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Expression of Genetic Structure by Causal Path Model
in Chum Salmon Fry (Oncorhynchus keta)

Yasuji Kanno*

Abstract

Phenotypic correlations between eleven morphological traits of chum salmon fry were
divided into two phenotypic correlations owing to genetic and environmental causes, and
both correlation matrices were examined under the theoretical basis of spectral analysis.

Judging from eigenvalues of two correlation matrices, four genetic and three environmen-
tal factors were separated from both correlation matrices by factor analysis, for which the
percentage contribution of variances was 98.5%, and 60.4%, respectively.

The results of spectral analysis were expressed as path coefficients in causal path
diagrams. In the figure (Fig. 2), the relation by which each genetic factor affects the traits
in common depends upon pleiotropy or linkage effects. On the other hand, the square of
path coefficients which concentrate a trait from individual genetic factors represents the
heritability of each factor which, is surely, composed of discrete groups of chromosomes.
The effects of those genetic factors to reference traits are more complex than environmental
factors.
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(BW), & (BL), fLFIfi4A R (PA), H&k (HL), [RE (ED), ¥#5i 5 (PD), H#EiE (PV),
HFHEE B (VN), WKLY (DF), HEKEH (PF), BEHKLHK (AF) 0 IBE OV T
ﬁofco

ThHODOBED S L, BHROAE BT AHECHHERIRCOV-TE, BETHRTC
LR o THRIEMTAHICHREL, FECOVWTREED SECKR L TIEREOMEIZAREL T
HECHER L, EREofELE LTCoBER, +h%h BW/BL, PA/BL, HL/BL, ED/BL,
PD/BL, PV/BL O L 5 it L1,

RELEBREITIIORE B4 RBEOBERHE SOV CTEEVEORIEEY b - TV 554, Hl
EMER—BRICEDOHE (1) K- BETH, ZEMEp, BETFRMES L OBEEHe <
LoTp=fite LELTENTES,

ORI nBEEOERMED T ~ 2 DBAICIETHERET, Pux=FurtBox EEHIRD
A, Thiedin L CRBEEMEO S HEE SHITII C 1 C=Co+ Ce IR END Z E 35 b T
HEFY R hD, F40RFMECEBRRBEYRS & T5HATS K, BETFHEOLZ « D
BERELY AR & T 50 ATF Ko, #X CREEOERRE ARG L+ 50AT5 K
TRAWT, RATCRBEIhDZ ERRLE,

K'CK-'=K-'KcR*; (K K¢)* "
+K-'K:R*: (K-'K;)*

FAH VRO R B X O 2HO R (LEEHBTHS L BRI & Midh B, %, (1)
AROENFhOEYHRY CHIE X R T Rr=Re+Re D X dicEbT &, RpixEHAED
751, Re (3BIRTREC X 52 RBRMEBETIE L C Re 3BEE L 2 ZBERHEETL =T,
Lerner®, Hazel” & X OUFHY i X, =0 2 >0XRBEEMHBTH (Re, Re) DEEORSTH
B 16i; BL Ve 13, RAICHEROBEHBRE r*c; B L OCBIEHEBEGEE rey &, FRFHR
Toii = 1*ci* Bl BX O v =gy o wow;, OBIGEA D 2, ZOBGRY 2E (#,7) BB OWT
R % & Fig 1(a) Rt x 2 F A L ST, by, b 35X 0w, w; 12 Fig 1(a) € F A D2
REERDLL, ¢, j ThThOMEOEER (B2) BRI VBEEEEER (1-h) OFHBIHEYST
BT EIRENAB,

HBATIINARY P BRENRETINOHIE Fig 1(a) D2 FABbhbEERT,
EROWEBE i BT P=f+e TERbEh5 o LREB~RT, f 3WE 0B w532

e Fig.1. Two causal path models showing
genetic(f) and environmental effects(s).
(a) : causal model with genetic and environ-
mental correlations. (b): causal model
without genetic and environmetal correla-
tions by spectral decomposition, both show-
ing relationships between phenotypic
traits(p), and genetic(f) and environmental
components(e ), the symbols & and w are path
coefficients, r,; and r;,; are phenotypic corre-
lation coefficients owing to genetic and envi-
ronmental components, and r*;,; and r*g;
are genetic and environmental correlation
coefficients. Subscript ¢ and j are assigned
" to each of the traits or components. Details
aii in text.

(a) (b)
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BERT2EOREFHEYRLL TV 51, ZORERSLE (f) 2V D00 f9,
(m=1,2,, k) CHETHZ LA TENE, RBEAE (P) & Pi=3f9+e & LTHEEDRE
BOOMTERLTZENTE D, BRI WEACHS T 5B A OBERS fOn ¥ 7B L CHET
BT EHREROT, — BRI DS TRy, LhLinnd, Red A ~2 \ AGRT 22
LY, BWHEE b R WEROBERSCHET 5 2 EXRFERCTETH S,

COBIELT, 2REDBED R EFAORKEY Fig. 1(b) £ LTRT, 2071 OfER
BRDXH>THAD,

P;=h; o fith; * fi+w,e,+w,;e;
Pi=hj; « fit by, « fitwie+wye;

P fi 65X Ve 3ERD i WEORBME, hicibT 2 BETFHMES L OBEEYEDLL,
ThIEELIATV230LT5, BEORIE.T » — 2 OfE TR, Fig l(a) DEFLD X
S, WECHIET 5 2 oORMEFCHEShBDT, b, 3LV by i€ w, f-T f, f 8 (&
RHEBE), B X e, & M (BREEMHBE) ABBEL RS X S iR S h5B, —7, Fig l(b) =5
%, fo T GEEHE) oM €r L THEM4E2MLT, b BIU A ¥ EDLSDE5
ENTES,

2T, (2) AXTHARBETRD L S5FEbE 5,

P=FH'+EW! (3)

@)

Foxe & Epey XAV OBE, P OMHBTTI R 122 00T O Re+ R CHEIXh 5 o
EVXEERY WFEAR U, SR, AW 13 Re (2, BRI ABEFEEOTHIF % fuv-T,
KDL Sk T o L TE s,

Re=1/n(FH!)!(FH?)
=1/n(HF*)(FH?)

F D58 58TF 1/nFF 12 (1) ROBEHBTS R*: ¥FEbL, HIFAA% H=K-'K;
ELTEDLRD F ORETITEDLT, 20 HizFig 1(a) D Fro2E&E, +hbbE
BEROFHIREYE 2D LD B,

WIZ (4) KRBT, /nF*Fr=1 Zflc TR BEFREF 25232 b 2515 &,
CHGERETFRE S HECERL W EEORA S8 X hice 7 4 Fig 1(b) %Ly,
ChiHIE LT @) RIKD L SEHII D,

Rgz1/n(F*H”)'(F’H")=H*H*‘ (5)

(4)

CHEEREZGI U AT A b H*H=UAU* + TH 1L H* #BHT, BET5
H* X Re xRTGNLAROETFAMTIIE LTRDBZ EMNTE S,
EhKk, BEOEREZTINT IZL - T, HFLWRETFIA % A=H*T, BETRETS G
¥ G=F*T L EXEFHRL T, HETFI R #Fbi1E, RO X > kb,
Re=1/n(F*H*")(F*H**)

=1/n(GTHTAYY(GTHATYY)

=1/n(GT*TA)(GT!TAY)

=1/n(AT!TG*)(GT TA")

=1/n(AG*){GA?Y)

ZIZT, 1/nG'G=1/n(F*TYF*T=1I 105, $£-T,
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Re=1/n(AGY)(GAY)=AA!

(6)

2T, FLWHRETFI A S H* ERUTL, HETS Re BB T 5RETFITH S L bbb
5, 2hiz, BT ET5TRFEORTHAXEE LML, H* &L AD2KR0OM
i3, Fig 1(b) o sxe=FrdvThimicl, ¥ich, 2525177 TH5, 2 DORBOEER,
BERD [P, (m=1,2,-, k) OABEROHRCHIGELIbDIEiD, 2Dk 5 BT
A7 P ASREYE LT HBENERER, HETI Rk / V2R B2 TREFSHTH L
&L <, BERIRBY (communality) 12, H* 8L A BETF 42— vEHET 5, chil
UEraoiefrz, SEFRME X »RERAERTY (Re) L RBCEEME X 5 RFAMBITT
(Re) RbBERATAHZENTE S,

Table 1. Two phenotypic correration matrices owing to genetic components (bottom triangle)

and environmental causes (top triangle).

BW/

PA/ HL/ ED/ PD/

PV/ YN DF PF AF

Trait BL B BL BL BL BL BL
BW/BL 844 156 023 .054 .027 —.152 —.095 —.112 .186 —.084 .136 .070
BL —.054 .368 632 .037 —.370 —.461 —.210 —.115 —.113 —.122 .071 —.164
PA/BL 150 112 244 756 —.055 .042 —.164 .324 —.075 —.137 .163 —.179
HL/BL 323 —.018 237 .374 626 .339 .088 —.107 .018 .027 .151 —.045
ED/BL .456 —.101 —.074 .040 .363 .637 —.053 —.001 .232 —.040 —.089 .078
PD/BL 432 054 112 .188 203 .251 .749 —.184 .008 —.032 —.067 —.005
PV/BL 416 241 316 .298 .058 277 .538 462 —.010 —.120 .209 —.241
VN —.356 .231 .102 .028 —.324 —.096 .046 .438 562 .083 —.007 .048
DF 224 091 .090 —.076 089 .110 .248 —.179 547 453 191 216
PF —.188 -.027 —.319 —.297 —.129 —.134 —.372 —.111 —.226 576 424 —.018
AF 060 .160 .172 .169 —.085 .085 .233 .176 —.017 —.188 .166 .834
. BW/ PA/ HL/ ED/ PD/ PV/
Trait BL BL BI. BL BL BL BL VN DF PF AF
Table 2. Eigenvalues and cumulative contribution of variance culculated for three
phenotypic correlation matrices.
R; R¢ Rg
. Cumulative . Cumulative . Cumulative
Eigenvalue proportion Eigenvalue proportion Eigenvalue proportion
2.385 0.217 2.138 0.454 1.597 0.254
1.840 0.384 1.394 0.750 1.279 0.457
1.372 0.509 0.631 0.884 0.923 0.604
1.209 0.619 0.476 0.985 0.688 0.713
0.085 0.708 0.072 1.000 0.608 0.810
0.852 0.787 0.001 1.001 0.552 0.898
0.680 0.848 0.001 1.001 0.455 0.970
0.552 0.898 —0.000 1.001 0.269 1.013
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# R

R BIU R: DRAFHHBER B ERLCETF O OFEL, SROHMEROMHEE (R Bk
V' Rg) %, HECHBEY b=t WAPEORF I L 0 AP EET5HEE LTHETS C &8
T&5, HETH X ERCBE TALDIE, BOOTIORTRCELVCHTFEELELTS
2, BENERTYBRCERI T, TEPKORTTALMCERL, “oRTFEOBE
THBIRE MR 5 - L2 fThhb,

HERTL, ME BT AEAROTHRETEE (f) & LTEEFROFESE,L S
BTSN (Fuxe) & D, BEME (e) & UCREEME p, 0 OFHBETEMES ZE LW 1ATF
(Bur) & 2T, FHEEDWTHBEFHATZHE LI, THI, IR CRRAFELLY

Table 3. Factor loadings computed by varimax criterion of factor analysis for
phenotypic correlation matrix (R;) owing to genetic component.

Trait f, f, 1, f,
BW/BL 0.903 0.145 0.002 0.077
BL —0.068 —0.000 0.594 0.098
PA/BL 0.103 0.429 0.195 0.003
HL/BL 0.315 0.438 0.049 —0.273
ED/BL 0.536 —0.240 —0.116 0.058
PD/BL 0.452 0.115 0.145 0.014
PV/BL 0.383 0.432 0.423 0.143
VN —0.417 0.203 0.385 —0.230
DF 0.165 0.142 0.056 0.705
PF . —0.072 —0.733 —0.033 —0.152
AF 0.033 0.262 0.291 —0.108

Table 4. Factor loadings computed by varimax criterion of fac-
tor analysis for phenotypic correlation matrix (Rg) owing
to environmental causes.

Trait & & &
BW/BL —0.062 0.155 0.125
BL —0.724 0.089 —0.074
PA/BL 0.042 0.599 -0.372
HL/BL 0.601 —0.080 —0.034
ED/BL 0.707 0.061 0.039
PD/BL 0.148 —0.661 -0.166
PV/BL 0.070 0.442 —0.336
VN 0.250 0.072 0.218
DF 0.053 0.040 0.415
PF 0.015 0.351 0.036
AF 0.066 —0.036 0.796
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Fig. 2. Path coefficients shown by spectral decomposition for two phenotypic correlalation
matrices ; R; and R;.

Re BX O R ZFHEL (Tablel), #hFhiZ oW THRF 21T - %,

Re 5L O Re &4 2 >0 MBTFIOEHMEOMES Table2 ok, Re TRHMEERCNTS
L RFEFTOELEL985% THbB, Be TlE, BIRTFETOELES 604 THoeh, HFHERD
KEREZENVES, BLBEHBECHIZD D, SHETFILL 2B BETH S L E 2 bhic, K\W\T,
B BIU Re Ko WT LA HARTFAMT (H*) %, "V =» 7 RFFEC L » CTEXEER L
BORTF AR A % Table3 3 L 08 Table 4 ic5vd, = hSORTFARE (5), (6) RicrT X
51z Fig. 1(b) DA EFADARAFREHIGELTWBD T, TELBERTE I CBERTR
DT, HAFREERFI VI T AL LCRETERig20Xk i,

R T 1 8RT () cBT2RTAMEY L5 &, 03 GBEXRIY) ULOEELAAAHN6H
v, BW/BL (0.903), HL/BL (0.315), ED/BL (0.536), PD/BL (0.452), PV/BL (0.383), VN

Table 5. Regenerated phenotypic correlation matrices (R, in bottom and R; in top) among
traits by reconstitution of factor loadings.

BW/ PA/ HL/ ED/ PD/

PV/ YN DF PF AF

Trait BL Bl BL BL BL BL BL
BW/BL 842 033 046 .020 —051 —032 —.106 .004 020 053 .044 091
BL _ 053 367 538 050 —.440 —.509 —.154 014 —.191 —066 .018 —.110
PA/BL 156 109 233 499 —010 052 —.328 .393 —.027 —.128 .197 —.315
HL/BL 327019 229 368 369 419 147 018 .137 .015—.020 015
ED/BL 453 —.100 —070 042 362 505 058 063 .190 .056 .033 .076
PD/BL 426 057 .124 196 .199 .239 486 —.226 — 047 — 087 — 236 —.099
PV/BL 420 239 308 292 061 .286 533 313 —024 —.118 .14 — 279
VN 364 235 .119 039 —.330 —.113 058 .416 115 107 037 .187
DF 224 091 091 —.076 089 .109 249 —.181 548 177 030 .332
PF 183 —.030 —.320 —.304 .132 —.124 —.380 —.097 —225 567 125 017
AF 060 .160 .172 .169 —.085 .086 233 .176 —017 —.188 .166 639

. BW/ PA/ HL/ ED/ PD/ PV/
Trait B BL B BI Bl Bl Bl VN DF PF AF
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(—0417) KEWTE, f, DEFAR I PA/BL (0.429), HL/BL (0.438), PV/BL (0.432), PF
(—0.733) D 4 MEICBVTE L, fi Tk BL (0.594), PV/BL (0.423), VN (0.385) i=35\~C, %
L < f, DEF AR DF (0.705) KB\ CEWEEZRT,

—7, BERTFrOWTL5E, BWECHTAEARER &, 6 XV & D3 D20RTF2H
o T\ %, & v BL (—0.724), HL/BL (0.601), ED/BL (0.707) @ 3 B 1Btk $ 575, BL &
fLOE CIERADOFEI M D, & i1 PA/BL (0.599), PD/BL (—0.661), PV/BL (0.442), PF
(0.351) DAMBRIEEXYRIETH, F12H KV THV, & 2 PA/BL (—0372), PV/BL
(—0.336), DF (0.415), AF (0.796) 0 4 HEBR LM 2 WE LB 2 HE CREAOHTHAIHETD
5,

PEaEHT5 e, WEHEOBMRIBEERI v BERSTIVEETHIZ I Lbhb, £

LTZhidfi, f BXOL OERRADAB L I, 1 DOBERTHE L OB CRAMCIERY
REFTZERIAHDOTHY, BETHREGTOLSEBH, IOV vy —o2ERERETS
LOTHDHOKIZ, 2D EE A ARENEFEHEOM: LMK L TAHABLIZL
X5,
ERHZ (T 2AMONZBHOBFE 6) RernTL o, 75l Re DAR27 + A SRR, BT
B UL ~TR=H*H*"Th 5, 31, FEOEREZTIH Tk > T Re=AA* BRI DH, i
i Thd TOHEEETS Re ¥ BB T 5 (Tableb), = 0, H*H* X O* AA* TEL R 5175
TXROBEEY b2,

FF, (5) VLU (6) RIeB T, 1/nFHF*=I, 8L 1/nG'G=ITHBHZ :&»b, H*H*
KL AA TEL R B TP Re OXNARS (GBEXR) 3, 2TCoBERTF»H L BECE?S <
ARBD 2 FH IR (m=01,2, -, k) CHoTVBI Edbhb, Zhid, (HEOBEER R,
2%, MWL k HOBEBERSC L 5RIZR 2O, OF (Zh2P,) KHBRENRTW5HZ LER
T, ZOSRE, BETHER L 2 REEMHEBTS (Re) & RRCERMBER X 5HEBT (B:) &
DSWTHHETHZ LN TES, KL, BERTROAS LBERTHO L AL« DEFM
EBWTERZ 20T, A—HECHLT, LT LAFERFEOREIEOVTHSEHD
Tz,

COBENGEOFig 2 #45% &, HL/BL, PV/BL, VN © 3 WERI 58 X h - BROEER
FrbLoEAEREBCETC\W50i% L, BW/BL, BL, PA/BL, ED/BL, PD/BL, DF, PF ©
THER TR E—BERTOERAYSD5, i, BERFLIRERTONIETAHS L, BW/BL
KX O VN0 2 WER T BERFOFERALE T C501x L, BL, PA/BL, HL/BL,
ED/BL, PD/BL, PV/BL, DF % X O PF © 8 WE I BE L BEOHRFOEREEL > FTn5E
Edhhns, CORAERTIVEBCET D A AGREO 2 FMNBERS I VBEFERC -
TWBDT, FHOERIXOEERENTETHZ, 2o tnrb8HED 5L, PV/BL,DF H5.&
U'PF 0 3B X BERFOERO TR &b b,

% =

BEMABGRE (r*e;) INRELIEEDO 2HE (4, §) OREBETHEROHEBEGREK T, 2E
DRBMEEET 5 BERSLEOHBEREYEZHT (Fig 1(a)), ZOREI2HE 1, j iFH
THE—BHOBEFARESBOBCE VY CTET5 01, ¥ricksdZ LAH&EIHh

B, B IO LRI LrA bR, Zhil, BET5E5ROBET (polygene) 4
REEBRMNTHETI AV FLABOBERARIZIOTHS, ZOBEERALD, ﬁﬁﬁﬁ%
Enide L BREEAHEEVEO&EMLL L TR, KDO2ODBELE LIRS,
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¥, F1LILEGETOLEBEBELE (pleiotropy) 22D BBHETH Y, F2XRLHWEIEA
THREOBEEFIHA—REEBICEMT S0, BEIBCELTY) vr —oHRPRTBET
H5, R~ T, Re DB (Tablel THO=ZANY) OMABRLUANORSTH 0 LERSELRR
T, FAOoWERRBS T2 RETHOMLEHREDR, Hr VXA UHREMS FcE
ET5)vr—SBGERBEBI EXERLTWS,

Ok 5 InEREE CRE T A ER O EM RS, HFENCREEROEERIC X - T,
I o BMiABATEIETCLNTES, Jhid, (6) BXU (6) R TELRBTFIXEMICE
BTL LRt -TEBEINS, flzif 6) RieonTaid, I/nF*F*=1 DA TEHEINS
BERS (F*) &, B¥WeEvolr¥ercTsticky, 2BETHEY, EVWKESE
LisWREEOEL S BERORS (. f o fi) KAEILIbOREEBIND, ZOBFKRY
Re, Re e >\TEHEL, Fig 2 & LTRFET5 &, HBETFIOR T EMCBEEL TV HER
DORAGEMN, SARRC L > TEERBRCSE SR, WEHLEBERT I OCBRERT LOEED
BRI R IR B,

¥, BERSCOWTHRS &, Bk o2 11 BEEEGT 5B E IR 4 DOR
HesElEh, FhEZhORSHOHE~OBEBHLESIRFORRO L 5 ks L Bk
725, KB T AMBEIREDY 1 XOMEBYREL, SMSOLCBEL CHEL TV 5H
FhThBEMCRLRBDOBER S OEEDLAS WA HENRE -, FELHEINERY RTE
¥, BW/BL, HL/BL, ED/BL, PD/BL, PV/BL, VN © 7 » — 7, PA/BL, HL/BL, PV/BL,
VNOZ7A—7, $L0BL PV/BL,VND 3 7 A —FIhbhsd, hbDs7i— 734
RBRELRYV v -SRI TRALRAGOMELHBILI T AMERLEELDZ LM TES,
ki, DEEREBERDSOABTEOWTLRL E, ThBEBENESBIZLIAbDOTHLI
», FORABRYBERCRTLO TR, BETHIE, BETFHO 4RS~OSERIERC
HY, ERDARFIFOEERD1IDEWIZ RS, ZOBRTAWEISETEEL S
BROLEBENAZ VI LAk, UL, Fig 20Xk 5 HIWER MBS B 5 85X -
WA REANAERY —BELIR TV L3EIT, BEEMCE, TEEYEETHALRE
Wk oC, WEHEBOBBERE LY LR TELHE I EEMT28RICEY 5550 TH
3, ¥k, 74 VFEA AER RS CExORBEOBINNTERIC T, REABSORBRERD
BECLIGATEL 5,

—%, BEABORTAEMERD L, WECIFRTARERFOBSEIPPEM T, BL, HL/
BL, ED/BL =it @iz E+% 1 ®F, PA/BL, PD/BL, PV/BL, PF 8812 1 EFR LIV
PA/BL, PV/BL, DF, AF &8T5 1 RFERHTHZEBTEL, 2ohT, &bkl
KL%?%%EV&&héﬁﬁ@%ﬁuﬁbfﬁ%&u&ﬂ%k,ﬁﬁ»7x—ﬂ%%oﬁﬁ®
ST OGTEERRBE Y5 2 T b,

Bz, BoBBRF I Y BEEIh5 PA/BL, PD/BL, PV/BL © 3 WEOHEEHEFREY &
THhE 5, COIWEOHENL kD2 r —ADTWREELYELLE2LRS, F113, HESHh
T ReEDHRFNIFVABIVPZEY R Z VAR EDOBEHHREIR Y ES R T iswiedicy, &
RODBIERS B THE 0% Re ORTFRBETAMBEEE LB ENTES, B2, &
OB BED K E X L ARIOEL, BEROREGHIEE L ZKRTOERER 2 7 = X 218
EEhB, Thbh, REkOXE X LENLR—-EEBRTELTIEERE FORTAROE V-
BIEEE LTELORBM bk, AFFIR T, TOEYHELAETHI ERTERVE, &
DI, MR EERFIB L BB FRAMENEERRAY R TEEX bR, &
%, BETFEREC L BMAROMEE? OTTEREIBEERTW50T, AWK, ZORBORER
BEShBENE Lhisys, Efe, HMROEEASTRC N, EROMBEL @R T & Rk

—198 —



BE: SREFAILLEY e rERAOEERE

2, Re=Rp—~R: DT L > C, BEREHETOIHMBEOERNTELILGRDT
éb 50

RO ZHRE B - e T AKEFETHEZOAFER—FIEL, K5I AERORHRESR
Byl CRERBOBELYRLET,
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