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Red algae of the 

 

Bostrychia radicans/B. moritziana

 

complex are common in warm temperate areas of
North America. Phylogenetic analysis of both plastid
and mitochondrial DNA sequence data revealed
seven distinct evolutionary lineages among world-
wide samples. Although only two haplotypes (plastid
and mitochondrial) were found in Pacific Mexico,
four plastid and 11 mitochondrial haplotypes were
found in a similar latitudinal spread along the Atlan-
tic coast of the United States. On the U.S. Atlantic
coast only one plastid haplotype was found in north-
ern samples (Connecticut to North Carolina), whereas
further south several plastid haplotypes were found.
Phylogenetic analyses suggested that this single plas-
tid haplotype found among northern samples could
be the result of a northward range expansion pos-
sibly since the last glacial maximum. Crossing data
of samples within the same evolutionary lineage
showed that samples with the same plastid haplo-
types were generally sexually compatible; samples
with different plastid haplotypes were reproduc-
tively isolated. Samples from Pacific Mexico were
partially reproductively compatible with some sam-
ples from the Atlantic USA (plastid haplotype C) and
were more closely related to these samples than
these U.S. samples were to other U.S. Atlantic sam-
ples. Compatible solute types mirrored the plastid
haplotype, with plastid haplotype B having only sor-
bitol, whereas all other haplotypes also contained
dulcitol. Samples from Atlantic USA, with different
plastid haplotypes (e.g. B vs. C), but within the same
evolutionary lineage, were reproductively isolated
from each other. Data indicate that reproductive iso-
lation occurs between and within supported evolu-
tionary lineages and that the number of cryptic spe-
cies is high.
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2-3 spacer, cytochrome oxidase 2-cyto-
chrome oxidase 3 intergenic spacer; RUBISCO spacer,
RUBISCO large and small subunit intergenic spacer;

 

SSCP, single-stranded conformational polymorphism

 

Cryptic diversity in marine organisms is increas-
ingly being revealed as molecular studies have ex-
panded (Knowlton 1993, Palumbi 1994; in seaweeds:
McIvor et al. 2001, Gabrielson et al. 2003, van der
Strate et al. 2002a, Zuccarello et al. 2002). Combined
with these studies is a greater awareness of the geo-
graphic distribution of these genetic variants and an
improved understanding of the speciation processes
in marine organisms (Avise 2000).

Phylogeographic studies of marine and freshwater
animals have been especially well investigated along
the east and south coasts of the United States (see
summaries in Avise 2000). These studies have shown,
with exceptions, a strong biogeographic discontinuity
(phylogenetic disjunction) among marine animals
from either side of the Florida peninsula, with a tran-
sitional boundary in the east central coastline of Flor-
ida (Reeb and Avise 1990, Sarver et al. 1992). Molecu-
lar phylogeographic studies of marine algal species, at
the intraspecific level, along these coasts and around
a Florida transition zone are very preliminary (Zucca-
rello and West 1997).

The genus 

 

Bostrychia

 

 (Rhodomelaceae, Cerami-
ales) is widespread in tropical and warm temperate
environments around the world. It is often found in
estuarine systems associated with mangrove or salt
marsh vegetation. The genus has been studied exten-
sively in terms of its physiology, especially tolerance to
salinity variation and compatible solute content
(Karsten and Kirst 1989, Karsten et al. 1992, 1993,
1994, 1995) and biogeography (Zuccarello and West
1995, 1997, 2002, West and Zuccarello 1999, Zucca-
rello et al. 1999d).

 

Bostrychia radicans

 

 (Montagne) Montagne is one of
the most widespread species within the genus (King
and Puttock 1989). The taxonomy of these specimens
is complex due to morphological plasticity and a lack
of reliable defining characters. The presence or ab-
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sence of monosiphonous lateral branch tips (King
and Puttock 1989), a phenotypically plastic character
(Zuccarello and West 1995), has been used to differ-
entiate between 

 

B. radicans

 

 and 

 

B. moritziana

 

 (Sonder
ex Kützing) J. Agardh. However, these characters do
not correlate with molecular monophyletic units (Zuc-
carello and West 1997). Therefore it was suggested
that compoundly branched monosiphonous laterals
may be a better character to distinguish monophyletic
species. This idea was later challenged (Zuccarello et
al. 1999d), because organisms with monosiphonous
compoundly branched apices are found in several dis-
tinct evolutionary lineages, although the data were
not able to resolve the relationships between these
supported lineages.

Although morphological diagnostic characters are
missing to separate lineages, molecular data do show
that distinct molecular lineages do exist and the mo-
lecular data do not group these samples by area of or-
igin. Previous limited molecular phylogenetic data on

 

B. radicans

 

, mostly from the Americas, placed three
Pacific Mexico isolates, two Venezuelan isolates, and
one Atlantic U.S. isolate (NJ2880, NJ, USA) within
one phylogenetic lineage, based on the plastid-
encoded RUBISCO spacer DNA sequence data, whereas
another U.S. isolate (FL2928, Gulf of Mexico), along
with Peruvian and some Brazilian isolates, was placed
in a separate and distinct lineage (Zuccarello and West
1997). Crossing data in that study showed that isolates
from the two separate lineages were reproductively iso-
lated, though isolates within a lineage were generally
reproductively compatible, including the Pacific Mex-
ico isolates with certain isolates from Venezuela.

A later study, focusing on 

 

B. moritziana

 

 morpho-
types from the southern hemisphere, with increased
sampling compared with the previous studies (Zucca-
rello and West 1995, 1997), both within and between
different geographic regions distinguished five major
lineages of the 

 

B. moritziana/B. radicans

 

 complex (Zuc-
carello et al. 1999d). This study also found that iso-
lates collected in close proximity may be morphologi-
cally identical but evolutionarily very divergent.

Phylogeographic studies of marine organisms have
been aided by methods to rapidly score genotypes, es-
pecially of non-recombining “haploid” genomes such
as mitochondria or plastids. Although these methods
(e.g. single-stranded intergenic spacer [SSCP], micro-
satellites) are well established (Lessa and Applebaum
1993) and have been applied to a variety of organ-
isms, their use in seaweeds is just commencing (Coyer
et al. 2002, van der Strate et al. 2002b). The ability of
the SSCP method to distinguish between “mutant”
DNA fragments relies on the principles that the mo-
lecular conformation of single-stranded DNA is nucle-
otide-sequence specific; that this conformation is al-
tered by point substitutions, insertions, and deletions;
and that the altered conformation affects the mobility
of the molecule to migrate through a polyacrylamide
gel (Sunnucks et al. 2000). In red seaweeds this
method has been used to distinguish between plastid-

encoded RUBISCO spacer haplotypes within and be-
tween populations of 

 

Caloglossa leprieurii

 

 (Montagne)
G. Martens (Zuccarello et al. 2000, 2001), to distin-
guish between isolates of 

 

B. tenuissima

 

 King et Puttock
with different polyol contents (Zuccarello et al.
1999c), and to screen isolates in a biogeographic
study of 

 

B. moritziana

 

 (Zuccarello et al. 1999d). Re-
cently, a mitochondrial marker has been developed
for intraspecific studies in red algae, the cytochrome
oxidase 2-cytochrome oxidase 3 intergenic spacer
(

 

cox

 

2-3 spacer) (Zuccarello et al. 1999a), that show
higher levels of mutation than the plastid-encoded
RUBISCO spacer (Zuccarello and West 2002).

The discovery of distinct molecular/evolutionary
lineages within morphospecies and their relationship
to our definition of species (“species concepts”) in
red algae is still being debated. A commonly debated
species concept is the biological species concept
(Mayr 1942); this concept assumes that biological spe-
cies exhibit some form of reproductive isolation (pre-
or postzygotic). Reproductive isolation certainly con-
tributes to maintaining separate genealogical lineages
in organisms and is still a key aspect of many integra-
tive species concepts (Harrison 1998, Avise 2000). Iso-
lates of 

 

B. radicans

 

 from Atlantic and Pacific North
America have been studied with respect to their hy-
bridization patterns. Isolates from North America
were freely sexually compatible along large areas of
the Pacific coast (Zuccarello and West 1995). In con-
trast, samples from Atlantic North America (eastern
United States) exhibited greater reproductive isola-
tion (Zuccarello and West 1995), although phyloge-
netic relationships of the samples at the time were not
known. Later evidence showed a strong correlation
between reproductive isolation and genetic distance
(Zuccarello and West 1997, Zuccarello et al. 1999d).

Species of the genus 

 

Bostrychia

 

 have a unique set of
compatible solutes that are found in no other Cerami-
ales (Karsten et al. 1992). These sugar alcohols (sorbi-
tol and dulcitol) are important in osmoregulation
(Karsten and Kirst 1989). Isolates from North America
showed variation in the types of compatible solutes pro-
duced and other physiological parameters (Karsten et
al. 1993), with some isolates producing sorbitol and
dulcitol, whereas others produced only sorbitol.

This study was initiated to increase sampling of 

 

B.
radicans

 

/

 

B. moritziana

 

 from the Pacific and Atlantic
North American coasts to 1) assess phylogenetic rela-
tionships of these samples plus other samples from
around the world to determine worldwide levels of
plastid and mitochondrial haplotype diversity within
this species complex, 2) compare reproductive isola-
tion with levels of genetic diversity to understand the
history of reproductive isolation within these marine
algae, and 3) correlate molecular relationships with
compatible solute production.

 

materials and methods

 

Samples. Bostrychia radicans

 

 and 

 

B. moritziana

 

 samples used in
this study are presented in Table 1. Conditions for collection,
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Table

 

 1.

 

Bostrychia radicans/B. moritziana

 

 isolates used.

 

Latitude/
Longitude

Culture 
code

Polyol
type

RUBISCO
Haplo.

RUBISCO
Seq.

 

cox

 

2-3 
Haplo.

Accession Number

Collection location and date RUBISCO

 

cox

 

2-3

 

Mulege, Baja California Sur, Mexico. 8 Jan 1991 26

 

�

 

 53

 

�

 

 N MX3019 SD A1 X
112

 

�

 

 01

 

�

 

 W MX3020 SD

 

a

 

A1
MX3021 SD A1

Estero Coyote, BCS, Mexico. 26 Mar 1991 26

 

�

 

 42

 

�

 

 N MX3124 SD A1 X Z1 AY260866 AY257648
113

 

�

 

 35

 

�

 

 W
Bahia Magdelena, BCS, Mexico. 7 Jan 1991 24

 

�

 

 48

 

�

 

 N MX3026 SD

 

a

 

A1
112

 

�

 

 19

 

�

 

 W MX3027 SD A2 X Z1 AY260867
MX3029 SD

 

a

 

MX3037 SD

 

a

 

A1 Z1
Bahia Balandra, BCS, Mexico. 6 Jan 1990 24

 

�

 

 10

 

�

 

 N MX3030 SD A1 X
110

 

�

 

 18

 

�

 

 W MX3034 SD

 

a

 

A1
MX3035 SD A1 X
MX3038 SD

 

a

 

A1
Teacapan, Sinaloa, Mexico. 22 Mar 1992 22

 

�

 

 21

 

�

 

 N MX3253 SD A1 X
105

 

�

 

 39

 

�

 

 W
San Blas, Nayarit, Mexico. 22 Mar 1992 21

 

�

 

 13

 

�

 

 N MX3249 SD A1 X
105

 

�

 

 16

 

�

 

 W
Barra de Navidad, Jalisco, Mexico. 19 Mar 1992 19

 

�

 

 12

 

�

 

 N MX3258 SD

 

b

 

A1 Z1
104

 

�

 

 41

 

�

 

 W
Rio Pijijiapan, Chiapas, Mexico. 24 Mar 1993 15

 

�

 

 32

 

�

 

 N MX3380 SD

 

e

 

A1 X Z1
93

 

�

 

 14

 

�

 

 W
R. San Juan, Chiapas, Mexico. 25 Mar 1993 15

 

�

 

 10

 

�

 

 N MX3381 SD A1 Z2 AY257649
92

 

�

 

 47

 

�

 

 W
Buena Vista, Guatemala. 22 Mar 1993 13

 

�

 

 53

 

�

 

 N GU3367 SD

 

e

 

A1 X Z1
90

 

�

 

 45

 

�

 

 W
Pueblo Viejo, Guatemala. 22 Mar 1993 13

 

�

 

 53

 

�

 

 N GU3371 SD

 

e

 

A1 X Z1
90

 

�

 

 42

 

�

 

 W
Stamford, CT, USA. 13 Aug 1991 41

 

�

 

 03

 

�

 

 N CT3175 S B X Y AY257650
73

 

�

 

 32

 

�

 

 W CT.E208 ? ? Y
Long Island, NY, USA. 22 Oct 1995 40

 

�

 

 53

 

�

 

 N NY3449 S B X
72

 

�

 

 22

 

�

 

 W NY3450 S B Y
Mullica R., NJ, USA. 17 Jul. 1973 39

 

�

 

 32

 

�

 

 N NJ2881 S B X Y
74

 

�

 

 24

 

�

 

 W
Cape Charles, VA, USA. (Göttingen 100-70) 37

 

�

 

 19

 

�

 

 N VA3148 S B X X
76

 

�

 

 13

 

�

 

 W
York R., Croaker, VA, USA. 6 Nov 1991 37

 

�

 

 16

 

�

 

 N VA3228 S B X X AY25765
76

 

�

 

 42

 

�

 

 W
Cape Fear Estuary, NC, USA. 27 Jan 1991 33

 

�

 

 53

 

�

 

 N NC3115 S B X V
78

 

�

 

 00

 

�

 

 W NC3116 S B X V AF126713 AY257652
Belle Baruch Marine Lab, SC, USA. 15 Oct 1995 33

 

�

 

 24

 

�

 

 N SC3536 SD C X S
79

 

�

 

 16

 

�

 

 W
Isle of Palms, SC, USA. 21 Jul 1991 32

 

�

 

 47

 

�

 

 N SC3171 SD C X S AF126714
79

 

�

 

 47

 

�

 

 W SC3172 SD

 

d C S
Charleston, SC, USA. 9 Oct 1991 32� 44� N SC3195 SD C X S

79� 57�W
James Island, SC, USA. 17 Jun 1994 32� 43� N SC3406 SD C S AY257653

80� 00� W SC3409 S B Y
Dawhoo R. Landing, SC, USA. 17 Jun 1994 32� 32� N SC3410 S B X Y

80� 18� W
Tybee Is., GA, USA. 18 Jun 1994 32� 05� N GA3411 S B X Y

80� 52� W
Sapelo Is., GA, USA. 15 Dec 1990 31� 26� N GA3094 SD D X N AY260868 AY257654

81� 15� W
Jekyll Is., GA, USA. 18 Jun 1994 31� 4� N GA3418 SD B X W AY257655

81� 22� W
Cedar Key, FL, USA. 19 Sep 2000 29� 08� N FL4124 ? D X N

83� 03� W
Ft. Pierce, FL, USA. 19 Jun 1994 27� 29� N FL3419 SD D X N

80� 19� W FL3420 SD C X R AY257656
Tampa, FL, USA. 16 Mar 1988 27� 56� N FL2928 SD D X L AY257657

82� 57� W 
Clearwater, FL, USA. 19 Sep 2000 27� 58� N FL4125 ? D X N

82� 49� W
Marco Island, FL, USA. 19 Sep 2000 25� 59� N FL4112 ? C X Q

81� 43� W
Miami R., Miami, FL, USA. 14 Jun 1994 25� 47� N FL3416 SD E X M AY260869 AY257658

80� 11� W
Plantation, Florida Keys, FL, USA. 15 Jun 1994 25� 00� N FL3427 SD C X Q AY257659

80� 22� W
(continued)
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isolation, and culture have been reported elsewhere (West and
Calumpong 1988, West and Zuccarello 1999).

Phylogenetic analysis. Methodologies for DNA extraction,
PCR amplification and haplotype scoring, via SSCP, and direct
sequencing of the RUBISCO spacer are presented in Zucca-
rello et al. (1999b). Amplification and sequencing of cox2-3
spacer followed Zuccarello et al. (1999a). All PCR products
were electrophoresed in 2% agarose to check product size and
yield.

Sequences were assembled using the computer software
supplied with the ABI 377 sequencer (Applied Biosystems, Fos-

ter City, CA, USA), aligned with Clustal X (Thompson et al.
1997) and refined by eye. Phylogenetic relationships were in-
ferred with PAUP*4.0b10 (Swofford 2002). In all phylogenetic
analyses gaps were considered as missing data. In the minimum
spanning network, gaps of common size and position were con-
sidered as single mutational events. Outgroups were difficult to
align to these samples. The closest sister group to B. radicans
and B. moritziana is Stictisiphonia kelanensis (Grunow ex Post)
King et Puttock (unpublished data). Placing this sample in the
phylogenetic reconstruction and realigning the data accord-
ingly did not alter any relationships that are presented here. All

Table 1. Continued.

Latitude/
Longitude

Culture
code

Polyol
type

RUBISCO
Haplo.

RUBISCO 
Seq.

cox 2-3
Haplo.

Accession Number

Collection location and date RUBISCO cox 2-3

Port Aransas, TX, USA. Sep 1974 27� 51� N TX3492 S B X T AY257660
97� 04� W

Soro, Edo Sucre, Venezuela. 11 Apr 1991 10� 34� N VZ3136 SD VZ1 X P AY260870 AY257661
62� 27� W

Punta Piedra, Edo Sucre, Venezuela. 9 Apr 1991 10� 22� N VZ3142 SD VZ2 X O AY260871 AY257662
64� 20� W

Ilha do Cardoso, São Paulo, Brazil. 4 Apr 1990 26� 52� N BZ3051 ? BZ5 X U AY260872 AT257663
47� 57� W

Ilha do Cardoso, São Paulo, Brazil. 24 Nov 1989 26� 52� N BZ3017 SD BZ X K AF126708 AY257664
47� 57� W

Puerto Pizarro, Tumbes, Peru. 10 Feb 1990 3� 30� S PE3043 SD PE X AF126710
80� 01� W

Morib, Selangor, Malaysia. 12 May 1998 2� 16� N MY3845 SD n.a. X n.a. AY260873 AY257665
101� 27� E

Port Alma, Queensland, Australia, 24 Jul 1998 23� 36� S AU3881 ? n.a. X AF126715
150� 51� E

Fort Meyers Beach, FL, USA. 19 Sep 2000 26� 21� N M4119.F ? n.a. X AY260874
81� 54� W L

Buenaventura, Colombia. 10 Sep 1991 3� 54� N M3189.C ? COf X n.a. AF126705 AY257666
77� 06� W O

Palmerston, Northern Territory, Australia. 21 Jun 1997 2� 32� S M3751.N ? PALf AF126699
T

West Sawang, Sulawesi, Indonesia. 16 Nov 1994 M3453.I ? INf X AF126700
N

Rio Cariaco, Edo Sucre, Venezuela. 10 Apr 1991 10� 20� N M3150.V SDc n.a. X n.a. AF126703 AY257667
63� 58� W Z

Ilha do Cardoso, São Paulo, Brazil. Feb 1998 26� 52� N BZ3826 ? n.a. X AF126704
47� 57� W

Trinidade, Rio de Janeiro State, Brazil. 4 Mar 2001 23� 21� S M4146.B ? n.a. X AY260875
44� 43� W Z

Plage de Foué, New Caledonia. 2 Feb 1998 21� 06� S M3818.N SD NC2f X n.a. AF126697 AY257668
165� 22� E C

Plage de Foué, New Caledonia. 2 Feb 1998 21� 06� S M3819.N ? AUf X n.a. AF126698 AY257669
165� 22� E C

Beachwood, Natal, South Africa. 4 Nov 1991 28� S M3204.S ? SA2f X AF126695
A ? SA1f X n.a. AY257670
M3264.S
A

Tooradin, Western Port Bay, VIC, Australia. 25 Oct 1986 38� 13� S M2749A SDa AUf X n.a. AF126691 AY257671
145� 22� E U

Farasan Island, Red Sea, Saudi Arabia. 8 Jul 2000 16� 56� N M4069.S. ? n.a. X n.a. AY260876 AY257672
42� 02� E Ar

Kota Kinabalu, Sabah, Malaysia. 17 Aug 2000 05� 52� S M4109M ? n.a. X n.a. AY260877 AY257673
116� 01� E Y

Sikuati Beach, Sabah, Malaysia. 13 Aug 2000 06� 53� S M4074.M ? n.a. AY260878 AY257674
116�42� E Y

Collection location, date of collection, and latitude and longitude given. Culture number � location two-letter abbreviation
followed by four-digit J. A. West culture designation; M prefix, followed by culture number, indicates Bostrychia moritziana morphotype.
Polyol-type (data from this study [Table 6] unless noted): SD, d-sorbitol and d-dulcitol; S, d-sorbitol only; RUBISCO Haplo.,
RUBISCO haplotype designations; RUBISCO Seq., RUBISCO spacer sequenced; cox2-3 Haplo., cox2-3 haplotype designations;
GenBank Accession number for variable RUBISCO spacer and cox2-3 spacer haplotypes. n.a., not applicable.

aKarsten et al. (1992).
bWest et al. (1993).
cKarsten et al. (1993).
dKarsten et al. (1994).
ePedroche et al. (1995).
fPreviously published B. moritziana haplotype designations, Zuccarello et al. (1999d).
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phylogenetic reconstructions presented are based on mid-point
rooting, without an outgroup selected.

Maximum parsimony trees were constructed in PAUP* using
the heuristic search option, 500 random sequence additions,
unweighted and unordered characters, and treé bisection re-
connection (TBR) branch swapping. Distance trees were con-
structed using the Kimura-2 parameter estimate of distance and
neighbor-joining reconstruction. Maximum likelihood (ML)
was also used to construct the most-likely tree from the data set
(two random sequence additions). ML parameters were esti-
mated using the hierarchical likelihood ratio test. The program
Modeltest version 3.06 (Posada and Crandall 1998) was used to
find the model of sequence evolution that best fit each data set
(� � 0.05). When the best sequence evolution model was deter-
mined, ML tree searches were performed in PAUP* using the
estimated parameters (gamma distribution (G), proportion of
invariable sites (I), and transition/transversion ratio (Ti/Tv).

Support for individual internal branches was determined
by bootstrap analysis (Felsenstein 1985) as implemented in
PAUP* and a decay index (Bremer 1988). For bootstrap analy-
sis, 1000 bootstrap data sets were generated from resampled
data (five random sequence additions), for both the parsimony
and distance analysis. Decay indices, on a strict consensus of the
most parsimonious trees, were calculated with AutoDecay, ver-
sion 4.0.2 (Eriksson 1998). Tree topologies based on ML dis-
tance data are presented, although all reconstructions were es-
sentially identical. All unique sequences are deposited at
GenBank.

Minimum spanning networks were constructed by hand
comparing both the most parsimonious trees, generated in
PAUP*, for the respective data sets and the sequence variation
itself. Branch points in the network were inferred when two
equally parsimonious solutions were possible.

Hybridization. Crosses between select isolates were per-
formed as indicated in Zuccarello and West (1995). Data from
Zuccarello and West (1995, Fig. 3) are redrawn here (Table 2),
because these data are referred to often. Crosses between male
and female gametophytes (haploid) were only scored when the
control cross (male and females from same diploid), per-
formed at the same time as outcrosses, was positive. In certain
cases this was not possible, because only one sex was available;
in these case at least one positive outcross had to occur. Crosses
were considered positive if carpospores (diploid zygote prod-
ucts) were released from two or more carposporophytes and
the carpospores subsequently germinated in a normal bipolar
manner. Certain F1 progeny were followed, and whether the
free-living diploid (tetrasporophyte) became reproductive and
released tetraspores (meiotic spores) was scored. In certain
crosses pseudocystocarps (partially formed pericarps, but little
or no carposporopyte development; Zuccarello and West 1995)
were produced and noted.

Polyol analysis. Polyol analysis followed methodologies out-
lined previously (Karsten et al. 1991, 1994).

results
Phylogeny and haplotype distribution. SSCP analysis iden-

tified six RUBISCO spacer haplotypes from North
America. Two haplotypes were scored for the Pacific
North American samples (Mexico and Guatemala,
Fig. 1, haplotypes A1 and A2), whereas four haplotypes
were scored for the Atlantic North American samples
(USA, Fig. 2, haplotypes B, C, D, E). A large subset of
haplotypes with similar mobility in the SSCP gels were
sequenced (Table 1), and no sequence variation was
found that was not reflected in a band mobility shift
in the SSCP gel. Phylogenetic analysis of these plastid
haplotypes, plus other samples of B. radicans and B.
moritziana from around the world, were incorporated
into an aligned data set of 338 characters (available
upon request). Maximum parsimony analysis pro-
duced 42 most-parsimonious trees of 202 steps (CI �
0.7255; RI � 0.8593) (not shown); this topology was
consistent with the neighbor-joining topology, as was
the ML topology (Fig. 3) (estimated evolution model:
substitution model � HKY85 [Hasegawa et al. 1985],
Ti/Tv ratio � 2.1439, I � 0.5695, G � 65.776; –log-like-
lihood � 1418.5136). Bootstrap resampling and phy-
logenetic reconstruction revealed seven major lin-
eages with good bootstrap support. Although support
for the lineages is generally high, relationships be-
tween lineages remained unresolved. The first five of
these lineages were reported previously (Zuccarello et
al. 1999d).

Sequencing of the cox2-3 spacer was also per-
formed, mostly concentrating on North American
samples. Thirteen cox2-3 spacer haplotypes were found
in North America. Two haplotypes were found in Pa-
cific North American samples (haplotype Z1 and Z2),
and 11 haplotypes were found in Atlantic North
America (L, M, N, Q, R, S, T, V, W, X, Y). Phyloge-
netic analysis of these mitochondrial haplotypes, plus
other samples of B. radicans/B. moritziana from around
the world, were incorporated into an aligned data set

Table 2. Cross results between isolates of Bostrychia radicans (redrawn from Zuccarello and West 1995).

RUBISCO B B B B B C C C D D

cox2-3 Y Y X V V S S S N L

Isolate CT3175 NJ2880 VA3228 NC3115 NC3116 SC3171 SC3172 SC3195 GA3094 FL2928

B Y CT3175 � �
B Y NJ2880 � � � � � �
B X VA3228 � � � �p � � � �
B V NC3115 �p � � � � � � �
B V NC3116 � � � � � � � �
C S SC3171 � �p � �p � � � � �
C S SC3195 � �p � �p � � � � �
A1 Z1 MX3030 � �p �a � �
A2 Z1 MX3027 � � �a � �
A1 Z1 MX3020 � � �a �

Isolate designations in Table 1. RUBISCO spacer and cox2-3 spacer haplotypes (see Table 1) shown in first and second row/column,
respectively. Females, horizontal rows; males, vertical columns; �, cystocarps produced, carpospores released and germinated; �,
cystocarps produced; p, pseudocystocarps produced.

aTetrasporophytes produced but tetraspores abortive.
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of 449 characters (available upon request). Maxi-
mum parsimony analysis produced 18 most-parsimo-
nious trees of 550 steps (CI � 0.6873; RI � 0.8576)
(not shown); this topology was consistent with the
neighbor-joining topology, as was the ML topology
(estimated evolution model: substitution model �
K81 [Kimura 1981], I � 0.2856, G � 1.828, –log-likeli-
hood � 2867.97107) (Fig. 4). The phylogeny ob-
tained revealed six distinct lineages, corresponding to
lineages 1 and 3–7 of the RUBISCO spacer tree. Lin-
eage 2 samples, of the RUBISCO spacer, were not an-
alyzed because no amplification product was pro-
duced with the cox2-3 spacer primer pairs on these
samples, possibly due to primer mispairing. Relation-
ships within lineage 5 are better resolved with the
cox2-3 spacer data set than the RUBISCO spacer data
set (Fig. 4).

Lineage 1 contained samples from the Indo-Pacific,
identified as B. moritziana. Over 100 samples were ana-
lyzed from a wide area, and all share very similar
RUBISCO spacer sequences (Zuccarello et al. 1999d).
Lineage 2 contained samples of B. moritziana also
from the western Pacific, morphologically identical to
samples from lineage 1, sympatrically distributed but
reproductively isolated from lineage 1 samples (Zuc-
carello et al. 1999d). Lineage 3, although not strongly
supported in the RUBISCO analysis, contained sam-
ples from South America that were mostly found in
freshwater (M3150.VZ, M4146.BZ) with a B. moritzi-
ana morphology, plus an estuarine sample from
southern Brazil. Lineage 4 contained one sample of
B. moritziana from Pacific Colombia. The last lineage
also reported previously was lineage 5. This lineage
contained samples from the Pacific and Atlantic
Americas, mostly from North America. These samples
were identified as B. radicans in previous studies, al-
though some isolates have monosiphonous branches

that are characteristic of B. moritziana (Zuccarello and
West 1995, 1997). Lineage 6 contained samples iden-
tified as B. radicans from diverse locations around the
world (Australia, Malaysia), including North America.
Lineage 7 contained samples, fitting the B. moritziana
morphology, from several widespread locations (west
Florida, Malaysia, Saudi Arabia).

Because this article focuses on the relationships be-
tween phylogenetic structure and reproductive com-
patibility of North American samples found in lin-
eages 5 and 6, a minimum spanning network was
produced from these isolates, plus isolates from South

Fig. 1. Sample SSCP gel of amplified RUBISCO
spacer of specimens from Pacific North America. Speci-
mens are aligned north to south (left to right). Haplotypes
A1 and A2 are marked.

Fig. 2. Sample SSCP gel of amplified RUBISCO spacer of
specimens from Atlantic North America. Haplotypes B, C, D,
and E are marked.

Fig. 3. Topology of ML derived tree from RUBISCO
spacer data set of specimens of the Bostrychia radicans/B. moritzi-
ana complex. Mid-point rooting. Parsimony-derived bootstrap
values (1000 bootstrap replicates, 5 random sequence addi-
tions) above branches, left of diagonal. ML derived bootstrap
values (100 replicates) above branches, right of diagonal. Decay
values below branches. Lineages 1–7 indicated. For informa-
tion on sample culture codes (including four numerals) or
haplotype abbreviations, see Table 1.
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America within these lineages. Plastid haplotype varia-
tion is shown in Fig. 5. Within lineage 5, haplotypes
A1 and A2 (from the Pacific) differ from haplotype C
at only 1 bp, and haplotype A1 was far more common
in Pacific Mexico (Table 1) and was the inferred an-
cestral haplotype for haplotype A2. Haplotype C dif-
fered from the Venezuelan haplotypes (VZ1, VZ2) by
2 bp. Mutational steps between haplotype C and the
BZ5 (from Brazil) and B haplotypes was of 2 and 3 bp,
respectively. Haplotype B is found sympatric with hap-
lotype C (at James Island, SC, USA, Table 1). Haplo-
types D and E from the Atlantic USA were found in
lineage 6 as were samples from South America. Hap-
lotype BZ (Brazil), collected from the same island as
haplotype BZ5 in lineage 5, differs from PE (Peru) by
1 bp. The two U.S. haplotypes differ from each other
by 6 bp, whereas haplotype D had more sequence sim-
ilarity to the South American samples than to haplo-
type E (Fig. 5).

A minimum spanning network of the cox2-3 spacer
haplotypes within lineages 5 and 6 is presented in Fig-
ure 6 and clearly shows the relationships of, and muta-
tional steps between, the haplotypes. Haplotypes Z1
and Z2, from the Pacific, were between two and seven
mutational steps from haplotypes S, R, and Q from
the southeast United States. This group of haplotypes
was 23 bp different from the Venezuelan haplotypes P
and O. Mitochondrial haplotypes T, V, W, X, and Y
(corresponding to samples with plastid haplotype B)
are quite divergent from the other U.S. haplotypes (S,
R, Q). Haplotypes N and L, within lineage 6, differed
by 1 bp, whereas the other haplotypes within this lin-
eage were quite divergent from each other (Fig. 6).
For all instances in which data are available for both
plastid and mitochondrial markers, plastid haplotypes
perfectly overlapped the mitochondrial haplotypes
(Fig. 6). The haplotype localities along the U.S. Atlan-
tic and Gulf of Mexico coasts are shown in Figure 7.

Hybridization data. Crossing results are presented
in Tables 2, 3, 4, and 5. Results from Zuccarello and
West (1995) are redrawn in Table 2. Plastid and mito-
chondrial designations have been added to the isolate
identification.

Table 2 shows that crosses between different iso-
lates within plastid haplotype B were unsuccessful.
Most of these crosses are between isolates with mito-
chondrial haplotype X or Y and haplotype V, the most
divergent mitochondrial haplotype (Fig. 6). A cross
between isolates with mitochondrial haplotype V both
collected from the Cape Fear Estuary (NC3115 vs.
NC3116) also proved unsuccessful, although these
isolates were self-compatible. A cross between isolates
with haplotype X and Y was also unsuccessful. All
crosses between isolates with plastid haplotype C and

Fig. 4. Topology of ML derived tree from cox2-3 spacer
data set of specimens of the Bostrychia radicans/B. moritziana
complex. Mid-point rooting. Parsimony-derived bootstrap val-
ues (1000 bootstrap replicates, 5 random sequence additions)
above branches, left of diagonal. ML derived bootstrap values
(100 replicates) above branches, right of diagonal. Decay values
below branches. Lineages 1–7 (lineage 2 missing, see text) indi-
cated. Position of haplotypes indicated. For information on ab-
breviations of samples, see Table 1.

Fig. 5. Parsimony network of plastid RUBISCO spacer
haplotypes referred to in text and Table 1. (a) Haplotypes from
lineage 5; (b) haplotypes from lineage 6. Circles indicate haplo-
types, and squares indicate hypothetical haplotype branch
points. Cross line indicates position of single base pair substitu-
tions. Homoplasious substitutions indicated by open rectangle
and base pair position.
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mitochondrial haplotype S were successful, as were
crosses between samples with plastid haplotype D (mi-
tochondrial haplotype L and N). All crosses between
isolates with different plastid haplotypes were nega-
tive, except for crosses between haplotype C (Atlantic
USA) and haplotypes A1 and A2 (Pacific Mexico). Al-
though these crosses were successful the tetrasporo-
phytes derived from these carposporophytes (car-
pospores) produced only abortive tetrasporangia.

To further investigate the inability of some isolates
within plastid haplotype B to cross, a second set of
crosses were performed concentrating on isolates with
this haplotype (Table 3). Most crosses within haplo-
type B were successful; however, unsuccessful crosses

worked in some reciprocal cross combination. The
one isolate with relative low crossing success (VA3148)
has been maintained in culture for over 25 years.

Table 4 shows that crosses between isolates with plas-
tid haplotype B were successful. Again crosses between
plastid haplotype C isolates and Pacific Mexico isolates
were successful, though this time tetrasporophytes
were not followed, except for this case crosses between
different plastid haplotypes were not successful.

Table 5 shows that crosses between isolates with the
same plastid haplotype were successful, whereas crosses
between isolates with different plastid haplotypes
were unsuccessful, except for two cases. One is the
previously mentioned crosses between haplotype C (At-
lantic USA) and A1 (Pacific Mexico) and the reciprocal
cross. Interestingly, this set of crosses shows the only
case in which a C haplotype and an A1 haplotype were
incompatible. The other successful interplastid haplo-
type cross was between an isolate with plastid haplo-
type C and B (SC3409 female and FL3420 male),
though the reciprocal cross did not work. The diploid
hybrid was not followed.

Even though this was a small cross data set from all
potential isolates, due to logistic constraints, the re-
sults show that crosses within plastid haplotypes are
generally successful. The only exception in crossing
failure within plastid haplotypes is within plastid hap-
lotype B in which crossing success is reduced but not
completely inhibited (Tables 2 and 3).

Polyol analysis. Polyols were scored for 35 new sam-
ples used in this study (Table 6). Results are summa-
rized in Table 1 along with published data (Karsten et
al. 1992, 1993, 1994). The only haplotype to lack dul-
citol was haplotype B, except for one isolate (GA3418)
in which the dulcitol level was extremely low.

discussion
SSCP analysis is able to score accurately all plastid

haplotypes (RUBISCO spacer) as shown in other stud-
ies (Zuccarello et al. 1999b,c,d). Phylogenetic recon-
struction using plastid and mitochondrial data sets
gives congruent relationships with seven well-sup-
ported lineages (although we lack mitochondrial data
on samples from plastid lineage 2, we consider failure

Fig. 6. Parsimony network of mitochondrial cox2-3 spacer
haplotypes referred to in text and Table 1. (a) Haplotypes from
lineage 5; (b) haplotypes from lineage 6. Circles indicate haplo-
types, and squares indicate hypothetical haplotype branch
points. Cross line indicate single base pair substitutions. Trian-
gle indicates a common indel. Homoplasious substitutions indi-
cated by open rectangle and base pair position. X on line gives
number of mutations including common indels. Oval over mi-
tochondrial haplotypes indicates plastid haplotype overlap.

Table 3. Cross results between isolated of Bostrychia radicans from Atlantic USA.

RUBISCO B B B B B C

cox2-3 Y Y X V W S

Isolate NY3449 NJ2881 VA3148 NC3116 GA3418 SC3406

B Y NY3449 � � �p � �p �
B Y NJ2881 � � � �p � �
B Y SC3410 � � �p � � �
B X VA3228 � �p � � �
B V NC3116 � � �p � �
B W GA3418 � � � � � �
C S SC3406 �p �p �p �p �p �

Isolate designations in Table 1. RUBISCO spacer cox2-3 spacer haplotypes (see Table 1) shown in first and second row/column,
respectively. Females, horizontal rows; males, vertical columns; �, cystocarps produced, carpospores released and germinated; �,
cystocarps produced; p, pseudocystocarps produced.
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of cox2-3 spacer amplification of these specimens to
be a synapomorphy for this lineage). Differences in
phylogenetic reconstruction are all in poorly sup-
ported relationships (i.e. relationships between lin-
eages). The first five lineages are the same as those
proposed in a previous study that concentrated on
Indo-Pacific samples (Zuccarello et al. 1999d). Previ-
ous studies have shown that crosses between these lin-
eages were unsuccessful (Zuccarello et al. 1999d).

These morphologically undifferentiated but very
diverse evolutionary lineages raises the issue of species
definitions in red algae. Species have been defined
mostly on morphological criteria, though it has been
shown that morphological species concepts do not re-
flect reproductively compatible groups nor do they re-
flect monophyletic lineages (Guiry 1992, Zuccarello
and West 1995, Zuccarello et al. 1999d). The large de-
gree of sequence variation, congruence between ge-
netic markers, robust bootstrap support for the lin-
eages, and lack of reproductive compatibility between
many of the above lineages would indicate that these
seven lineages share many of the criteria used to de-
fine species, barring morphologically definable char-
acters. This suggests that the B. radicans/B. moritziana
complex consists of seven cryptic species. Cryptic spe-
cies in other marine algae have been identified based
on similar considerations (Zuccarello et al. 2002).
Similarly cryptic species were inferred in the green

alga Cladophoropsis membranacea (Hoffman Bang ex C.
Agardh) Børgesen based on monophyletic groups
and loss of amplifiable microsatellite loci (van der
Strate et al. 2002a).

But what is the evolutionary status of samples
within these lineages? Sequence similarity in neutral
markers, even relatively quickly evolving markers such
as the RUBISCO spacer, does not necessarily indicate

Table 4. Cross results between Bostrychia radicans.

RUBISCO A1 C B B B

cox2-3 ? R Y Y W

Isolate MX3253 FL3420 SC3411 NY3450 GA3418

A1 ? MX3253 � � � � �
C R FL3420 � � � � �
B Y SC3411 � � � � �
B Y NY3450 � � � � �
B W GA3418 � � � � �

Isolate designations in Table 1. RUBISCO spacer and cox2-3
spacer haplotypes (see Table 1) shown in first and second row/
column, respectively. Females, horizontal rows; males, vertical
columns; �, cystocarps produced, carpospores released and
germinated; �, cystocarps produced.

Table 6. Polyol content of Bostrychia radicans and B.
moritziana isolates from Pacific and Atlantic North America.

Isolate Plastid d-Dulcitol d-Sorbitol

MX3027 A2 166.4 � 7.3 164.6 � 14.8
MX3019 A1 225.6 � 17.6 244.2 � 20.7
MX3030 A1 253.9 � 12.6 230.1 � 10.8
MX3035 A1 182.4 � 9.3 179.8 � 4.8
MX3124 A1 301.6 � 14.1 279.8 � 10.9
MX3249 A1 247.8 � 9.9 233.1 � 12.0
MX3253 A1 299.5 � 23.9 248.4 � 12.0
MX3381 A1 269.7 � 77.4 195.5 � 43.9
SC3171 C 118.3 � 10.5 272.4 � 17.1
SC3195 C 157.5 � 6.6 283.0 � 15.3
SC3406 C 175.2 � 20.3 241.8 � 72.1
FL3420 C 225.4 � 14.1 167.6 � 9.0
FL3427 C 266.8 � 7.5 207.9 � 6.7
SC3536 C 107.1 � 7.7 329.5 � 16.3
CT3175 B n.t. 626.3 � 13.5
NJ2881 B n.t. 522.9 � 10.9
NY3449 B n.t. 555.1 � 14.5
NY3450 B n.t. 431.3 � 7.8
VA3148 B n.t. 472.3 � 18.1
VA3228 B n.t. 632.7 � 33.6
NC3115 B n.t. 510.4 � 9.8
NC3116 B n.t. 471.5 � 19.5
SC3409 B n.t. 461.7 � 83.5
SC3410 B n.t. 459.0 � 20.5
SC3411 B n.t. 411.4 � 16.5
GA3418 B 30.6 � 3.3 350.1 � 17.0
TX3492 B n.t. 599.2 � 64.6
GA3094 D 156.5 � 20.0 193.9 � 5.3
FL3419 D 394.2 � 37.3 284.5 � 17.0
FL2928 D 354.9 � 7.5 278.7 � 4.9
FL3416 E 324.9 � 12.5 265.1 � 11.4
VZ3136 VZ1 368.1 � 13.8 277.1 � 13.7
VZ3142 VZ2 344.4 � 17.8 258.2 � 6.8
PE3043 PE 299.6 � 1.5 275.8 � 3.2
BZ3017 BZ 255.9 � 22.2 225.4 � 19.3
MY3845 n.a. 204.9 � 30.8 150.3 � 34.2
M3818.NC n.a. 176.4 � 21.1 116.4 � 26.5

For further descriptions of isolates, see Table 1. Polyol
concentration (	mol·g dry weight�1) � SD. n.t., no trace.

Table 5. Cross results between isolates of Bostrychia radicans.

RUBISCO B B C C D D A1

cox2-3 Y T S R N L Z1

Isolate SC3409 TX3492 SC3406 FL3420 FL3419 FL2928 MX3124

B Y SC3409 � �p �p � �p �p �p

B T TX3492 �p � �p � �p � �p

C S SC3406 �p �p �p �p � � �p

C R FL3420 �p � �p � � � �p

D L FL2928 �p � � � �p � �
A1 Z1 MX3124 �p �p �p � � � �p

Isolate designations in Table 1. RUBISCO spacer and cox2-3 spacer haplotypes (see Table 1) shown in first and second row/column,
respectively. Females, horizontal rows; males, vertical columns; �, cystocarps produced, carpospores released and germinated; �, no
cystocarps produced; p, pseudocystocarps produced.
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reproductively compatible populations or morpholog-
ical homogeneity. Morphologically distinguishable
Porphyra species have been shown to differ by only a
single nucleotide in the RUBISCO spacer (Brodie et
al. 1996). Although B. radicans samples are morpho-
logically indistinguishable, we find that samples that
differ by as little as 1 bp in the RUBISCO spacer can
be partially reproductively incompatible. The only
successful cross (syngamy and carposporophyte devel-
opment) between plastid haplotypes in lineage 5 is
between haplotypes A (Pacific) and C (Atlantic), and
even in this cross tetrasporophytes were reproduc-
tively sterile (aborted tetrasporangia). So plastid hap-
lotypes seem to correlate well with reproductive isola-
tion. This was also seen in the red algae Spyridia
filamentosa (Wulfen) Harvey in which the only com-
patible isolates were ones with similar plastid haplo-
types (Zuccarello et al. 2002). A possible reason for
this link between a neutral plastid marker and repro-
ductive compatibility is that evolutionary changes
(mutation rate) in this marker have a similar rate to
changes in mating compatibility loci (which are com-
pletely unknown in red algae).

Reproductive isolation has been used as one of the
characters in defining species, and certainly repro-
ductively isolated populations will follow distinct evo-
lutionary trajectories (i.e. respond independently to
selective forces). So does the list of possible cryptic
species increase, with samples within lineages (e.g.
haplotypes B and C) being also considered cryptic
species? Certainly these “evolutionary units” must be
appreciated in questions of biodiversity and in ecolog-
ical studies, because it has been shown that these mo-
lecularly distinguishable groups (cryptic species) can
be physiologically different (Zuccarello et al. 2001).

It could be assumed that two north–south coast-
lines of similar latitudinal spread (Pacific and Atlantic
North America) containing the same species would
have similar levels of biodiversity. Two B. radicans plas-
tid and mitochondrial haplotypes (plastid haplotypes
A1 and A2, mitochondrial haplotypes Z1 and Z2)
were found along the entire coast of Pacific Mexico to
central Guatemala. Four plastid haplotypes and 11 mi-
tochondrial haplotypes were found on the Atlantic
coast of the United States. These Atlantic haplotypes
were found in two separate phylogenetic lineages.
This genetic uniformity along Pacific Mexico is also
reflected in crossability of isolates in which all isolates
from Pacific Mexico hybridize, but this is not the case
from the Atlantic USA (Zuccarello and West 1995;
this study). These data indicate differing underlying
levels of diversity in these two areas. This could be due
to either 1) a recent origin of this species along the
North American Pacific coast, probably from a small
founder population from the Atlantic, and a rapid
range expansion, at least from Guatemala to northern
Mexico (approximately 3000 km), probably following
climatic changes after the last glacial maximum (Pleis-
tocene); or 2) spread of a selectively favored (selective
sweep, Maynard-Smith and Haigh 1974) mitochon-

drial and plastid haplotype, and any other maternally
inherited-hitchhiking elements, possibly adapted to
this more northerly colder environment. The genetic
fingerprint of a rapid expansion of a small founder
population, under neutrality, and a selective sweep to
fixation in a constant-size population can be similar
(Avise 2000). We presently favor the former explana-
tion as 1) northward range expansions, because the
Pleistocene have been reported in other marine or-
ganisms from the eastern Pacific (Hellberg et al.
2001), or 2) the complete sexual compatibility of all
isolates tested from this area indicates a close nuclear
(assuming a multilocus nuclear control of reproduc-
tive compatibility) homogeneity of isolates. Further
study of various nuclear loci (e.g. microsatellites) may
be able to unravel the levels of genetic variation found
in these North American Pacific populations. Al-
though it is known that samples from Pacific South
America (Peru, PE3043) belong to a different genetic
lineage, further sampling between this locality and
the present samples will give insight into whether this
low genetic variation is found along the entire Pacific
central American coast and possibly the origin of the
northern samples.

The phylogeographic pattern of genetic variants
along the Atlantic USA coast is also interesting (Fig.
7). North of North Carolina only one plastid haplo-
type is found (B). It is possible that range expansion
also occurred along this coast as waters warmed after
the last glacial maximum. Haplotype B is very differ-
ent from the other haplotypes in lineage 5 based on
cox2-3 spacer sequence. A long genetic separation be-
tween the two groups is likely, with the range expan-
sion following climatic changes. Haplotype B may be
more tolerant of cold temperatures, although this
needs to be investigated.

Lineage 6 samples from North America are dis-
tantly related to lineage 5 samples, though occasion-
ally they are found sympatrically (Fort Pierce, Flor-
ida). The origin of these North American samples is
as yet unresolved, although it appears that samples
from South America are closely related. Further sam-
pling with the Gulf of Mexico, including the Carib-
bean, is needed.

Within each plastid haplotype group that contained
more than one sample, there are at least two mito-
chondrial haplotypes indicating that mutations in the
cox2-3 spacer are more frequent than in the plastid
spacer, as has been shown previously (Zuccarello et al.
1999a, Zuccarello and West 2002). The cox2-3 spacer,
therefore, reveals a more detailed phylogenetic history
than can be gathered from the plastid spacer. This has
bearing on studies of cryptic variation and population
studies in marine algae, because different markers will
give different insights into levels of variation within
and between geographic regions and populations. Al-
though the plastid haplotypes often correlate with re-
productively isolated samples, the mitochondrial hap-
lotypes do not. For the most part samples with different
mitochondrial haplotypes, within a plastid haplotype,
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hybridize. This seems to be less the case with samples
within plastid haplotype B, which contains the most
mitochondrial diversity, as often these samples do not
hybridize. Crossability experiments must be taken with
caution as results can differ, over trials and over the
years, though in this case general trends are relatively
clear cut. To understand population genetic structure
of this species in Atlantic North America the cox2-3
spacer would be more fruitful that the RUBISCO
spacer (Zuccarello et al. 2001), and such a study is un-
derway.

The plastid haplotype groups are also correlated
with the compatible solute (polyol) data. Most sam-
ples produce both sorbitol and dulcitol, common in
B. radicans and B. moritziana from around the world
(Karsten et al. 1992). Only plastid haplotype B sam-
ples have only sorbitol. Though compatible solute
production has been used as a chemotaxonomic
marker (Karsten et al. 1999), many cases of different
compatible solutes in the same species have been
found (Karsten et al. 1995, 1999), and in a few rare
cases isolates in culture have been known to “switch”
from producing only one polyol to producing both
(Karsten et al. 1994). Differences in compatible solute
production have also been shown to correlate with
plastid haplotypes of Bostrychia tenuissima from eastern

Australia (Zuccarello et al. 1999c). In that study all
samples of the same haplotype, which only produced
sorbitol, were found mainly in southern populations
(colder habitats). A similar situation is seen in this
study with sorbitol-producing samples (plastid haplo-
type B) found in the more northerly regions, indicat-
ing that the dulcitol enzymatic pathway may be more
sensitive to colder environmental conditions or that
dulcitol is less effective, as a compatible solute, at
colder temperatures (Karsten et al. 1994, 1995). Inter-
estingly, the most southerly sample with haplotype B
(GA3418, from Jekyll Island, GA, USA) produces both
compatible solutes, again suggesting a genetic–envi-
ronment interaction in polyol production. Factors
such as the physiological effect of compatible solutes
on growth and reproduction in different environ-
ments, sensitivity of enzymatic pathways to environ-
mental changes must be further investigated where
different haplotypes, with different polyols, are found
in the same locality (e.g. James Island, SC, USA).

In conclusion, our data show that specimens with a
B. radicans/B. moritziana morphology are found in
seven distinct lineages, showing high levels of genetic
variation but morphological stasis, and support the
contention that this complex consists of at least seven
cryptic species. Samples from North America are
mainly found in two lineages, with samples reproduc-
tively isolated between lineages. The levels of genetic
(organellar) diversity of the species are not compara-
ble between the Atlantic coast of North America and
Pacific North America, with higher levels in the Atlan-
tic, indicating a markedly different evolutionary/bio-
geographic history of the B. radicans/B. moritziana flo-
ras. Samples within lineage 5, from North America,
with different plastid haplotypes are also reproduc-
tively isolated showing that, in this case, there is a
good correlation between plastid haplotypes and re-
productive isolation. These data would indicate that
these reproductively isolated samples could also be
considered biological species and increases the num-
ber of cryptic species within this well-studied red algal
species complex. 
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