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ABSTRACT: Most of the information for genet ic  differentiation among populations of marine algae 
is from studies on ecotypic variation. Physiological ecotypes have been  described for individuals 
showing different responses to temperature and salinity conditions. Morphological ecotypes have 
also been found associated with areas differing in wave exposure or different intertidal positions. 
Little is known on how genet ic  variation is organized within and be tween  populations of marine 
algae. The occurrence of ecotypic variation in some species is evidence for genetic differentiation 
among populations resulting from selection by the local environment.  The rate of dispersal  and 
subsequent  gene flow will also affect the level of differentiation among populations. In spec ies  with 
low dispersal, differentiation can arise through chance founder events or random genetic drift. The 
few studies available have shown that species of algae exhibit  a range of dispersal capabilities. This 
information can be useful for predict ing the potential  level of genet ic  differentiation among 
populations of these species. Crossing experiments  with several species of algae have shown that 
populations separated by a considerable distance can be inteffertile. In some cases individuals from 
these populations have been  found to be morphologically distinct. Crosses have been  used to study 
the genetic basis of this variation and are evidence for genet ic  differentiation among the popula- 
tions sampled. Genetic variation of enzyme proteins detected by electrophoresis provides an 
additional method for measuring genetic variation within and be tween  populations of marine 
algae. Etectrophoretic methods have previously been  used to study systematic problems in algae. 
However, there have been  few attempts to use electrophoretic variation to study the genetic 
structure of populations of marine algae. This approach is outlined and includes some of the 
potential problems associated with interpreting electrophoretic data. Studies of electrophoretic 
variation in natural populations of Enteromorpha linza from Long Island Sound are used as an 
example. This species was found to reproduce only asexually. Despite a dispersing spore stage, 
genetic differentiation was found on a microgeographic scale and was correlated with differences in 
the local environment of some of the populations. Similar studies on other species, and especially 
sexually reproducing species, will add to a growing unders tanding of the evolutionary genetics of 
marine algae. 

I N T R O D U C T I O N  

I n d i v i d u a l s  f rom g e o g r a p h i c a l l y  s e p a r a t e d  p o p u l a t i o n s  of m a r i n e  a l g a e  a r e  o f t e n  

f o u n d  to d i f fe r  m o r p h o l o g i c a l l y .  G e o g r a p h i c  v a r i a t i o n  a m o n g  p o p u l a t i o n s  h a s  r e s u l t e d  in  

a c o n s i d e r a b l e  a m o u n t  of t a x o n o m i c  c o n f u s i o n  ( M a t h i e s o n  e t  al., 1981). H o w e v e r ,  

d e t a i l e d  s t u d i e s  of th is  v a r i a t i o n  a re  n e c e s s a r y  for  u n d e r s t a n d i n g  h o w  a s p e c i e s  c a n  b e  

" Paper presented  at the Seaweed Biogeography Workshop of the International Working Group on 
Seaweed Biogeography, held from 3-7 April 1984 at the Department  of Mar ine  Biology, Rijks- 
universiteit Groningen (The Netherlands). Convenor: C. van den Hoek, 
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successfully d is t r ibuted across a var ie ty  of envi ronments .  Such studies wilt ul t imately 
benef i t  a lgal  systematics and  phytogeography.  

Morphological  var ia t ion among  ind iv idua ls  from different populat ions  may reflect a 
response to local env i ronmen ta l  conditions.  The inf luence  of several  common environ- 
menta l  factors on seaweed  morphology has recent ly  b e e n  reviewed (Norton et al., 1981). 
The results of these studies show that  mar ine  a lgae  have considerable  morphological  
plasticity. Associat ions b e t w e e n  morphological  form and  specific characteristics of the 
env i ronmen t  have  b e e n  used as ev idence  for an adapt ive  explanat ion  for this variation 
(Norton et al., 1982). 

Differentio.tion among  popula t ions  of a species can be the result  of direct modifica- 
t ion of the env i ronmen t  or it may reflect unde r ly ing  genet ic  differences. Genetic  
different iat ion in  turn  can result  from select ion by the env i ronmen t  or s imply random 
events  (e.g. r andom gene t ic  drift, founder  events). Ecotypic var iat ion observed wi th in  a 
species has b e e n  considered as genet ic  different iat ion resul t ing from selection in 
different envi ronments .  Morphological  and  physiological  ecotypes have b e e n  described 
for several  species of mar ine  a lgae  (Mathieson et al., 1981; Russell & Fielding,  1981; 
Bolton, 1983). The genet ic  basis of this var ia t ion has b e e n  inferred from observations 
after one or more genera t ions  unde r  common condit ions in the laboratory, t ransplant  
exper iments  b e t w e e n  sites in  the field or ou tp tan t ing  germl ings  to a common experi- 
menta l  ga rden  in the field. Information on genet ic  differentiat ion among populat ions  of 
a lgae has also b e e n  ob ta ined  from attempts to cross ind iv idua ls  from geographical ly 
separated populat ions.  Studies on ecotypic var iat ion and  in terpopula t ion  crossing exper- 
iments  represent  most of the ev idence  for genet ic  different iat ion among  populat ions of 
mar ine  algae.  Some of these results are discussed here. Since dispersal  rate be tween 
popula t ions  represents  an  impor tant  factor in f luenc ing  genet ic  differentiat ion (Ehrlich & 
Raven, 1969), s tudies  on the dispersal  potent ia l  of some species of algae are also 
inc luded  in  this discussion. Finally,  the appl ica t ion of electrophoret ical ly detectable 
genet ic  var iat ion for s tudying differentiat ion among  popula t ions  of mar ine  algae is 
presented.  

MORPHOLOGICAL DIFFERENTIATION 

Many  of the s tudies  on morphological  different iat ion in  a lgae have b e e n  concerned 
with separa t ing  phenotypic  plasticity and  ecotypic var iat ion v~ithin a species from 
morphological  var ia t ion be tween  dist inct  species (Mathieson et al., 1981). Distinguish- 
ing these various explanat ions  for morphological  var iat ion requires an experimental  
approach since modif icat ion by the env i ronmen t  can paral le l  any genet ic  variation. 
Several  approaches  have b e e n  used to de te rmine  the genet ic  basis of morphological 
var ia t ion and  have inc luded  t ransplants  b e t w e e n  habi tats  in the field, growth under  
common condit ions in the laboratory or field, laboratory culture followed by outplanting 
ind iv idua ls  into the field and  crosses be tween  different morphological  variants. The 
results of several  of these studies (Table 1) provide evidence  for genet ic  differentiation 
among  popula t ions  of a species in  the form of ecotypic var iat ion (Mathieson et al., 1981; 
Russell & Fielding,  1981). 

Much of the ecotypic var ia t ion observed has b e e n  found over short distances, 
apparen t ly  in  response to selective pressures from contrast ing environments .  For exam- 
ple, a large form of Fucus distichus ssp. edentatus was a b u n d a n t  in  the lower intertidal, 
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Table 1. Genetically based morphological differentiation among populations of marine algae. 
C = crosses, L = growth under common laboratory conditions, O = growth from spores in the 

laboratory and outplanted into the field, T = transplants between sites in the field 

Species Evidence for genetic Reference 
differentiation 

Antithamnion plumula C, L 
(var. plumula and var. bebbii) 
Polysiphonia urceolata L 
Cerarnium strictum (C. tenuicome) C, L 
Fnteromorpha intestinalis (E. compressa) C, L 
btacrocystis integrifolia T 
Sargassum cymosum T 
Fucus distichus 0 
Laminaria spp. C, 0 

Sundene (1975) 
Rueness & Rueness (1975) 
Kapraun ( 1979) 
Rueness (1978) 
De Silva & Burrows (1973) 
Druehl & Kemp {1982) 
De Paula & De Oliveira {1982} 
Sideman & Mathieson (1983) 
Chapman (1974) 
Chapman (1975) 
Liining et al. (1978} 
Bolton et al. {1983) 

whi le  a dwarf form p redomina t ed  in the h igh  inter t idal  (S ideman & Mathieson,  1983). 
Comparisons  of the p rogeny  of both forms grown under  common condi t ions  in the f ield 
revea led  that these differences in stature were  inher i ted.  The  two forms also differed in 

age of reproduct ive  maturity. The dwarf  morph was reproduct ive  after one year, wh i l e  

the larger  morph became  reproduct ive  after two years. Reproduct ive  differences were  

thought  to be adaptat ions to the different  inter t idal  env i ronments  occupied  by the two 
forms. 

Similar  different iat ion in the inter t idal  zone  was  found for E n t e r o m o r p h a  in te -  

stinalis.  Branched indiv iduals  inc reased  in f r equency  from the h igh  to low inter t idal  [De 

Silva & Burrows, 1973). The deg ree  of b ranch ing  a p p e a r e d  to h a v e  a gene t i c  componen t  
since branched  and unb ranched  parents  gave  rise to p redominan t ly  b ranched  and 

unbranched  progeny,  respect ively.  

Populat ions of several  species  of a lgae  have  b e e n  found to become  dif ferent ia ted 
morphologica l ly  in response to local var ia t ion  in wave  exposure  (Norton et al., 1981). In 
some cases, t ransplant  exper iments  r evea l ed  that  the morphologica l  var ia t ion was due  to 

phenotypic  plast ici ty (Gerard & Mann,  1979), wh i l e  other  s tudies  ind ica ted  the import-  

ance of gene t ic  factors (Chapman,  1974; Math ieson  et aI., 1981; De Paula  & De Oliveira ,  
1982). Again,  such different ia t ion has often b e e n  observed  on a mic rogeograph ica l  scale. 

Genet ica l ly  based  morphologica l  di f ferent ia t ion among  popula t ions  of mar ine  a lgae  

must be carefully in te rpre ted  since morpholog ica l  characters  are commonly  used  as 
taxonomic criteria for d i s t inguish ing  species  (Mathieson et al., 1981). Dis t inguish ing  

intraspecific ecotypic  var ia t ion from interspecif ic  var ia t ion may  requi re  addi t ional  
information such as that p rov ided  by crossing studies. For example ,  two isolates of 

C e r a m i u m  were  or iginal ly  descr ibed  as separa te  species  based  on morpholog ica l  differ- 
ences  (Rueness, 1978). Subsequen t  crossing studies showed  that  the two species  formed 
fertile hybrids sugges t ing  that  the morphologica l  d i f ferences  were  ecotypic  var ia t ion  

within  a s ingle species  (Rueness, 1978). 
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PHYSIOLOGICAL DIFFERENTIATION 

Physiologica l  ecotypes  have  b e e n  desc r ibed  for severa l  mar ine  a lgae  (Table 2} and 

provide  addi t ional  ev idence  for gene t ic  different ia t ion among  populat ions.  Studies 

compar ing  popula t ions  from habi tats  wi th  different  ex t remes  of a par t icular  envi ronmen-  
tal pa rame te r  have  b e e n  va luab le  for ident i fy ing phys io logica l  ecotypes  in several  
species  of plants  (Bradshaw, 1971). An e x a m p l e  of this sort of di f ferent ia t ion was found 

Table 2. Genetically based physiological differences among populations of marine algae. 
L = growth under common laboratory conditions, C = crosses 

Species Evidence Environmental Reference 
for genetic factor 

differentiation 

Bostrichia radicans L salinity Yarish et al. (1979) 
Caloglossa leprieurii L salinity Yarish et aL (1979) 
Polysiphonia urceolata L temperature Kapraun (1979) 
Ectocarpus siliculosus" L copper Russell & Morris (1970) 
E. siliculosus L salinity Russell & Bolton (1975) 
E. siliculosus L, C temperature Bolton (1983) 
Pilayella littoralis L salinity Bolton (1979) 
Laminaria longicruris L, C nitrate Espinoza & Chapman (1983) 
L. saccharina L, C temperature Lfining et al. (1978} 
Enteromorpha intestinalis L salinity Reed & Russell (1979) 
E. linza L temperature Innes (1983) 
Eugomontia sacculata L salinity Wilkinson (1974) 
Stigeoclonium spp. L salinity Prancke (1982) 

Prancke & Rheberger (1982) 

b e t w e e n  two popula t ions  of Ectocarpus siliculosus, one growing  in an env i ronment  with 

a h igh  concent ra t ion  of copper  on the bot tom of ships and another  popula t ion  growing on 
an unpo l lu ted  rocky shore (Russell & Morris, 1970). Strains col lec ted  from the ship 

popula t ion  to lera ted  a much  h igher  concent ra t ion  of copper  than strains from the rocky 

shore. Bradshaw (1971) sugges ted  two poss ible  sources of tolerant  ind iv iduals  for the 
es tab l i shment  of copper  tolerant  populat ions.  One  source could be a low frequency of 
tolerant  ind iv idua ls  a l ready  exis t ing in many  natural  populat ions.  It is also possible that 

copper  tolerant  ind iv idua l s  may  have  evo lved  in only a few areas  of h igh  copper 
concentra t ion  and spread to the bot tom of copper  t rea ted ships. No information is 

ava i l ab le  on the occurrence  of copper  tolerant  ind iv idua ls  in rocky shore populations. 
Gene t ic  dif ferent ia t ion among  popula t ions  of a lgae  inhabi t ing  different  salinity 

env i ronments  has b e e n  wel l  documen ted  (Table 2). Such different ia t ion has been  found 
to occur over  the short dis tance b e t w e e n  sites at the mouth  and head  of estuaries. Studies 

have  shown that  ind iv idua ls  co l lec ted  from mar ine  and es tuar ine  sites have  the highest  
growth rate under  h igh  and low sal ini ty conditions,  respec t ive ly  (Table 2}. Since tidal 

act ion often connects  these two salinity regimes,  a cer ta in  amount  of migrat ion be tween  
the sites by the two ecotypes  migh t  be expected .  Most  s tudies to date  have  not measured 
the response  of e n o u g h  indiv iduals  to de tec t  if low sal ini ty ecotypes  occur at a low 
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f requency in h igh sal ini ty sites or vice versa. However,  Bolton (1979) observed signifi-  
cant  var iat ion among  several  isolates of Pilayella littoralis from an  in te rmedia te  site in  
an estuary sugges t ing  that this popula t ion  consisted of a mixture of ecotypes. The occur- 
rence of genet ic  differentiat ion be tween  low and  high sal ini ty  popula t ions  of Bostrychia 
radicans and  Calogtossa leprieurii connected  by  t idal  act ion was thought  to indica te  that 
reproductive isolation must  have p layed  a role in  the evolut ion of these sal ini ty  ecotypes 
(Yarish et al., 1979). However, genet ic  dif-erentiat ion can be m a i n t a i n e d  be t w e e n  
populat ions even  in  the face of subs tant ia l  gene  flow (Endler, 1977). The amoun t  of 
differentiation will be a funct ion of the select ion differential  and  the amoun t  of gene  flow 
be tween  populations.  The sal ini ty  response of other fitness characters, such as mortali ty 
and reproduction, will have to be measured  for a large n u m b e r  of ind iv idua ls  to 
adequate ly  assess the evolut ion of genet ic  different iat ion be t w e e n  different sal ini ty  
habitats. 

Genet ic  differentiat ion has also b e e n  reported among  popula t ions  of a lgae  
exper iencing different temperature  condit ions (Liining et al., 1978; Kapraun,  1979; 
Bolton, 1983). Bolton (1983) found that the growth and  survivorship of F.ctocarpus 
siliculosus under  various tempera ture  condit ions was c l inal ly  related to the tempera ture  
condit ions of the or iginal  col lect ing site of each isolate. The isolates had b e e n  main-  
ta ined under  ident ical  laboratory condit ions for several  years before be ing  tested and  
therefore are l ikely to represent  genet ic  differences. Two hybrids  from two different sets 
of crosses be tween  different isolates showed a reduced  rate of growth compared to their  
parents. Addi t ional  crosses will  be  necessary to unde r s t and  the genet ic  basis  of tempera-  
ture tolerance among the strains. 

The progeny of l~nteromorpha linza collected from high and  low inter t idal  posit ions 
showed different growth rate responses w h e n  raised u nde r  different temperatures  in the 
laboratory (Innes, 1983). Progeny der ived from high inter t idal  parents  showed a h igher  
growth rate than  progeny  from low inter t idal  parents  w h e n  grown at 15 °C. At 24 °C the 
growth rate of the h igh intert idal  ind iv iduals  increased  whi le  the low inter t idal  ind iv idu-  
als showed a decrease  in  growth rate. Response to tempera ture  in  this species sugges ted  
that differentiat ion in  the intert idal  zone was par t ia l ly  associated with the tempera ture  
differences b e t w e e n  the h igh and  low inter t idal  envi ronments .  Individuals  from high 
and  low inter t idal  posit ions were also found to be genet ica l ly  different at enzyme loci 
(Innes, 1983). 

In addi t ion to tempera ture  and  sal ini ty  variation,  nu t r ien t  concentra t ions  in  the 
water  co lumn can  vary. Espinoza & C h a p m a n  (1983) collected ind iv idua l s  of Laminaria 
longicruris from areas of high and low ni trate  concentrat ion.  Nutr ient  ecotypes were 
ident if ied by growth rate and  nitrate up take  differences unde r  different ni t rate  concen-  
trations. Reciprocal crosses showed that the ecotypes were  interfertile.  

CROSSING STUDIES 

Crosses be tween  individuals  from different popula t ions  are useful  for ident i fy ing  a 
genet ic  component  to observed morphological  or physiological  variation.  The inher i -  
tance pat tern of a character can usual ly  d is t inguish  s ingle  gene  var ia t ion from polygenic  
variation. For example,  crosses be tween  b r anch ing  morphs of Antithamnion plumula 
revealed  that the variat ion was due to two al leles  at a s ingle  locus with var. plumula 
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dominan t  over var. bebbii  (Rueness & Rueness, 1975). There appeared  to be no strong 
geographica l  or ecological  pa t te rn  to the dis t r ibut ion of morphs of this species (Rueness, 
1978). Genet ic  var iat ion in most morphological  characters is probably  polygenic,  requir- 
ing a quant i ta t ive  genet ic  analysis  to separate genet ic  variat ion from envi ronmenta l  
variation. Quant i ta t ive  genet ic  analyses  in  Laminaria showed that the heri tabil i ty of 
stipe characteristics differed be tween  shel tered and  wave exposed populat ions  (Chap- 
man,  1974, 1975). This is an example  of genet ic  differentiat ion among populat ions in 
degree  of genet ic  control of a morphological  character (Russell & Fielding,  1981). 

Many  seaweed  crossing studies  have b e e n  used as a means  of eva lua t ing  the 
taxonomic status of geographica l ly  separa ted  populat ions.  Much of this information has 
recent ly  b e e n  tabula ted  {Mathieson et al., 1981}. The interpretat ion of such studies is by 
no means  straightforward. Genet ic  different iat ion may evolve without  affecting the 
abi l i ty  of ind iv idua ls  to intercross. Also, interster i l i ty does not necessari ly indicate  the 
accumula t ion  of a large n u m b e r  of gen ic  differences. Despite these problems,  interpopu-  
la t ional  crosses can provide information on genet ic  differentiation, if growth, survival 
and  reproduct ion are quant i f ied  in the hybrids  and  the progeny of intercrossed hybrids. 
Incompat ibi l i ty  be tween  popula t ions  will be expressed when  the hybrids are intercros- 
sed s ince the progeny  wil l  inher i t  various proportions of the genomes  of indiv iduals  from 
the two or iginal  parenta l  populat ions.  In Lepidoptera, there is ev idence  that the degree 
of incompat ib i l i ty  can be posit ively correlated with the geographic  distance be tween  
popula t ions  (Oliver, 1972). 

Rueness  (1973) was able  to successfully cross gametophytes  of Polysiphonia boldii 
from Texas with gametophytes  of t). hemisphaerlca from Scandinavia .  However, incom- 
pat ibi l i ty  was expressed dur ing  meiosis in  tetrasporophytes.  An isolate of Ceramium 
stricture from Norway was found to be interfert i le with an  isolate of C. tenuicorne from 
the Baltic (Rueness, 1978). No reduct ion  in fertility or survival  was observed in the 
hybrids,  the intercross of the hybrids  or the backcross to the parents.  Because of this 
compat ibi l i ty  the genet ica l ly  based  morphological  and  physiological  differences were 
in terpre ted  as ecotypic var ia t ion be tween  ind iv idua l s  of the same species. 

Individuals  of Gigartina agardii from several  geographical ly  separated populat ions 
a long the west  coast of North America  showed a h igh degree of compatibi l i ty when 
crossed (West et al., 1978). However,  there was a sugges t ion  that some individuals  from 
more geographica l ly  isolated popula t ions  were less often compatible.  Incompatibi l i ty  
was also found among  some geographical ly  separa ted  popula t ions  of G. stellata (Guiry & 
West, 1983). The pat tern  of incompat ib i l i ty  ident i f ied two b reed ing  groups. One con- 
sisted of ind iv idua ls  from England,  Wales and  Ire land and  the other was made up of 
ind iv idua l s  from Spain  and  Portugal. Indiv iduals  from both b reed ing  groups were found 
in the samples  from France. Morphological  differences were also found be tween  the two 
groups. The taxonomic status of G. stellata is present ly  under  invest igat ion (Guiry & 
West, 1983). 

Mtil ler (1979) used the abi l i ty  of gametes  to fuse (plasmogamy) as a criterion for 
tes t ing the compat ibi l i ty  of strains of Bctocarpus siliculosus from the Mediterranean,  
North Atlant ic  and  Australia.  Gamete  fusion was observed be t w e e n  most strains except a 
s train from Massachuset ts  which was incompat ib le  with most of the others. A strain from 
Texas was also part ial ly incompat ib le  with the other strains. It was concluded that 
ind iv idua l s  separated on a wor ld-wide  basis  were genet ica l ly  closely related except for a 
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few populat ions which had diverged e n o u g h  to be reproduct ively  isolated. However,  
reproductively compat ible  strains were found to be genet ica l ly  differentiated with 
respect to growth and  survival  responses unde r  different tempera ture  condi t ions  (Bolton, 
1983). This shows that observations on p lasmogamy alone are not sufficient to est imate 
genet ic  differentiat ion among populat ions.  

Reproductive compatibi l i ty  be tween  widely  separa ted  popula t ions  has also b e e n  
found for species of Laminar ia  (Liining et al., 1978; Bolton et al., 1983). The results of 
these crossing exper iments  suggest  that nor thern  hemisphere  Laminaria are closely 
related. Addi t ional  information, possibly from electrophoretic var ia t ion of enzymes,  will 
be necessary to establish if these are genet ica l ly  differentiated popula t ions  of a smaller  
number  of species than  present ly  recognized.  

DISPERSAL 

Genet ic  differentiat ion among  popula t ions  can be genera ted  by r andom or selective 
forces. Any gene flow be tween  popula t ions  will  tend to counteract  this differentiation.  
Dispersal of indiv iduals  or propagules  be tween  popula t ions  may or may not result  in  
gene flow depend ing  on whether  ind iv idua l s  survive and  reproduce after dispersing.  
Taking these l imitat ions into considerat ion,  measuremen t s  of dispersal  capabi l i t ies  can 
be useful for predic t ing the potent ia l  for gene  flow be t w e e n  popula t ions  of a species. 

Amsler & Searles (1980) used glass slides suspended  in  the water  co lumn to collect 
seaweed spores at a site approximately  30 km from the coast of North Carolina.  Spores of 
green algae were found more often in  the upper  part  of the water  co lumn compared  with 
spores from brown algae and  red algae. The dis t r ibut ion of green a lgae  spores in  the 
upper  part of the water co lumn was thought  to indica te  a wider  dispersal  potent ia l  for 
these spores. The occurrence of Enteromorpha spores on the glass slides sugges ted  that 
these spores dispersed from the nearest  s izable popula t ion  35 km away. Long dis tance 
dispersal by currents may be possible in some species of Enteromorpha since spores of E. 
intestlnalis have b e e n  found to be motile for up to e ight  days in  the laboratory (Jones & 
Babb, 1968). 

Other studies of spore dispersal  in  mar ine  a lgae have found a much more restricted 
dispersal: on the order of five meters from the paren t  p lan t  (Anderson & North, 1966; 
Dayton, 1973; Paine, 1979; Deysher & Norton, 1981). The observed rate of spread of 
Sargassum muticum suggested that this species possessed a long dis tance dispersal  
mechanism in  addi t ion  to the short dis tance dispersal  observed for germl ings  (Deysher & 
Norton, 1981}. It was postulated that de tached vegeta t ive  f ragments  could be carried by 
wind and  water  currents. Since this species is monoecious  and  self-fertile, a s ingle  
vegetat ive f ragment  could become fertile in  the water  co lumn and  colonize an  area 
distant from the paren t  populat ion.  The rapid spread of Codium fragile in  the eas tern  
Atlantic may have involved a similar  mechan i sm for long dis tance dispersal  
(Malinowski, 1974). Codium fragile reproduces by asexual  swarmers  which would  
facilitate the colonizat ion of new areas by the f loating fragments.  F ragmenta t ion  may be 
a common mode of reproduct ion in  a lgae  as wel l  as an  efficient mechan i sm for long 
distance dispersal (Yarish & Edwards, 1982). 
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EI FCTROPHORETICALLY DETECTABLE GENETIC VARIATION 

At tempts  to desc r ibe  a gene t i c  cause  to obse rved  morpho log ica l  or phys io logica l  
va r ia t ion  a m o n g  popu la t ions  r equ i re  b r e e d i n g  expe r imen t s  that  can  be  labor ious  or 
imposs ib le  to conduct .  Fur thermore ,  conclus ions  from labora tory  cul ture  exper iments  
a s sume  the a b s e n c e  of any  in te rac t ion  b e t w e e n  g e n o t y p e  and  env i ronmen t  in p roduc ing  
obse rved  pheno types .  This  diff icul ty is offset s o m e w h a t  by  ra is ing  the same genotype  
u n d e r  severa l  condi t ions  to m e a s u r e  any  g e n o t y p e  by  env i ronmen ta l  in terac t ion  or 
g rowing  the p r o g e n y  of crosses u n d e r  na tu ra l  condi t ions  in the  field.  A second difficulty 
in us ing  gene t i ca l l y  b a s e d  morpho log ica l  and  phys io log ica l  d i f ferences  for s tudying  
gene t i c  d i f fe ren t ia t ion  a m o n g  popu la t ions  is b e i n g  ab le  to quant i fy  the  level  of differen- 
t iat ion,  The  n u m b e r  of genes  cont ro l l ing  quan t i t a t ive  traits is ra re ly  known  (see Rueness 
& Rueness ,  1975 for an  except ion) .  The  p re sence  of gene t i c  d i f ferences  among  severa l  
popu la t ions  of a spec ies  p rov ides  no informat ion on w he the r  cer ta in  pairs  of popula t ions  
are  more  gene t i ca l l y  s imi la r  t han  others.  S imi lar ly ,  crosses b e t w e e n  ind iv idua l s  from 
g e o g r a p h i c a l l y  s e p a r a t e d  popu la t ions  usua l ly  p roduce  only an al l  or noth ing  response 
wi th  l i t t le  in format ion  on the  leve l  of di f ferent ia t ion.  

O b t a i n i n g  quan t i t a t ive  es t ima tes  of gene t ic  d i f ferent ia t ion  has  been  grea t ly  facili- 
t a t ed  by  us ing  e lec t rophore t i c  var ia t ion  of p ro te ins  (usual ly  enzyme  proteins)  as a means  
of e s t ima t ing  gene t i c  var ia t ion  wi th in  and  b e t w e e n  na tura l  popula t ions ,  Numerous  
s tudies  have  used  this a p p r o a c h  to assess  gene t i c  d i f fe rent ia t ion  among  popula t ions  of a 
var ie ty  of p l a n t  and  an ima l  species .  The  advan tages ,  l imi ta t ions  and in te rpre ta t ions  of 
e l ec t rophore t i c  var ia t ion  have  b e e n  d i scussed  in de ta i l  (Lewontin,  1974; Avise,  19751 
Nei,  19751 Got t l ieb ,  1977). On ly  some of the  po ten t i a l  p rob l ems  wil l  be  p r e sen t ed  here. 

V i sua l i za t ion  of a pa r t i cu la r  enzyme  p ro te in  after ge l  e lec t rophores i s  t akes  advan- 
t age  of the  spec i f ic i ty  of the  enzyme  for its substrate .  Since  most of the  enzymes  used  in a 
typ ica l  s tudy are  found in al l  l iv ing  organisms,  e lec t rophores i s  of a new species  often 
only  involves  minor  modi f ica t ions  of ex is t ing  techniques .  Shaw & Prasad  (1970) and 
Harr is  & H o p k i n s o n  (1976) p rov ide  a v a l u a b l e  compi la t ion  of p rocedures  for gel  elec- 
t rophores is  and  rec ipes  for s ta in ing  a la rge  n u m b e r  of enzymes .  Cheney  (1985) has 
r ecen t ly  ou t l i ned  s imi la r  p rocedure s  for a lgae .  

One  of the  r equ i r emen t s  for an enzyme  locus to be  useful  as a gene t ic  marke r  is that 
i t  be  r e so lved  on the  ge l  as  a sharp  band .  Since  e lec t rophore t i c  var ia t ion  is observed  as 
d i f ferences  in mobi l i ty ,  diffuse smears  of enzyme  act ivi ty  may  obscure  any differences. 
Resolut ion  can  usua l ly  be  improved  b y  t ry ing a n u m b e r  of di f ferent  e lectrophoresis  
buffer  systems,  Monomorph ic  enzyme  l o c i  show a s ingle  b a n d  (des igna ted  as an 
e lec t romorph)  wi th  iden t i ca l  mobi l i ty  in a l l  i nd iv idua l s  s a m p l e d  in a s tudy of several  
popula t ions .  In a po lymorph ic  enzyme  locus, two or more  e lec t romorphs  are  found in a 
s a m p l e  of d ip lo id  i nd iv idua l s  such that  homozygous  and  he te rozygous  b a n d i n g  patterns 
are  o b s e r v e d  for each  ind iv idua l ,  For  example ,  if two e lec t romorphs  are  found with fast 
(F) and  slow (S) re la t ive  mobi l i t ies ,  i nd iv idua l s  can be  scored as s i n g l e - b a n d e d  FF and 
SS homozygo tes  and  t w o - b a n d e d  FS he te rozygo tes  in a monomer ic  enzyme.  The genetic 
in t e rp re t a t ion  that  these  are  a l l e l e s  s e g r e g a t i n g  at  a s ingle  locus is s t reng thened  by 
pe r fo rming  crosses and  s tudy ing  the inhe r i t ance  pa t t e rn  of the  e lec t romorphs .  Where 
this  is not  poss ib le ,  as in a sexua l ly  r e p r o d u c i n g  species ,  the  different  ba nd ing  pheno- 
types  should  be  shown to be  he r i t ab l e  th rough  a sexua l  genera t ions  and  not modif ied by 
e nv i r onmen ta l  condi t ions .  



Genet ic  different ia t ion of mar ine  a lgae  409 

Often s ingle indiv iduals  d isplay severa l  bands  w h e n  s ta ined for a par t icular  

enzyme. For example ,  more than one locus can be  present,  each  coding  for different  
molecular  forms (isozymes) of an enzyme  with different  mobil i t ies .  Also, the subuni t  
structure of an enzyme  can result  in more than two bands  in he te rozygous  individuals .  

For instance, an enzyme  with a d imeric  subuni t  structure wi l l  p roduce  t h r ee -banded  

heterozygotes  compared  to the two-banded  he terozygotes  for monomer ic  enzymes.  
Figure 1 is an example  of e lec t rophore t ic  var ia t ion for the d imer ic  enzyme  g lu tamate  

Fig. 1. Glutamate oxaloacetate transaminase (GOT) banding patterns for six individuals of 
Enteromorpha linza. Migration is from bottom to top in a polyacrylamide gel with GOT-1 migrating 
faster than GOT-2. The phenotype designations (cf. Innes & Yarish, 1984) for GOT-1 are (1. to r.): SS, 

SF, SM, S'S, SS, SS. For GOT-2: FF, FF, FF, FM, FM, MS 

oxaloaceta te  t ransaminase  (GOT). Six ind iv idua ls  of Fnteromorpha linza are shown with  

s ing le -banded  homozygous  and th ree -banded  he te rozygous  pat terns for two GOT loci. 
The pat terns are consistent with those expec ted  for e lec t rophore t ica l ly  distinct a l le les  

associated with the two loci and are her i tab le  through asexual  genera t ions  in the 

laboratory (Innes & Yarish, 1984), Figure  2 shows some of the acid phospha tase  (AP) 
band ing  pat tern variat ion observed  among  indiv iduals  of E. linza. The pat terns are also 

her i table  through asexual  genera t ions  but  are not as eas i ly  in te rpre ted  as the GOT 
variation. Compl ica ted  banding  patterns such as these would  requi re  some init ial  

crossing exper iments  in a sexual  species  to work out the number  of loci and a l le les  
involved  in producing the observed variation.  Simply scoring the p resence  and absence  

of different bands  would  be mis lead ing  and incorrect  (Gottlieb, 1977). Enzymes  with  
unin terpre table  variat ion should be omit ted from any analysis  of gene t ic  dif ferent ia t ion 

among  populations.  
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Fig. 2. Acid phosphatase banding patterns for 12 individuals of Enteromorpha linza. Migration is 
from bottom to top in a polyacrylamide gel 

Once polymorphic  enzyme loci have b e e n  resolved for a species, a survey of the 
dis t r ibut ion of genet ic  var iat ion among popula t ions  can be carried out. Significant 
differentiat ion in the f requency of the variants  among popula t ions  may be the result of 
select ion by the local env i ronmen t  or random factors accompanied  by restricted gene 
flow. I n d e p e n d e n t  information on the dispersal  distances relative to distances be tween  
differentiated popula t ions  is va luable  for d iscr iminat ing  be tween  these two explana-  
tions. However,  as poin ted  out by Burton (1983) in a review of genet ic  differentiation 
among  popula t ions  of mar ine  invertebrates,  high dispersal  does not necessari ly imply 
high gene flow. Despite some of the problems of in terpre t ing  pat terns of differentiation, 
electrophoret ical ly detectable  enzyme var ia t ion is inva luab le  for quant i fy ing the level of 
genet ic  differentiat ion among  populat ions.  The results of such surveys provide an 
assessment  of the geographic  scale of different iat ion and  often suggest  testable explana-  
tions for the observed pattern.  

The use of enzyme variat ion to study genet ic  differentiat ion in populat ions  of marine  
benth ic  algae has b e e n  very l imited compared with other organisms (Cheney, 1985). A 
systematic study of species of Eucheuma us ing  electrophoretic variat ion (Cheney & 
Babbel, 1978) also inc luded  samples  from three popula t ions  of two of the species 
(Table 3). Unfortunately,  the data presen ted  were pooled results of both haploid and 
diploid reproduct ive plants  with vegetat ive plants  of u n k n o w n  ploidy. The populat ion 
differentiat ion observed for such pooled data may simply reflect different proportions of 
the haploid  and diploid stages in the sample  rather than  true genet ic  differences. Future 
studies should report genet ic  data for each life-history stage separately.  This would also 
provide some empir ical  data to compare with recent  models on the ma in tenance  of 
genet ic  variat ion in species with a l te rna t ing  haploid  and  diploid stages (Ewing, 1977). 
Another  difficulty with this study was the inc lus ion of several  enzyme bands with 
var iable  expression among  individuals .  Enzymes with known  nongene t i c  variat ion 
should be discarded from any analysis.  

Mal inowski  (1974) resolved 14 enzyme loci in samples  of the introduced species 
Codium fragile from ten sites in Long Island Sound and  southeastern Massachusetts 
(Table 3). Ten  of the loci were monomorphic .  The r ema in ing  four showed band ing  
pat terns which were in terpre ted  as fixed heterozygotes in all 500 individuals .  It was 
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Species No. of No. of No. of Reference 
loci polymorphic populations 

loci 

C o d i u m  fragi le  14 4 14 Malinowski (1974) 
E u c h e u m a  i s i forme  7 * 4 3 
E. n u d u m  7" 4 3 Cheney & Babbel (1978) 

Porphyra y e z o e n s i s  
Wild population 8 6 11 Miura et al. (1979) 
Cultured populations 8 0 9 

E n t e r o m o r p h a / / n z a  5 5 16 Innes (1983) 

* Loci with variable expression not included 

concluded that these  popula t ions  consis ted of a s ingle  asexua l ly  r ep roduc ing  genotype .  

Lack of gene t ic  diversi ty may be the result  of a small  number  of founding  indiv iduals  

when  this species  was in t roduced  to the area before  1957 {Malinowski,  1974). Addi t iona l  

samples  from Maine,  California,  British Co lumbia  and Eng land  r evea l ed  some geno-  

typic diversi ty wi th in  each  sample  but  the occurrence  of f ixed he te rozygotes  sugges t ed  
extens ive  asexual  reproduct ion  in these popula t ions  as well .  The  pat tern  of gene t ic  

differentiat ion g rouped  the Cal i fornia  and British Co lumbia  samples  toge ther  wi th  the 

remain ing  samples  forming a second group (Fig. 3). The pat tern  of different ia t ion was 
used as ev idence  that Europe was the source of int roduct ion of this species  to eas tern  
North America.  

CODIUM FRAGILE 

. . . . . .  i 

.7 .8 .9 
S IMILARITY 

-SHINNECOCK, LII. 
-MONTAUK PT., L. I. 
-ORIENT PT., L.I. 
-HORSE ISLAND, CONN. 
-NIANTIC B.,CONN. 
-NIANTIC R., CONN. 

[-~ -ROCKY NECK, CONN. 

1 1 -wooDs HOLE,.ASS. 
I I " -PENIKESE [.,MASS. 
I L -BARNEGAT B., N.J. 
q BOOTHBAY H.~MAI NE 

ENGLAND 
CALIFORNIA 
BR. COLUM BIA 

I 

1.0 

Fig. 3. The clustered pattern of genetic similarity among population samples of C o d i u m  fragile.  
Genetic similarity calculated from enzyme gene frequency data using Nei's identity (Nei, 1972). 

From Malinowski (1974) 
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Miura  et al. (1979) s tudied the pa t te rn  of genet ic  different iat ion among  populat ions 
of wild and  cul tured Porphyra yezoensis (Table 3). Six of the e ight  loci resolved were 
polymorphic  but  only in  the wild populat ions .  The occurrence of only s ing le -banded  
variat ion among  ind iv idua ls  suggested  that the thal lus  sampled  represented a haploid 
stage in  the life history of this species. There  was s ignif icant  genet ic  differentiation 
among  the wild and  cul tured popula t ions  (Fig. 4). However,  no obvious correlation with 
geographic  dis tance b e t w e e n  popula t ions  was ev ident  (Miura et al., 1979). 

~--CULTURED 1 
PORPHYRA YEZOENSIS ,______~I--CULTURED 4 

I I 
r__~ L-FUKUSHIMA 

I [ I MIYAGI I~CULT. 2 
~__~ l .... M IYAGt 7 

It--4 CULT. 3 
L . MIYAGI 2 

AOMORI 
M[YAGI 8 

HOKKAfDO 
_ _ ~  M IYAG 1 4 

I MWAGI 6 

MIYAGI 3 
M IYAG 1 5 

' ' ' 011 0',0 0.4 0.3 0.2 

GENETIC DISTANCE 

Fig. 4. The clustered pattern of genetic distance among wild and cultured populations of Porphyra 
yezoensis. Locality designations condensed from Pig. 2 of Miura et al. {1979). Miyagi 1 to 8, 
Dairiseki-kaigan, Kesennuma, Iwaizaki, Konorihama, Tsukahama, Koyatori, North Sannojima, and 
South Sannojima, respectively. Genetic distance calculated from enzyme gene frequency data 

using a formula given in Miura et al. (1979} 

The genet ic  structure of popula t ions  of Hnteromorpha linza from Long Island Sound 
has b e e n  examined  us ing  five polymorphic  enzyme loci {Table 31 Innes, 1983}. All of the 
phenotypic  var iat ion observed was clearly resolved and  conformed to homozygous and 
heterozygous pat terns  expected for electrophoret ical ly distinct al leles associated with 
each locus. Banding  pat terns  were shown to be her i table  with no segregat ion observed 
for heterozygous phenotypes .  Information on var ia t ion among  indiv iduals  in several 
populat ions ,  together  with the absence  of segregat ion in heterozygous individuals,  
sugges ted  that reproduct ion in  Long Island Sound was pr imari ly  if not exclusively 
asexual  (Innes & Yarish, 1984). Sixteen localities were sampled  in  1982 and significant 
genet ic  different iat ion was found for each of the five loci separately  as well  as when  the 
informat ion was incorporated into a mult i locus measure  (Innes, 1983). Genet ic  differen- 
t ia t ion among  localit ies was summar ized  as a m i n i m u m  s p a n n i n g  tree connect ing 
localities with the shortest genet ic  dis tance (most genet ica l ly  similar), before connect ing 
all localities, such that the total l eng th  of the tree was min imized  (Sheath & Sokal, 1973). 
Figure 5 compares the genet ic  dis tance among  localities, as summar ized  by this tree, 
with the geographic  dis tance among  the localities. There was little concordance 
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Fig. 5. The relationship between genetic distance and geographic distance using a minimum 
spanning tree (explained in the text) for samples of Enteromorpha linza from several localities in 
Long Island Sound. Genetic distance calculated as the complement of Hedrick's similarity (Hedrick, 
1971, 1975) for a multilocus measure based on variation for five enzyme loci (Innes, 1983). Lines 

connect localities separated by the smallest genetic distance 

be tween  genet ic  dis tance and geographic  dis tance since m a n y  ad jacent  localit ies were 
only connected indirectly.  

Some of genet ic  differentiat ion observed among  localit ies of E. linza appeared  to be 
related to salinity differences at the localities. Samples  from four geographical ly  sepa- 
rated localities with reduced sal ini ty were genet ica l ly  s imilar  and  formed a group 
distinct from localities with h igher  sa l ini ty  (Innes, 1983). The different iat ion b e t w e e n  
high and  low sal ini ty localities occurred wi th in  a few hund r e d  meters. Genet ic  differen- 
t iat ion on a microgeographic  scale was also found b e t w e e n  high and  low posit ions in  the 
intert idal  zone (Innes, 1983). 

DISCUSSION 

The results of the studies descr ibed here provide ev idence  for extensive genet ic  
differentiat ion among  populat ions  of several  species of mar ine  algae.  Genet ica l ly  based  
morphological  and  physiological  different iat ion associated with var ia t ion in  a par t icular  
env i ronmenta l  parameter  suggests that var ia t ion in  these characteristics evolved as an  
adapt ive response to local conditions. The gene t ic  features of this adapt ive  process can 
be ana lyzed  further by crossing the different ecotypes in  sexual ly  reproducing  species. 

Crossing studies be tween  geographica l ly  separa ted  ind iv idua ls  are more useful  as a 
taxonomic tool than as a means  of eva lua t ing  genet ic  different iat ion s ince popula t ions  
can become genet ica l ly  divergent  wi thout  any  loss of interlerti l i ty.  Crossing experi-  
ments can only be a useful  approach for quant i fy ing  genet ic  different iat ion if informa- 
tion other than  interferti l i ty is obtained.  Such exper iments  would  inc lude  measuremen t s  
of the degree of interfertility, survival and  fertility of the hybrids  as wel l  as the p rogeny  
from intercrossed and  backcrossed hybrids.  This approach would  detect  genet ic  dif- 
ferentiat ion among  populat ions  by the degree  of incompat ib i l i ty  expressed w h e n  blocks 
of genes  from representat ives  of two popula t ions  are combined  in  the same individual .  
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The much lower growth rate of hybrids be tween  two geographical ly  different strains of 
Ectocarpus silicuIosus may be the result  of gene t ic  incompat ib i l i ty  (Bolton, 1983). 

The analysis  of morphological  and  physiological  variat ion among populat ions as 
wel l  as crossing studies requires  extensive observat ions unde r  several  env i ronmenta l  
condit ions.  Electrophoret ical ly detectable  genet ic  var iat ion offers a relat ively easy 
means  of quan t i fy ing  the level  and  pa t te rn  of genet ic  var iat ion among  populations.  
I n d e p e n d e n t  informat ion on the rate of dispersal  be tween  popula t ions  is often needed  to 
d is t inguish  be tween  selective and  r andom explanat ions  for the observed differentiation. 
Alternat ively,  var iat ion at enzyme loci associated with var iat ion in specific envi ronmen-  
tal parameters  has b e e n  used as ev idence  for selectively ma in t a ined  differentiation. 
Such observat ions require addi t ional  experiments ,  similar to those used to identify 
physiological  ecotypes, in  order to show that the association is more than a simple 
correlation. 

The genet ic  different iat ion observed among  popula t ions  of E. linza in  Long Island 
Sound may be part ial ly due to its asexual  mode of reproduction.  A single individual  
colonizing an  area could establ ish a popula t ion  in  a short t ime by reproducing asexually~ 
Such founder  events  in  this species may exp la in  some of the observed differentiat ion not 
associated with var ia t ion in  habi ta t  salinity.  More species of a lgae  represent ing  a variety 
of life history types should be s tudied before genera l iza t ions  are made about the 
re la t ionship  b e t w e e n  the genet ic  structure of popula t ions  and  their life history. It is 
in teres t ing  to note that s ignif icant  genet ic  different iat ion was also found among pre- 
sumedly  sexual ly  reproduc ing  popula t ions  of Porphyra yezoensis (Miura et al., 1979). 

Genet ic  markers  are useful  for inves t iga t ing  the genet ic  relat ionship among distinct 
life-history stages in  laboratory culture studies (van der Meer  & Todd, 1980). Haploid 
and  diploid stages can be  ident i f ied as wel l  as the stage where  meiosis occurs. The life 
history of m a n y  species of a lgae  inc ludes  asexual  as well  as sexual  reproduction.  Since 
sexual  and  asexual  reproduct ion have different consequences  on the distr ibution of 
genet ic  var ia t ion wi th in  a populat ion,  informat ion on the organizat ion of genet ic  varia- 
t ion among  ind iv idua l s  can provide est imates of the relat ive f requency of each mode of 
reproduction.  Such an  approach has the advan tage  of s tudying the life history of a 
species unde r  natura l  condit ions and  can supp lemen t  observat ions from laboratory 
culture. 

Signif icant  genet ic  different iat ion among  popula t ions  can be interpreted as intra- 
specific var ia t ion or var ia t ion indicat ive  of taxonomical ly  distinct individuals .  Crossing 
studies may help d is t inguish  these two al ternat ive  explanat ions  but  the common occur- 
rence of successful crosses be tween  species of p lants  (Stebbins, 1950) limits the useful- 
ness  of this approach. Furthermore,  little is known  of speciat ion in a lgae and  there will 
t ikely be  degrees of taxonomic  different iat ion from the popula t ion  to the species level. 
Electrophoretic data have b e e n  useful  for s tudying the degree of genet ic  similarity 
be tween  ind iv idua ls  of various taxonomic levels (Avise, 1975). There are presently no 
s imilar  studies for species of a lgae  that can be used  to relate genet ic  differentiation with 
taxonomic separation.  

The evidence  for genet ic  differentiat ion among  popula t ions  of mar ine  algae has 
b e e n  ob ta ined  us ing  a variety of methods.  Different advantages  and  disadvantages  are 
associated with each method such that a combina t ion  of methods will remain  the best 
approach to s tudying evolut ionary problems in  popula t ions  of mar ine  algae. 
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