁe a . ) . posterolaterally, and the vomer an| parasphenoid lﬂ © increased size
19 Esox niger absent ? convexely rounded or straight  does notal| | Clupea harengus Clupea harengus ) 3iCung|parasphenoktexncuglposeriontolas ventrally in synostoses. Anterolatef ly the | -~ © stubby
20 Ethmidium mac... ? ? ? ? Coilia nasus Coilia nasus Definition: (no definition provided 14 Ossified aortic canal o mesthmoid meets the preethmoidf n #- 4 structure t v
21 Gonorynchus ab... ? ? ? ? Denticeps clupeoides Denticeps clupeoides ig (S:a:::?ur:: :)ac:a;:nal arteries in basioccipital bor ?)yenfg::i(t)igtrjnrl?esfei.' ZFIN-curator 1+ €9 texture [« Jr——( juut >
22 Hiodon alosoides present relatively long parietals... convexely rounded or straight  does notal| Doresoma cepedianum Dorosoma cepedianum 17 Apt : od T #- £ necessity (continuant)
23 Hiodon terai . . . Dorosoma petenense Dorosoma petenense BESynonyms (12) nterior myodome o
gisus present relatively long parietals... convexely rounded or straight  does not Elops affinis Elops affinis = 18 Anterior and/ or posteri or myodome L - 4 organismal quality 3
24 Liie Stomer? ) / / ! ) Elops hawaiensis Elops hawaiensis RELATED Amia canina 19 Myodome kA ‘ESynonyms (1) S J - l? o phys@l_ quallty__
25 Lycengraulis oli... ? ? ? ? Elops saurus Elops saurus Amia cinerea 20 Especially deep posterior myodome with eye n v A
26 Megalops cyprin... absent as width as long convexely rounded or straight ~ does notall | gngraulis encrasicolus Engraulis encrasicolus Amia lintiginosa e ——— | V<>l > LIS EXACT et~ $
27 Oncorhynchus c... absent ? convexely rounded or straight ~ does notal| | engraulis ringens Engraulis ringens n Amia marmorata L ' _” _
28 Oncorhynchus .. absent ? convexely rounded or straight ~ does notdl| ' Esox americanus Esox americanus :2:2 &gﬁg‘ﬂf [Phenotypes & & - %\ (2 ox]|vi” ew 4 F O A XY [ L[ 4> 5 200
29 Opsariichthys bi... absent relatively short parietal... concave or atleast notched does not Esox lucius Esox lucius - Amia ornata . ) ) \/ > 1 (2] [ + | @ hutp:/ /kb.ph
30 Opsariichthys pl... absent relatively short parietal... concave or atleast notched does not Esox niger Esox niger A Amia piguotii Eﬂi Ancestor views of mesethmoid bone M )< LT p://kb.phenoscape.org/
r 7 : Ethmidium maculatum Ethmidium maculatus v ; : All parents
¢ > Amia reticulata V 4
—— m <> Amia subcoerulea Entity ‘Quality Re |__portion of tissue | | anatomical group | | cranium |
| Display Publication Name | 3 | Display Character Description |5 | JEEREN Amia thompsonii : ; i L
h h (Specimens for Taxon: Amia ca.. & # — X\ [ —Ox) Amia viridis mesethmoid bone e — - [pordon of connecive ssue) [ amatomica dusier ) Welcome to the Phenoscape phenotype database for ostariophysan fishes.
Bl Links /
We de elO d t l P h n t g om | ® [ ca;h,, ) ) (ol Search the Phenoscape Knowledgebase
Parents
\" ped a tool, enex, to Colection = 0 P P —_—
: KU 2116 > is_a Amia - b Begin typing to choose a search term from the popup menu.
accelerate transformation of :3 e : - — Th bsite all hing b
- : KU 10187 ", o — € webDSItE alloOws Ssearcning by
character and state descriptions into i P— R ockels caace
KU 21261 B i .
+ has_rank  TTO: coronomeckelian
KU 21290 v - e — — = ———— —— ] (Cmesethmoid bone ) : entl y erm axon, an y ene
- <> Cyprinus meckel synonym ) ) 7

ontology-based phenotype assertions.

The human expertise needed for this process (data curation) respective ontology terms for taxon, character entity, and T autopalatine
is the greatest bottleneck in our approach. Phenex records character state, and supports annotation workflows that O O 1y muratus Savactiys ko Chsetys et 12

1 1 " 1 iplomystes chilensis dorsal fin spine 1 gpibranchial 1 e me(:\‘:r:t:isb::::a&oeﬁgnr\‘e(r)\tm Poiasan
the publication and specimen codes, aids in choosing the optimize the time required from experts. i st st o a8 o gl ok e L e

Ictalurus punctatus infraorbital 1 kita I am a1 lamb1 I amc1 lateral ethmoid

Loricaria cataphracta |rrc6 maxma

K led B Meckel's cartiage mesethmoid bone metapterygoid mil ™02 Mystus nigriceps 2 emsigens nems
n OW e g e a S e opercle os suspensorium Pangasianodon hypophthalmus Parakysis verrucosus parapophysis pax2a

posterior process of basipterygium pou5f1 premaxilla premaxillary tooth

ache ahctf1 Ambl s mangois Ameiurus nebulosus Amphilius atesuensis i i i Ariopsis felis
ycep g p anterior limb of parapophysis 4 Aspp:dinmhys o

ink_node_1d_tke

link
link_id serial PK

link_predicate id_fkey

Pseudolaguvia shawi

S ded e | All ontologies (in OBO format), phenotype assertions (in Shabiasessopenrona on

predicate_id integer FK . . . o o rib Rita rita

ek e nk cbjeaid fey | | NeXML files), and the genetic data and phenotypes from ZFIN . . - oyl -
when_id integer FK sensory nal Sh smo

Is_instantiation  boolean

iened oo e || (tabular) are integrated in a semantic web-like database (OBD)

is_negated boolean

conbisr s . that aims to be a scalable triple-store implementation in SQL. Phenotypes
source_id integer FK . . node_source_id_fkey Anatomical Term
1s_obsolete boolean lmk_source_ld_fkey Anatom ual Zebrafish | Evolutionary
Anatomy Data Data
link_inference_type_id_fkey node s :
- - - . ynonyms: ventral mandibular Meckel's shape
p n?:e"d S;"al . . P AleSt] d ae S h d pe giﬁf,?;n. Meckel's cartilage is the cartilage Values include: shape 1genes 651 taxa
R ul character varying :
0BD Reasoner - phenoscape , ) . bilaterally paired, rod-like, cartilaginous '
label character varyin ; Meckel's structure
! 3 https://phenoscape.org /wiki/OBD_Reasoner - shasactes ‘:rying ventral compc_:nent of the Iqwer j_ar, or cartilage Values include: structure None 35 taxa
arymg . . . . ventral mandibular arch. Itis typically
Relation Chains metatype character(1) 1S_a 1S_d is a 1s_da 15_a resorbed in adults. Meckel's || count
Rule: i/ A, B, C: inheres_in(A, B) A\ part_of(B, C) = inheres_in_part_of(A, C) is_anonymous boolean - . . X 1 genes None
. - cartilage Values include: absent
Relation chains are a special case of relation composition. Component relations are accumulated#iffo an as Is_transiive boolean _ g
instances of the relation inheres_in_part_of are accumulated from instances of the relations of inheres_in and part_of. IF A inheres_in B and B is_obsolete boolean . Meckel's quality
part_of C, THEN A inheres _in_part_of C. This relation chain is specified by a holds_over_chain property in the inheres_in_part_of stanza of the is_reiflink boolean B . L e ] d arc h us Su p rao rb] t a l . . is a type of: pharyngeal arch cartilage || cartila ge Values include: deformed, malformed 2 genes None
Relation Ontology &. However, the actual rule is hard coded into the OBD reasoner and not derived from the ontology. source id integer FK / rYC] n U S p S] g m O] d be n t is part of: ventral mandibular arch
— develops from: retroarticular :
Decomposing " post-composition" relations bO ne P Meckel's f/lzle i elude: d sod lanath 5 638
Rule: \/ Q, E: inheres_in(Q, E) = inheres_in{inheres_in(Q, E), E) cartilage yaiues Inciude. docieasod 1oNgii, Sizo, = genes taxa

sased size, decreased size

Rule: / Q, E: inheres_in(Q, E) = is_a(inheres_in(Q, E), Q)
Phenotype annotations are typically "post-composed", where an entity and quality are combined into a Compositional Description. For

spatial quality

example, an annotation about the quality decreased size (PATO:0000587) of the entity Dorsal Fin (TAO:0001173) may be post-composed into
a Compositional Description that looks like PATO:000058740B0O_REL :inheres_in(TAQ:0001173). Instances of is_a and inheres_in relations

. . : is_a ' '

FOr efflC]ent query]ng, ] _a is_a inheres_in - ’S_a ' ReSUlt pages ]nFegrate cIIl.Jde:anguIarpIacement,relational 1genes 380 taxa

L e e e~ most of the inferable between genetic and
2. PATO:000058740B0O_REL:inheres_in(TAO:0001173) OBO_REL:is_a PATO:0000587 - -

Phenoscape specic s links bgtween terms Brycinus xhibits sigmoid inheres.in levolutionary data.

e — (assertions) are pre- brevis inheres_in N
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