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Working dogs, such as rescue dogs, military watch dogs, guide dogs, and search dogs, are selected
by in-training examination of desired traits, including concentration, possessiveness, and boldness. In
recent years, genetic information has been considered to be an important factor for the outstanding
abilities of working dogs. To characterize the molecular features of the canine genes related to pheno-
types for working dogs, we investigated the 24 previously reported genes (AKX, BDNF, DAI, DBH,
DGCR2, DRD4, MAOA, MAOB, 5LC6A4, TH, TPHZ, IF188, KCNA3, TBRZ, TRKB, ACE, GNBI, MSIN,
PLCLI, SLC25A22, WFIKKNZ, APOE, GRINZB, and PIK3CG) that were categorized to personality, olfac-
tory sense, and athletic/learning ability. We analyzed the chromosomal location, gene-gene inter-
actions, Gene Ontology, and expression patterns of these genes using bioinformatic tools. In addition,
variable numbers of tandem repeat (VNTR) or microsatellite (MS) polymorphism in the AKX, MAOA,
MAOB, TH, DAT, DBH, and DRD4 genes were reviewed. Taken together, we suggest that the genetic
background of the canine genes associated with various working dog behaviors and skill performance
attributes could be used for proper selection of superior working dogs.
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Table 1. List of the canine candidate genes related to four categories of phenotypes for the working dog
Gene symbol Gene name Chromo.somal RefSe.q
location accession
AR Androgen receptor CFA24, X NM_001003053
NM_001003053
BDNF Brain-derived neurotrophic factor CFA21 NM_001002975
DAT Dopamine transporter CFA34  NM_001136500
DBH Dopamine beta-hydroxylase CFA09 NM_001005263
P Jit DGCR2 DiGeorge syndrome critical region gene 2 CFA26 -
ersonaity DRD4 Dopamine receptor D4 - -
MAOA Monoamine oxidase A CFAX NM_001002969
MAOB Monoamine oxidase B CFAX NM_001002970
SLChA4 Solute carrier family 6 CFA09 NM_001110771
TH Tyrosine hydroxylase CFA18  NM._001002966
TPH2 Tryptophan hydroxylase 2 CFA10 NM_001197120
IFT88 Intraflagellar transport 88 homolog (Chlamydomonas) CFA25
Olfactory KCNA3 Potassium voltage-gated channel, shaker-related subfamily, member 3 CFA06
sense TBR2(EOMES) Eomesodermin CFA23
TrkB(NTRK2) Neurotrophic tyrosine kinase, receptor, type 2 -
ACE angiotensin I converting enzyme (peptidyl-dipeptidase A) 1 CFA09 -
GNB1 Guanine nucleotide binding protein (G protein), beta polypeptide 1 CFA05 ~ NM_001003236
Athletic MSIN Myostatin CFA37  NM_001002959
ability PLCL1 Phospholipase C-like 1 CFA37 -
SLC25A22 solute carrier family 25 (mitochondrial carrier: glutamate), member 22 -
WFIKKN2 WAP, follistatin/kazal, immunoglobulin, kunitz and netrin domain containing 2 CFA09
Learnin APOE Apolipoprotein E CFAO01 -
bl 5 GRIN2B Glutamate receptor, ionotropic, N-methyl D-aspartate 2B CFA27 NM_001008719
el PIK3CG Phosphoinositide-3-kinase, catalytic, gamma polypeptide CFA18 -
341 51X A A 2+ shal 3t 53] AR, MAOA, 2R A% AN 58S ddster Fod 9%
MAOB #3374 5402 X @aAd E4ds Sdg ¢+ & AolE Azdn
Alew, o Al A= 22l Aol #stE HEE Mol £7, & 4 tEede ST FHALE o84
228 & (tesrosterone) T 20 23] mRNA &do] g4 =4 o Qlo] Fastd nHEHE EACRE B dAfdMe 543
dote d7F Bag v Qoh53]. 3 F4 #E fAAR HHE FAA(FTSS, KCNA3, TBR2, TRKB), <5 &d #4
2558 #31AE & DAT, DBH DRD4, TH= =317 2174 ZHACE, GNB1, MSTN, PLCL1, SL(25A22, WFIKKND), t<5
SEA AA BAste FHAE YHA 9o, o] fHzt (APOE, GRINZB, PIK3CG)°l tal] &-astgiet. 2433 3
oA BHHE BHEME YA g A} FFAA A8 A= 6, 23, 25W FAA, EHE FHAE 59, 379 FAA,
Hh QoH27]. o] A ¥ 54 AsAeAE R HdE FHAEY StEAd fFAAE 1,18, 279 QA EATS AT 5
g3 A BF L FAY 2 xWYY BAE AT A% HTable 1). 53] 7H= & Zf7F F3 Hlaste] Hojd
2o A77t AAHolgTh T R B Aveld FA B F4%ES AU glo] ¥4 gow 54 248 AA&AY
FAAE BHE ARY CAG A WE 50 Het AR #4  Td AAY AAE TEY 5 Atk B AToA 24D
A Aol 2 d o] @A A=|[16], Japanese Akita 7k frAAEd dal AdA dAAY A A
Inu FE14] CAG W Ado] 32443 #elo] gl wa 9o} 34 72, 4711 D(ReqSeq) 2 7150 F A7
w1 om[16], w3 DRD4 F374e] 2/ JEEA AT 3 olH S AAolv, @A7A] T 9 T2} Beste] A
A B ge) 254 8ol 8o BI HUTRE. 54 ® A% 9 ok 8a 5 vE BA0U, 3] A 2
FAA A 8 1A dole A4S 95 mE W 95 FA0 49 G708 Y0 nung ¥ dTE ) ¥E
Pl M TFsA dehd, ol EA4H FEAA A A =Rl ARALE R ddd AES TH o9
By 2o JFE = F Wk ohe} st e 4 B8 fFAAS v BAREA A7 FE53
AP Belo] Y2 & 5 AU web BB A FF 7, 5, F&5Yol Ui TR HAAES AN o] 5]
AN A ANE FAAES WolE PARE A EF 55 5429 2B 44 IAZ 28T 5 982 AAan
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5457 A8 glol a3 e FAUAE olsfsE
° 1239 FuAFA 7)ol AoE BUAT

S47ie] 53 9 EY 2 RANSS| UEYT 24

F4, ¥4, 5 0 949 #9E F 209 HAAE

z 2as

A5 sk Sk
4] 7]%ke] GENEANIA (http://www.genemania.org) Z =21
HE o] &3dto] A3 HE]AE #4385 tHFig 1). ©1& B3l
FrAAE Ale] pathway, co-expression, physical interactions,
co-localization 5] AHAE T & ATk 2 A3, 2470
o FAAELE S FAFSHA Wl (co-expression) H = ¥
S Ho|AY 22 232 g A|Edl| £ (co-localization) 3}

™, co-expression®] AHAE 7HA = FAAE 4H9 #
% 2647%, co-localizationd THAL Hole FHA

go
A7}

rir

[z

1028% 2 UeRth 1 F 53] SL(pA4 FAAE co-ex-
pression®} co-localization V| EY I FGl A 2 FHAE
# 7P B AE AdS okl e & F ATk PIKSCG
ACE, MAOB, TPH2 5+ A} co-expression®] 545 B Y1,
GRINZB, GNB1, ACE, MAOA A A9} co-localization®] A
SHAZE AU = 2470 FA1A F 7N FARHAR, DBH,
PLCL1, TH, MAOA, SLC6A3, MAOB) 9}t %-& co-expression
A#43S 7FA = Dopa decarboxylase (DDC) 345 A&
A EES Atk DDCFAAZTH A/ HGE s 27t
£ 213} 2 (Dopa decarboxylase)= DOPA (decarboxylation
of L-34-dihydroxyphenylalanine)& =371 0.2 £33l &
A3t AAFE 98-S st Ao dEA ATH11]

& 3 F3A APOE, GRINZB, PIK3CG= 3549%9] co-
expression ¥A|9] EAS Bk FA4 #H FAAZ BF3}
QA A F ARY DGCR2E A Be FHAE0]
56.11% ] co-expression @A o] YElton, 3] o|& F
DATS} DRD#= =510 328 AAAG AR AFFow
Foldte Ao 2 B vl IY58]. =uvl T 2EL Ao

> ¥ Pathway 33.33%
» ¥ co-expression 26.47 %
» ¥ Physical interactions 20.89 %
» ¥ Co-localization 10.28 %
» ¥ Shared protein domains 65.54 %
» ¥ Predicted 249 %

Personality
Olfactory sense
Athletic ability
Learning ability

0000

Fig. 1. Gene-gene network analysis of the canine genes related to phenotypes using GENEMANIA database. Network legend that
we analyzed includes pathway, co-expression, physical interactions, co-localization, shared protein domains, and predicted.
Network of the genes including candidates that we selected (black) and the other genes (gray) was visualized. The 24 genes
were classified to 4 categories: personality- (green), olfactory sense- (blue) and athletic (brown) / learning (purple) ability-re-

lated genes.
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Hko] GORILLA Z 2138 o]&3t] GO (Gene Ontology)
48 Y3tk ZE GO terme Al 714 ontology (bio-
logical process, molecular function, celluar component)]
gt FEE08 7h7ke) GO termS Table 201 83t Ath
(pvalue < 0.005).

Biological process ¥ GO term& #2418 A3, 327}
247} F 50% ©]’%e] single-multicellular organism process
(GO:0044707), multicellular organismal process (GO:0032501),
anatomical structure development (GO:0048856), single-or-
ganism developmental process (GO:0044767), transport
(GO:0006810), regulation of biological quality (GO:0065008),
regulation of mulﬁcellular organismal process (GO:0051239)
ob B TS FQsISATHFig. 3A). T 2470 FHA T 67%
9] frA 2= multicellular organismal processi]- single-multi-
cellular organism process®l| 433 HlFS 223t 7]54
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I AR N S
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Fig. 2. Gene Ontology (GO) analysis of the canine genes related to phenotypes using web-based Gorilla database. GO terms were
categorized to (A): 33 Biological process ontology, (B): 18 Molecular function ontology, (C): 8 Cellular component ontology.
Bar-graph represents the percentage (%) of genes involved in certain gene ontology (GO) term among 24 canine genes related

to phenotypes. (pvalue<0.05)
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Table 2. List of Go terms

23 38k %] 2013, Vol. 23. No. 11

GO Terms from the biological process Ontology

GO:0033555 multicellular organismal GO:0044707  single-multicellular organism GO:0042420 dopamine catabolic process
response to stress process
GO:0035176  social behavior GO:0007626 locomotory behavior GO:0007610 behavior
GO:0044057  regulation of system process GO:0042417 dopamine metabolic process GO:0032501 multicellular organismal process
G0:0007613  memory GO:0007611 learning or memory GO:0050890 cognition
GO:0046903  secretion GO:0045664 regulation of neuron GO:0007568 aging
differentiation
GO:0042136  neurotransmitter biosynthetic =~ GO:0048856 anatomical structure GO:0044767 single-organism developmental
process development process
GO:0042416  dopamine biosynthetic GO:0042053  regulation of dopamine GO:0006810 transport
process metabolic process
GO:0042133  neurotransmitter metabolic ~ GO:0007267 cell-cell signaling GO:0050877 neurological system process
process
GO0007154 cell communication GO:0050804 regulat.ior.l of synaptic GO:0023052 signaling
transmission
GO:0007612  learning GO:0009605 response to external stimulus ~ GO:0065008 regulation of biological quality
GO:0051705 multi-organism behavior GO:0051239 regula.tlon of multicellular GO:0060078 regulapon of postsynaptic membrane
organismal process potential

GO Terms from the molecular function Ontology

GO:0035240
GO:0031406

dopamine binding

carboxylic acid binding

GO0:0004497  monooxygenase activity

GO:0016714
donor, and incorporation of one atom of oxygen

GO:0016641
acceptor

G0:0016638

GO:1901338  catecholamine binding
GO:000813 primary amine oxidase activity ~GO:0005328 neurotransmitter:sodium symporter

GO:0043177 organic acid binding

GO:0008144 drug binding

activity

GO0:0008504 monoamine transmembrane
transporter activity

oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen, reduced pteridine as one
oxidoreductase activity, acting on the CH-NH2 group of donors, oxygen as

oxidoreductase activity, acting on the CH-NH2 group of donors

GO Terms from the cellular component Ontology

GO:0043005
GO:0043195

neuron projection

terminal bouton GO:0044297 cell body

GO:0042995  cell projection

GO:0097458 neuron part
GO:0008021 synaptic vesicle

GO:0044456  synapse part GO:0030425 dendrite
ABA ol =5& 38t 2 H, behavior (GO:0007610) 9 #
d Sle FAaAE 24%9E AT & UTHFig. 3A).

Molecular function®.Z 7% GO termol A= A 247)
o FHA F 4N of8H17% olehel W GO FAE Uehil
T}(Fig. 3B). %¥HH, Cellular component #& GO termo| A=
neuron projection (GO:0043005), cell projection (GO:0042995)
9 neuron part (GO:0097458)l Xl 212+ 42%, 46%, 42% 2] GO
F2 7} YERtHFig. 3C). Cell body (GO:0044297)} synapse
part (GO0044456)9 A= A F14-2] 21%, YA GO term
ol el M= 17% olste] HlF o2 AuAo] Htth(Fig. 30).

ol &2 GOEA AHE Tl 2749 5% 54 H F
Aol #dE FRAEA da FHAL AFeE Y&
om|ste] #AS AHE F vk EHHGA S SN

o2 dojefel] th3t F3o] FREGE BFHQ v, 557
o 58 % F43% ddd FAAEd el GO Al7HA o
tologyell wH& ojm & FAMY AAE FHte Ax FUIZE
ATFFA7E 2 Ao AREG

S0 58 ¥ 24 23 RVXEZ2 in silco Ll 2M
ShA A% 2470 frAAtEo] Y] Tt A A o
48 FFE HoleA dZ3] A in silico TH BAE F

&8}tk NCBI - Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo/) Bl oJE] o] 7|Hke] nlo] A2 o]
o] & HolHE o] &3, 7o 107] ZF(H, "‘ﬂ, &%,
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Fig. 3. Heatmap of gene expression profiles of the canine genes associated with phenotypes. Genes on the horizontal lines separate
the 4 clusters via associated phenotype. 10 normal tissues (brain, heart, jejunum, kidney, liver, lung, lymph node, pancreas,
skeletal muscle, and spleen) are on the vertical lines. Values increase from dark to bright.
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