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 V ol. 124, N o. 4 T h e A m  erican  N atu ralist O ctob er 1984


 SU P E R IO R  D E V E L O P M E N T A L  ST A B IL IT Y  O F  H E T E R O Z Y G O T E S


 A T  E N Z Y M E  L O C I IN  SA L M O N ID  F ISH E S


 R O B B  F . L E A R Y , F R E D  W . A L L EN D O R F, A N D  K A T H Y  L . K N U D SEN 


 D ep artm en t of Z oolog y , U n iv ersity  of  M on tan a, M issou la, M on tan a 59812


 Subm itted  Septem ber 29, 1983; A ccepted  M arch  22, 1984


 W ad d in g ton  (1942, 1948) w as on e of th e first au th ors to stress th e im p ortan ce of


 th e d ev elop m en tal p rocess in  ev olution  from  a g en etics p ersp ectiv e. H e p rop osed


 th at n atural selection  acts on  developm en t prim arily  to produce p ath w ay s th at are


 in sen sitiv e to m in or ch an g es in  th e en v iron m en t an d  th e g en om e so th at th e


 p h en oty p ic n orm  of th e sp ecies w ill resu lt (W ad d in g ton  1942). H e referred  to th is


 p rocess as th e b u f f erin g  or  can alization  of  d ev elop m en t. T h is "can alizin g  selec-

 tion " on  d ev elop m en t en su res th e relativ e con stan cy  of  th e p h en oty p e th rou g h 


 ev olu tion ary  tim e (W ad d in g ton  1960; W ad d in g ton  an d  R ob ertson  1966). A lter-

 ation s in  developm en tal path w ay s, an d  th us th e ph en oty pic n orm , require eith er


 ch an g es in  selection  p ressu res, so th at th e n orm  is n o lon g er associated  w ith 


 m axim um  fitn ess, or th e presen ce of n ew  gen etic variability  capable of h avin g  a


 ph en oty pic effect despite can alization . W addin gton  (1942) em ph asized  th e im por-

 tan ce of d om in an ce an d  d osag e com p en sation  as g en etic m ech an ism s p rod u cin g


 can alization .


 Lern er (1954) ex ten d ed  th ese id eas b y  sug g estin g  th at h eterozy g osity  acts to


 stab ilize d ev elopm en t. T h at is, h eterozy g osity  con fers an  in creased  ab ility  to


 com p en sate for b oth  en v iron m en tal an d  g en etic v ariation  d u rin g  d ev elop m en t so


 th at th e g en etically  d eterm in ed  d ev elop m en tal p ath w ay s are m ore p recisely  ex -

 p ressed  in  th e p h en oty p e of in d iv id uals. C on sequ en tly , h e p red icts th at m ore


 h eterozy g ou s in d iv id u als w ill h av e in creased  d ev elop m en tal stab ility  an d  b e


 closer to th e p h en oty p ic n orm .


 In creasin g  em p h asis is b ein g  p laced  on  th e im p ortan ce of th e d ev elop m en tal


 p rocess an d  its g en etic reg u lation  to b rin g  ab ou t ev olu tion ary  ch an g e (B ritten  an d


 D av id son  1969; F razetta 1970; W ilson  1976; G ou ld  1980). M ost stu d ies h av e


 focused  on  regulatory  loci an d  th eir poten tial to produce large organ ism al effects


 of p ossib le ad ap tiv e v alu e (M acIn ty re 1982; A llen d orf et al. 1983; L eary  et al.


 1984). T h ese stu d ies h av e in creased  ou r k n ow led g e of w h at ty p es of g en etic


 v ariation  are cap ab le of p rod u cin g  p h en oty p ic ch an g e reg ard less of an y  d ev elop -

 m en tal can alization .


 Sev eral recen t stu d ies h av e attem p ted  to d eterm in e th e g en etic m ech an ism s


 resp on sib le for d ev elop m en tal can alization  (see Sou le an d  C u zin -R ou d y  1982 an d


 Leary  et al. 1983a for a review ). Fluctuatin g  asy m m etry  of bilateral traits h as been 


 ? 1984 b y  T h e U n iv ersity  of  C h icag o. 0003-0147/ 84/ 2404-0018$02.00. A ll rig h ts reserv ed .
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 u sed  as a m easu re of d ev elop m en tal stab ility  in  m an y  of th ese stu d ies b ecau se it is


 con sid ered  to reflect th e in ab ility  of an  org an ism  to d ev elop  p recisely  alon g


 determ in ed  path w ay s (M ath er 1953; Lern er 1954; T h oday  1958; V an  V alen  1962;


 Soule 1967; F elley  1980). Fluctuatin g  asy m m etry  is d efin ed  to occur w h en  th e


 d ifferen ce b etw een  a ch aracter on  th e left an d  rig h t sid es of in d iv id u als is n orm ally 


 d istrib u ted  ab ou t a m ean  of zero (V an  V alen  1962). In creased  d ev elop m en tal


 stab ility  is reflected  b y  red u ced  am ou n ts of flu ctu atin g  asy m m etry .


 W e h av e p rev iou sly  sh ow n  a sig n if ican t n eg ativ e correlation  b etw een  en zy m e


 h eterozy g osity  at 42 loci an d  flu ctu atin g  asy m m etry  at fiv e b ilateral ch aracters


 am on g  in d iv id u als in  a p op u lation  of rain b ow  trou t (Salm o g aird n eri) (Leary  et al.


 1983a). In  th is p ap er, w e ex ten d  th is ob serv ation  to oth er d om estic an d  n atu ral


 p op u lation s of  rain b ow  trou t, an d  to n atu ral p op u lation s of w estslop e cu tth roat


 trou t (Salm o clark i lew isi) an d  b rook  trou t (Salv elin u s f on tin alis). T h e resu lts


 d em on strate th at m ore h eterozy g ou s in d iv id u als h av e red u ced  flu ctu atin g  asy m -

 m etry  an d  th at th is ap p ears to b e g en eral am on g  salm on id  fish es.


 F lu ctu atin g  asy m m etry  h as b een  assu m ed  to b e a reliab le m easu re of  d ev elop -

 m en tal stab ility  an d  to b e p ositiv ely  associated  w ith  fitn ess (Sou le 1982; Sou le an d


 C u zin -R ou d y  1982). W e p resen t d ata in  th is p ap er th at len d  su p p ort to th ese


 assu m p tion s. T h u s, h eterozy g osity  at isozy m e loci, or th e ch rom osom al seg m en ts


 m ark ed  b y  th ese loci, is ap p aren tly  of ad ap tiv e sig n ifican ce, su g g estin g  th at


 ov erdom in an t selection  m ay  play  an  im portan t role in  m ain tain in g  th e g en etic


 v ariation  d etected  in  th ese sp ecies.


 M E T H O D S


 Sam p le p rep aration  an d  electrop h oresis in  starch  g els follow ed  U tter et al.


 (1974) w ith  th e stain s an d  b u ffer sy stem s of A llen d orf et al. (1977). Isozy m e loci


 are d esig n ated  u sin g  th e n om en clatu re d escrib ed  b y  A llen d orf et al. (1983). T h e


 follow in g  en zy m es en cod in g  42 loci w ere screen ed: ad en y late k in ase (A D K ; EC 


 2.7.4.3), alcoh ol d eh y d rog en ase (A D H ; 1.1.1.1), asp artate am in otran sferase


 (A A T ; EC  2.6.1.1), creatin e k in ase (C K ; EC  2.7.3.2), glucoseph osph ate isom er-

 ase (G PI; EC  5.3.1.9), g ly ceraldeh y de-3-ph osph ate d eh y d rog en ase (G A P; EC


 1.2.1.12), g ly cerol-3-p h osp h ate d eh y d rog en ase (G 3P ; E C  1.1.1.8), g ly cy l-leu cin e


 p ep tid ase (G L ; E C  3.4.11), isocitrate d eh y d rog en ase (ID H ; E C  1.1.1.42), lactate


 d eh y d rog en ase (L D H ; E C  1.1.1.27), leu cy l-g ly cy l-g ly cin e p ep tid ase (L G G ; E C 


 3.4.11), m alate d eh y d rog en ase (M D H ; E C  1.1.1.37), m alic en zy m e (M E ; E C


 1.1.1.40), ph osph oglucom utase (PG M ; EC  2.7.5.1), 6-ph osph oglucon ate deh y dro-

 gen ase (6PG ; EC  1.1.1.44), sorbitol deh y drogen ase (SD H ; EC  1.1.1.14), superox-

 id e d ism u tase (SO D ; E C  1.15.1.1), an d  x an th in e d eh y d rog en ase (X D H ; E C 


 1.2.3.2).


 Salm on id  fish es are d eriv ed  from  a tetrap loid  an cestor of som e 25 to 100 m illion 


 y ears ag o (O h n o 1974). B ecau se of th e tetrap loid  an cestry  som e loci are fu n c-

 tion ally  duplicated. T h at is, som e pairs sh ow  n o eviden ce of eith er structural or


 reg u latory  d iv erg en ce (B ailey  et al. 1970). W e treated  th ese p airs as a sin g le


 f u n ction al locu s an d  classif ied  "g en oty p es" th e sam e as in  L eary  et al. (1983a).


 F ish  w ere ob tain ed  from  th e follow in g  p op ulation s, w ith  th e sam p le sizes in 
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 p aren th eses: d om estic rain b ow  trou t: A rlee-1 (50), A rlee-2 (300), B ou ld er (57),


 C h am b ers C reek  (60), E rw in  (60), G old en d ale (25), M cC on au g h y  (65), Sh asta


 (66), an d  T asm an ian  (49); n atu ral rain b ow  trou t: Sin k er C reek , O w y h ee C ou n ty ,


 Id ah o (51); n atu ral w estslop e cu tth roat trou t: G ran ite C reek , M issou la C ou n ty ,


 M on tan a (27), an d  O 'K eefe C reek , M issou la C ou n ty , M on tan a (51); n atu ral b rook 


 trou t: M u d  L ak e, L ak e C ou n ty , M on tan a (28), an d  T in  C u p  C reek , R av alli


 C oun ty , M on tan a (59). T h e d om estic rain b ow  trou t w ere ob tain ed  from  th e


 M on tan a D epartm en t of Fish , W ildlife an d Park s (A rlee), th e W ash in gton  State


 D epartm en t of G am e (C h am bers C reek  an d  G olden dale), an d  th e U n ited  States


 F ish  an d  W ild life Serv ice (th e rem ain in g  strain s).


 In  ad d ition , tw o oth er d om estic p op u lation s th at con tain  a h ig h  frequ en cy  of


 in d iv id u als w ith  ob v iou s m orp h olog ical d eform ities (p h en od ev ian ts) w ere


 sam p led . T h e G old en d ale x  P ack w ood  L ak e rain b ow  trou t p op u lation  w as


 fou n d ed  b y  th e W ash in g ton  State D ep artm en t of G am e in  1982 b y  crossin g  a sin g le


 fem ale from  th e G old en d ale H atch ery  w ith  four m ales from  a n atu ral p op ulation  in 


 P ack w ood  L ak e, W ash in g ton . T h is h y b rid  p op u lation  con tain s on ly  80%  of th e


 electrop h oretically  d etectab le h eterozy g osity  in  th e G old en d ale p opulation . T h e


 h istory  of th e M u rray  Sp rin g s w estslop e cu tth roat trou t p op u lation  is rev iew ed  b y 


 A llen d orf  an d  P h elp s (1980). T h is p op u lation  con tain s on ly  75%  of  th e h eterozy -

 g osity  p resen t in  th e n atu ral p op u lation  from  w h ich  it w as d eriv ed .


 R ESU L T S


 H eterozy g osity  an d  A sy m m etry 


 T h e coun ts of five b ilateral m eristic ch aracters th at exh ibit fluctuatin g  asy m -

 m etry  in  all th e sam p les w ere tak en  on  th e left an d  rig h t sid e of each  fish : ray s in 


 th e p elv ic f in s, r ay s in  th e p ectoral f in s, g illrak ers on  th e low er  f irst b ron ch ial


 arch es, g illrak ers on  th e u p p er first b ron ch ial arch es, an d  m an d ib u lar p ores.


 P h en oty p es w ere scored  at 42 isozy m e loci u sin g  starch  g el electrop h oresis. T h e


 results of correlation  an aly ses b etw een  th e p rop ortion  of h eterozy g ous loci an d


 asy m m etric ch aracters p er in dividual are sum m arized  in  table 1. In  tw o of th e


 dom estic rain bow  trout p op ulation s (A rlee an d  G olden d ale), an d  in  b oth  of th e


 n atu ral w estslop e cu tth roat trou t p op u lation s, th ere is a sig n ifican t n eg ativ e corre-

 lation  b etw een  th ese v alu es. F u rth erm ore, th e sig n  of th e correlation  coefficien t is


 n eg ativ e in  13 of th e 14 an aly ses (sig n  test, P  < .001). T h e resu lts u sin g  th e


 m ag n itu d e of asy m m etry  (L eary  et al. 1983a) are qu alitativ ely  th e sam e as th ose


 ab ov e an d  th u s w e d o n ot p resen t th em  in  d etail.


 - T h e A rlee-1 an d  A rlee-2 sam p les are tw o g en eration s of  f ish  f rom  th e sam e


 h atch ery  strain . T h e A rlee-2 fish  are th e p rog en y  from  12 full-sib  fam ilies (25 fish 


 each ) created  b y  m atin g  24 of th e 50 fish  from  th e A rlee-1 sam p le. T h u s, tw o


 separate sam ples from  th is strain  sh ow  a sign ifican t n egative correlation  betw een


 h eterozy gosity  an d  asy m m etry .


 W e n ext exam in ed  w h eth er th is n eg ative correlation  betw een  h eterozy g osity 


 an d  flu ctu atin g  asy m m etry  in  th ese p op u lation s is associated  w ith  in d iv id u al loci


 or  a g en eral h eterozy g ou s ef f ect. T h e d istrib u tion s of  b oth  m easu res of  asy m -
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 T A B L E  1


 SU M M A R Y  O F  C O R R EL A T IO N S B E T W E E N  IN D IV ID U A L  H E T E R O Z Y G O SIT Y  A N D  A SY M M E T R Y  IN  T H R EE  SP E C IES


 O F  SA L M O N ID  F ISH E S


 H eterozy g osity  M ean


 Sp ecies Sam  p le (%  ) A  sy m  m  etry  C orrelation


 B rook  trou t ....... M  u d  L ak e 7.4 1.43 -.01


 T in  C u p  C reek  5.1 1.59 - .13


 R ain b ow   trou t ..... A  rlee-1 6.5 1.80 -.40**


 A rlee-2 7.7 1.46 -.12*


 B ou ld er 8.5 1.37 - .11


 C h am  b ers C reek  5.4 1.35 -.11


 E rw in  5.2 1.60 - .13


 G old en d ale 8.4 1.60 - .41*


 M  cC on au g h y  6.3 1.43 .21


 Sh asta 8.5 1.89 -.01


 Sin k er C reek  5.5 1.61 -.06


 T asm an ian  7.7 1.74 -.07


 C u tth roat trou t .... G ran ite C reek  3.8 1.86 -.46**


 O 'K eefe C reek  3.9 1.82 -.25*


 * P  < .05.


 ** P  < .01.


 m etry  p er in d iv id u al w ere com p ared  b etw een  h om ozy g otes an d  h eterozy g otes in 


 each  p op u lation  w ith  th e W ilcox on  tw o-sam p le test. H om ozy g otes for th e com -

 m on  an d  v arian t alleles at in d iv id u al loci w ere n ot fou n d  to d iffer for th e tw o


 m easu res of  asy m m etry  so w e in clu d ed  b oth  in  th e h om ozy g ou s categ ory . W e


 u sed  on ly  th ose loci in  w h ich  th e com m on  allele occurs in  a frequen cy  less th an 


 0.95.


 T h ere is som e in d ication  th at h eterozy g osity  at Sod ] in  rain b ow  trou t an d


 A at3,4 in  b rook  trou t m ay  h av e a g reater effect on  flu ctu atin g  asy m m etry  th an 


 h eterozy g osity  at oth er loci. H eterozy g otes h av e sig n ifican tly  (P  < .05) less


 asy m m etry  in  on ly  6 of th e 70 total com p arison s in  rain b ow  trou t (tab le 2). H alf of


 th ese sig n ifican t d ifferen ces are at Sod ]. T h ere is also a sig n ifican t ex cess of


 population s in  w h ich  h eterozy gotes at Sod] in  rain bow  trout h ave a low er m ean


 p rop ortion  of asy m m etric ch aracters th an  d o h om ozy g otes (8 an d  2, sig n  test, P  =


 .04). A at3,4 h eterozy g otes in  b rook  trout h av e sig n ifican tly  less asy m m etry  th an 


 h om ozy g otes in  b oth  p op u lation s (tab le 2). H eterozy g osity  at th ese loci alon e,


 h ow ever, is n ot sufficien t to accoun t for th e association  betw een  h eterozy gosity 


 an d  fluctuatin g  asy m m etry  th at w e h av e ob serv ed  in  th ese th ree sp ecies. T h u s,


 th is association  appears to be due to a g en eral h eterozy gous effect, alth ough  a few 


 loci m ay  h av e a g reater effect th an  th e oth ers.


 T h e p ositiv e correlation  coefficien t in  th e M cC on au g h y  rain b ow  trou t strain 


 (tab le 1) w arran ts som e d iscu ssion . T h is strain , sam p led  d u rin g  its secon d  g en era-

 tion  of  d om estication , w as fou n d ed  from  a n atu ral p op u lation  th at w as recen tly 


 created  b y  th e in trod uction  of n u m erou s rain b ow  trou t strain s in to L ak e


 M cC on aug h y , N eb rask a. T h is strain , u n lik e all th e oth er p op u lation s w e sam p led ,


 con tain s g en etic m aterial from  a n u m b er of  d iff eren t p op u lation s th at h av e on ly 
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 T A B LE  2


 D IF FE R E N C E S IN  M E A N  A SY M M ET R Y  B E T W E E N  H O M O Z Y G O T E S A N D  H E T E R O Z Y G O T E S


 A T  T W E N T Y -F O U R  E N Z Y M E  L oci IN  P O P U L A T IO N S O F  T H R E E  SA L M O N ID  SP E C IE S


 R A IN B O W  T R O U T  C U T T H R O A T  T R O U T  B R O O K  T R O U T


 L O C S + - + - +


 A at3,4 .......... 2 0 1 1 2(2) 0


 C k O  ........... 1 0 0 0 0 0


 G ap 4 ............ 0 0 1(1) 0 0 0


 G 3p l ............ 2 2 0 0 1 0


 G Il ............. I 1(1) 0 0 0 0


 G p il ........... 0 0 1 0 0 0


 G p i3 ............ 0 0 0 0 0 1(1)


 Id h 2 ............ 5 3 0 0 0 0


 Id h 3,4 ........... 3(1) 6(1) 1(1) 1 0 1


 L d h l ........... 0 0 1 0 0 0


 L d h 3 ............ O 0 0 0 0 2


 L d h 4 ............ 3 1 0 0 0 0


 L d h 5 ............ 2(1) 2 0 0 0 0


 L g g  ............. 2 0 0 0 0 0


 d h 3,4 .......... 7 2 0 0 0 1


 el ............ I1 0 0 1(1) 0


 e4 .2(1) 1 0 0 1 0


 P g l ........... 0 0 1 0 0 0


 P g 2 ........... 4 1(1) 0 0 0 0


 Sd h  ............. 4 1 0 0 0 0


 Sod ] ............ 8(3) 2 1 0 0 0


 T otals ....... 47(6) 23(3) 7(2) 2 5(3) 5(1)


 N O T E S.-T h e v alu es p resen ted  are th e n u m b er of p op u lation s in  w h ich  th e m ean  n u m b er of


 asy m m etric traits p er in d iv id u al for h om ozy g otes m in us th is v alu e for h eterozy g otes h as th e in d ica


 sig n . N u m b ers in  p aren th eses rep resen t th e n u m b er of p op u lation s in  w h ich  th e h om ozy g otes an d


 h eterozy g otes are sig n ifican tly  d iff eren t (P  < .05).


 recen tly  b een  in terbreedin g . T h e p ositive sig n  of th e correlation  in  th is pop ulation 


 m igh t in dicate a lack  of in tegration  of th ese differen t g en om es in  th e con trol of th e


 d ev elop m en tal p rocess. T h is v iew  is cu rren tly  p u rely  sp ecu lativ e. W e are, h ow -

 ev er, collectin g  d ata from  artificially  p rod u ced  salm on id  h y b rid s an d  from  n atu -

 rally  in trog ressed  p op u lation s th at are d irected  at th is issu e.


 A sy m m etry  an d  D ev elop m en tal Stab ility 


 A lth ough  fluctuatin g  asy m m etry  is gen erally  assum ed to be positively  associ-

 ated  w ith  d ev elop m en tal stab ility  an d  fitn ess, th ere are little d ata u p on  w h ich  to


 ju d g e th e v alid ity  of th is v iew  (Sou le 1982). W e com p ared  th e d istrib ution s of


 asy m m etry  p er in div id ual b etw een  th ose fish  w ith  an d  w ith out ob vious m or-

 p h olog ical d eform ities in  th ree d om estic p op ulation s: G old en d ale x  P ack w ood


 Lak e rain bow  trout, trun cated upper jaw ; Sh asta rain bow  trout, extra pelvic fin s;


 an d  M u rray  Sp rin g s w estslop e cu tth roat trou t, m issin g  p ectoral fin s, in com p lete


 v erteb ral colu m n , an d  fish  w ith  b oth  d eform ities. If fluctu atin g  asy m m etry  is a


 g ood  m easu re of  ov erall d ev elop m en tal stab ility , th en  p h en od ev ian ts sh ou ld  also


 h av e in creased  asy m m etry .
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 T A B L E  3


 C O M P A R ISO N  O F  N U M B E R  O F  A SY M M E T R IC  T R A IT S B E T W E E N  N O R M A L  A N D  D E F O R M E D  R A IN B O W  T R O U T 


 A N D  W E ST SLO P E  C U T T H R O A T  T R O U T


 SA M P L E  SIZ E  M E A N  A SY M M E T R Y


 SP E C IE S-SA M P L E S N orm  al D eform  ed  N orm al D eform ed  P R O B A B IL IT Y


 R ain b ow  trou t


 G old en d ale x  P ack w  ood  ........ 30 14 1.53 2.29 <.001


 Sh asta .60 6 1.73 3.33 <.001


 C u tth roat trou t


 M u rray  Sp rin g s


 n orm  al v s. on e d eform  ity  ...... 24 48 1.50 2.00 <.05


 n orm  al v s. tw  o d eform  ities . 24 26 1.50 2.62 <.001


 on e v s. tw  o d eform  ities .48 26 2.00 2.62 <.001


 N O T E S.-T h e n u m b er of asy m m etric ch aracters in  th e M u rray  Sp rin g s d ata is b ased  on ly  on  fou r


 ch aracters b ecau se 52 of th e 98 fish  in  th is sam p le w ere m issin g  on e or b oth  p ectoral fin s. P rob ab ilities


 b ased  on  W ilcox on  tw o-sam p le test.


 T h e resu lts of th ese com p arison s u sin g  th e n u m b er of asy m m etric ch aracters


 p er in d iv id u al are su m m arized  in  tab le 3. In  all cases th e n orm al fish  h av e a


 sig n ifican tly  low er d istrib u tion  of th e n u m b er of asy m m etric ch aracters th an  th e


 d eform ed  fish . F u rth erm ore, in  th e M u rray  Sp rin g s sam p le th e fish  w ith  on ly  on e


 d ef orm ity  h av e a sig n if ican tly  low er d istrib u tion  of  asy m m etric ch aracters th an 


 th ose w ith  tw o. W e ob tain ed  th e sam e resu lts for all com p arison s u sin g  th e


 m ag n itu d e of asy m m etry  (fig . 1).


 D ISC U SSIO N 


 H eterozy g osity  an d  A sy m m etry 


 T h e eviden ce supportin g  th e view  th at h eterozy gotes are m ore developm en tally 


 stab le h as b een  criticized  recen tly  (C lark e 1979; C h ak rab orty  an d  R y m an  1983).


 T h e orig in al evid en ce cam e from  low er v arian ce of m etrical ch aracters in  h y brids.


 H ow ev er, h eterosis b etw een  b lock s of  g en es can  also resu lt from  d om in an ce at


 in d iv id u al loci (C lark e 1979). Sev eral au th ors h av e f ou n d  th at p op u lation s w ith 


 h ig h er  h eterozy g osity  at loci en cod in g  en zy m es ten d  to h av e sig n ifican tly  less


 flu ctu atin g  asy m m etry  (Sou le 1979; K at 1982; V rijen h oek  an d  L erm an  1982). Su ch 


 in terp op u lation  correlation s can  b e cau sed  b y  oth er factors an d  th u s d o n ot


 p rov id e ev id en ce th at m ore h eterozy g ou s in d iv id u als w ith in  ran d om  m atin g  p op u -

 lation s are m ore d ev elop m en tally  stab le. O th er au th ors h av e rep orted  th at


 h eterozy g otes h av e less p h en oty p ic v ariab ility  for m eristic an d  m orp h om etric


 ch aracters (M itton  1978; E an es 1978). T h is relation sh ip , h ow ev er, can  b e ac-

 cou n ted  for b y  sim p le ad d itiv e g en etic v ariation  con trollin g  th ese ch aracters


 (C h ak rab orty  an d  R y m an  1983).


 O u rs are th e first resu lts w e are aw are of th at sh ow  an  association  b etw een 


 h eterozy g osity  an d  d ev elop m en tal stab ility  b etw een  in d iv id u als w ith in  ran d om 


 m atin g  p op u lation s. T h is association  ap p aren tly  resu lts from  h eterozy g osity  at


 m an y  loci w ith  sm all effects sp read  th rou g h ou t th e g en om e. N on e of th e p oly -
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 M A G N IT U D E  O F  A SY M M E T R Y 


 FIG . 1.-D istribution  of th e m agn itude of asy m m etry  in  n orm al fish  (A ), fish  w ith  on e


 d eform ity  (B ), an d  fish  w ith  tw o d eform ities (C ) in  cu tth roat trou t from  th e M u rray  Sp rin g s


 H atch ery .


 m orph ic loci th at w e d etected  in  rain bow  an d  b rook  trout are k n ow n  to b e lin k ed


 (M ay  et al. 1982). Lin k ag e d ata are n ot available for w estslope cutth roat trout but


 lin k ag e relation sh ip s in  salm on id s ap p ear to b e con serv ed  (M ay  et al. 1982).


 T h e fin din g  th at obviously  deform ed  fish  are m ore asy m m etric in dicates th at


 fluctu atin g  asy m m etry  is ap paren tly  a g ood  in d icator of ov erall d evelopm en tal


 stab ility . T h ese resu lts also su g g est th at flu ctu atin g  asy m m etry  is n eg ativ ely 


 associated w ith  fitn ess sin ce th ese deform ities w ould adversely  affect th e survival


 of in dividuals in  n atural situation s. T h e jaw  deform ity  w ould un doubtedly  reduce


 th e ab ility  of th ese carn iv orous fish es to ob tain  food . T h e p aired  fin s in  fish es are


 u sed  largely  for m ain tain in g  an  up rig h t p osition  an d  b alan ce d u rin g  sw im m in g , for


 v ertical m ov em en t in  th e w ater colu m n , for m ain tain in g  a station ary  p osition , an d
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 for th e cessation  of m ov em en t. T h e p resen ce of ex tra or ab sen ce of som e of th ese


 stru ctu res w ou ld  u n d ou b ted ly  ad v ersely  aff ect th e ab ility  of  in d iv id u als to p er-

 f orm  th ese f u n ction s im p ortan t in  m ain tain in g  territories, acqu irin g  f ood , an d


 escap in g  p red ation . Sim ilar resu lts sh ow in g  an  association  b etw een  d en tal asy m -

 m etry  an d  m orp h olog ical d eform ities h av e b een  rep orted  in  h u m an s (B ailit et al.


 1970).


 P ossib le M ech an ism s


 R ecen t p ap ers h av e stressed  th e d ifficu lty  of d etectin g  a p h en oty p ic effect of


 h eterozy g osity  th roug h  an  exam in ation  of th e relativ ely  sm all p rop ortion  of th e


 g en om e am en ab le to electrop h oretic an aly sis (C h ak rab orty  1981; M itton  an d


 P ierce 1980). N ev erth eless, a relation sh ip  b etw een  h eterozy g osity  an d  red u ced


 asy m m etry  is presen t in  our data an d it m ust som eh ow  be explain ed.


 H ald an e (1954, p . 121) w as ap p aren tly  th e first to su g g est th at h av in g  tw o


 d ifferen t form s of th e sam e en zy m e m ay  h av e a b u fferin g  effect on  th e p h en oty p e


 b y  m ain tain in g  a m ore con stan t m etab olic flu x  u n d er v ary in g  con d ition s (e.g ,


 tem p eratu re or su b strate con cen tration ). Sev eral m ore recen t p ap ers h av e ex -

 ten d ed  H ald an e's sug g estion s (e.g ., F in ch am  1972; B erg er 1976). A lth oug h  attrac-

 tiv e, th e ev id en ce su p p ortin g  th is v iew  h as rem ain ed  sp arse (C lark e 1979).


 A  secon d  p ossib ility  is th at tig h tly  lin k ed  cis-actin g  reg u lators m ay  b e resp on si-

 b le for p h en oty p ic effects associated  w ith  v ariation  at stru ctu ral loci en cod in g


 en zy m es (W allace 1976). C is-actin g  reg u lators lin k ed  to en zy m e loci h av e b een 


 fou n d  to b e com m on  in  eu k ary otes (D ick in son  1983). Su ch  reg u latory  elem en ts


 determ in e th e tim e an d  place durin g  w h ich  structural loci en codin g  en y zm es are


 ex p ressed  (P aig en  1979). T h e elem en t resp on sib le for th e ex p ression  of a stru c-

 tu ral locu s is u su ally  d om in an t ov er th e elem en t associated  w ith  n on ex p ression 


 (P aig en  1979).


 It is lik ely  th at v ariation  at su ch  reg u lators w ou ld  b e in  lin k ag e d isequ ilib riu m 


 (g am etic p h ase im b alan ce) w ith  v ariation  at th e corresp on d in g  stru ctu ral g en e


 b ecau se of  tig h t lin k ag e. T h u s, h eterozy g otes at a stru ctu ral locu s are also m ore


 lik ely  to b e h eterozy g ou s at a cis-lin k ed  reg u lator. R ecen t stu d ies (see M acIn ty re


 1982 for rev iew ) h av e sh ow n  th at reg u latory  v ariation  can  h av e im p ortan t effects,


 in clu d in g  in creased  d ev elop m en tal stab ility  (A llen d orf  et al. 1983). T h eref ore,


 in creased  h eterozy g osity  at reg u latory  g en es m ay  b e resp on sib le f or  th e associa-

 tion  b etw een  h eterozy g osity  at en zy m e en cod in g  loci an d  d ev elop m en tal stab ility .


 T h ere is a th ird  p ossib le ex p lan ation  for th e association  b etw een  h eterozy g osity 


 an d  asy m m etry . T h e ob serv ed  effects m ay  b e cau sed  b y  in creased  h eterozy g osity 


 of th e ch rom osom al seg m en ts m ark ed  b y  th ese en zy m e loci an d  n ot th e loci


 th em selv es. L in k ag e d isequ ilib riu m  b etw een  th e m ark er en zy m e loci an d  an y 


 oth er loci h av in g  a h eterotic effect on  asy m m etry , sim ilar to th e effects seen  in 


 in terstrain  h y b rid s, w ould  p rod u ce th ese resu lts.


 D istin g u ish in g  am on g  th ese p ossib ilities is d ifficu lt; it is p ossib le th at all th ree of


 th ese m ech an ism s m ay  con trib u te to th e ob serv ed  effect. T h e th ird  ex p lan ation  is


 ap p ealin g  b ecau se it solv es th e d ilem m a of try in g  to ex p lain  such  a larg e p h en o-

 ty p ic effect b y  so few  loci. W e b eliev e th at th e ap p rop riate n u ll h y p oth esis is th at
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 th e ob serv ed  relation sh ip  b etw een  h eterozy g osity  an d  asy m m etry  is cau sed  b y 


 lin k ed  ch rom osom al seg m en ts an d  n ot th e en zy m e loci th em selv es. T h is h y -

 poth esis sh ould  on ly  be rejected after fin din g substan tial eviden ce in dicatin g  th at


 th e effect is due to th e loci th em selves.


 W e h ave begun  to approach  th is problem  usin g  n ull alleles at en zy m e loci. Such


 alleles prod uce n o d etectable en zy m e p rod uct an d  are exp ected  to h av e d ifferen t


 effects on  asy m m etry  d ep en d in g  on  w h eth er th e effect is d u e to th e en zy m es


 th em selv es or to lin k ed  ch rom osom al seg m en ts. N ull allele h eterozy g otes sh ould


 n ot h ave reduced asy m m etry  if th e effect is due to th e en zy m e itself or to a cis-

 actin g  reg u latory  elem en t b ecau se th ey  are en zy m atically  "h om ozy g ou s" (i.e.,


 on ly  on e activ e form  of th e en zy m e is p resen t). H ow ev er, n u ll allele h eterozy -

 g otes are h eterozy g ous for th e ch rom osom al seg m en t an d  th u s sh ould  still ten d  to


 b e less asy m m etrical if  th e effect is m ain ly  d u e to th e ch rom osom al seg m en t.


 O u r  p relim in ary  resu lts (L eary  et al. 1983b ) w ith  on e locu s (L d h 3) in d icate th at


 n u ll allele h eterozy g otes are actu ally  m ore asy m m etrical th an  h om ozy g otes f or


 th e activ e allele. T h ese resu lts su g g est th at th is en zy m e locu s itself (in clu d in g  an y 


 tigh tly  lin k ed  regulators) is affectin g  asy m m etry . If th ere is a ch rom osom al effect,


 it is ap p aren tly  b ein g  m ask ed  b y  th e ef fect of  th e L d h 3 locu s.


 T h e effects of lin k ed  ch rom osom al seg m en ts are ex p ected  to b e g reater u n d er


 con d ition s th at in crease th e p ossib ility  of lin k age d isequilibrium . For ex am p le,


 an y  in b reed in g  or n on ran d om  m atin g  in  th e p op u lation  w ou ld  in crease lin k ag e


 d isequilib rium  an d  en h an ce th e p ossible effects of lin k ed  ch rom osom al seg m en ts.


 T h ere is n o ev id en ce th at th e p op u lation s w e h av e stu d ied  are n ot an d  h av e n ot


 been  ran dom  m atin g  (w ith  th e exception  of th e M cC on augh y  strain , see R esults).


 T h ete is n o eviden ce of a W ah lun d  effect in  gen oty pic proportion s at in dividual


 loci or  of  lin k ag e d isequ ilib riu m  am on g  th e loci stu d ied . In  ad d ition , th e tw o


 rain b ow  trou t p op u lation s sh ow in g  a sig n ifican t relation sh ip  b etw een  h eterozy -

 gosity  an d asy m m etry  h ave been  m ain tain ed in  h atch eries un der ran dom  m atin g


 for m an y  gen eration s.


 R ed u ced  recom b in ation  rates w ill also act to in crease lin k ag e d isequ ilib riu m .


 Salm on id  m ales sh ow  g reatly  red uced  rates of recom b in ation  in  com p arison  w ith 


 fem ales (M ay  et al. 1982). T h ere is an oth er feature of th e salm on id gen etic sy stem 


 th at m ay  in crease lin k ag e d isequ ilib riu m . Stu d y  of recom b in ation  b etw een  en -

 zy m e loci an d  th eir cen trom eres w ith  g y n og en etic d ip loid  rain b ow  trou t h as


 rev ealed  th at v ery  stron g  in terferen ce is ap p aren tly  com m on  (T h org aard  et al.


 1983). In  fact, for th ree n on sy n ten ic loci (Sod ], M d h 3, an d  M d h 4), th ere w as


 com p lete or n early  com p lete in terf eren ce so th at th ere w as on e an d  on ly  on e


 crossov er b etw een  th e locu s an d  its cen trom ere. T h u s, ap p aren tly  th ere is re-

 d u ced  recom b in ation  in  d istal ch rom osom al seg m en ts. L in k ag e d isequ ilib riu m 


 m ay , th erefore, accu m u late in  th ese ch rom osom al seg m en ts b rin g in g  ab ou t


 h eterotic effects sim ilar to th ose seen  in  ch rom osom al in v ersion s.


 T h ese id eas are ad m itted ly  sp eculativ e at p resen t. H ow ev er, th ere is su g g estiv e


 ev id en ce th at th is p ossib ility  is w orth  con sid erin g . E n zy m e loci in  rain b ow  trou t


 th at are far from  th eir cen trom eres ten d  to b e m ore p oly m orph ic th an  p roxim al


 loci (F . W . A llen d orf, R . F . L eary , K . L . K n u d sen , an d  G . T h org aard , u n p u b l.


 d ata). In  ad d ition , th e loci in  rain b ow  trou t (tab le 2) w ith  th e m ost in d ication  of
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 h av in g  an  in d iv id u al effect on  asy m m etry  (Sod ], M d h 3, an d  M d h 4) are th e sam e


 loci th at are k n ow n  to alm ost alw ay s h av e on e an d  on ly  on e crossov er in  th e


 in terv al b etw een  th e locu s an d  its cen trom ere. In  ad d ition , h eterozy g osity  at


 A at3,4 is sig n ifican tly  correlated  w ith  asy m m etry  in  b oth  p op u lation s of b rook 


 trou t. R esid ual tetrasom ic in h eritan ce h as b een  fou n d  to occur at th ese loci


 (W rig h t et al. 1980), an d  th ere is ev id en ce th at loci sh ow in g  resid u al tetrasom ic


 in h eritan ce in  salm on id s are d istan t from  th eir cen trom eres (W rig h t et al. 1983;


 T h org aard  et al. 1983).


 M ain ten an ce of  P rotein  P oly m orp h ism s


 T h e association  b etw een  h eterozy g osity  an d  red u ced  f lu ctu atin g  asy m m etry 


 com b in ed  w ith  th e association  b etw een  flu ctu atin g  asy m m etry  an d  m orp h olog ical


 d eform ities su g g ests th at fitn ess is p ositiv ely  correlated  w ith  h eterozy g osity  in 


 th ese p op u lation s. E v en  if th e effect is n ot d u e to th ese en zy m e loci th em selv es,


 h eterozy g otes at th ese loci w ill b e selected  for th rou g h  a h itch h ik in g  effect. T h is


 sug g ests th at variation  at th ese loci is m ain tain ed, at least in  part, b y  h eterozy g ous


 ad v an tag e. T h is h as im p lication s for th e d eb ate ab ou t th e forces m ain tain in g


 g en etic v ariation  in  n atu ral p op u lation s. It is im p ortan t to d eterm in e if th e rela-

 tion sh ip  b etw een  asy m m etry  an d  h eterozy g osity  is in  fact g en eral or is for som e


 reason  p ecu liar to salm on id  fish es th at h av e a tetrap loid  an cestry .


 SU M M A R Y


 W e ex am in ed  th e association  b etw een  h eterozy g osity  at 42 en zy m e loci an d


 flu ctu atin g  asy m m etry  at fiv e b ilateral m eristic ch aracters in  14 p op u lation  sam -

 p les of  rain b ow  trou t, cu tth roat trou t, an d  b rook  trou t. T h ere is a sig n if ican t


 n eg ativ e correlation  b etw een  h eterozy g osity  an d  th e p rop ortion  of  asy m m etric


 ch aracters p er in d iv id u al in  tw o p op u lation s of rain b ow  trou t an d  tw o p op u lation s


 of cutth roat trout. T h is correlation  is n eg ative in  13 of th e 14 population  sam ples


 (sign  test, P  < .001). T h us, in dividuals th at are m ore h eterozy gous at isozy m e loci


 h av e red u ced  flu ctu atin g  asy m m etry ; th is ap p ears to b e g en eral am on g  salm on id


 fish es.


 W e also fou n d  th at in d iv id u als w ith  ob v iou s m orp h olog ical d eform ities in  th ree


 population s h ave in creased  fluctuatin g  asy m m etry . T h us, fluctuatin g  asy m m etry 


 ap p ears to b e a reliab le in d icator of ov erall d ev elop m en tal stab ility  an d  is th ere-

 fore n eg ativ ely  correlated  w ith  f itn ess. T h e association  b etw een  h eterozy g osity 


 an d  asy m m etry  an d  betw een  asy m m etry  an d  m orp h olog ical deform ities sug g est


 th at h eterozy g osity  is p ositiv ely  correlated  w ith  fitn ess in  th ese fish es.


 A C K N O W L E D G M E N T S


 T h is w ork  w as su p p orted  b y  N ation al Scien ce F oun d ation  g ran ts D E B -800468 1,


 ISP -8011449, an d  B SR -8300039 to F . W . A . W e w ou ld  lik e to th an k  M ark  A ron -

 son , J ack  B oy ce, J ack  C all, T om  C ook , J im  C repeau, M ich el D ock h am , R ebecca


 E v erett, D ary l H od g es, D ary l J en n in g s, O scar Little, B ob  N eel, W es O rr, Larry 
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 P eterson , W ill R eid , W arren  T ay lor, an d  A rt W estrop e for p rov id in g  th e fish  u sed


 in  th is stu d y . A p p reciation  is also ex ten d ed  to th e M on tan a D ep artm en t of  F ish ,


 W ild life an d  P ark s for con tin u ed  sup p ort an d  to R . H u tto, M . T u relli, an d  H .


 M cPh erson  for stim ulatin g  con versation .


 A llen d orf, F . W ., K . L . K n u d sen , an d  R . F . L eary . 1983. A d ap tiv e sig n ifican ce of d ifferen ces in  th e


 tissue sp ecific expression  of a p h osph og lucom utase g en e in  rain b ow  trout. P roc. N atl. A cad.


 Sci. U SA  80:1397-1400.


 A llen dorf, F. W ., N . M itch ell, N . R y m an , an d G . Stah l. 1977. Isozy m e loci in  brow n  trout (Salm o


 tru tta L.): d etection  an d  in terp retation  from  p op u lation  d ata. H ered itas 86:179-190.


 A llen d orf, F . W ., an d  S. R . P h elp s. 1980. L oss of g en etic v ariation  in  a h atch ery  stock  of cu tth roat


 trou t. T ran s. A m . F ish . Soc. 109:537-543.


 B ailey , G . S., A . C . W ilson , J . E. H alver, an d  C . L. J oh n son . 1970. M ultiple form s of supern atan t


 m alate d eh y d rog en ase in  salm on id  fish es. J . B iol. C h em . 245:5927-5940.


 B ailit, H . L., P . L . W ork m an , J . D . N isw an d er, an d  C . J . M aclean . 1970. D en tal asy m m etry  as an 


 in dicator of g en etic an d  en viron m en tal con dition s in  h um an  p opulation s. H um . B iol. 42:626-

 638.


 B erg er, E . 1976. H eterosis an d  th e m ain ten an ce of  en zy m e p oly m orp h ism . A m . N at. 110:823-839.


 B ritten , R ., an d E. D avidson . 1969. G en e regulation  for h igh er cells: a th eory . Scien ce 165:349-357.


 C h ak rab orty , R . 1981. T h e d istrib u tion  of th e n u m b er of h eterozy g ou s loci in  an  in d iv id u al in  n atu ral


 p op u lation s. G en etics 98:461-466.


 C h ak raborty , R ., an d  N . R y m an . 1983. R elation sh ips of m ean  an d  varian ce of g en oty pic values w ith


 h eterozy g osity  p er in d iv id u al in  a n atu ral p op u lation . G en etics 103:149-152.


 C lark e, B . 1979. T h e ev olu tion  of g en etic d iv ersity . P roc. R . Soc. L on d ., B . B iol. Sci. 205:453-474.


 D ick in son , W . J . 1983. T issue-specific allelic isozy m e pattern s an d  cis-actin g  developm en tal reg ula-

 tors. P ag es 107-122 in  M . C . R attazzi, J . G . Scan d alios, an d  G . S. W h itt, ed s. Isozy m es:


 curren t topics in  biological an d  m edical research . V ol. 9. G en e expression  an d  developm en t.


 A lan  R . L iss, N ew  Y ork .


 Ean es, W . F. 1978. M orp h olog ical v arian ce an d  en zy m e h eterozy g osity  in  th e m on arch  b u tterfly .


 N atu re 276:263-264.


 F elley , J . 1980. A n aly sis of m orp h olog y  an d  asy m m etry  in  b lu eg ill su n fish  (L ep om is m ach roch iru s) in 


 th e south eastern  U n ited  States. C op eia 1980:18-29.


 Fin ch am , J . R . S. 1972. H eterozy gous advan tage as a lik ely  gen eral basis for en zy m e poly m orph ism .


 H eredity  28:387-391.


 Frazetta, T . H . 1970. From  h op eful m on sters to b oly erin e sn ak es. A m . N at. 104:55-72.


 G ould, S. J . 1980. Is a n ew  an d  gen eral th eory  of evolution  em ergin g? Paleobiology  6:119-130.


 H ald an e, J . B . S. 1954. T h e b ioch em istry  of g en etics. A llen  &  U n w in , L on d on .


 K at, P. W . 1982. T h e relation sh ip  betw een  h eterozy gosity  for en zy m e loci an d  developm en tal h om eo-

 stasis in  p erip h eral p op ulation s of aqu atic b iv alv es (U n ion id ae). A m . N at. 119:824-832.


 L eary , R . F ., F . W . A llen d orf, an d  K . L . K n u d sen . 1983a. D ev elop m en tal stab ility  an d  en zy m e


 h eterozy g osity  in  rain b ow  trou t. N atu re 301:71-72.


 1984. M ajor m orph ological effects of a regulatory  gen e: Pgm l-t in  rain bow  trout. M olec. B iol.


 E v ol. 1: 183-194.


 L eary , R . F ., K . L . K n u d sen , an d  F . W . A llen d orf. 1983b . D ev elop m en tal in stab ility  of  h eterozy g otes


 f or a n u ll allele at an  L D H  locu s in  rain b ow  trou t. Isozy m e B u ll. 16:76.


 L ern er, I. M . 1954. G en etic h om eostasis. W iley , N ew  Y ork .


 M acIn ty re, R . 1982. R eg ulatory  g en es an d  adap tation : p ast, presen t, an d  future. Ev ol. B iol. 15:247-

 286.


 M ath er, K . 1953. G en etical con trol of stability  in  developm en t. H eredity  7:297-336.


 M ay , B ., J . E. W righ t, an d K . R . J oh n son . 1982. J oin t segregation  of bioch em ical loci in  salm on idae:


 III. Lin k ag e association s in  Salm on id ae in clu d in g  d ata from  rain b ow  trou t (Saln o g aird n eri).


 B ioch em . G en et. 20:29-40.


This content downloaded from 161.55.214.61 on Wed, 03 Apr 2019 22:25:44 UTC

All use subject to https://about.jstor.org/terms


https://about.jstor.org/terms


 H E T E R O Z Y G O SIT Y  A N D  A SY M  M  E T R Y  551


 M itton , J . 1978. R elation sh ip  b etw een  h eterozy g osity  for en zy m e loci an d  v ariation  of m orp h olog ical


 ch aracters in  n atu ral p op u lation s. N atu re 273:661-662.


 M itton , J ., an d  B . A . P ierce. 1980. T h e d istrib ution  of in d iv id ual h eterozy g osity  in  n atu ral p op u lation s.


 G en etics 95:1043-1054.


 O h n o, S. 1974. A n im al cy tog en etics. V ol. 4. C h ordata 1, Protoch ordata, C y clostom ata an d  Pisces.


 G ebrueder B orn traeger, B erlin .


 P aig en , K . 1979. G en etic factors in  developm en tal reg ulation . Pag es 1-61 in  J . G . Scan dalios, ed .


 Ph y siological gen etics. A cad em ic Press, N ew  Y ork .


 Sou le, M . E . 1967. P h en etics of n atu ral p op u lation s. II. A sy m m etry  an d  ev olu tion  in  a lizard . A m .


 N at. 101: 142-159.


 1979. H eterozy g osity  an d  d ev elop m en tal stab ility : an oth er look . E v olu tion  33:396-401.


 1982. A llom eric v ariation . 1. T h e th eory  an d  som e con sequ en ces. A m . N at. 120:751-764.


 Soul6, M . E., an d  J . C uzin -R oudy . 1982. A llom eric v ariation . 2. D evelopm en tal in stability  of extrem e


 p h en oty p es. A m . N at. 120:765-786.


 T h od ay , J . M . 1958. H om eostasis in  a selection  exp erim en t. H ered ity  12:401-415.


 T h orgaard, G ., F. W . A llen dorf, an d  K . L. K n udsen . 1983. G en e-cen trom ere m appin g  in  rain bow 


 trout: h ig h  in terferen ce ov er lon g  m ap  d istan ces. G en etics 103:771-783.


 U tter, F . M ., H . 0. H od g in s, an d  F . W . A llen d orf. 1974. B ioch em ical g en etic stu d y  of  fish es:


 p oten tialities an d lim itation s. Pages 213-238 in  D . C . M alin s an d  J . R . Sargen t, eds. B ioch em -

 ical an d  b iop h y sical p ersp ectiv es in  m arin e b iolog y . V ol. 1. A cad em ic P ress, N ew  Y ork .


 V an  V alen , L . 1962. A  stu d y  of  f lu ctu atin g  asy m m etry . E v olu tion  16:125-142.


 V rijen h oek , R . C ., an d  S. Lerm an . 1982. H eterozy g osity  an d  d ev elop m en tal stab ility  u n d er sex ual an d


 asex u al b reed in g  sy stem s. E v olu tion  36:768-776.


 W addin gton , C . H . 1942. C an alization  of developm en t an d  th e in h eritan ce of acquired ch aracters.


 N atu re 150:563-565.


 1948. Poly gen es an d oligogen es. N ature 151:394.


 1960. Experim en ts in  can alization . G en et. R es. 1:140-150.


 W addin gton , C . H ., an d E. R obertson . 1966. Selection  for developm en tal can alization . G en et. R es.


 7:303-312.


 W allace, B . 1976. T h e stru ctu re of g en e con trol reg ion s an d  its b earin g  on  d iv erse asp ects of


 population  gen etics. Pages 499-521 in  S. K arlin  an d E. N evo, eds. Population  gen etics an d


 ecolog y . A cadem ic Press, N ew  Y ork .


 W ilson , A . C . 1976. G en e reg u lation  in  ev olu tion . P ag es 225-234 in  F . J . A y ala, ed . M olecu lar


 ev olu tion . Sin au er, Su n d erlan d , M ass.


 W righ t, J . E., K . J oh n son , A . H ollister, an d B . M ay . 1983. M eiotic m odels to explain  classical lin k age,


 p seu d olin k ag e, an d  ch rom osom e p airin g  in  tetrap loid  d eriv ativ e salm on id  g en om es. P ag es


 239-260 in  M . C . R attazzi, J . G . Scan dalios, an d  G . S. W h itt, eds. Isozy m es: curren t topics in 


 biological an d m edical research . V ol. 10. G en etics an d evolution . A lan  R . Liss, N ew  Y ork .


 W rig h t, J . E ., B . M ay , M . Ston ek in g , an d  G . L ee. 1980. P seu d olin k ag e of  th e d u p licate loci f or


 su p ern atan t asp artate am in otran sferase in  b rook  trou t, Salv elin u s fon tin alis. J . H ered .


 71:223-228.


This content downloaded from 161.55.214.61 on Wed, 03 Apr 2019 22:25:44 UTC

All use subject to https://about.jstor.org/terms


https://about.jstor.org/terms

	Contents
	p. 540
	p. 541
	p. 542
	p. 543
	p. 544
	p. 545
	p. 546
	p. 547
	p. 548
	p. 549
	p. 550
	p. 551


