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uqr and 0.1-1.0 u q r  p e r  gram w e t  we igh t  uf t i s s u e  e x t r a c t e d .  

H e s t r i c t i c t n  a n a l y s i s  r e v e a l e d  t h e  s i z e  o f  t h e  c h l n r c ~ p l a s t  

DM& ( c t D N A 1  m o l e c u l e  uf M. i n t e q i - i f c f l i a  t u  be apprcaximately $70 

kb. C r a s s  h y b r i d i z a t i o n  e x p e r i m e n t s  w i t h  h e t e r o l u g o u s  p r o b e s  

f a r  the angictsperm s i n g l e  capy c h l o r ~ ~ p l a s t  g e n e s  psbAr rbcL  and 

a t p B  i n d i c a t e  t h a t  t h e s e  g e n e s  are a l s a  s i n g l e  copy i n  t h e  fl. 

i n f e q r i f o l i a  c h l o r o p l a s t  genome. I n  a d d i t i o n .  h y b r i d i z a t i o n  

w i t h  a 235 r R N A  g e n e  prctbe f r c ~ m  M a c r o c y s t i s  has d e t e r m i n e d  t h a t  

t h e r e  are two c o p i e s  o f  t h e  23s r R N A  gene  i n  t h e  e. i n t e q i - i f o l i a  

c h l u r o p l a s t  genome. 

The evctlutictn c ~ f  s p e c i f i c  r e g i o n s  o f  t h e  k e l p  c h l o r o p l a s t  

genome was s t u d i e d  i n  t h r e e  p ~ p u l a t i o n s  ~f M. i n t e a r i f c ~ l i a ,  twc~ 

s p e c i e s  of M a c r o c y s t i s ,  and s i n g l e  s p e c i e s  o f  e l e v e n  o t h e r  k e l p  

g e n e r a  and Fucus. The t w e l v e  s e l e c t e d  k e l p  g e n e r a  r ~ p r e s e n t  

f o u r  o f  t h e  f a m i l i e s  of t h e  o r d e r  i a m i n a r i a l e s :  A l a r i a c e a e ,  

Churdaceae ,  Laminar iaceae ,  and L e s s a n i a c e a e .  TWU d i f f e r e n t  

r e g i o n s  cff t h e  chloi-caplast geiwmes o f  t h e s e  spec imens  were 

i n v e s t i g a t e d .  A n  8.7 kb P s t  I  s i n g l e  copy sequence  and a n  11.4 

kb P s t  I r e s t r i c t i o n  f r a g m e n t  c o n t a i n i n g  a  pctrtictn n f  the 235 



r H N A  r e p e a t  r e g i o n  w e r e  c l o n e d  from t h e  c h l c t r u p l a s t  gencme cf n- 

i n t e q r i f c i i a  and used a s  h y b r i d i z a t i ~ ~ n  probes. D i f f e r e n c e s  i n  

%he s e q u e n c e s  h o m ~ l c ~ g o u s  tcl e a c h  pi-c*be +$ere assessed by 

ccmqaring t h e  f r a g m e n t  p a t t e r n s  prc~duced by 6-9 re5trictiOn 

endonuc leases. Sequence  v a r  i a t  i0i-i w a s  l c ~ w e s t  i n  

i n t e r f a m i l y  ( 1 0 - 1 & X ) .  

C h l o r c ~ p l a s t  DNG r e s t r i c t i n n  Fragment patterns w e r e  used t o  

i n v e s t i g a t e  p h y l o g e n e t i c  r e l a t i u n s h i p s  amang the ke lp  genera 

examined i n  t h i s  s t u d y .  I n  g e n e r a l ,  c t I ? N A  phylctqeny is in 

agreement  w i t h  t h e  p r e v i o u s l y  e s t a b l  i ~ h e d  %axoi-tcirny f a r  t h o  

g roup ,  kiowever , t h e  r e s t r i c t i o n  f ragment  p a t t e r n s  o f  northern 

hemisphere  M. i n t e c r i f c i l i a  and M. pyr i fe- ra  w e r e  i d e n t i c a l 7  

whereas  n o r t h e r n  and s o u t h e r n  hemisphere  @. i n t e q r i f a l i a  

d i f f e r e d .  Dictvoneurum californicum and Dictvnneurotsis 

r e t i c u i a t a  w e r s  a l s c ~  i d e n t i c a l .  
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Kelp e x h i b i t  t h e  h i g h e s t  d e g r e e  o f  mc~rpho lug ica l  

c o m p l e x i t y  and a n a t o m i c a l  s p e c i a l i z a t i c t n  a c h i e v e d  among t h e  

a l g a e ,  They range i n  p r c - p o r t i o n  from t h e  r e l a t i v e l y  

u n d i f f e r e n t i a t e d  Chctrda tct t h e  i n t r i c a t e  g i a n t  k e f  F 

M a c r o c y s t i s .  They e x h i b i t  a heterctmorphic f i f e  c y c l e  w i t h  

daminant  spat-ophyte and independan t  dictec ictus gamekophyte 

s t a g e s  and d i s p l a y  a  ccimmnn. h i g h  1  y  ccinserved embryageny , The 

k e l p s  are cif t h e  chlcirophyl  l a+c-chrcsmaphyte l i n e  o f  

chlc t rc tp las t  evc~1utic~i-i .  hav ing  evo lved  s e p a r a t e l y  from the 

c h l o r o p h y l l  a+b-chlcircaphyte l i n e  f o r  a t  l e a s t  500 m i  11 ic*n 

y e a r s  (Scagef  & &. 1382) .  They i n c l u d e  s p e c i e s  of b c t h  

a n n u a l  and p e r e n n i a l  s t r a t e g y  and a r e  cctmmonly t h e  dominant  

ccimpunent cif t h e  s h a l  lcsw 1 i t t o r a l  and s u b 1  i t t c ~ r a l  cctmmuni t ies  

ctf t h e  w o r l d ' s  t e m p e r a t e  and p o l a r  coasts, 

Taxonctmical l y .  t h e  t w e l v e  czrders o f  Phaeuphyta  a r e  i n  the 

s i n g l e  c lass Phaeophyceae. h a v i n g  twci e v c ~ l u t i o n a r y  l i n e a g e s  

r e p r e s e n t e d  by t h e  s u b c l a s s e s  Phaectphycidae and Cyclospcsribae 

( P a p e n f u s s  19551, Work d e f i n i n g  t h e  o r d e r  L a m i n a r i a l e s  as a 

ccthesive grcsup w i t h i n  t h e  s u b c l a s s  Phaeaphycidae  h a s  i n c l u d e d  

t h e  d e s c r i p t i c t n  of t h e  k e l p  l i fe  h i s t o r y  and embryogeny 

CSauvageau 1 9 1 5 ) 1  t h e  cytctlctgy o f  r e p r c d u c t i v e  s t r u c t u r e s  

( F r i t s c h  19451, pheromcinal s p e c i f i c i t y  (Luning % H u l l e r  1979, 

Mul le r  & a. 1985) , and t h e  u l t r a s t r u c t u r e  o f  m o t i l e  cells 

{Henry % C o l e  1?82a%b). 

F a r  some t i m e  now, r e s r a r c h e r s  have  a t t e m p t e d  tct add t o  



{ Y a D u  19&4) ,  w i t h i n  t h e  f a m i l y  L e s s o n i a c e a e ,  s u c c e s s f u l  

h y b r i d i z a t i o n  is r c i u t i n e l y  cibserved between rnctrphnic~gicaf fy 

d i s t i n c t  g e n e r a  4Sanbonsuqa % ~eushul 14781. Thus f a r  t h e n ,  

t h e  p h y l o y e n e t i c  r e l a t i o n s h i p s  csf k e l p  are p o o r l y  u n d e r s t o o d .  

C l e a r l y ,  a n o t h e r  means o f  a s s a y i n g  g e n e t i c  r e l a t e d n e s s  is 

needed.  

Isctzyme a n a l y s i s  o f  metabct l ic  p r o t e i n s ,  so w i d e l y  emplsyed 

i n  e v u l i ~ t i c a n a r y  s t u d i e s  uf  cather p l a n t  g r o u p s  l a l l a r d  et; &. 

$9751,  is a l i k e l y  method ctf chct ice,  However, t h e  e x t r a c t i o n  

o f  b i ~ l c ~ g i c a l l y  a c t i v e  k e l p  p r c t t e i n s  is nut u n l y  p r o h i b i t i v e l y  

c o m p l i c a t e d  by t h e  c h e m i s t r y  af  k e l p  tissiies (Marsden e+Y s, 
1183)  , b u t  e l ~ c t r o m o r p h s  are rare compared w i t h  v a r i a n t s  n o t  

a f f e c t i n g  t h e  c h a r g e  o f  pc t lypep t ides  CSelander Krei tman 

14831, and t h e y  c a n  also b e  s u b j e c t  tct envirctnmental  effect. 

I n  a d d i t i o n ,  isctzyme a n a l y s i s  can u n l y  be e f f e c t i v e l y  employed 

i n  cornparisctns be lc~w t h e  s p e c i e s  l e v e l  (Nei 1975:. 

k l t e r n a t i v e l y ,  e v c t l u t i u n a r y  b i c z l s g i s t s  have  emplcayed the 

m o l e c u l a r  b i c ~ i c t g i c a l  t e c h n i q u e  o f  r e s t r i c t i c t n  a n a l y s i s  ts 

cnrnparE a r g a n i s m s  by t h e  nucfec t t ide  s e q u e n c e s  o f  t h e i r  

r e s p e c t i v e  DN&s (Ruse  e& &. 1982, Erctwn e& a. 1979, Palmer 

eJ af. 1985, P r u i t t  h Meyerctwitz 1986). R e s t r i c t i c i n  f r agment  

p a t t e r n  a n a l y s i s  q u a n t i f i e s  t h e  s e q u e n c e  v a r i a t i o n  t h a t  has 



c~ccurred in the DNA uf related c~rganisms since they last 

shared a commcan ancestar- The application of such an analysis 

to kelp wcauld prcavide a directly quantifiable feature far 

phylagenetic cornparisens that is not subject t n  envircsnmental 

effects and can be applied at most taxonomic levels. 

Many features of chlc~raplast structure and bic~chemisCry 

have been used historically in studies c;f algal systematics. 

Chlaroplast shape, size, distribution within the cell, 

phcatosynthetic pigments and reserve prctducts, and 

phutnsynthetic membrane arrangement are all distinguishing 

characteristics of the major classes o f  the algae CEisalputra 

1974, Meeks 1974). 

The chloroplast genume has 

studies caf plant molecular evu 

pattern analysis has been used 

becume a m a j o r  focus-. fear 

lutic~n. Eestrictic~n fragment 

to demonstrate species specific 

nuclecatide sequence diversity among chlnroplast DNA molecules 

in several gruups c~f  vascular plants? including Nicntiana? 

Fvcosersicon. Oenothera, Prassica and Pisum species fKung e t  

al, 19821 Palmer b Zamir 1982, Gctrdan et &, 1782? Palmer e& - 

al, 1?83a, Palmer et al. 1985). Such data has revealed the - 
Dccurrence o f  mutational events carrespanding to the 

separation of different 1 ineages wi th.in these grc~tips. 

Canservat ion caf the plant ch lczi-np last qename . 
Cumpar isons of the ch lump last gencsmes caf spec ies as 

widely diverse as angiosperms, ferns, and brysphytes have 

demonstrated a marked similarity in base cc~mpositic*n 



CG+C=35%), i n  s izeCf10-180 kb), and a h i g h l y  c o n s e r v e d  

s t r u c t u r a l  o r g a n i z a t i o n  (Herrmann % Fc~ssingham 1 9 8 0 ) .  . 

Prominent  among t h e s e  ccsnsei-ved struc turaf f e a t u r e s  a r e  t h e  

c i r c u l a r i t y  o f  t h e  c h l c * r u p l a s t  molecu le ,  t h e  10-27 kb i n v e r t e d  

r e p e a t s  t h a t  encode  t h e  rRN4 g e n e s *  and t h e  s m a l l  (12-27 kb)  

and l a r g e  (83-103 kb) s i n g l e  copy r e g i c m s  t h a t  s e p a r a t e  t h e  

r e p e a t  e l e m e n t s .  I n  a d d i t i o n ?  t h e  p c f s l t i a n s  w i t h i n  t h e  

chlco-c~plas t  m a l e c u l e  ctf t h e  t R N A z  rbcL.  psbA, and ATPase 

complex gene5  a r e  a l s o  h i g h l y  ccsnserved (Palmer  % Thornpscan 

1981a, d e  H e i j  e& &. 1933). This ar rangement  h a s  been 

m a i n t a i n e d  i n  a l l  i n s t a n c e s  examined s a v e  1 :  Pi s m a l l  grciup of 

legumes d i f f e r  i n  h a v i n g  undergone e x t e n s i v e  s e q u e n c e  

r e a r r a n g e m e n t s  t h a t  i n c l u d e  t h e  l a s s  csf o n e  copy o f  t h e  

i n v e r t e d  r e p e a t ,  2) The Eug lenaphy ta  l a c k  t h e  i n v e r t e d  r e p e a t  

and e x h i b i t  o n e  l a r g e  s i n g l e  copy r e g i o n  p u n c t u a t e d  by f rom 

1-5.5 taniemly r e p e a t e d  ccxpies o f  the r R N A  genes. 3) Twelve 

g e n e r a  i n  5 t r i b e s  i n  t h e  Fabaceae  have  undergcsne a 50 kb 

lnversican c~f  t h e  l a r g e  s i n g l e  ccspy i-egicm t h a t  p l a c e s  t h e  rbcL  

and psbA g e n e s  c ~ n l y  5 kb a p a r t  whereas .  i n  s p i n a c h  and t h e  

m a j o r i t y  of d i c u t s  and- munocnts t h e s e  g e n e s  are some 50 ktt 

a p a r t .  4) In Chlsmydc~mctnas t h e  o r i e n t a t i o n  cff t h e  i n v e r t e d  

r e p e a t s  is r e v e r s e d  w i t h  r e s p e c t  t o  m a s t  ch la rcaphy tess  and t h e  

a t p B  gene  is l o c a t e d  i n  t h e  5iTtall s i n g l e  c s p y  r e g i s n .  

S i m i l a r  c h a r a c t e r  i z a t i c ~ n s  o f  t h e  c h l u r o p l a s t  g ~ n c ~ m e s  of 

the chramaphyt ic  Ci.e. 3 a l g a l  f a r m s  w i t h  chl  a?c) and 

rhodaphyt . ic  f i.e. ) a l g a l  f o r m s  w i t h  c h l  a and phycc~bi l i t35)  a r e  



r e p o r t e d  genome s i z e s  f a r  t h e  chromaphytes  Bcttrvdium 

q r a n u l a t u m  ( 1 0 8  k b ) ,  O d e n t e l l a  s i n e n s i s  (120  k b ) ,  Tribunema 

v e r d e  <I29 k b ) r  and V a u c h e r i a  =&, !I16 kb) ;  w h i l e  Dalmon e& 

+I-. (1983) have  r e p o r t e d  t h a t  P v l a i e l l a  l i t t c t r a l i s  and 

S p h a c e l a r i a  z. e x h i b i t  c t D N A  m o l e c u l e s  t h a t  a r e  h e t e r c ~ g e n e u u s  

i n  s i z e .  However3 c ~ n s i d e r a b l e  c h l ~ t r c t p l a s t  genome 

c t r g a n i z a t i c ~ n  d a t a  are a v a i l a b l e  f c ~ r  t h e  chrumctphytic a l g a  

Ol i skhs td i scus  l u t e u s  i E i s l a n d  e2 &. 1981, A l d r i c b  & C a t t o l i c c l  

$?8l1 4 l d r i c h  e& &. 1982~ H e i t h  & C a t t u l i c c ~  i n  p r e s s ) .  The 

p h y s i c a l  map o f  t h e  150 kb Q. i u t e u s  c h l o r o p l a s t  genome is 

s i m i l a r  t o  t h o s e  o f  c h l o r o p h y t e  p l a n t s  ( i .e . ,  a l g a l  and h i g h e r  

p l a n t  fctrms w i t h  chl  a,bl  i n  that i t  is comprised  ctf l a r g e  C22 

kb) i n v e r t e d  r e p e a t  s e q u e n c e s  t h a t  d e f i n e  s m a l l  (37 k b l  and 

l a r g e  (73 kb) s i n g l e  cctpy r e g i a n s .  I n t e r e s t i n g  d i f f e r e n c e s  

from t h e  ch lc t rnphy te  p a t t e r n  have  been n o t e d ,  however? i n  b a t h  

the nrganizaticm and k i n d s  of g e n e s  encctded on t h e  P. l u t ~ u . 5  
, - .  

ch l r j r c tp las t  genome. The g e n e  f o r  t h e  s m a l l  s u b u n i t  o f  

r i b u l o s e  b i s p h o s p h a t e  ca rbc txy lase  r r b c S )  is encctded on the 

i n v e r t e d  r e p e a t  ctf t h e  c t D N A  o f  Q. l u t e u s  a l o n g  w i t h  bnth  t h e  

rbcL and psbA genes .  The r b c S  g e n e  is m u l t i - a l l e l i c  and 

n u c l e a r  encoded i n  a l l  h i g h e r  p l a n t s  and g r e e n  a l g a e  s o  f a r  

i n v e s t i g a t e d .  I n  a d d i t i c t n ,  s a v e  f o r  Chlamvdamonas and 

Pelarqonium,  t h e  rbcL  and psbA g e n e s  a r e  encoded ctn t h e  l a r g e  

s i n g l e  copy r e g i o n  ctf t h e  s e v e r a l  hundred chlcarophyt i,c p l a n t s  

s o  far  c h a r a c t e r i z e d  <Palmer  1985). The d i f f e r e n c e s  i n  

c h l o r a p l a s t  g e n e  o r g a n i z a t i o n  between h i g h e r  p l a n t s  and 

E u s l e n a ,  Chlamvd~monas,  and O l i s t h c t d i s c u s  have  i n s p i r e d  some 



authors CLemieux eA a. 1984. Reith & Gattolicc, in press) tu 

suggest that the chloroplast genctmes of algae are evolving 

faster than those of higher plants. Hc~wever, tucl little is 

yet known regarding the evulirticsnary age of these algal lines;; 

e.g.+ bJaltun 11953) states that there is no cc4nclusi~e 

evidence that the Phapc~phyceae existed before the Jurassic 

4180 million years agct). In additictn, Heith $ Cattctlicu (in 

press) have observed that all uf the algae for which 

chluroplast genome organization infctrmaticxn is avai lab1 e are 

unicellular forms with comparatively short life spans. They 
~. 

suggest that gencme evolution in these urganisms may b e  

different than in macroscopic algae with l~t?-igei- life cycles 

and cnmplex tissue urganizatian. I n  any eventz additional 

algal representatives, definitely those a m o n g  the Phae~phyceae 

and Rh~tdcaphyceae~ must be investigated before any general 

understanding o f  chlnrnplast evclution can be attained. 

Objectives of thesis. 

The taxonomy and phylogeny ctf taxa of the Laminariales 

(Division Phaeaphyta) is essentially based upon pheimir 

characteristics ctf extant representatives. This has resultedF 

in part3 from the fact that there are no significant fossil 

data. The development ctf the mct leculai- bic~lc~gicaf technique 

sif restricticm analysis has prcavided researchers with a w a y  tn 

quantitatively determine genetic interrelatedness. 

The ob j~ctives of the present study were as follc~ws: 1 )  to 

develctp a method far the extraction and isolati~ti~ n f  ixiclear 



and c h l c ~ r u p l a s t  DNA from k e l p  t i s s u e  u s i n q  M a c i o c ~ ~ t i ~ ~  

i n t e q r i f o l i a  Bary a s  t h e  t y p e  model: 2 1  tcl c l c ~ n e  and 

r e s t r i c t i c s n  map d i f f e r e n t  segments  o f  t h e  c h l o r o p l a s t  genome 

of E, i n t e u r i f o l i a i  3)  t n  u s e  t h e s e  c l o n e d  ctDM4 s e q u e n c e s  t o  

p r a h e  h ~ m a l o g a u s  s e q u e n c e s  i n  t h e  C t D N f k  o f  a number clf 

d i f f e r e n t  k e l p  s p e c i e s  i n  order t u  d e t e r m i n e  t h e  l e v e l  of 

seqttet-tce d i v e r s i t y  t h a t  e x i s t s  be tween t h e  ctONk m o l e c u l e s  of 

k e l p s  a t  t h e  s p e c i e s ?  g e n u s ?  and f a m i l y  l e v e l s  and 41 tcl 

s u g g e s t  a  phylcageny f o r  t h e  L a m i n a r i a l e s  based  on  t h e s e  data. 

Kelp are p a r t i c c r l a r l y  14~11 s u i t e d  t o  an ,  a n a l y s i s  s u c h  as 

t h i s .  I n  c o n t r a s t  t c ~  t h e  r e l a t i v e l y  d i v e r s e  h i g h e r  p l a n k  

grctups t h a t  have  been t h e  f o c u s  c ~ f  r e s t r i c t i o n  a n a l y s i s  tct 

d a t e  l i .e., t h e  f a m i l y  Legr!minoceae h a s  a b o u t  500 g e n e r a s  

Hubbins et a. 1957), t h e  k e l p s  a r e  a s m a l l ?  w e l l  defined 

ai-der csf o n l y  . f i v e  f a m i l i e s  and t h i r t y  ger.era (Drueh l  

unpublished!= Ccsnsequently; the e n t i r e  grGup can be 

e f f e c t i v e l y  d e s c r i b e d  by a  r e l a t i v e l y  s m a l l  sample  s i z e .  A s  

k e l p  are chrsmophyt ic  p l a n t s ,  infni-matinn o b t a i n e d  f r c m  t h e i r  

r e s t r i c t i o n  a n a l y s i s  may p r n v i d e  a  u n i q u e  p e r s p e c t i v e  cci2 p l a n t  

e v c ~ l u t i c ~ n .  h e  s t u d y  c o n c e r n i n g  t h e  s e q u e n c e  c l rgan i i a t i c ln  o f  

t h e  c h l o r o p l a s t  genome af a  chromclphytic a l g a  i n  the D i v i s i o n  

Chrysclphyta h a s  r e c e n t l y  been cumple ted  tRei th % C a t t c ~ l  irct i n  

p r e s s ) .  However3 t h i s  s t u d y  is t h e  f i r s t  to i n v e s t i g a t e  ctDNA 

s e q u e n c e  v a r i a t i o n  i n  the chromophyt ic  D i v i s i o n  



MarpRctlct~ical features that distinquish the studied families 

a ~ d  cienera of: kelp, 

The taxonemy of the order Laminariales (5 f ami lies? 30 

genera? 99 species) is a mctrpholagical classification based 

upcm the different ways that the spc~rophyte fc~rm is generated. 

Interfamily distinctions. The four studied families are 

dist ingrtished by character 1st ic mctdif icaticms that ctccur at 

the transi ticm iC4i-E between stipe and blade during 

development. In the family Laminai-iaceae? the transition znne 

is plane and unmodified. The resulting frctnd fi.e.? stipe 

with associated blade) is therefore simple and unbranched. In 

the family Lesssniaceae? the transition zone is split 

longitudinally at the base of the initial juvenile blade. A5 

the blade grctws. the spiit elongates and eventually divides 

their awn stipes and meristematic transitic~n zones- This 

initial dichc~tarnc~us branching and subsequent divisions i-es~l t 

in the generation ctf a compound frc~nd. In the family 

Alariaceae, the frc~nd is pinna3ely cctmpoui3d as a rssult . = s f  

spctrophyl l bf ades arising as outgrowths from the Pawer portion 

af the meristematic regictn at the transition zcane. The 

Chordaceae differ significantly in mctrpholayy f r ~ m  other 

kelp. They cctnsist of long-hctllcaw-cylindrica3 fronds that are 

described by meristematic activity that is dispersed over the 

entire thallus. They do nat exhibit a differentiated s t i p e .  



Intrafami ly distinctions. The characteristic mcsrphalaqy 

af the lesscmiacean sporophyte is an array of dichotomously 

branched stipes that each terminate in a single blade- 

Althaiqh the occurrence of ppseitmatocysts are not exclusive tn 

the Lessc~niaceae~ they are prominent structures amctng several 

genera <Macrcicystis, Nereacystist Pela~uphycusi. 

The Lessoniaceae cunsist of two basic habitat morphs: 

exposed coast and subtidal furms. In each murphc~type the 

stipe and blade parts have taken a different cuurse of 

development. The exposed coast f ~ r m s  develctped thickened, 

rigid? erect stipes cc3nducive tc* the dissipation a f  wave shock 

and capable of supporting the blade parts above the substrate 

(Lessonia, Lessenic~psis and Pcsstelsia). The subtidal farms 

also exhibit an erect stipez but it is a much elongatedz 

elastic, and buoyant structure that supports the blade parts 

within the photic zone <Macrncrstis and Nerescystisl - In 

Dictrc*neurum and Dictvnneur~psis the stipe is relatively 

reduced> and both genera accur in low intertidal tc~ subtidal 

depths. blade mco-phctlugies that are characteristic of 

intertidal and subtidal habitats have also evolved. The 

blades of intertidal plants are relatively shc~rt and narraw, 

typically with longitatdinally arrayed bullae? veins clr midribs 

generally longer, 

secondary surface structures in subtidal genera. 
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Descripticans nf the kelp saecies examined in this studv. 

There are eight extant genera and one fossil genus in the 

family Lessuniaceae, Seven of these genera were included in 

this study and they are characterized as fctllaws: Lessccnia 

exhibits numerous blades that are born at the extremities sf 

repeatedly branched stipes, Blades are narrcawly linear and 

withnct midribs. The stipe is erect and characteristically 

woc~dy and thickened at the base, There aj-E three species in 

the genus (Searles 1978); L_. nirtrescens Bnry was the'studied 

species. Lessoniopsis exhibits an erect stipe thaS branches 

repeated1 y ,  Each branch is coi-itim~ed in a single, narrow 

vegetative blade and two pinnate sporaphyl blades. Vegetative 

blades exhibit a characteristic flattened midrib. The lower 

pnrtictn of the stipe i s  conical and cc~nsiderably wctccdy. The 

genus is manatypic CL. 1 ittcxral is f Ti ld, 1 Reinke, Nicholsnn 

197&1. The genera Dictvuneurum and Dictysneuro~sis display a 

prustrate that is markedly flattened. Blades are wide? 

linearv and reticulated. Dictv~neuronsis exhibits a 

midrib-like veinatiun patternv whereas Dict~oneurum dses not. 

Both genera are monotypic CDictvc~neurum caf ifnrnicum iRupr. ) 

and Dicty~z.neurapsis reticulata CSaund. > Smith. Michctlson 

19761. Pcistelsia has a stipe that is erect and hollow. A t  

the apex of the stipe there are many short branches that each 

terminate in a single narrowly linear blade. Blades are 

ccxvered with deep-paral lel-longi titdinal grcioves. The genus is 

monotypic !e. palmaeformis RuprechS, Nichcxlson 197&). 
Nereacystis stipes are lung and erect and are inflatbd 



distally into a single large pneumatocyst. Narrcaw, 

smooth-margined blades arise from shca-ti flattened branches. 

The genus is manutypic EN_, luetkeana (Mert.1 Pctst. % Rupr., 

Nicholscm 19763. Macrccystis exhibits many lctng s t i p ~ 5  that 

branch from an initial primary stipe. Blades are widei each 

with a basal pneumatccyst. and they are unilaterally arranged 

at regular intervals along the stipe. There are three species 

in the genus; M. intesrifslia Bury and z, pyrifera iL.1 C. 

Ag. were the studied species iNicholson 1976)- 

There are eight genera in the family Alariaceae. Two of 

these were included in this study. They were selected because 

they represent morphulcqically distinct tribes within the 

family. They are characterized as follc~ws: Alaria exhibits a 

single undivided blade that is broadly linear and includes a 

conspicuous midrib. The stipe is erect, cylindrical. and 

unbranched, and sporangia are prodirced CXE spnrcsphyl ls attached 

laterally at the base o f  the blade. There are fourteen 

species in the genus CWiddctwson 1971); 2. marninata Fcrst. L 

Rupi-. was the studied species fNichulson 1976). In Eqreqia 

the stipe is erect, flattened, and branched. The lateral 

margins af the stipe are fringed with papillae-like blades. 

and certain of these develop pneumatorysts. The spar~phylf 

blades are intermingled with sterile blades along the length 

caf the stipe. The gewls is mc~notygic tE_. menziesii (Turn. ) 

Ar~sch., Nicholson 1??6l. 

The family Laminariaceae is comprised of eleven genera. 

Two of these were included in this study- These geneia were 



I 

also selected because they represent rncrphc~lc~~icall~ distinct 

tribes within the family. They are characterized as fallows: 

Costaria exhibits an undividedr bruadly-linear blade that 

includes five characteristic longittidii3al ribs. The stipe is 

erect9 cylindrical3 and unbranched. There is a single species 

i n  the genus CE. custata CC. Ag. Saund.? Nichc~lsctn 19761. In 

taminaria the broadly linear blade is undivided and, in ssme 

species? includes characteristic marginal rcws c~f bullae. The 

stipe is erect, cylindrical, and unbranched. There are 

thirty-two species in the genus (Druahl ctnpublished) ; L_. 

saccharins (L,) Lamauroux w a s  the studied species (Druehl 

l96S). 

The family Chordaceae contains a single genus. The genus 

Churda is characterized a5 fcnllows: The long cylindrical 

fronds are unbranched and ha1 low? with diaphragms at irregular 

intervals. The f r c t n d s  are cctvered w i t h  hairs- There is na 

distinction betw~een stipe and blade as is the case in all 

other members of the order. There are two species in the 

genus (Setchell PB93); C_. filcrrn (L..) Stackh. was the studied 

species. 



METHQDS % MATERIALS 

Plant cc~llections. 

Specimens of Macracvstis jnte~rifolia~ Lesscmioosis 

littoralis, Pc1stelsia ~almaeformis. Laminaria saccharins, 

Castaria ccgstata, Alaria rnarqinata. Eqresia menziesii. and 

Fucus distichus were collected from localities arc~und 

Vancouver Island, BCr Canada (Table 1). Specimens of @. 

inteqrifolia. 5. pyrifera. Dictvoneurum calif~rnicum~ and 

Dictyceneurop5is reticulata were collected from localities 

along the central and southern coast uf California (Table 1). 

Specimens of M_. intesrifolia and Lessania nlarescens were 

C~flected from the central coast of Chile (Table 1 3 5  and 

Chc~rda filum was collected frum the southern coast c~f eastern 

Canada (Table 1). 

The fifteen algal samples examined in t h i s  zitady camprise 

the range of morphalogical variation exhibited within the 

order Laminariales and include. as well? all of the genera 

(save Pelaqc~phycus) in the family Lessoniaceae and E. 

intesrifolia population samples from bcsth hemispheres. Fucus 

distichus, with its clear cytctloqical, ultrastructural. and 

reproductive differences from the kelps. is the most 

evolutionary distant species in the analysis. The spinach 

(Spinacia aleracea) samples used in this study were obtained 

frum a local produce grocer. 
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Overview of kelp cell structure. 

Requirements of DNA5 used in restriction analysis are that 

they be obtainable at acceptable yields, be free of 

contaminants that inhibit restriction endonuclease activity, 

and that they be af high molecular weight. The DNA need not 

be full length but should be significantly larger than the 

largest fragments produced by the restrictinn enzymes used in 

the mapping analysis. Thus, when iscslating DNA, it is 

essential that the the nuclear membrane and chloruplast 

envelope be stabilized against disrupticen during the isolaticen 

prcecess in c~rder tcs prevent the access cef natural l y occurr inj 

degradative nucleases. 

A11 tissues cuf the laminarialean thallus exhibit a similar 

tissue organization: a meristematic epidermal layer (i.e., 

meristoderm), a parenchymatous cortex and a central medulla 

that in same species, expands into hc~l low pneumatocysts. The 

three tissue types vary in cefl size and arganellar ccemplement 

The cell walls of the kelps consist of an inner layer cef 

cellulosic fibrils and a thick outer gelatinous layer af 

pectic substances (Dawes & &. 1 9 6 1 1 ,  The pectic substances 

caf the cell wall are the gel forming? high molecular weight 

structural polysaccharide5 alqinate and fucoidan which 

together comprise almost 1 1 3  cef the total dry weight c~f kelp 

tissue IRc~sziel % Srivastava 19841. 

The physodes are meinbrancans vesicles that are a ccemmon 

ccemponent of kelp meristoderm cells. They contain 



p h l a r o g l u c i n a l  cumpounds and o t h e r  t a n n i n 5  t h a t  c o n s t i t u t e  

from 0.02-0.3% o f  t i s s u e  f r e s h  weight (McInnes & &- 39841, 

Po lyphena l i r  compounds and t h e i r  breakdown p r u d u c t s  are 

powerful  i n h i b i t o r s  of s u b c e l l u l a r  o r g a n e l l e s  (Loamis 1974). 

The g e l  forming pct lysacchar ide  w a l l  m a t e r i a l s  and t h e  

r e a c t i v e  c o n t e n t s  o f  t h e  physcedes are t h e  p r i n c i p a l  f e a t u r e s  

of t h e  k e l p  c e l l  t o  be  su~ritceunted i n  o r g a n e l l e  and  DNA 

i s o l a t i o n  from k e l p  t i s s u e .  

Chlorctplas t  morpholosv and i so l a t i c tn ,  

The m a j o r i t y  af t h e  ch l c t rop la s t s  i n  a ke lp  t h a l l u s  are 

l o c a t e d  i n  t h e  b l a d e s  and are found w i t h i n  t h e  meristnderm and 

o u t e r  c o r t i c a l  cell l a y e r s .  Kelp c h l c t r o p l a s t s  are oval-shaped 

and s i t u a t e d  p a r i e t a l l y  w i t h i n  t h e  cytoplasm. The t h y l a k o i d  

membranes o f  k e l p  c h l c t r o p l a s t s  are n u t  pa r t i t i c ined  i n t o  g rana  

as i n  h ighe r  plants b u t  are appressed  i n t o  sheets uf t h r e e  

thylak 'a id  bands;. The t h y l a k o i d s  and s;troma are s e q u e s t e r e d  by 

an  encompassing thylakclid s h e e t  c a l l e d  t h e  g i r d l e  l a m e l l a e -  

The ch lorc tp las t  qenophctre ctccilrs a s  a  contini-zcus rinq-shaped 

s t r u c t u r e  j u s t  w i t h i n  t h e  g i r d l e  l a m e l l a e  la i -sa lputra  & 

B i s a l p u t r a  1?&7), n o t  a5 s c a t t e r e d  ctr s i n g l e  l o c i  w i t h i n  t h e  

strclma as  i n  chlctruphyte p l a n t s  C R i s  & P l a u t  3362). In t h e  

k e l p s ,  a s  i n  a l l  brawn a l g a e ?  an unusual  double-membraned 

o u t e r  enve lope  arises a s  an  caukfctlding ctf t h e  o u t e r  membrane 

of t h e  n u c l e a r  enve lope  and e x t e n d s  around each o f  t h e  

c h l c ~ r o p l a s t s  o f  t h e  c e l l .  T h i s  enve lop ing  membrane ha5  been 

c a l l e d  t h e  ch lc t rop ias t  endcaplasmic r e t i c u l u m  C B G U C ~  1965~ 
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freeze and grind blade tissues to achieve effective 

trituration; 2) A high extracticm buffer volume to tissue 

weight ratio to dilute the cc~piaus amount of water soluble 

mucilage exhuded by kelp tissue; 3) High centrifugaticn speeds 

to sedimei3t organelles from the viscous tissue suspensions 

and; 4) Cesium chlaride-density gradient centrifugation tcs 

concentrate and isolate the DNA cuntents af the organelle 

preparations. 

This protc~ccnl has been used to isolate nuclear and 

chloraplast DNAs from many different kelp genera as well as 

Fucus. Best results were obtained with blade tissues from 

which any thickened'midrib or fascia structures had been 

remuved. This prc~tc~cc~l has been routinely applied tcs tissue 

samples as small as 20 grams and as large as 2 kilugrams fresh 

weight. Large samples are most conveniently prc~cessed in 1 0 6  

gram subsamples. Mora than eno&h DNA for the analysis c j f  

chloroplast DNA sequence divergence described in this study 

was obtained frcsm 1 0 0  gram tissue samples. Another impartant 

feature uf the prc~tncol is that samples can be held at -70 C 

ei thet- as whole-frozen ur frcazen-and-grc~i-lnd blade tissue unt i 1 

further pracessing is canvenient. Samples have been held as 

lcmg as one year at -70 C with gcad results. 

All buffers and centrifugation runs were maintained at O C 



structures were remav~d. 

Once the material for DNA extraction was selected. the 

blades 1100 grl were immersed in distilled water, a f e w  at a 

time. and scrubbed with a cheeseclath pad. The blades were 

then blotted dry and stripped o f  surface mucous by rubbing 

vigctrc~usly with a dry cheesecloth pad; sectioned with a clean 

razur blade into 2 cm squares; and quick frozen by immersing 

in a wide mouthed (7-10 cm diameter) Dizwar flask containing 

500 mi af liquid nitrogen, The frozen tissue pieces were then 

pouredy 25 gr at a time3 into a chilled (-70 C l  mortar ill cm 

diameter) and grcaund to a fine powder by hand with a pestle 

14.5 cm diameter). The capacity of this size of mc~rtar in 

this application is about 25 gr. When larger sample sizes 

were attempted? it was difficult to obtain the required 

particle size without spilling a ccln5iderable amo~rnt c~f sample 

in the prcacess. For this applicationr a larger mc~rtar prcaved 

unwiefdy, During the early stages nf the grinding p r c ~ c e s s ~  

the liquid nitragen that was poured into the mortarr along 

with each tissue sample, was replenished as it boiled away. 

H c ~ w e v ~ r  , a s  the tissue approached a powder cunsictency , 



r 

it bc~iled out of the mortar alung with the liquid nitrctgen, 

Conseqtnently, the grinding process was typically cumpleted in 

about a minute in order tca avc~id excessive warming. As each 

clf the fctur 25 gr subsamples were groundl they were combined 

in a plastic bag that was buried in crushed dry ice. 

The protoco 1 w a s  eont inr-ied by transferring the ground 

blade tissue in 50 gr partions into two chilled f-20 C >  

mortars ( 1 1  cm diameter) and warming to -10 C at r o o m  

temperature by constant stirring with frctzen spauns. If the 

samples were not stirred cc~ns-kantly and, i f  the stirring 

spoons were not kept frctzen, the tissue powder warmed unevenly 

and this resulted in a reduced yield. It was also determirsed 

that the 100 gr tissue sample warmed more evenly and more 

rapidly when divided into two 50 gr subsarnples. The %issue 

was warmed to -10 C before being suspended in extraction 

buffer because it freezes inti a solid 14-tmp if it is 

transferred immediately after grinding fi.e.. the temperature 

af liquid nitrogen is -195.8 C). 

The two 50 gr tissue samples were each suspended in 400 ml 

of Buffer A CEi-tffer A is: 1.65 M Sorbitc~l; 50 mM MES, 10 mM 

EDTUl 2% (w/v) Pc~lyvinylpyralidan~ (PVP1, 0.1% Cwiv) BSA? 5 mM 

B-Mercaptuethanol, pH 6.13. This ratio af buffer volume to 

tissue weight (8 : l )  was determined empirically. A lc~wer ratio 

(6:lf resulted in a s~ispensicttt with a gel strength that 

precluded efficient filtration and centrifugal fractictnation. 

4 higher ratio f10:1) did not change yield appreciably and, 

since the cc~st af the extraction buffer C$&.OO CDNlliter) was 



not inconsiderable, the stated ratio of 8:l was selected, ~h~ 

extraction buffer was contained in 1 liter beakers that 

included 1 X 4 cm stir bars. The tissue samples were slowly 

sifted onto the surface of the buffer volume while it was 

being mixed with a magnetic stirrer set at high speed. The 

tissus was added slowly sa that it melted inta an even 

suspensicm. Abcw t 30-45 seconds were required fur the 

transfer. Because the magnetic stirrer could not pravide the 

rate of mixing required for the rapid suspension of 1 0 0  gr c~f 

tissue in the larger volume, two separate 480 ml extraction 

buffer volumes were used instead of a single 800 ml vctlume. 

In addition, it was determined that the filtratictn step o f  the 

prncess was mco-e efficiently accomplished with smaller 

suspension volumes (see below). 

The resu 1 t ing homogenates were each expressed through 

individual cheesecloth filter pads. 4lthough the gel strength 
, -  

of the tissue suspensions varied by species and seasctn, they 

were always quite viscous and required some force to be 

expressed through the filter. A filter pad cunsisted uf eight 

layers of cheesecloth, each 45 cm cm a side. The center of 

each filter pad was pressed into the mouth csf a 15 cm diameter 

funnel whose pipe end was directed inta a cctllectian beaker 

buried in an ice bucket. The filter pad and funnel were 

stlpparted over the collectictn beaker with a ring stand. 

Typically, 50 gr ctf tissue sample was cctmbined with 400 ml of 

extraction buffer to yield a suspension vct lt-me of ahout 500 

ml, This volume would almast fill the filter lined 'funnel. A 



greater tissue load was beyond the carrying capacity of the 

filter. While the filter was wetting, its draping edges were 

gathered together and closed at the tc~p with a few twists. 

Then, by applying a steady wringing pressure with the hands, 

the tissue suspension was squeezed thrctugh the filter mesh. 

The vo11mne af the poled filtrates frctm the extraction of 

100 gr cvf tissue generally ranged from 600-780 ml. This 

vciltme was dispens~d into four 250 ml centrifuge bottles and 

centrifuged at 4,000 X g for 1C minutes in a Sorval GSA 

rotor. The pellets, cctnsisting of cell debrisr nuclei, 

chloroplasts, and probably same mitachandria, were pooled and 

gently resuspended in twcn 200 ml vc~lumes ctf Buffer B (Buffer B 

is: Buffer A without PVP) with a clean camel hair brush fl  cm 

width) and centrifuged as above. The resulting pellets were 

each gently resuspended in 40 ml of Buffer B with a clean 

camel hair brush, and the nurlearlcell debris fractian w a s  

pelleted by centrifugation at 120 X g for 10 minutes in a 

Sarval 5534 rotor, The chlm-aplast fraction was collected 

from the supernatant by centrifugatinn at 3,000 X g far 5 

minutes i n  a Sorx~al 5534 rotor. For nuclear and total blade 

DNA preparations, the differential centrifugati~n step w a s  

skipped. 

DNA isolatiim. 

The twa pellets were each resuspended in 20 ml of Buffer C 

{Buffer C is: 1.&5 M Sarbitol. 50 mM Tris-HCl, 25 mM EDTA? 

pH?.S) with gentle vurtexing and pel leted by centrifu~aticcn at 



3,000 X g for 5 minutes in a Sorval 5534 rotor. The pellets 

were each resuspended in 5 ml of Buffer C with gentle 

vortexing and combined in a single clean 50 rnl capped tuba 

(Falcon 2098). Proteinase K (Sigma P8390; 2 ml of a 5 mgr/ml 

solution prepared in buffer C )  was added to the apprc~ximately 

20 ml suspensinn volume for a final cctncentr-ation of 0.5 

mgr/ml and incubated for 2 minutes on ice. The crganelle 

suspensions were lysed by adding one third of the suspensicrn 

vctlume Cabout 7 ml) of Buffer D EBuffer D is: 15% (w/v) sndium 

sarcosinate, 50 mM Tris-HC1, 25 mM EDTA, pH 5.03 and gently 

mixing by inverting c~ccasionally on ice far I hnur. 

Solid cesium chloride (CsC1, f qr/ml) was dis~,olved in 

each lysate vc~lume (density=l.7 gr/cc), and the protein, 

lipid, and p ~ l y s a ~ c h a r i d e  that precipitated with this increase 

in salt ccrncentraticm were pelleted from the lysates by 

cerrtrifttgaticm at 27?000 X g fc~r 30 minutes at roam 

temperature in a Sorval SS34 rotor. The supernatants were 

pooled, and Huechst dye (Sigma B2583) in a 1Q mgr/ml sterile 

distilled water stock sulution was added to a final 

ccmcentraticm c~f 40 ugr/ml. The supernatant plus dye was then 

partitioned into three 12.5 ml polyallc~mar ultra-centrifuge 

tubes and centrifuged at 4S1000 rpm for 30 hours at 20 C in a 

Beckman Ti-80 rotor. 

The DNA appeared within the gradients as two 

ultravicrlet-fluorescent bands. The chloroplast DMA fraction 

was contained in the upper band while the nuclear DNA fracticm 

was contained in the lower band (Fig. 1 1 ,  Each of these DN4 



Figure 1. Separation of total blade DNA into nuclear (n) 
and chloroplast (ct) components. 
A. The figure is of a Hoechst dye-CsC1 gradient 

at equilibrium. The designations of the 
respective DNA fractions are indicated.-with 
arrows. 

B. Fluorescence photograph of the restriction 
fragment patterns of the respective DNh 
fractions in panel A digested with the 
restriction enzyme Pst 1. Lambda DNA digested 
with Hind 111 is included as a restriction 
fragment size standard. 





fractions was collected with a separate hypodermic syringe 

fitted with a #18 needle. The ~hloi-c~plast and nuclear DNA 

fractions collected from the three gradients (about 0.5-1.0 

ml/gradient) were pooled separately and centrift-rged a secarrd 

time in an ethidium bromide (Sigma E8751; 150 ugr/ml)-CsC1 

(1.0 gr/rnl) density gradient. The chlaraplast arsd nuclear DNA 

fractions were each recentrifuged in a single Ti-80 tube. 

Ethidium bromide was added to each gradient a s  a 10 mgr/ml 

soluticm prepared in sterile distilled water. 

Ultracentrifugation through a second CsCl density gradient was 

neccessary in order kc8 remove a cantaminant(s1 from the DNA 

fractions (i.e., most likely a polysaccharider Aldritch & a. 
1982) that exhibited a similar density a s  DNG in cesium 

chlc~ride density gradients and that inhibited the activity af 

restrictitin endonucleases. As the inhibition o f  restriction 

e~dcmuc lease act  ivl ty w a s  no longer observed after a serund 

passage of the DNA fractions through a CsCl density gradient, 

the contaminant was judged to have either been carnpletely 

rernctved ar sufficiently d i l ~ ~ t e d  from the DNA samples. T~lta? 

blade DNA pi-eparat ions were not passed through Hctechst 

dye-CsC1 gradienf,~, but were passed throi~gh two cursecut ive 

ethidium bromide-CsC1 density gradients. Following the secnnd 

ultracentrifr~gation passage, the DNA samplos were gently 

isapropanol extracted 4-7 times to separate the DNA from the 

dye. Fallowing this? the DNA was precipitated by adding 2 

volumes af water and A vcslumes af cold 95% ethanol while 

incubating at -20 C for 1-2 hca~rs {Davis e t  &. 198il). The 



precipitated DNA was collected by centrifugation at 25,000 x 

in a Sarval SS34 rotor fur 20 minutes at Q C .  Small amounts 

of ctDNA were col lected by Ltlti-dCentrig~gatic:n in a Beckinan 

SW-40 rutor at 30,000 rpm for 30 minutes at 5 C. The DNA 

pellets were washed with 70% ethanol at room temperature, air 

dried? and resuspended overnight without agitatiun at 4 C in 

Buffer D !Buffer D is: 10 mM TRIS, 1 mM EDTA, pH 8.0). Once 

the DNA was complefely resuspended, it was brought ta a 

concentration c~f 500 ngr/ml with Buffer D and stcared at 4 C 

over a few drops of chlwiufm-m. DNA samples stored in this 

fashion were stable in fragment length fur aver 1 year. I f  

DNA samples were to be stored for lctnger periods. they were 

precipitated as above and stored at -20 C in ?0!4 ethanol. DN& 

samples stored in this fashion have been stable in fragment 

length for aver 2 years. 

Techniques for molecular analysis. 

Restriction enzyme digestions. Total blade DM&? chlctraplast 

DNA and plasmid DNA were digested with various restriction 

enzymes (Pharmacia). Single enzyme digests (except Kpn I L 

Sac I) were perfarmed in either high3 medium? or low salt 

restriction buffers CManiatis e& e. 1982). Restricticsn 

digests with Kpn I % Sac I were performed acccsrding to the 

suppliers instructicms. Ccmplete digestion w a s  generally 

i accomplished by incubating b units of restrictictn enzymelugr 
& 

of DNA fc~r 3 hours at 37 C, The reactiun canditions required 

for the complete digestion of kelp genomic BNAs wefe 



hour, The time series of reactican products was *hen 

electraphcareticaf ly separated can the same gel J transfei-r& to 

s nitracelluluse filterJ and hybridized with a kelp ctDNA Eco 

HI fragment cloned into pUC9. The hybi-idizaeion patterns were 

assessed by autoradiography . The time sample wherein both the 

plasmid and kelp DNAs were resalved into their respective 

linear fragment lengths was determined tca be the apprc~priate 

duration for complete digestion o f  the genumic DNA. Double 

enzyme digests were carried out cc~nsecutively; first digesting 

with the restrictican enzyme with the lowest salt requirements, 

and then changing the conditians tct tha* c f  the higher salt 

' , *  
restrickion enzyme o f  the pair. Restrictican enzyme 

concentrations and incubatic~n times were as far single 

restriction digests. Digests were stopped by adding EDTa tca a 

final cc~ncentration af 100 mM. 

Agarose gel electrophoresis. Between 0.5-1.0 ugr czf 

digested DNA was loaded per lane of 0.5-2.0X newtral agarose 

(EDH 44302) horizontal slab gels (18 X 20 cm). A11 gels 

contained ethidium brcmide at a concenti-ation caf 1 tqr/rnl. 

~ l e c t r a ~ h o r e s i s  was for I&-24 hnurs at 25 vcalts in 89 mM 



s t a n d a r d s  of 206 ngr  rincut Lambda DNA, 1 tigr Eco RI-Hind I11 

d i g e s t e d  Lambda DNA? and 1 ugr H I  d i g e s t e d  Lambda DNA w e r e  

inc luded  on each g e l ,  E l e c t r o p h c * r ~ t i c a l l y  s e p a r a t e d  DFJA 

f ragments  w e r e  v i s u a l i z e d  and pho twrzphed  (Kcgdak Pan-x 100) 

t-ising a 260 nm wavelength t r a n s i l  l ~ m i n a t c r r .  

T r a n s f e r  o f  DNA t o  n i t r n c e l l u l a s e  filters. 

E l e c t r o p h o r e t i c a l l y  s e p a r a t e d  DNA w a s  a c i d  hydi-ulyzed, 

dena tu red?  and t r a n s f e r r e d  b i d i r e c t i c m a l l y  from aga rnse  g e l s  

o n t o  nitrcacellulcase f i l te r  paper  (Schleichei-  % S c h u e l l  , R A 8 5 ,  

45 t ~ m )  accurd ing  t o  t h e  methctd stf Smith &. Simmers 6 l98Q!. 

P r e p a r a t i o n  o f  r a d i o - l a b e l l e d  probes ,  Prctbe DNA C1OD n g r )  

w a s  l a b e l l e d  wi th  10 uCi c ~ - ~ ~ P ~ ~ A T P  IAmershaml, 1  Uni t  o f  

DMA polymerase I ?  and 125 pgr D N A s e  I  t o  a s p e c i f i c  a c t i v i t y  

cf 1-2 X lo7 cpm/ugr by the mcadified ( B a i l l i e  per=.  corn.) 

n ick- t ransfat ican r e a c t i o n  acccarding t a  Rigby &. C1777). 

Reac t ions  w e r e  incuba ted  at 12 C f u r  1-2 hcaurs and stcapped 

wi th  3/1O valume a f  a 2% SDS? 0.2 M EDTA s u l u t i u n .  

Uninccarporated n u c l e o t i d e s  w e r e  s e p a r a t e d  from l a b e l l e d  DMA by 

p a s s i n g  t h e  r e a c t i o n  volume through a 1.5 m l  Sephadex 6-50 

s p i n  colamn CHaniat is  & af, 1982) .  

F i l t e r  h y b r i d i z a t i o n s .  N i t r o c e l l u l a ~ . ~  f i l te rs  w e r e  p l aced  

i n  h e a t - s e a l a b l e  p l a s t i c  bags  and pre-hybridized a t  65 C i n  8 

m1/100 c m 2  o f  5 X SSPE? 5 X Denhart  and 0.1% SDS I 1  X SSPE 

is 0 - 1 8  M NaC1, 10 mM Sodium Phosphate,  1  mM EDTA, pH 7.4; 1 X 



, 

Denhart is 0.02% BSA, 0.02% Ficcall. 0.02X PVP) .  Hybridization 

was carried out in a fresh aliquot of the above solution 14 

m1/100 cm2 filter area) along with the heat-denaturedl 

nick-translated probe (200-300 X 103 cpm/ml). 

Hybridizations were at 60-65 C (depending upon the homology of 

the prabe and target DNAs) fctr 16-24 hatirs. Fo1. lowing 

hybridizationz filters were washed in several changes of 0.2-2 

X SSF'E/O.t'f, SDS for 1 hour at 60-65 C (depending ttpon the 

homolgy of the probe and target DNAs). Hybridization criteria 

were as fc~lluws: 1) Low stringency was hybridiiatioi-i in 1 M Na 

- at &O C, wash in 0.4 M Na at 60 C; 2) Medium stringency was 

hybridization in 1 M Na at 65 C, wash in 0.4 M Na at 55 C ;  and 

3 )  High stringency was hybridization in 1 M Na at 65 C, wash 

Aut~radisgraphy~ After drying the filters under a heat 

lamp- the filter bound kelp ctDNA fragments hc~mctlogous to the 

Macrocystis inteqrifolia ctDMA fragment probes or heterologctus 

angiosperm ctnNA probes were detected by autoradiography (1-20 

days1 at -70 C car room temperature with Kodak X-Omat XR1 and 

X&R-5 films. 

Clm-tins of Macrocystis chloroplast DNA. 

Construction of a Macrocystis total blade DNA library into 

Lambda gtlO. 

a) Preparatian of vector and insert DNA, Lambda gtlO DNA 

was prepared as fcklluws. Phage H e r e  plaque purified on LE 



agar plates with E. coli strain CbOO plating bacteria 

(Maniati5 et -- al. 1982). Several individual turbid plaques 

were used tu prepare separate plate stocks which were each 

ti tred to determine their content c ~ f  contaminating 

clear-plaque phage, The stuck rcmtaining the lciwest 

percentage cf clear-plaque phage (i.e.? less than 1 in 10zQOC? 

plaques) vms selected to inc~ct.ilate five LB-agar plates? and 

phage w e r e  grown tc~ canf luence by incubating for 5-& hours at 

32' C {Davis g& &. 1980). Phage harvesting and DNA isolation 

were as discussed below. Macrocystis tutal blade DNA was 

prepared as previously described. Two ugr of Lambda gt1O DNA 

and 1 ugr of Macrccystis total blade DNA were digested to 

completictn with Eco RI in separate 20 u1  reaction volumes. 

Restriction digest cnnditians were as previnusly described. 

Each digest was made 20 mff few EDTA and heated to 65 C for 1 0  

minutes to stop the reaction. About 500 nqr of each sample 

was electrophoretically separated tc* check for completion of 

the restriction digest fi.e.? 5 X 10 cm - 0.5% agarcase gel. 40 

volts, 2 hour separation time). One ttgr ctf Ecc RI digested 

Lambda gt10 DNA and 250 ngr of ECC~ RI digested Macracystis 

total blade DNA were combined, and the volume was brought to 

18 ul with TE. The DNA sc~lution was then made Q.3  M NaOAc 

with 2 ul of a 3 M stock? and the DNA was precipitated by 

adding 40 ul ETOH while incubating on dry ice fur 30 minutes. 

The precipitated DNA was sedimented for 15 minutes in a 

micrc~fuqe at 4 C ?  washed briefly with 70X ETOH and left tct air 

dry. The DNA pellet was then dissolved in 4.5 ul of Phage 



Ligation Buffer (Phage Ligation Bitffer is: 10 mM Tris-C1. 1OmM 

MgC12. 50 mM NaCl, pH 7.5)- 

b) L igatican cqf Lambda gt10 and Macrcscystis total blade 

DNA. Prior to annealing the cohesive ends of the insert and 

vectar DNAs. the DNA mixture was heated tcs 70 C fur 3 minutes, 

lnwered tc: 50 C for 15 minlttes and then cooled a11 ice- Next. 

0.5 ul ctf 10 mM ATP. 0.5 ul of 0.1 M DTT and 6.1 ul czf 1.6 

mgr/ml T4 ligase were added and the ligation reactic*n. nc~w 5.6 

ul in volume, was incubated at 14 C overnight. To test the 

completicm of ligation? 1 ti1 of the ligation reaction mixture 

(about 200 ngr DNA) was separated on a 0.4% mini-agarcase gel. 

The ligated material runs a* or greater than the size of 

intact Lambda DNA. 

cl & vitro packaging of the ligated DNA. Essentially. &I 

vitra packaging of the library was accomplished by the method 

of Mamiatis & &. (1982). Prepared packaging e x t r a c t  was 

generously supplied by Teiry Snutch CE_. coli Lambda lysogens 

M S  428 iN205: Lambda Uamll b 2  red3 cTts857 Sam7) and NS 433 

IN205; Lambda Eam4 b 2  red3 cItsB57 Sarn713. A 50 ul aliquot of 

packaging extract was thawed o n  ice until it attained a slushy 

consistency (i.e.. fcr abaut 3 minutes). Immediately 

thereon.l.5 ul of 100 mM ATP? 20 ul of CH Buffer CCH E u f f ~ r  

is: 40 mM Tris--Cl? 1 mM spermidine? 1 mM ptrtrescine. 0.1% 

E-rnercaptoethanol, 7 X  DMSQ, pH 8.0) and the ligated ENA sample 

were added tc~ the packaging extract and the mixture was 

stirred with a sealed-5 ul-glass micropipette. This mixture 

was then incubated at 37 C fur $O minutes. Afterward? a 



secc~nd 50 u l  a l i q t m t  of packaging e x t r a c t   as thawed and 

combined wi th  10 1 1 1  of O.1 mgr/ml DNAse and 2.5 u l  o f  1 

MqClz. Twenty-five u l  af t h e  second e x t r a c t  m i x  w a s  added 

t c ~  t h e  f i rs t  and t h e  two were incuba ted  a t  37 c f u r  30 

minutes.  The packaging r e a c t i o n  w a s  s topped by d i l t t t i ~ 7 g  wi th  

9UC1 u l  o f  Lambda d i l u e n t  (Lambda d i l u e n t  is: 1 mH Tr is-Cl .  1 

mM MgC12, pH B.0) and adding 4 d r o p s  of chlorc~fo~-m. The 

d i l u t e d  m i x t t t r e  w a s  t h e n  c e n t r i f u g e d  f a r  60 seconds  i n  a 

micrtsfuger and t h e  supe rna t a> i t  w a s  c u l i e c t e d  i n  a 1.5 m l  

micrufuge tube. Ggain? 4 d r o p s  of chloi-cifurm w e r e  added. 

d l  Ampl i f i ca t i an  of  Lambda g t l O  phage. There is nu s i z e  

s e l e c t i o n  far  recombinant phage when us ing  t h e  Lambda g t l O  

v e c t o r .  4 s  a r e s u l t .  recambinant phage may c o n s t i t u t e  o n l y  a 

smal l  pe rcen tage  uf t h e  phage camplement i n  t h e  in v i t r o  

packaging react ion .  Recumbinant phage w e r e  d i s t i n g t \ i s h e d  from 

t h e  nan-reccmbinant background on t h e  b a s i s  cif p laque  

morphology; recambinant phage form clear p l aques  whereas 

r e l i g a t e d  p a r e n t  phage form t u r b i d  p l aques ,  Rrccmbinant phage 

were amp 1 if i e d  above t h e  nun-recomb ii2ant backgrotwtd on t h e  

b a c t e r i a l  s t r a i n  MA150. An h f l  d e l e t i o n  mutant?  Pt~i50 

s u p p r e s s e s  p laque  formaticln o f  c ~ +  p a r e n t  phage by 

l y s o g e n i r i n g  them t+~i t h  e x t r e m e  eff i c i e n c y .  Reccsmbinant phage 

a r e  n n t  lysogenized and form p laques  normally.  Huwever. MA150 

is a r e s t r i c t i n g  s t r a i n .  Because a f  t h i s 3  t h e  in v i t r a  

packaged phage w e r e  methylated by passag ing  thrc~ugh t h e  

b a c t e r i a l  s t r a i n  CbOO m ~ * l  before .  p l a t i n g  c ~ n  f"lA150. 



The Cb00 and M A 1 5 0  

d e s c r i b e d  by Davis  

w e r e  incuba ted  f ~ r  

b a c t e r i a l  s t r a i n s  w e r e  p repared  a s  

& &. 419801. About 1-2 x lo5 phage 

15 minutes  i n  u l  a f  a f r e s h  10 m f  

ove rn igh t  c u l t u r e  of C&OO cel ls  t h a t  had been resuspended i n  5 

m l  of L.amttda d i l u e n t .  T h i s  suspens ion  w a s  mixed n i t h  2.5 m l  

of LB t o p  agar  and t h e n  pc~ured on to  f r e s h  LB agar  p l  a t e s  !LB 

t o p  aga r  1.B aga r  w e r e  p repared  a s  i n  Man ia t i s  & &. 1982). 

The t o p  aga r  w a s  a l lowed t o  set f o r  10 minutes  a t  room 

tempera ture ,  and then  t h e  p l a t e s  w e r e  incuba ted  5-b h o u r s  a t  

37 C .  Phage w e r e  ha rves t ed  by p l a c i n g  t h e  p l a t e s  a v e r n i g h t  a t  

4 C wi th  10 m l  o f  Lambda d i l u e n t  and 4 d r o p s  c*f chlorufcrm 

(Dav i s  e& &. 19801, T h i s  p l a t i n g  and h a r v e s t  p r o c e s s  w a s  

r e p e a t e d  wi%h M A 1 5 0  c e l l s  where m a r e  t h a n  98% of  t h e  t u r b i d  

phage w e r e  e l i m i n a t e d  from t h e  l i b r a r y .  The f i n a l  t i tre ctf 

t h e  l i b r a r y  w a s  lo8 p l aque  forming u n i t s  ( p f u l l m l .  Lamhda 

g t l O  i s  an Eco R f  cloning vector t h a t  c o n t a i n s  a single Ecm RI 

si te  i n  t h e  phage r e c e p t o r  gene. Lambda q t 1 0  can  a c c e p t  DNA 

i n s e r t  f ragments  t h a t  r ange  i n  s i z e  frcm 0-7 kb. Because t h i s  

v e c t o r  is designed t o  a c c e p t  s m a l l  DNA i n s e r t s ,  t h e  l i b r a r y  

d e s c r i b e d  h e r e  c a n t a i n s  o n l y  a s u b s e t  ctf t h e  Macrctcystis 

i n t e s r i f u l i a  n u c l e a r  and c h l o r o p l a s t  genomes. However, i n  Eco 

RI d i g e s t s  o f  5. i n t e s i - i f c l i a  ctDNA, abctut 100 kb is 

r e p r e s e n t e d  i n  r e s t r i c t i o n  f r agmen t s  o f  approximately  7 kb 0%- 

less i n  l eng th ,  The l a r g e s t  ctDNA i n s e r t  set f a r  i s c ~ l a t e d  frcm 

t h e  l i b r a r y  w a s  4 kb i n  l e n g t h ,  

el I s o l a t i c ~ n  o f  phage DNA. Phage DNA w a s  isolated by the 



plate lysate method (Maniatis e& af, 1982). Approximately 

10' phage were mixed with 60 ul af Cb00 plating bacteria 

ml of Lambda diluent 1 and incubated at i-clam temperature for 15 

minutes. Ten such suspensions were each mixed with 2.5 ml of 

LB top sgai-ose and poured ontc~ fresh LB' agar plates. Aftel- 

letting the sc~ft t& agarose set for 15 minutes at room 

temperature? the ten plates were incubated at 37 C in a closed 

plastic container lined with wet paper tawels until confluent 

lysis occurred (i.e., 8-10 hours). Phage were collected by 

adding 5 ml of Lambda dilrtent ta each plate and incgbating 

overnight at 4 C {Davis & &. 1380). The Lambda diluent and 

eluted phage were cc:llected, and the phage were precipitated 

in 1 M NaCl and 10% pc~lyethylene glycal. Finally, the phage 

were purified from the precipitates by cesitm chloride density 

at 20 C in a Beckman Ti80 rotor. Phage DNA was isolated from 

phage in CsCl solution by the farmamide method uf Davis e& &. 

. (19803 ni%h an added 70% ethanol wash to remove residual 

farmamide. Phage DNA was isolated at yields c ~ f  16-25 ugr 

DNAiplate. 

f) Subcloning. Wacrucvstis ctDN6-Lambda gt1O clones 

containing sequences homulcqotis tu heteralc~gcri-is total Spinacia 

chloroplast genome and mung bean 235 rRNA gene prubes were 

isolated from the library by plaque purificatictn as described 

above. The selected Lambda clones were r+~rbclc~ned intct the E_. 

cctli plasmid v ~ c t c o - ~  piif38 iViera & Messing 1982) for 



restriction mapping and use as hybridization probes. Cloning 

ugr of phage DNA and 0.2 ugr of pUCe DNA in the same 10 ul 

reaction volume with 5 units of Ecca RI far 2 haurs at 37 C, 

Enzyme activity was stc~pped by heating the reaction vcslume ta 

6S C for 1Ct miniltes. To the 1 0  ul reacticin valume was added 6 

ul of 2 X  Plasmid Ligation Mix ( 2 X  Plasmid Ligation Mix is: 2.5 

mM ATP, 250 ugr/ml FSAr 25 mM DTT, 25 mM MgC12, 125mM Tris9 

pH 7.4) and 1 Unit of T4 ligase and the mixture w a s  incubated 

at 15 C for two hours. After 2 hours, 104 ul of 1 X  Plasmid 

Ligation Mix and O.5'Units of T 4  ligase were added and the 

reaction was left overnight at 15 C. 

Competent E_. cc~li strain JM83 cells were transformed with 

recambinant pl3CB plasmids after the method of Dagert % Ehrlich 

f1979). Positive transfarmants were selected on LB agar 

plates containing 50 ugr/ml Ampicillin ifimp). 40 ugr/ml 

5-Rrc1m-4-chlor-3-indc1lyl-B-D-gafac tapyraoside i X-gal 1 and 1&0 

~igr/ml Isspropyl-B-D-thiogalactc~side iIPTG). Clones w e r e  

restreaked twice on LB-Amp plates (50  ugr/ml) and then 

maintained at 4 C an L-B-Amp plates. 

Cloning the Macrocvstis ctDNA restriction fragments used as 

hybridization probes in sequence divergence studies. Two 

recombinant DMA m~lecules, each containing different regions 

c~f the M_. inteui-ifolia chloroplast genc~me, were used as 

t 
hybridizatian probes in this s t u d y .  The clnning of these 

ctDNA sequences and others was accomplished by the ' 



clone 6arrk (Palmer .%I Thcmpson 19Btbi. F'urified ctlCI~g?, from g. 

intesrifulia and plasmid vectcw pUC19 DNfi were digested with 

 st 1 -  Macrocystis insert DNA (1.0 ugr) was ligated tn pUCl? 

vectcir DNA (0.2 ugri and ~ised ta transform E_.cctli strain JM83 

cells; as described abqve under subcloning methods. Pcesitive 

transformants were colony selected cm Ampr XGAL.? IPTG.  LB 

plates iViera & Messing 1982). Mini-FMG placrnid preparations 

werE aceerding ta Davis e> a. (1980). Large scale plasmid 
preparations were in M-9 media a s  described by Maniatis g& &. 

(IP82). 

The clones used as hybridization probes in the sequence 

divergence analysis of this study were selected fram u. 
inteqrifolia ctDNA-plK19 clcme banks by screening with 

homologot~s .M_. irrtearifolia and heterolcqous angiosperm 

chlarsplast DNG probes, Clone pMiP73 was selected with a 1 - 5  

kb Ecct R I  M. inteqrifolia ctDNfi fragment clc~ned in a Lambda 

gttO phage library and which was itself selected with a mung 

bean 235 rRNA chlaroplast gene probe (see Results). Clctne 

pMiF52 was selected with a S ~ i n a c i a  total chloroplast genome 

probe. 

Sequence diversence data assessment and analysis. 

Site mapping and fragment pattern determinations. The 

purificatiun uf ctDNA from kelp tissire is a law yield 

process. On the other hand, total blade DNA is readily 

obtained and, for this reason? it was prepared from t h e  twelve 



w e r e  i d e n t i f i e d  by f i l te r  h y b r i d i z a t i o n  and au t c~ rad iog raphy-  

The c e n t r a l  f c ~ c u s  o f  t h i s  s t u d y  w a s  t~ asses5 t h e  amount 

of sequence d ive rgence  t h a t  h a s  occur red  be tneen  t h e  c t D b f A s  o f  

s e l e c t e d  genera  w i t h i n  t h e  fami ly  Lessuniaceae. T h i s  w a s  

accumplished by deve lop ing  r e s t r i r t i c t n  site maps f ~ r  

homc1lcqou5 reqicans i n  each of t h e  sample ctDNk5 and ccmparing 

them a f t e r  t h e  method o f  N e i  5 Li (1979). For a s i m i l a r  

a p p l i c a t i o n  of t h i s  method see Helm-Bychctwski e& a. (19861. 
I n  a l l z  seven genera  i n  t h e  f a m i l y  t e s s n n i a c e a e  w e r e  

i n v e s t i g a t e d  (fable 11. R e s t r i c t i o n  s i t e  maps were prepared  

f u r  each o f  t h e  seven c t D M A s  by us ing  twcs clcmed M a c r o c r s t i s  

c t D N A  r e s t r i c t i o n  f ragments  as h y b r i d i z a t i o n  pi-nbes .and 6-7 

r e s t r i c t i c m  enzymes (Tab le  2). Each probe was p o s i t i o n e d  

w i t h i n  a c t D N G  malecule  by i d e n t i f y i n g  r e s t r i c t i o n  s i tes  t h a t  

w e r e  cnnserved i n  both  t h e  probe  sequence and its r e g i n n  af 

homctlagy i n  t h e  sample ctDNk. These conserved restr i c 3 i a n  

s i tes  se rved  a s  markers  from which r e s t r i c t i c s n  s i t e  maps o f  

t h e  r e g i o n  o f  hnmolc~gy w e r e  developed,  

For example, a f  t h e  r e s t r i c t ' i o n  enzymes used tct map t h e  

r ~ q i a n  a f  t h e  Macrs~cvs t i s  c h l o r o p l a s t  genome t h a t  w a s  

hcmolc~gous %a t h e  probe  pMiP52? H p a  I Kpn 1 9  Pvu I I ,  S a l  1 ,  



En-,vme Recognition Interpupulaticsn 11-~tergenus fnterfmlly 
S i t e  e 

Interspecies  

Ecn R I  GAfiTTG 

Barn tiI GGCSTCC 

~ i 1 - d  r f  I ACSGCTT 

P s t  I CTGCAG 

Sal I GTCGAC 

SiItrcs I CTCGAG 

Hpa i GTTFirctC 

Pvu I I CFiEjCf G 

Xba I TCTFiGA 

Kpn I GGTACC 

Sac I GCSGCTC 



and Xba I have recognition sites within the probe sequence. 

For this rsasun, twa or more fragments were identified in 

hybridizations with restrictian digests with these enzymes, 

For Eco HI and Sac 

the probe pMiPf2, 

hcmology to pMiPS2 

I s  a single ctDNA fragment hybridized with 

This fragment contains the region af 

tor-tnded by f 1 ank ing sequences c~n ei t h e r  

side. The flanking sequences contain the restriction sites 

identified by these enzymes. A cumpar ison of the Hacroc-+stis 

ctDNA sample double digested with an enzyme cutting internally 

tc~ the probe E e . g . ?  Kpn I) and an enzyme cutting externally tc~ 

the probe {e,g.. Sac I)? with the same sample digested with 

Kpn I alone, shaws that one n f  the fragments identified in the 

duuhle digest is shcsrter %ham the corresponding single digest 

fragment. The size of the shc~rter fragmenk gives the distance 

between the internal and external restriction sites. 

Restrictinn sites w e r e  positioned within the regions cif 

hamolcqy between the sample ctT)PIfis and the prcqbe seqlienres by 

determining the lengths c~f the restrictinn fragments 

identified in filter hybridizatiuns. The hybridizatian of a 

given p;c&e to restriction fragments uf similar length in 

different ctDMA samples indica%ed %he similar placement of 

sites in those samples. Alternatively, i f  restriction 

fragments of different length were identified, the ckDFh3 

samples being compared were determined +XI have lsst car gained 



c ~ D M  by hybridization with the two cloned Macrocystis ctDNA 

probes were compared to thctse identified in the six other 

lessmiacean ctDNAs and the corresponding restriction site 

maps were developed. 

fi more preliminary survey uf the relative degree cif ctDNA 

sequence divergence extant within and bet?+~eei-i faw- of the 

families in the order was determined by the simpler rrrethod of 

restriction fragment length comparison {Ifphslt; 1977, Nei % Li 

1979). The relative degree o f  sequence divergence that has 

ciccurred between the ctDNAs of representative samples is 

correlated with the proportion ctf DNA fragment lengths shared 

by them. Fctr a similar application o f  this methcid see Avise 

e& a. {I9791 and Cfegg st &. (1984). Fur interfamily (i-e., 

!-essctniaceae, Lamina-riaceae, Alariaceae, and Chctrdaceae) and 

intrafamily lime., L e s s ~ n i a c e a e ~  taminariaceae, and 

Alariaceae) ctl?NA comparisons, restricticm fragment patterns 

for each probe &-&sdetermined fur 8-9 restriction enzymes 

{Table 2). 

Sequence divergence determinations. I have assumed that all 

restriction fragment length differences ctbserved in this study 

substittrtions !see Discussicsn for the basis af this 

assumptian). The number c d  base substitutians per base pair 

(i.e., pl between pair-wise cumpat-isctns of kelp samples was 

estimated in twct ways. Estimates of p within and bet~deen the 

ctDMAs of lessoniacean genera were made from ccmparisc~ns ccf 



cleavage maps by using ~qiratictn 16 of Nei & Li (1979): 

p=(2/r)(l/~l/~ - 1 1 ,  where 

r=number of j-iuclec~tides in restriction 

enzyme cleavage site? and 

S=2nXy/lnX + ny), which 

is an estimate of the proportion of 

ancestral sites that remain unchanged 

in both lines. 

In addition. p values far both intrafamily (Lessoniaceae, 

Laminariaceae, and AIariaceae> and interfamily (Alariaceae, 

Chordaceae, Laminariaceae, and Lessaniaceael ctDNAs were 

estimaGed from the prcportic~n cif restriction fragment iength 

differences observed amc~ng the sample digests after Uphalt 

(19772 and Mei h Li (1979): 

p=l - C-F +  IF^ + 8 ~ > ~ / ~ / 2 3 ~ / ~ ,  where 

the fraction of fragment lengths shared 

between the two digests? and 

n=i-irtmber o f  nucleatides in re5triction iZi3iymE 

cleavage site, 

Estimates are based on the fraction of shared restriction 

enzyme cleavage sites and restriction fragment lengths 

observed for all restriction enzymes used in a comparison. 



RESULTS 

Efficiencies of extracticm protocols. 

Chloroplast extraction. Chloroplasts were retrieved from 

Macrocystis inteqrifolia at a yield of 2.7 ugr chlorc~phyll 

a+c/gr fresh weight af blade tissue. The chlorophyll a+c 

cc~ntent of the blade tissue caf a. inteqrifolia ranges from 

1.75-3.5 mgr/gr fresh weight IDruehl 1984). Based on this 

value. this method of chloroplast extraction provides 

chloroplasts at an efficiency of approximately 0.1% of the 

tcttal chlorc~plast content of the starting tissue hcamogenate. 

DNA isolation. Total blade DNA {Fig. 2) was isolated from 

kelp t i s s k s  at high mcalecular weight I1100 kbl and at a yield 

of 1.0 ugr/gr wet weight of blade tissue extracted. Purified 

chlorctplast DNA (Fig. 23 was isolated from M_. inteqrifolia at 

a yield of 0.05 ugr/gr wet weight of blade tissue extracted 

and approximately 0.02 ugrlugr chl a+c extracted. These 

values are roughly 10% of the yields cabtained in extractions 

of total blade DNA. By applying the cblorc~plast extracticm 

efficiency calculated abuve fsr this methody the nuclear and 

ctDNA cc~ntent of a wet gram c~f Macrocystis blade tissue can be 

approximated at 200 ugr and 20 ugr respectively. Macracv5tP5 

plants collected in early spring and fall months yielded 1.0 

ugr total blade DNA/gr wet weight blade tissue. Thctse 

collected in late spring and summer yielded 0.5 ugr total 

blade D N W g r  wet weight blade tissue. 



Figure 2. Fluorescence photograph of the restrict ion fragment 
patterns of total blade DNA from various kelp 
plants generated by digestion with Pvu T I  <Lanes 
1-7 and Pst I (Lanes 9-151. Fucus distichus (Lanes 
1 % 91, Chorda filum !Lane5 2 & 101. Esreqia 
menziesii (Lanes 3 E 111, filarid marainata {Lanes 4 
& 121, Costaria costata (Lanes 5 & 131, Laminaria 
saccharins {Lanes & & 14) and Macrc*cvstis 1 
intesrifolia (Lanes 7 & 15). M~lecuIar weight 1 

standards are uncut and Earn HI rest~icted {Lane 8 )  
and Hind ffI1Eco R I  restricted (Lane 161 Lambda 
DNA. Eleetraph~retic separation was an a 0.7K 
agaruse gel. 





Restriction fragment patterns indicated the total size of ' 

the ctDNA molecule of M. intearifalia to be abc~ut 170 kb (Fig. 

3s Table 3). The respective portions of the Harrc*cvstis and 

S~inacia chlctroplast genomes that were sufficiently homolcigous 

as to hybridize were ,estimated from reciprocal :. 

low-stringency-hybridization experiments. Filter blots of 

Hacrocystis and Spinacia ctDNA restriction fragments were each 

hybridized with a total chloroplast gencme probe prepared from 

the other plant3 and the lengths of the restricticin fragments 

that hybridized were summed. These experimentsrdemonst~-ated 

an approximate homology between the 170 kb Maci-ncystis and the 

150 kb Spinacia chlor~plast genome5 of 20% time.? 34 and 30 kb 

respectively). 

In Spinacia, as in armost all chluruphytic plants, the 

chlssrc~f ast 2bS-5s-23s rRN6 cistrnns are encctded Cti? Pnver t ed  

repeat structures that are highly conserved in both 

organization and sequence (Whitfeld % Hottamley 1983). Those 

Spinacia ctDNA restriction fragments that hybridized with the 

Macrocystis tcftal chlca-oplast genome probe and that were part 

af the Spinacia inverted repeat structure (Grouse & &. 1978) 

were identified in filter hybridizations with A 235 rRNA gene 

specific probe from mung bean (Palmer & Thompson 1981a). The 

same experiment was performed un Hacracystis ctDNA to 

determine haw much of the Macrocystis-Spinacia hctmulagy was 

camprised nf Macrocystis ctDNA sequences that ctccur on the 

inverted repeat structures of angiosperm ct DNAs. Based on 



F i g u r e  3. The s i z e  o f  t h e  c h l c ~ r c ~ p l a s t  genome o f  Macrucvs t i s  
i n t e a r i f o l i a -  Res-krictictn f ragment  p a t t e r n s  uf f%. 
i n t e ~ r i f o l i a  c h l n r o p l a s t  DNA f r a c t i o n a t e d  on a  
(2.7% a g a r o s r  g e l  after digest ican with  Sai I (Lane 
11: S a l  I h Kpn I (Lane 2 ! 7  Sac I (Lane 3 ) :  Sac I 
& Mpn I <Lane 4 3 7  Kpn I (Lane 51, Kpn I & Fst I 
{Lane 6 )  and Pst I (Lane 71. Uncut and Hind I I I  
d i g e s t e d  Lambda DNA (Lane 8) was inc luded  as  a 
restr ic t ic tn  f ragment  s i z e  s t a n d a r d .  S u m s  c t f  
resti- i c t i o n  f ragment  s i z e s l  account ing  for 
f ragment  s t a i c h i o r n ~ t r i e s ~  and t h e  sizes of 
i n d i = ~ i d u a l  restric2iun f r sgmen t s  are listed i n  
T a b l ~  3.  







Restriction Enzyme 

Fragaen t 
Nucher 



r 

these comparisc~ns~ it w a s  estimated that 30% of the homology 

between Macrc~cystis and Spinacia ctDNA (i.e.9 1 0  of 34 kb and 

9 of 30 kb respectively) could be attributed to restriction 

fragments carrying the 235 rRNA gene. 

A 1.5 kb Eco R f  ctDNA restriction fragment from M. 

inteqrifolia was selected from a recombinant E. intearifolia 

total blade DNA-Lambda gt10 phage library with the 235 rRN4 

gene specific probe from mung bean (Palmer h Thompson 1981a). 

I n  that an additional 0.8 kb fragment was observed in filter 

hybridizations af the mung bean 235 rRNA gene pruhe tcl Eco Ef 

digests of Macruc~stis ctDNA (and that the 235 rRNA gene is 

2.1 kb in length, Whitfeld Bottomley 1983), it was 

determined that the 1.5 kb Eco R I  ctDNA clone cc~mprised 

apprcsximately two-thirds af the fl. intesrif~lia 23s rRNA 

gene. The cloned fragment, when hybridized to filter blots clf 

Eco RI digests of Macrocvstis ctDNA, did nc~k hybridize %CI t h e  

0.8 kb fragment. It is not known whether the cloned fragment 

ccmtains the 5' or 3' end of the gene. 

The cloned 1.5 kb Eco H I  ctDNA fragment did not cantdin 

internal Pst I restriction sites but hybridized tu two large 

I21 -7 L 6 1  - 4  kh) Pst 1 restrictian fragments in diges3s o f  fl. 

intecrifuiia ctDNk (Fig. 4 ) .  The same fragments hybridized to 

the mung bean 235 rRNA gene specific probe. This was 

interpreted tcs indicate that the 235 rRNA gene is repeated in 

the Macracystis chloruplast genome. The relative arientatiun 

of these Pst I restrictiun fragments was not determined.' The 

atpBI rbcL (Fig. 4 ?  and p&A (Fig. 5) chlc~roplast genes were 



F i g u r e  4. The hybr i d i z a t i c m  csf t h e  h e t e r c ~ l o g o u s  angic1sperm 
gene p robes  f a r  23S r H N & ?  a t p b  and rbcL t o  
Macrocys t i s  i n t e s r i f o l i a  c t D N A .  The r a d i u l a b e l l e d  
qene probes:  (Pane l  A )  235 i-RNA-a 3.5 kb Sac 1 
f ragment  from mung bean which is s p e c i f i c  f o r  t h e  
235 r R N A  gene (Palmer % Thompson 1981a ) f  (Pane l  B) 
atpb-a 1.95 kb Ecc~ HI f ragment  frcam sp inach  which , 

c o n t a i n s  t h e  e n t i r e  a tpE  gene p l u s  5' f l a n k i n g  
sequence IZurawski & a. 1982) :  and (Pane l  C l  
rbcL-an 830 bp Eco R I  fragment from mung Sean which 
is i n t e r n a l  t o  t h e  rbcL qene (Palmer & Thcmpsun 
1981b) w e r e  h y b r i d i r e d  a g a i n s t  f i l t e r  b l a k s  o f  M_. 
i n t e s r i f c ~ l i a  Sac I  (Lane 1 j 5  Kpn I (Lane 2 ) -  Fvu IT 
(Lane 31, Pvu I I S f P s t  1 (Lane 4 ) .  F s t  I  (Lane 5). 
P s t  I / S a l  I  (Lane 5 )  and S a l  I (Lane 71 ctDNA 
r e s t r i c t i a n  f ragments .  M a c r c ~ c ~ s t i s  ctDN&s w e r e  
s e p a r a t e d  on a 0.7% a g a r a s e  g e l .  A l l  t h r e e  
a u t c ~ r a d i a g r a p h s  are of  r e p e a t e d  h y b r i d i z a t i o n s  tcs a  
s i n g l e  n i t r c s c e l l u l a s e  f i l ter  b l o t .  F i l t e r s  w e r e  
s t r i p p e d  uf h y b r i d i z ~ d  p rc~be  by b a i l i n g  f u r  t h i r t y  
minutes  i n  0.1 X SSP€-0.1% SDS. F i l t e r s  w e r e  
hyb r id i zed  a t  68 C i n  5 X SSPE-0.3% SDS-5 X 
Denhardt f o r  24 hours .  F i l t e r s  w e r e  washed ta 2 X 
SSPE-0.1% SDS a t  60 C. These a r e  t h e  law 
s t r i n g e n c y  c r i te r ia  d isc~tssec i  i n  t h e  Methods. 





Figure 5- The hybridization of the heterolcqous angiosperm 
chloroplast gene prc~be far psbA to M a c r ~ c y s t i s  
intecirifolia ctDNA, The radiolabelled psbA gene 
probe-a 1.83 kb Egl 11 fragment frum mrmg bean 
which ccintains the entire psbA gene plus flanking 
sequences (Palmer & Thompsc~n 1981al was hybridized 
to filter blots of g. inte~rifolia total blade 
DNA. Lane I :  Eco R 1  restriction digest c ~ f  Lambda 
DNA, fragment sires are indicated in kilcibase 
pairs. Lane 2: Fluerescence photograph uf the 
restriction fragment pattern cif intesrifc~lia 
total blade DN& digested with Sal 1. Lane 3: 
Autctradiograph c,f filter blat cnf DNA in Lane 2 
hybridized with the radicilabelled pshA gene probe. 
Lane 4: Fluc~rescence photograph of the restr ictian 
fragment pattern af 3. inte~rifctlia total blade DNA 
digested wi%h Eco R I .  Lane 5: Autcaradiagraph of 
filter blot csf DNA in Lane 4 hybridized with the 
radic~labelled psbA gene probe. The Macrucrstis 
total blade DNA5 were separated can a 0.5% agarose 
g e l  The filter was hybridized at 60 C in 5 X 
SSP€-0.3% SDS-5 X Denhardt for 24 hours. The 
filter was washed to 2 X SSPE-0.1% SDS at 60 C. 
These are the low stringency criteria discussed in 
the Methods. 
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also located on Macrc~cystis ctDNA restriction fragments, but 

this was accomplished with the use o f  heteralc~gous angic~sperm 

gene probes (Table 4). 

Hybridization probes used in restriction analyses. The 

cloned 5. inteqrifolia ctDNA restriction fragment pMiP73 (11.4 

kb Pst I fragment, Fig. &.I included single cc~py sequence as 

we11 as part of one of the conserved 235 rRNA gene encoding 

repeat regions ctf the Macrocystis ctDNA mc~lecule. When the 

235 rRNA gene specific probe frum mung bean ctDNA was 

hybridized to filter blots o f  ECCI RI digested pMiP73 DNA, it 

hybridized tc~ the same 1 - 5  and 0.8 kb fragments a s  in 

chlorc~plast genc~me blots. The cloned 1.5 kb ECCI R I  fragment 

(that encodes part o f  the Macrucvstis 235 rHMA gene! 

hybridized only to itself o n  filter blots of Eco RI digested 

pMiP73 DNA. In additian? when the clanec! 11.4 kb k s t  I 

fragment of pMiP73 was hybridized tu filter blots of Pst I 

digested Macrocv5tis ctDNA, the same 2 1 - 7  and 11.4 kb 

fragments that hybridized to the 1.5 kb Macrocvstis 235 rRNA 

prc~be were identified. This demcmstrates that an entire 235 

rRNA gene is encoded can the 11.4 kb Pst I fragment of pMiP73 

and that a second copy resides on the 21.7 kb Pst I fragment . 

ctf the Macrucystis chlso-c~plast genome. Thereforey the 1 1 - 4  

and 2 1 - 7  kb Pst I fragments each contain part c~f the repeat 

regions c~f the Macrocyst is ctDNA molecule, 

The restricticm patterns demanstrated in hybridization 

reactions with the pMiP73 probe were interpreted as fallows: 



Table 4 .  Summary c~f the Macrclcvstis inteqrifolia ctDN4 

restriction fragments that hybridized to the 

heterc~lc~gous angic~sperm chlc~raplast gene probes, 

Filter-bciund ctDNA restriction fragments 
- - 

Gene Probe Sac I Kpn I Pst I Sal I ECCIRI 

Values are in kilobase pairs. Autoradiographs of Eco R I  
restriction fragments were not included in text, 



Fig~.rre &. Restriction site maps of the pMiP73 homologous 
regions uf the chloroplast genomes c~f lessuniacean 
kelp. The species are Macrocystis inteqrifolia 
(Mily Mereocvstis luetkeana IN113 Pustelsia 
palmaefarmis (Pp), Lessunia niqrescens ILnl? 
Lessc1nic1psis l i ttc~ral lis  (Ll 1 and Dictvc~nrurum 
califurnicum CDc). The thick black bars represent 
the Pst I restriction fragment homalcqous to the 
el. inteerifc~lia ctDNA Pst I restriction fragment in 
pMiP73. The map5 of the respective ctDNAs were 
alliqned with each isther at these conserved Pst I 
sites. The thick black bar at the lower left is a 
scale representing 5kb of DNA sequence. The cede 
far restricticm enzyme i-ecugnition sites is C1 Sac 
I: H, Hpa I: N9 Epn I: S3 Sal 1 ;  P ?  Pst I and a,  
Xba I. 

The left hand sides of the maps are single lines 
that represent parts of the 235 rRNA encuding 
repeat sequences of the respective mc~lecules. The 
right hand sides uf the maps are doi-ible lines that 
represent the single copy sequences adjacent ta 
each copy of the repeated sequences. The co~-iserved 
Hpa I site in each molecule w a s  arbitrarily chc~sen 
as the break paint between repeat and single 'tcspy 
sequence. See Methods fur a discussion c~f how 
khese maps were ccinstructed. 





1 )  TWO restrictic~n sites internal to the repeat regic,ns ,,,, 

represented by two identically sized restriction fragments 

that appeared a s  a single band in restriction prnfiles {Fig. 

78-lane 5 ) .  2) Restrictian fragments defined by two Conserved 

restriction sites internal to the repeat region and twc1 

assymetric restriction sites occurring in the adjacent single 

copy regic~ns were dissimilar in size (Fig. 7B-lane 7). 3) In 

instances where both the repeat region restriction sites and 

the single copy region restricticm sites were conserved. the 

resulting restriction profile contained a single band 

representing two restriction fragments of identical size {Fig. 

7B-lane 1 ) .  

The second hybridization probe, pMiP52. contained an 9.7 

kb Pst I restriction fragment of the cblc~roplast genome af fl. 

inteqrifolia (Fig. 8 ) .  When hybridized to the c h l ~ r c ~ ~ l a s t  

gename o f  Spinacia (Fig, ? C ) ?  pMiP52 mapped t~ Pst I fragment 

2 in the large single copy region (Herrmann & &, 1980). 

This fragment of the Spinacia chlclroplast genome encodes the 

genes psbB. pet&. petB, petD and rbcL (Palmer 1985). The 

restriction prafiles generated in hybridizations of this probe 

to Macrocystis ctDNA {Fig. 7 A )  were all interpretable as 

representing single copy sequence. 

Interpapulation and interspecies chloroplast DNA sequence 

comparisons. Restriction analysis of chluruplast DNA has 

been used'tcr estimate percent s e q u e n c ~  divergence values 

between three popuf at ions a f  Macrocystis 

52 

and a 



Figure 7. Restriction fragment patterns fca- Macrocvstis 
inteqrifnlia and Spinacia oleracea ctDN4 hc~molugc~u~ 
to pMiP52 and pMiF73. 
A & 3. Restriction digests a f  Macrc~cvstis 

inteui-ifolia ctDNA with ( 1 )  Sal I? (2) 
Sal I/Kpn I, ( 3 i  Sac I ,  i4) Sac I/Kpn I ,  
(5) Kpn I, i b )  Kpn IIPst I and (72 Pst I. 

C & D. Restriction digests o f  Suinacia aleracea 
ctDNA with ( 1 )  Sma Is ( 2 1  Kpn Ir (3) Fst I? 
and (4) Sal I. 
Macrocyst is and Spinac i a fragments were 
transferred tc: nitrctcel Iulase and 
hybridized with radiolabelled prcnhe DNA. 
A & C. Autc~radiogi-aphs c:f Macrc:c=fstis and 
S~inacia ctDNAs hybridized with the M_. 
intesrifoPia ctDMA clone pMiP52. 
b & D. Autoradiographs of Macracystis and 
Spinacia ctDNAs hybridized with the E. 
inteqrifolia ctDMA clcsne pMiP73. 
Filters were hybridized at 65C in S X 
SSPE-0.3% SDS-5 X Denhardt fur 1 6  hc~urs, 
Filters were washed to 2 X SSPE-0-1% SDS at 
b5 C. These are the medium stringency 
criteria discussed in t h e  Meth~ds. 





F i g u r e  8. R e s t r i c t i o n  s i te  map t h e  pMiPS2 homologc~us 
r e g i c ~ n s  o f  t h e  c h l c ~ r u p l a s t  genome5 af l e s s o n i a c e a n  
k e l p .  The s p e c i e s  d e s i g n a t i o n s  are a s  i n  F i g u r e  
6. The t h i c k  b l a c k  b a r s  r e p r e s e n t  t h e  P s t  I 
r e s t r i c t i o n  f r a g m e n t  homologuus t o  t h e  M. 
i n t e s r i f c a l i a  c t D N A  P s t  I r r s t r i c t i c i n  f r a g m e n t  i n  
pMiP52. The maps a f  t h e  r e s p e c t i v e  c t D N A s  w e r e  
a l l i g n e d  w i t h  e a c h  o t h e r  a t  t h e s e  c c ~ n s e r v e d  P s t  I 
sites. The t h i c k  b l a c k  b a r  a t  t h e  lawer  left is a 
scale r e p r e s e n t i n g  5 kb o f  c t D N A  sequence .  The 
c c d e  f o r  r e s t r i c t i c n  enzyme r e c c q n i t i c ~ n  s i tes  is P t  
Pst  I; N: Kpn f i  S: Sal I ;  H r  Hpa I ;  U, Pvu I f :  A.  
Xba I ;  C r  Sac I and B, Barn H I .  The d i a g o n a i  m a r k s  
a t  t h e  e n d s  nf e a c h  map r e p r e s e n t  It3 k b  c ~ f  s e q u e n c e  
t h a t   as remcwed i n  o r d e r  t o  b r i n g  t h e  l e f t w a r d  Pst 
I s i t e  cxf L1 and t h e  r i g h t w a r d  S a l  I s i t e  a f  Pp 
i n t o  t h e  f a r m a t  d i m e n s i o n s  o f  t h e  c ~ t h ~ r  maps. 
See Methods far a  d i s c u s s i o n  o f  how t h e s e  maps w e r e  
c o n s t r u c t e d .  





second closely related species B- pvrifera (Table 1). These 

values have been compiled from restriction digests with seven 

different six-base enzymes (Figs. 9 L 10: Table 21, The 

number of nucleotides assessed in this way was estimated from 

the number of restriction fragments observed in all enzyme 

digests and with both hybridization probes. A tc~tal uf 91 

different restriction sites were identified (39 fm- pMiP52 and 

52 for pMiP73) totaling 54& base pairs. This number cnmprises 

0-32% csf the base pairs in the 170 kb chlorciplast genome uf 

Macrc~cvstis. TWCI substitutions were detected (Fig. 9E-lane 3) 

between the two northern hemisphere n. intecu-ifulia 

populations and the southern hemisphere M. inteqrifolia 

population. These differences were observed in the registn of 

the M- inteqrifolia chloroplast genome that was homologous to 

the single copy probe pMiPS2. However3 no differences were 

cnbserved be%ween t h e  two nerH-iern hemisphere species B. 

inteqrifolia and M_. pyrifera. Interpopulation percent 

sequence divergence values (lOOp=percent of nucleotides in a 

compariscm having undergc~ne substitution)? as determined by 

the fragment method CUpholt 1977, Nei % Li 19791, ranged from 

O between British Columbia and California populaticins clf both 

M_. inteqrifolia and M. pyrifera? to 0.46 between British 

Columbia-California and Chile populations elf 5. inteqrifcslia. 

Interpupulation percent sequence divergence (1OOpI3 as 

determined by the site method CNei % Li 19791, ranged from 9 

between British Columbia-Califarnia pc;pulations of M. pm-ifera 

and M. intesrlfolia. to 0.56 between British 

cr 4.J 



~ i & ~ ~  9 .  Restriction fragment patterns far Macrocystis ctDNA 
sequences homa lctgcius. to pMiPS2. Autcrrad iugraphs c~f 
radic~labef led pMiP52 hybridized tu ECG RI I&), 
Pst I ( B ) ,  Xba I CC) Xhci I CD) and Pvu I1 f E )  
restriction digests of Macrcicvstis inteqrifclia-EC? 
CAN (11, M. inteqrifc~lia-CA, USA C2)? M_, 
inteqrifelia-Chile? S.A .  (3) and M. pvrifera-CAT 
USA (4) total blade DN4. 
Restriction digests were separated on U.?X agarnse 
gels, transferred to nitrocellulose filters and 
hybridized with the 5. inteqi-ifslia ctDNA sequence 
probe pMiPS2. 
Filters were hybridized at A 5  C in 5 X SSPE-0.3% 
SDS-5 X Denhardt fctr 1A hcturs. Filters were washed 
to 0.2 X SSPE-0.1% SDS at 65 C. These are the high 
stringency hybridizatinn criteria discussed in the 
Mothclds. 
The highest malecular weight band in Panel D-Lane 3 
is uncut ctDNA. 





Figure 10. Restriction fragment patterns far Macrccvstis 
ctDNA sequences hc~mu logous to pMiF73. 
Autoradiographs uf radiolabelled pMiP73 
hybridized to Eco HI (A), Pvu I 1  IbI3 Pst I (C13 
and Xho I (Dl restricticm digests of Macrc~ry5tis 
inteqrifulia-BC, CAN (11, M_. intesrifulia-CAP US& 
1213 B. intecirifolia-Chile, S.A. (3) and M. 
pyrifera-CA, USA 1 4 )  total blade DNA. 
Restriction digests were separated cm 0.7% agarose 
gels, transferred to nitrucel lulcnse f i 1 ters and 
hybridized with the M_. intesrifcslia ctDNA sequence 
probe pMiP73. 
Filters were hybridized at 65 C in 5 X SSFE-0.3% 
SDS-5 X Denhardt fur 16 hours. Filters w e r e  
washed to 0.2 X SSPE-0.1% SDS at 65 C. These are 
the high stringency hybridization criteria 
discussed in the Methods. 





, 

CCS lumb i a-Cal iforni a and 

Intrafamily chloroplast DN& sequence compar i sons. 

Restriction analysis has been used tc* estimate the degree of 

sequence divergence that has uccurred between the chlaroplast 

genames af seven different kelp genera within the family 

Lessoniaceae (Table 1 > . 
Figures 6 & B illustrate the restriction maps of the 

regions af the ctDMAs of the seven studied genera. Sequence 

divergences ClOOp) fclr each ctf the pairwise cc~mparisons in the 

test3 as determined by both fragment and site methods of 

cc~mparisan, are presented in Table 5 (Uphalt 1977, Nei & Li 

1979). With the exception of Dictvctneurum californica and 

Dictycmeurctpsis reticulata, all intergeneric comparisons 

demonstrated significant differences in sequence divergence 

values. Intergener ic sequence divergence 4 100p 1 ranged f r ~ m  a 

low of O between Q. califarnica and Q. reticulata to a high of 

9.7 (site methc~d) / 5.4 (fragment method) between 2. 

califctrnica and Pnstelsia palmaefarmis. The average 

intra-family sequence divergence 4100p) was 7.7 (site methad)/ 

3.8 (fragment methctd). These values are averages of 15 

separate ccmparisons ti.e.. 2. califarnica- Q. reticulata were 

treated as a single sample). The average sequence divergence 

values (1OOp) calculated from sequences homcalctgaus to the 

hybridizatican probes pMiS2 and pMiP73 were 10.4 and 6.4 (site 

method) / 6.0 and 3.1 (fragment methc~d) respectively- 

Restriction sites for Barn HI and Sac I flanked the, P5t 1 



Genus-species abbreviakians are: Mi=Macrccystis intesrifolia: 
Dc=ilietyaneurum caiifo5-nicum; ii=Lessanifipsi~ flttora?is; 
F'p=Pusdels ia  palmaefnrmis; -- Nl=Nereocystic luetkeana and 
Ln=Lessonia niqresc~ns. Estimates use the c a m b i n d  data sets 
fram hybridizati~ns w i % h  the F'st 1 fragments in probes pMiP52 
and pMiP73 and are  listed a 5  I O O p  li.e.? the percent =zf all 
m ~ t c  lent ides in a c ~ m p a r  isctn having cti-idergc~ne subst  i t ~ t _ ? . t ;  inn). 
Estimates m a d e  by restrictic~n site c c ~ m p a r i c o n s  (Nei h Ll 19791 
ars in +he boxhead and those made t y  res tr ic t ian  frag*me:?% 
pattern comparisnns itiphc~lt I???? Nei & Li 13795 33-E the 
stub. 



sites delimiting the pMiP52 probe fragment. In an attempt to 

obtain a set of partial overlap fragments with which to 

reference the flanking sites? the restriction fragments 

generated with Barn HI were digested a second time with Sac 1 .  

An overlap was observed that positicmed the Sac f and Barn H I  

flanking sites with respect to each other, These sites were 

pcfsitioned with repect to the probe sequence l5y finding a 

partial overlap fragment defined by a Sal I site within the 

probe sequence and one of the flanking Sac I sites (Fig. 9)- 

The remaining flanking Bam HI site was not included in the 

maps because in all cases save Lesscmia it defined a 

restriction fragment that was kcis* large to unambigunusly 

size. For the probe pMiP73, partial nverlap fragments for the 

flanking Sal I sites were generated with Hpa I. The external 

sites csf large C > 2 C l  kb) Kpn I restriction fragments obtained 

with both probes (Fig. 7) were not positioned due tcs their 

size and degradation problems with the Kpn I enzyme. 

The maps in Figures 6 and 8 demc~nstrate that certain 

restriction sites are shared by different genera, These 

shared sites describe the different evolutic~nary lineages that 

have defined what we now recognize as the family 

Lessaniaceae; In all3 a tsatal of 92 different restricti~n 

sites were identified. Phylogenetically informative sites 

(i.e.) restrictic~n sites shared by tso or more genera) 

totalled 52 whereas 40 sites were identified on cmly a single 

DNA. This number of six-base restrictinn sites cctrnprises a 

total of 552 bp c~r about 0.3% of the 140 kb Macrocystis, 





Figure 11, Restriction fragment pattern5 fcW lessclniacean 
kelp ctDMA sequences homc~lctgous ta pMiPS2 and 
pMiP73. Autoradiographs of radiolabelled pMiPS2 
hybridized ta Pvu I 1  IG1 and Pst I IS) restriction 
digests c~f Lessclnia (If, Nereocystis <217 
Pastelsia (3). Lessoniclpcis (4) 3 Dictvclneurc~psis 
151, Dictvoneurum fb), and Macrwzvstis I 7 2  tcltal 
blade DMAs. Autoradiographs of radic~labelfed 
pMiP73 hybridized to Sac I SC1 and Pst I (Dl 
restriction digests of Macrclcvstis (I), 
Dictynneururn I2), Dictyclneuropsis C31, 
Lessoninpsis 141, Pc~stelsia Nereucystis !&I 
and Lessania (71 tclal blade DNAs. Restriction 
digests were separated on 0.7% agarose gels, 
kransferred to ni trscel lulose f i 1 ters and 
hybridized with the 5. intesrifnlia ctDNA sequence 
probes pMiPS2 and pMiP73- 
Filters were hybridized at A5 C in 5 X SSFE-0.3% 
S D S - 5  X Oenhardt for I &  hours. These are the high 
stringency hybridizatian criteria discussed in 
Methods. 
L~nger autoradiograph exposures revealed 
additional 1.7 kb Pst I restrictictn fragments 
homi~lcqaus to pMiP52 in Lanes 1 , 5 and t, clf Panel 
3- 





Figure 12. Restriction fragment patterns for alariacean, 
chordacean, laminariacean, lessoniacean and 
fucalean ctDNA seqt-lences ham0 lagous to pMiP52. 
Autoradiographs c1f radiolabel led pMiP52 
hybridized to Pst I (Panel A ) ,  Pvu I 1  <Panel 6 )  
and,Sal I (Panel C! restrictic~n digests of 
Macrocystis (Lane 11, Laminaria (Lane 2). Costaria 
(Lane 3), Alaria (Lane 411 Esreuia (Lane 
Chorda (Lane 6) and Fucus (Lane 71 tc~tal blade 
DNAs. Restriction digests were separated an 0.7% . 
agarc~se gels, transferred to ni trocel lulc~se 
filters and hybridized with the PJ. intecrifnl ia 
ctDNA sequence probe pMiPS2. 
Filters were hybridized at 65 C in 5 X SSPE-0.3% 
SDS-5 X Denhardt for 1& hours. Filters were 
washed tci O -2 X SSPE-0. 1X SDS at 65 C. These are 
the high stringency hybridization criteria 
discussed in the Methods. 
The highest molecular weight band in Panel A-Lane 
b is uncut ctDNA. 





Figure 13. Restriction fragment patterns far alariacean, 
chordacean, laminariacean, lessoniacean and 
fucalean ctDNA sequences homologous to pMiP52 and 
pMiP73. Autoradic*graphs of radiolabel led pMiP52 
hybridized to Xba I (Panel A )  and H p a  I (Panel El 
restriction digests3 and pMiP73 hybridized to Xba 
I (Panel C2 'and Pst I (Panel Dl restriction 
digests of tatal blade DNAs. Sample order in 
Panels A s  E and D: Macracysti5 (Lane 12, Laminaria 
(Lane 2 1 9  Cc~staria (Lane 3)* Alaria CLane 42, 
Eqreqia (Lane 51, Churda (Lane 6 )  and Fucus (Lane 
7). Sample order in Panel, C: Fuccts (Lane 11, 
Chorda (Lane 22, Esreqia CLane 3)! Alaria (Lane 
41, Costaria (Lane 51, Laminaria CLane 6j and 
Mac?-ocvstis (Lane 7). 
Restriction digests were separated on 0.?% agarase 
gels, transferred to nitracellulose filters and 
hybridized with the M. intesrifc~lia ctDNA sequence 
probes pMiP52 and pMiP73. 
Filters were hybridized at 65 C in 5 X SSPE-0.3% 
SDS-5 X Denhardt for 16 hours. Filters were 
washed tct 0.2 X SSPE-0.1% SDS at 65 C. These are 
the high stringency hybridization criteria 
discussed in the Methods. 





Table 6. Matrix of sequence divergence between the CtINJAs of 

genera in the laminarialean families Alariaceaev 

Ch~rdaceae~ Laminariaceae and Lesscmiaceae; and in 

the fucalean family Fucaceae. 

Genus-species abbreviations are: Mi=Macrc~cvstis intesrifslia; 
Ls=Laminaria saccharina; Cc=Castaria castata; Am=Alaria 
marqinata; Em=Eqreqia menziesii: Cf=Churda filum and Fd=Fucus 
distichus. Estimates use the ctimbined data sets from 
hybridizaticms with the ?st I fragments in prcsbes EiP52 and 
pMiP73 and are listed as values of l O O p  <i.e.v the percent of 
all nucfeotides in a comparison having undergone 
substitution). Estimates are made by cc~mparisons of 
restriction fragment patterns CUpholt 1977. Nei % Li 1979). 



internrder comparisons. Interfamily sequence divergence 

(100p) ranged frum a law of 5.4 far comparisons between the 

families Lessoniaceae and Laminariaceae, to a high of 11.0 

between the Laminariaceae and Chordaceae. Estimated sequence 

divergence (100p) ranged from 10.0-12.2 in interorder 

comparisc~ns. The average interfamily sequence divergence 

Q1aOp) was 6.7 (average ctf 13 comparisons). The average 

sequence divergence value5 C100p) calculated f r o m  sequences 

homulagous tu the hybridization prc~bes pMiP52 and pMiP73 w e r e  

9.5 and 6.0 respectively. The average interarder sequence 

divergence C100pl was 11.0 (average of b comparisons). The 

average sequence divergence values f100p) calculated from 

sequences hamulogaus ta the hybridization prubes pMiPS2 and 

pMiP73 were 14.8 and 8.8 respectively. 

A total of 133 restriction sites or 778 bp were identified 

in intra-laminarialean comparisons, This sample represents 
3 -  

abc~ut 0.5% af the laminarialean chloruplast genome C132 k b t  

Laminaria hvperborea tEawallik pers. cam.); 1?U kb, 

Macrocystis int~srifulia (this study)]. . 



GENERAL DISCUSSION 

Discussion c~verview. 

A1 thcaugh the taxcnncimy of the order Laminar iales i s  

considered to be cane of the mast clearly defined among the 

algae COruehl 1981). the actual phylog~netic relatians within 

the group are poorly understctod {Scagel 1966). The phyl~geny 

presented in this study was determined by the restriction 

analysis of specific regic~ns cif the ctDNGs of 12 kelp genera 

selected from four c~f the families that comprise the order. 

This is the first comprehensive analysis ctf chlurctplast DP-dA 

evc~lution within the Phaeophyceae. 

Chloroplast thylakoids have been isolated from kelp 

tissues by classic methods for fluc~rescence studies sr ta 

examine pigment composition or characterize pigment pro*ein 

m45I i t.L &! cnmplexes  CGnedheer 1970, Sugahara et aP. 1371, 

Anderson 1977. Alberte + &- 1381). However. attempts to 

isolate intact chloruplasts from kelp tissue had nett been 

5uccessful prior to the onset u f  this study, although since 

thenl two other grcsups (Barret S Anderson 1480, Pcqxwic et al. 

19832 have been successful. 

In general? this study finds the evolutinnary relaticlns of 

the members of the order Laminariales a5 determined from 

restriction analysis.of c-tDNG tu be in agreement with the 

previously established taxcmamy fcir the group. 



analysis was.lawest in pnpu~ation/species comparisons (0-46% 

a pc~pulatinn. Hnwever , addi t iunal experiments with a- 

intewifolia failed t~ find any sequence variaticgn at all? 

either amctng individuals within a popul atian? or between 

pupulations frcm Barnfield? 5C C10 individuals); Nc~otka Island? 

BC f2 individuals). ur Malculm Islandl EC (3 individuals). 

These papulatictns were separated frum each ather by a distance 

of 400 km. Moreoverr they were separated fruw the sauthern 

California populations (Table I), tu which they were alsa 

identical. by over 2500 km. 

Sequence variation {lOOp) increased at higher levels of 

taxonomic campar iscan: intergenus I 1.6-5.4% by fragment. method 

3-4-9.7% by sit= methoblz interfamily (5.4-11.0% by fragment 

methadl and interorder ( 10.0-12.2% by fragment methodl . 
Although there are nu uther reports uf algal ctDN&s for 

cumpar isoi-b5 these values are cc9nsistant with ear 1 iet- findings 

(Table 7 1  for various groups of angiosperm plants. Fluhr h 

Edelrnan C1481) and Palmer et &, !19!33b) reported rezpective 

sequence variation values of about 3% and bet9:eei-b 6-10% in 

intergenus comparisons within the families Sc~lanaceae and 

Leguminuceae. Palmer & af. e1983a2 1985) examined 

interspecies sequence var iatic~n within the genera Brassica, 

(Cruc iferae 1 and Pisum (teguminoceae! and repc~r ted values c~f 

3% and 0-8% re5pect ively. Interpopulatian sequence variation 



Table 7. angiosperm ctDNA sequence divergences from 

restriction analyses at various taxunumic levels. 

Species Ccmpared Taxonomic Level 10Op Reference 

Lvcupersicun 
escuientum 

Pennisetum 
amer i c anirm 

Aeq i 1 ops 

Pennisetum 

Brassica 

Pi sum 

Micotiana 

Phaseolu~~Glycine, 
Viqna 

Mic~tiana~Atropa, 
Petunia 

Aeqilo~s,Tritlcum 

Pennisetum,Cenchrus 

Lycupersic~n~Salanuti-i 

Pupulat ion 

Pc~pu 1 at ion 

Spec i e5 

Spec i es 

Spec i es 

Spec i e5 

Spec i es 

Intrafamily: 
Legumi ncsceae 

Intrafami ly: 
So 1 anaceae 

Intrafamily: 
Gramineae 

Intrafami ly: 
Gramineae 

Intrafami ly: 
So 1 anaceae 

Intrafamily: 
Sol anaceae 

Interfamily: 
Sa 1 anaceae- 

References: l=Palmer IL Zamir 1982; 2=Cleqg ez &. 1984; 
3=Terachi e 2  &. 1984; 4=Palmer e 2  &- 1983a: 5=Palmer & &. 
1785; 6=Rh0des e& a. 1981; ?=Palmer es &. 1983bi 



Sequence d i v e r g e n c e  v a l u e s  f o r  k e l p  c h l u r o p l a s t  DNA 

( T a b l e s  5 & 6 )  a r e  c c t n s i d e r a b l y  lower t h a n  t h o s e  measured a t  

s i m i  lai- taxc~nomic l e v e l s  f u r  animal  m i  t achand> ' ia l  DNA ( T a b l e  

- The r a n g e  q f  c h l o r o p l a s t  DNA v a r i a t i u n  ubse rved  i n  t h i s  

s t u d y  f o r  i n t e r f a m i l y  c c ~ m p a r i s u n s  (5.4-11-OX) is m a s t  s i m i l a r  

ts t h a t  found f o r  m i  tctchondr i a l  DNA va i - ia t  i o n  between 

c c ~ n g e n e r i c  animal  s p e c i e s  i15X)-  T h i s  cnbse rva t i sn  h a s  been 

made p r e v i u u s l y  (Palmer  h Zamii- 1982: Palmei- & .&, 1985: 

Zurawski  et &, 19841 i n  i n v e s t i g a t i c t n s  n f  t h e  ~ h l ~ ~ i - ~ ~ p l a s t  DNA 

a f  anqiosperm p l a n t s .  Thus?  i t  would a p p e a r  t h a t  t h e  k e l p  

c h l u r u p l a s t  genome is a l s o  e v o l v i n g  s l u w l y  r e l a t i v e  t a  animal  

m i k o r h o n d r i a l  g e n o m ~ s .  

The p i -c~por t i c~n  ctf n u c l e o t i d e  s u b s t i  tut i n n s  per n u c l e o t  i d e  

p o s i t i o n  I i . e .  p l  c a n  b e  e s t i m a t e d  from t h e  p r u p o r t i c ~ n  o f  

f r a g m e n t  l e n g t h  d i f f e r e n c e s  nbse rved  among sample  d i g e s t s  

(Uphol t  1977? N e i  & t i  1979). Howeverr t h e s e  e s t i m a t e s  chcsuld 

be  i n t e r p r e t e d  w i t h  some c a u t i u n .  The e s t i m a t i c n  models  upcm 

which t h e y  at-e based  assume t h a t  a f  i r e s t r i c t i o t - I  s i t e  c h a n g e s  

are d u e  t o  n u c l e o t i d e  s u b s t i t u t i a n  and t h a t  t h e  d i s t r i b u t i n n  

o f  v a r i a n t  sites o c c u r s  randomly. D e t a i l e d  a n a l y s e s  of 

c h l o r u p h y t e  c t D N A s  have  r e v e a l e d  t h a t  s m a l l  a d d i t i u n s  and 

d e l e t i c t n s  are cammc~n3 and t h a t  t h e  d i s t r i b u t i o n  o f  v a r i a n t  



Table 8.  Animal mitochondria1 DNA sequence divergences from 

r e s t r i c t i o n  analyses  a t  variaus taxonomic l e v e l s .  

Species  Campared loop Reference 

Human - Babaan 29.0  Ercmn &&. 1979 
f Homa sap i en5 ! (Papica papin) 

Saf mo - Sa l mo 2-3.5 Wilscsn ed &. 1785 
qairdrreri  c larki  

Perc~mvscus - Perc~mvscus 15.0 Avise & a. 1979 
polionotric, 3aniculatus 



more slowly than single copy I-egians <Gctrdan e& &. 1 9 8 2 s  

bowman e& a&. 6983, Palmer et a. 1933a, Elegg eA a&. 1984) - 
In additic~n, data from Nicotiana and Brassica species indicate 

a clustering of variable sites at the juncture between the 

large single capy region and the inverted repeats CKung & d- 

1982, Palmer & &. 1 C 8 3 a f .  The upshot is that estimate5 ~f 

sequence divergence from restrictic~n fragment pattern analysis 

are ambiguous? in that no distinctian is made between the 

different kinds of mutatictnal events that may have cctntributed 

in the observed restriction fragment patterns. Hawever? such 

estimates do pravide an approximatiun c1f the magnitude of the 

sequence divergence that has occurred between the ONAs of 

m-ganisms sharing common ancestors and hence. have been used 

in this study. In order to achieve a truly unambiguaus 

characterization of the kind5 af mutatiunal e k n e s  that may, 

have occurred? it is necessary to cnmpare complete DNA 
' 1 -  

sequences. 

Chico-op last DNA sequence diver~ence, 

Intergenus sequence divergence w a s  ctf cctnsistant magnitude 

between Pamilies: Lessctniaceae 0-5.4X3 Larninai-iaceae 5.67 and 

Alariacgae 5 . 8 X  Cby fragment method). One might e x p e c t  to 

find less sequence variation maintained sithin families 

containing fewer species. Palmer & Zamir (13825 have reported 

that a significantly greater arnctrrnt rsf 5equence wwiaticln was 

found in the genus &triplex (250 speciesf than in the genus 

Lvcct~iei-sict~n ilft speciesl. Within the order Laminariale,s:. the 



less ctDNA sequence divergence within either uf the families. 

~lthough the genera cc~mpared in this study are placed in 

different tribes (Table 11 and as such might be expected to 

reflect the amount c~f sequence variaticm maintained in their 

respective families. a more cumprehensive assessment will be 

necessary for certain determination. 

Laminariaceae appear to have diverged from each other at 

approximately the same time (5.4-6.9% sequence divergence by 

fragment methad), Howeverr all three are cc~llectively as 

divergent from the Chordaceae i?.4-11.0% by fragment methodf 

as f rum Furus !10,3-12,2!4 by fragment method)  in the ~ r d e r  

Fucales. Chctrda is similarly divergent t10.0% by fragment 

methodl frcsm Fueus. This result indicates that restrictic~n 

analysis of ctDNA3 as applied in this study. is not an 

accurate ind icatctr o f  sequence divergence in cc~mpar isc~ns at 

the taxunomic level uf subclass. This result may be explained 

by the more mutable sequences within the respective molecules 

undergoing substitutian at a concistant and regular rate? 

to significant divergence even over extended lengths sf time. 

It is unfc~rtunate that a representative clf an ctrder within the 

~.t_rbc lass Phaeaphycidae I e  .g . Sparc~chntis in the Sporc1rhnales 1 



unpub l i shed 1 . 

Fami l y Genera Mano typ ic Genera Species 

&la$-iaceae 8 3 34 

Laminar iaceae 1 1  

Lessnn i aceae 8 



was nat included in this assessment. Such a comparison would 

be a mare accurate assessment of the feasibility of extending 

restricticsn analysis of ctDNA to interordinal taxonomic 

levels. 

These results (Table 6) indicate an early separation of 

the Chardaceae from the line leading to the Lessaniaceaei 

Larninaria~eae~ and Alariaceae. Muller et al, ,1485) have -- 
demctnstrated developmental simi lar i ties between the orders 

Dictyusiphanales and Laminariales and have emphasized their 

close evolutionary relatedness. On the basis of these 

analyses the authors have suggested that Chc~rda tomentc~sum be 

removed from the Laminariales and referred to the 

Dictyusiphunales. In this light. it is also unfctrtunate that 

a representative of the Dictyusiphonales was not included in 

the present analysis f o r  cnmparisan with Chw-da filum. 

Kelg chlc~rc~plast DNA substi tutinn rate. 

The high 1evels.u-F sequence divergence observed within 

angiosperm families (Table 71 have been interpreted as 

indicaking an ancient origin far these grn~ps. The 

substitution rate determined by Zurawski e& agt. (1?84) between 

the ctDNAs af and Hc~rdeum is consistent with this 

interpretation Ci.e.) 1.1 substitutions/bpfbilliun years). In 

this context3 the high levels of within and between family 

sequenca divergence that kelp exhibit can be explained in one 

of t w u  ways: : i  kelp are alsn c ~ f  ancient origin and have 



accrued the c~bserved levels of base substitution at a 

and the c&served sequence divergence is the result of a fas* 

rate of substitutic~n; either within the mc~lecule as a whc~le Car 

within the regions investigated in this study. 

113 lieu of a fossil recard of kelp evctlutianl. the only W a y  

kc; test these hypotheses is to cc~rrelate the c~bserved sequence 

divergences between kelp species with ssme documented geologic 

event such as continental drift (Valentine & Muares 1974) cw 

enviranmerttal ly induced extinctictn phenomena (Stan1 ey 1984). 

A possible candidate is the well documented glatal warming 

episode that occtirred sorne 2-4 millictn years ago (myaf in the 

sarly Pliocene 1Buchardt. 1978. Stanley 1984). 

Beginning in the Cretacecttls 1135 m y a )  and continc!ing 

throughout the Cencazaic (70-2 m y a ) ,  the entire wnrfd underwent 

a devastating climatic i<*fi:ii3g episode, The fc~ssii record of 

this period documents the effect uf a sustained -gl&al 

temperature reducticin of at least 10-15 C in the catastrnphic 

extinction of most of the warm water plant and animal species 

in the oceans. Temperature is the most impartant physical 

factor regulating the gecqraphiiz disti-ibutic~n o f  plai3ts ii; the 

aceans- Q parkicular species can survive only within a 

certain range o f  t~mperat~res (Fain % Murray 19821. and a 

die,conlzinuity in temperature aften marks the brundary of that 

species' geographic range (Druehl 1970). The sustained 

climatic cooling of the Cretaceaus-fer*iary eliminated species 



not migrate tcs warmer refugia (Stanley 1984). Canversely. 

their normal distribution andr if sufficient coczling had 

nclrthern and soqthe-rn hemisphere temperate bic~tas via a- co Id 

water "corridc~r" through the tropics ISetchell 1915). Oxygen 

isatope and faunal extinction data (Flint 1971. Buchardt 19?8. 

Stanley 1984) indicate that such conditions pi-cabably existed 

in the middle Oligocene (35-30 mya) and late Miocene (10-5 

m y a  1 . The aforewent ioned Pi iocene warming episode would have 
been of sufficient magnitude tn dissolve the late fqiiatene 

"corridor" and cause the poleward migration of warm sensitive 

kelp- The present day distribution caf the giant kelp 

Mac?rr+c~st is r;rrgg~c,tc, such a, scen-rar ia . Ltnique amcti-ig kelp, 

Macrc~cvstis is one of only a few genera to occur in both 

hemispheres. It is feasible that the reproductive isnlatian 

of the North American and Chilean Macrocystis populations 

investigated in this study can be estimated fi-ctm the 

bicagecsqraphical recc~rd of the last occurrence c~f a cold ieater 

corridor ccannecting the temperate rejiuns nf the two 

hemispheres. With that event fixed in timer the amaunt of 

sequence divergence observed between northers? and c,~i i thsrn 

hemisphere Macr~cystis populat ions kcday can be used tct 

estimate the rate at which the kelp chfc~roplast genome is 

evolving. 



r e s p o n s i b l e  f i g r  s e p a r a t i n g  n o r t h e r n  a n d - s ~ ~ u t h ~ r n  hemisphere 

Macrucvs t i s  p a p u l a t i a n s ,  w a s  i t  the  most r e c e n t  i n s t a n c e ?  The 

P l i o c e n e  e r a  culminated wi th  $he o n s e t  of t h e  P l e i s t o c e n e  ICE 

became ccmfluent wi th  t h e  wm-ld-wide reductictn i n  seawater 

temperattkre t h a t  occl.krred d u r i n g  t h i s  t i m e .  H o w e v e r .  t h e  I c e  

Ages w e r e  nu t  s t a t i c  p e r i c ~ d s  of c o n s i s t e n t  c l i m a t e  p a t t e r n s .  

They w e r e  comprised of i n t e r v a l s  o f  c o l d ,  p e r i g l a c i a l ?  and 

f u l l  g l a c i a l  cc tnd i t i c~ns  t h a t  a l t e r n a t e d  wi th  warm i n t e r g l a c i a l  

periclds frum t h e  end o f  t h e  P l  i c~cene  I 1  .S mya) t o  t h e  snd c ~ f  

t h e  l a s t  i c e  even t  C8300 BC). The ampl i tude  o f  t empera tu re  

a l t e r a t i o n s  du r ing  t h e  Qua te rna ry  w a s  a t  feast  t h r e e  f o l d  

g r e a t e r  t h a n  du r ing  t h e  Mic~cene (Hc~del l  e& a. 1986). Oxygen 

isotcspe a n a l y s i s  uf f o s s i l  f c ~ r a m i n i f e r a l  s h e l l s  from t h e  

wes te rn  e q u a t o r i a l  P a c i f i c 3  t h e  Car ibbean? and e q u a t o r i a l  

A t l a n t i c  have r e v e a l e d  t h a t  seawater  t empera ture  i n  t h e  

t r u p i c s  fell  tc* a minimum c ~ f  about  22 C dur ing  t h i s  t i m e  

p e r i o d .  These d a t a  i n d i c a t e  t h a t  low tempera ture  i n t e r v a l s  

a l t e r n a t e d  wi th  p e r i n d s  where seawater  t empera ture  warmed t o  

above 27 C i n  c y c l e s  of abau t  40,006 y e a r s  d i r ra t ian .  These . 

c y c l e s  w e r e  r e p e a t e d  5ume n i n e  t i m e s  i n  the l a s t  7003000 

y e a r s ,  wi th  t h e  must r e c e n t  t empera tu re  minima c ~ c c u r r i n q  a b w t  

20,000 y e a r s  ago CEmiliani & Shackfetctn 1974) - The d u r a t i s n  

o f  t h e  coc11 ing p o r t i o n  c~f t h e s e  c y c l e s  was on t h e  order uf t e n  

thnusand y e a r s ?  althctugh t empera tu re  minima p e r s i s t e d  far less 



time. 

into the early Plicicene {abcirlt 4 mjra). The recently 

Macrucvstis in southern California in the wake of the warming 

effects of the 1982-84 El Nino event is convincing evidence of 

the sensitivity cif this species to warm water cunditions. In 

addition? although Macrocystis has been observed to migrate at 

rates of 30-50 mi 1 es a year rinder f avai-ab 1 e temperature 

cc~nditisns ( i .e. ? 15-20 C: Wheeler Ncirth, pers. ccmm. ) , the 
slow reestablishment capability of Macrocystis documented by 

North <??$?I fallowing an earlier !195?-59) warm water 
' 5 -  

d~vastaticm in the same i-egian is evidence of. the relatively 

limited range extention capacity o f  this species in response 

to unstable temperature ccmditiuns. In thiz light'then. a 

possible date far the t-eprctd!.~ct ive isulatiun ct$ the northern 

and sciuthern hemisphere pkcrocystis pspulaticans wcauld be scme 

4 mya in the early Pliocene. 

A substitution rate af 1 - 1 7  substitutions/bp/bi l?inn years 

can be calculated frcm the inter-hemisphere Macrcecvstis c t O N A  

seq!.:errce d ivergence values assessed in th is stlndy ( p=0.0056 3 

northern and scsuthern hemisphere Maci-~~cyt is population= at 



the beginning af the Pliocene some 4.8 mya IHodell et al- 

1986)- This figure is in agreement with the 1.1 

substitutiansil'bpibillion y e a r s  estimate of Zui-awski !& a- 

Shackletun 19741 a substitution rate of 23 

scabs t i tu t ions i l 'bp lmi l l i on  years can Die derived. This value 15 

two orders of magnitude faster than the rate calculated for 

angiosperm ctDNA (Zurawski c& &. 1984). It should be 

understaad that the sequence divergence value used in this 

calculation i s  based un the assessment uf a limited partian csf 

the Macrocystis chloroplast gencme- Hcwever as a first 

approximation, this analysis provides an interesting basis 

that m a y  be addressed by further inveskigatians. In 

conclu~ian~ it is m y  estimation that it is most likely that 

the chlctruplast genc~me ctf the kelps is not evolving at an 

accelerated ratey but that it is evc~lving at a similar rate to 

that ccf the angiosperm plants. 

Phyfuqenetic relationships in %he Laminariales. 

Ch lcirc~p last DNA avo lut i n  trees sere CC*~-P~;~TUC ted for 

intrafamily and interfamily camparisons by parsimccny analysis 

iPhylip program csf Joe Fel~enstein~ Univ. o f  Washington). The 

number c~f phylugenetical ly informative restriction site 



phenotypes (i.e., shared by two-or more DNAs) for intrafamily 

to a single DNA. In interfamily comparisons (9 enzymes)* the 

number clf phylogenetically infarmative restriction fragments 

was 40 while 116 were unique to a single DNA. 

Farsimony analysis does not result in a routed tree. 

Phylagenetic information is obtained from the branching 

relationships of the resulting network. A priori, any group 

in the network could be chosen as the root and a consistant 

branching pattern calculated in reference to it. However, by 

incorporating such justifiable reference features as known or 

assumed ancestors or outlying species, the shape of the tree 

can be adjusted internally to reveal the best approximation o f  

the true evolutionary relati~nships. The trees in Figure 14 

(Panel A-intrafamily: Panel B-interfamily) best reflect the 

evcllutionary history of these taxa as inferred frcm the 

chloroplast DNA divergences reported in this study. 

The ctDNAs of Dicty~neurum and Dictvoneuropsis were 

identical for the present comparisons, and the intrafamily 

tree (Fig. 14-Panel A) includes only a single branch 

representing their phylagenetic lineage (labelled 

Dictycmeurum). The Dictvcineurum branch is indicated as the 

most ancient lineage in the group by its placement at the base 

of the tree on the far left. The most recent divergence 

within the group occurred in the line leading to the 

Nereclcystis and Pc~stelsia branches? and it is indicated by its 

terminal position on the far right. The interfamily 



Figure 14. Phylogenetic trees for s i x  lessoniacean genera 
(Panel A) and four laminarialean families (Panel 
B). The tree in (Panel A) depicts the most 
parsimonious branching order from ctDNA 
restriction site maps (Figures 6 L 8). The tree 
in (Panel B) depicts the most parsimonious 
branching order from c t M  restriction fraGment 
length data. Trees are compiled from the combined 
hybridization results of both probe sequences 
pHiPS2 and pHiP73. Relative time is indicated in 
the figures by more ancient to more recent 
divergences being drawn from left to right. 





, 

phylogenetic lineages within the Laminariales (Fig. 14-Panel 

a, Figure 14-Panel B) are referenced to each other by the 

ancient divergence of the fucalean line frclm the base c~f the 

tree. Laminarialean lineages branch to the right with the 

Churdareae diverging early from the line leading to the 

Lessoniaceae, Alariaceae? and Laminariaceae, Although ctDNA 

sequence divergences indicate that the families Lessoniaceae, 

klariaceae? and Laminariaceae are equally divergent? parsimony 

analysis of shared restriction fragment lengths indicates that 

the Alariaceae and Laminariaceae have diverged mast recently. 

The Lessoniaceae diverged ear l ier from the cummon ancestur to 

the Alariaceae and Laminariaceae. The comparatively similar 

unbranched morphologies of the filariaceae and Laminariaceae 

(with the exceptian c~f Esresia) support this association. In 

that both the Lessaniaceae and filar iaceae/Lamina~ iaceae 

lineages exhihit specialized sural blades, sorus formation on 

vegetative blades. and midrib structures in vegetal blades? it 

is likely that these characters were present in the common 

ancestor to the three families. The mast significant 

discriminating feature between the families 

thallus branching format li-e.. unbranched. 

branching). 

w&fd then remain 

pinnate? or true 

bioqeoqraphical distribution and evolution in the 

Lessoniaceae, 

Primarily of an anti-tropical distribution, the 



L~ssuniaceae are found circum-subantarctic and along the West 

coast of South America in the southern Hemisphere. and along 

the Mest coast of North America. The place of ctrigin uf a 

taxon is considered ta be that lc~catiun in which it is most 

diverse. It is thought that the richest centers prcduced 

competitively advanced individuals superiar to the parental 

form5 and that the subsequent interaction tended tu furce an 

outward dispersal of the mctre primitive farms. Today the 

greatest diversity of kelp species is encuuntered in the 

southern Euriles-northern Hokkaido region of Japan and in the 

vicinity uf Vancouver Island in southern British Columbia. 

Canada (Druehl 1981). 

The differences between the absolute magnitudes u f  the 

sequence divergences obtained by fragment and site analysis 

(Table 5) were cctnsistantly observed. However, the 

relationships observed between samples by site ectmparisuns 

were maintained by fragment ccirnparisc~ns. Sequence divergence 

determined by site analysis was on average about 1.8 times 

that determined by fragment analysis. This is likely due 

the fact that the fragment method does not ccinsider back 

mutation (Nei & Li 19791, As a result? the use c ~ f  the 

fragment method is most accurate when the niimber of 

substitutictns per nucleotide site is relatively small. This 

is seen in the similarity c i f  the respective sequence 

divergence estimates o f  the site and fragment methad5 in 

cctmpar isons of pctpulat ions and species of Macrnc~sti5 C i -9.  , 
100p=0.4& (fragment method) and 0.56 (site method13. 



Therefore, the magnitudes of the sequence divergence estimates 

obtained in comparisons of mnre distantly related plants 

(e-g., genera both within and between families) are 

underestimations, Accordingly, the 1.8 times difference 

between the two methods was used to equate the magnitudes of 

the interfamily fragment method sequence divergence values 

with the more accurate site method values determined in 

intrafarnily comparisons. This was done solely tct estimate 

divergence times between the four kelp families. The 

following interpretation of the evolutionary history of the 

kelps was determined from the ctDNA sequence divergence data 

obtained in this study, and the ctDNA substitution rate 

derived for Macrocystis from biogeographical and ctDNA 

restriction analysis data (see abctve). About 150 mya the 

lineage leading to the present day kelp family Chcwdaceae 

diverged from the line that eventually led to the families: 

Lessoniaceae, Laminariaceae~ and Alariaceae, Some 80-100 mya 

the diversification of these three fami 1 ies occiirred. 

Within the family Lessc~niaceae~ the early divergence 

(70-80 myal of the Dictvoneurum/Dictyc~t~europsis lineage is of 

particular interest? as it would have been cancurrent with the 

diversificatian of the three principle kelp families discussed 

abcwe. This, in conjunction with its relatively 

unspeciallized morphology, may indicate it as being 

representative of the ancestral lessoniacean "type". 

Subsequent divergences of L ~ s s o n i a ~  Lessc~niapsis~ Macrocvsfis, 

and the line that led to the present day Nerec~cysti~ and 



movement of cold water to l ~ w e r  latitudes and the fc~rmation of 

a CCtld water connection along the West coast of the Americas 

allowed fur the snuthward dispersal af Macrocysti~ and 

Lessonia- In the Northern hemisphere, Nereucystis and 

mya. 

Again it should be stressed that these estimates are based 

om a ~iibstitutioi3 rate calibration that has been determined 

from a limited assessment cnf the Macrclcyskis chloroplast 

genome and are therefore tentative at best. The only other * 

ctDNA substitution rate estimate available was determined frcm 

angiosperm ctDNA sequence ccmparisons. A s  mentioned 

previc~usly, the estimation of kelp family and genus divergence 

times based on the angiosperm ctDMA substitution rate wuuld 

not  yield significantly different results. 



SUMMARY 

DNA extraction yields. 

Total cellular'DNA was isolated from kelp blades at yields 

c~f about lmgr per gram wet weight of tissue extracted- 

Purified nuclear and chloroplast DNAs were iscxlated from & 

inteqrifolia at respective yields of about 50 ngr and lmgr per 

gram wet weight of tissue extracted. DNA yields from kelp 

tissues by my protocol are 1/25-1110 thuse obtained from 

angic~sperm plants by various other prcxtocols, 

Chlorcxplast aenome characterizaticxn. 

The size af the chlureplast genome o f  Macrocvstis 

intesrif~lia is about 170 kb, The chloroplast genctme uf M_. 

inteqrifolia is comprised of both repeat regions and single 

copy regicms. The repeat regians enccde t h e  r F W A  genes and, 

consequently, the chlcxruplast genames of kelp species encode 

two copies caf the 23s rRNG gene (Fig. 4, Table 4). The 

chloruplast genes atpB, rbcLs and psbA appear to occur only 

once on the fl. inteqrifc~lia chlcxrc~plast genctme and hence are 

presumed to be encoded in the single cctpy regions of the 

mctlecule (Figs. 4 & 5? Table 4 ) .  The repeat regicxns of the 

chf oruplast gei-iomes of kelp underga nrlcleotide substi tutions 

less frequently than dca the single copy reqictns. 



DNA sequence divergeqces at the species, genusz and family 

levels is comparable to those determined f ~ r  similar taxonomic 

levels among the mttch more diverse angiosperm plant families 

(Table 7). Such data may justify the high level a f  taxcmomic 

distinction accc~rded tcc the Laminariales. 

I n t e r ~ a a u l a t i a n l I n t f l r c , ~ e c i ~ s  sequence diverqences, 

Northern and southern hemisphere M_. inteqrifalia 

populations have diverged at about 0 . 5 X  of the base pairs in 

their respective chduruplast genomes. No sequence divergence 

was ~bserved amang or between norkhern hemisphere s. 
inteqrifolia populations. Nu sequence divergence was observed 

among or bekween northern hemisphere M. inteafifalia and n. 

pyr%fara species. Thus the northern hemisphere species s. 
inteqrifulia and E. pyrifera have shared a common ancestor 

more recently in their evolutionary past than have the 

northern and southern hemisphere pctpulatiuns af M_. 

inte~rifcnl ia. 

fntrafamily sesuence diverqence. 

With respect to the analysis employed in this study, the 

chlarctplast q e n o m ~ s  o f  the lessoniacean genera Dictvuneurum 



and Dictvoneuropsis are identical. In that at least 0.5% 

sequence divergence was observed hetween the ctDNAs af 

species/pnpitlations within the genus Macrocystis, it is likely 

that genus level distinction between these plants is not 

justified. On the basis of both the parsimony analysis af 

shared restriction sites and seqlrfmce divergence 
- 

determinatians, Mereclcvst is and Pestelsia are the mast clc~sef y 

related genera within the Lessoniaceae, and Dictyaneurum the 

most distant relatican (Fig- 14 and Table 5 ) .  Tcsgetber, 

Macrocyst is and Lessaniopsis cumpr ise a lausely defined 

subgroup that is mGre clc~sely alligned with the 

Nereocystis-Pnstelsia subgroup than with Lessonia or 

Dict=ionei.trum. However , in these compar isans parsimony 

analysis and sequence divergence determinatians give 

conflicting results. Sequence divergence determinations 

indicate that Macrocystis is m a r e  clasely related to 

Nereocystis'and Pastelsia than is Lessoniapsis (Table 5 ) .  

Parsimc~ny analysis c~f shared restriction sites gives the 

opposite result (Fig. 14). 

The range of ctDNA sequence divergence that exists within 

the families Alariaceae and L-aminariaceae may be similar to 

that in the family Lessc:niaceae.(Tables 5 & 6 ) .  Two genera 

from different tribes in the C.aminariaceae and klariaceae were 

investigated in this study (Table 1 ) .  However. the degree of 

morphological difference that is required tc' erect 

taxcanomically distinct tribes within a family is not 



Interfamily sesuence diverqence. 

The family Chardaceae diverged early frum the line leading 

tc the closely inter-related families Alariaceae? 

Faminariaceae, and Lessc~niaceae !Figure 1 4  and Table b j .  The 

relative divergences cif the Alai-iaceae, Laminar iaceae, and 

Lessoniaceae is not clear. The sequence divergence csf the 

etDNAs of selected representatives indicates that these three 

families are equally divergent (Table 6 ) .  Dn the other Rand, 

parsimony analysis cif shared restrictian fragment lengehs 

indlcztes that  the Alariaceae may be m a r e  closely i-elated to 

the Laminar iareae than are the Lessuniaceae. 

billican years can b e  calculated firam the inter-hemisphere 

Macrocvst is ctDNa sequence divergence vaf ue5 assessed in this 

study and the estimated reproductive isuf at ian aP the northern 

and sauthern hemisphere MacrocysGis pnpufatians 4-8 m y a  

(Hode2l et -- af. 1986). This figure is in close agreement with 

the ' l . 1 n:.acleotide srr.bstitrttioi;rs / b p i  ti lf ican years est imatg 



of Zurawski & af. (19841 far the substitution rate sf 

angiosperm ctDNA, 

In this light, it has been estimated that the Chnrdaceae 

diverged fram the main 1 in= o f  !-aminarialean evo1cttiol-i abogrt 

150 mya. The divergence sf the L e ~ s o n i a c e a e ~  Alariaceae~ and 

Caminariaceae c%ccurred same 80-100 mya, and the l e s s ~ m i a ~ e a n  

genera investigated in this study diverged c~ver the last 30-70 

my. Fcir ptirposes of reference, Huller t1?81!  has determined 

from fussi 1 pol len depasl t s  that the munscc~ty ledancius and 

dicotyledonnus srihc lasses uf the Anqiospermae diverged same 

100-150 mya. In the same study it was estimated that the 

dimtyledanotis families Crriciferae, Sofanaceae, 

Charnelcip~daceae~ and Leguminaceae have diverged over the last 

50-160 my. 



PROPOSALS FOR FUTURE RESEARCH 

I. Cnastruct a complete restriceicqn map uf the chlccoplast 

genume of Macrucystis fur overall sequence clrganizati~n 

determination and gene lc~cation. fire there interesting 

differences with respect to angic~spernm and uther algal 

systems? 

11. Examine the question uf mutation rate in the nuclear and 

chlurup3ast genomes uf kelps. Utilize clearly datable 

bicqecqraphical events as time keferences (e.g., northern L 

southern hemisphere segregat i c m  caf Macrc~cvst is by glc~bal 

temperature f luctuaticms) . 

111- Determine the relative divergences between selected 

representatives of the Alariaceae? Lamina~iaceae~ and 

Lessc~niaceae by sequence analysis of selected regions ctf their 

respective ctDNAs. 

IV. U s e  restriction analysis tct quantify the range of ctDNA 

sequence divergence that is extant within the filariaceae, 

Laminariaceaer Chctrdaceae, and Phyllariaceae. Are they 

equivalent? 



V .  Examine ctDNf7 relations between the laminarial e m  

V I -  Zetermine nuclear sequence divergence and perform 

crnssabiZity tests between Dictyoneurum and Zictyoneurc~psis 

and also between Macrocvstis pyrifera and z. inteqrifolia to 
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